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ABSTRACT 

The present study concerns the identification of soil bacteria, which could not in their 

isolated state nodulate white clover, but which could accept a transconjugant plasmid 

encoding the nod gene, and subsequently establish a symbiosis with white clover 

leading to nodulation. This follows earlier studies intended to characterize non

symbiotic Rhizobium strains from the soil. However, whilst these studies specifically 

examined the potential of non-symbiotic Rhizobium strains to nodulate, the present 

work was developed to examine the potential of any Gram negative soil bacteria to 

express a transconjugant nod plasmid. 

A collection of soil bacteria from four different soil types namely (i) Ramiha silt loam, 

(ii) Tokomaru silt loam, (iii) Kairanga silt loam under white clover-ryegrass pastures 

and (iv) Manawatu sandy loam (a fallow land with shrubs of Lupinus sp.) were isolated 

and purified. A total of 100 strains of soil bacteria with varying colony morphology 

were isolated and maintained on media not selective for rhizobia. Each was checked 

for its ability to nodulate white clover (Trifolium repens) cultivar Grasslands Huia. 

Only four strains nodulated. Conjugation experiments were set up for non-nodulating 

strains using Escherichia coli strain PN200 which contained plasmid pPN l 

(pRtr5l 4a::R68.45). A total of 12 soil isolates out of 100 crosses made (12%) formed 

nodules on white clover, and one strain KJ1 formed transconjugants on a selective 

antibiotic plate but failed to nodulate white clover. The bacteria accepting and 

expressing pPN1 were from several soil types including leached, low phosphorous (P) 

and low pH soil such as Ramiha silt loam. 

We showed that eight soil strains formed transconjugants with a mean frequency of 

transfer of 2.91 x 10-5. Seven out of these eight strains nodulated white clover. We 

could not calculate the frequency of transfer for the remaining five isolates, as 

antibiotic resistant recipients could not be obtained but the transconjugant mixture was 

inoculated on clover seedlings and all the five strains nodulated white clover. 

In our experiments nodulation by transconjugant soil bacteria was verified by plant 

tests in nitrogen-deficient medium. True nodules formed on white clover seedlings, 

and on the positive control Rhizobium leguminosarum biovar trifolii strain ICMP2163. 

The negative control plants inoculated with sterile water, Escherichia coli strains 

PN200 containing pPN1 or E. coli strain ATCC9637 and the recipient soil bacteria did 
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not nodulate. It was concluded that nodule formation was due to the transfer of 

pRtr5 14a by conjugation. 

Eckhardt gels showed that the transconjugants contained different parts of the co

integrate. Strains KJl and KJ3 contained R68.45 only, strains KJ13, KJl9, KJ23, 

KJ26, KBO and KJ44 contained pPNI and R68.45 whilst strains KJ5, KJl7, KJ27, 

KJ57, KJ203 and PN 165 contained pPNI. 

Microtome sections of nodule tissue were examined by light and electron microscopy 

to determine the distribution of infected plant cells and verify that these cells contained 

bacteroids enclosed in plant cell membranes. The nodule cells formed by the inoculant 

R .  leguminosarum biovar trifolii strain ICMP2163 and most cells of all transconjugants 

were filled with bacteroids. A few nodule cells formed by the transconjugants were 

devoid of bacteroids. 

Total genomic DNA was extracted from each of the transconjugants isolated from the 

nodules, and from a selective antibiotic plate for strain KJl , and digested with 

restriction endonucleases. The fragments were separated by gel electrophoresis, 

transferred to nylon membrane and probed with an amplified 590 bp nodA sequence. 

Eleven strains of transconjugant soil bacteria gave a hybridization signal at 1 1.7 Kb 

with the nodA probe. However KJl and KB failed to hybridize with the 590 bp nodA 

sequence. KJ1 did not nodulate but formed transconjugants on selective antibiotic 

plates whereas KJ3 nodulated white clover. The failure to detect nod genes in KJ3 may 

have been due to a loss of pPN1 during sub-culture. Overall the hybridization results 

confirmed that soil harbours non-nodulating soil bacteria which can maintain 

symbiotic genes and symbiotic plasmids. 

Four methods were used for the identification of soil bacteria expressing pSym. These 

were (i) rRNA fingerprinting, (ii) 16S rRNA sequence analysis, (iii) DNA-DNA 

hybridization, and (iv) Total fatty acid analysis. Initially the transconjugants were 

characterized by rRNA fingerprinting. However this approach was insufficient to 

identify all isolates. 16S rRNA sequence analysis and DNA-DNA hybridization were 

subsequently used. These comparisons were more informative and all strains were 

identified as Rhizobium or Agrobacterium species. The fatty acid content of the strains 

was analyzed by gas-liquid chromatography. A comparison of the species names 

assigned by CFA with those assigned by DNA analyses showed only 50% agreement. 

These observations are discussed in relation to the phylogenetic distinctiveness of 

Agrobacterium and Rhizobium. 
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1. INTRODUCTION 

1. 1 Economic and environmental significance of biological nitrogen fixation 

Soil is a complex habitat providing an environment for many different 

microorganisms. Among the different genera, the Gram negative soil bacteria 

belonging to the Genus Rhizobium can invade the root hairs of plants belonging to the 

family Leguminosae. The family Leguminosae contains approximately 700 genera in 

three subfamilies. About 1200 of the 12,000-14,000 known species have been tested 

for nodulation. 90% of those in the subfamilies Mimosoideae and Papilionoideae and 

30% of those in the Caesalpinioideae have been found to nodulate (Beringer et aI., 

1979). The Mimosoideae and the Caesalpinioideae consist mostly of trees and shrubs 

whereas the Papilionoideae is also called Lotoideae or bean subfamily because of its 

composition (Robertson and Farnden, 1980). 

Nitrogen is a key element of living matter. In organic form it is predominantly found in 

amino acids and nucleotides. Like other elements, nitrogen is cycled between organic 

and inorganic forms. Bacterial nitrogen fixation can be achieved non-symbiotically and 

symbiotically, the latter being of more importance to this study. It is estimated that 

non-symbiotic nitrogen fixation may yield 1-3 kg N ha-1 year-I, while symbiotic 

nitrogen fixation can yield 100-300 kg N ha-1 year-1 (Schlegal, 1992). Non-symbiotic 

nitrogen fixation may be achieved by a large and diverse array of bacteria that are free

living or living as commensals in the rhizosphere of plants. Endosymbiotic, nodular 

nitrogen fixation is the association between legumes (Leguminosae) and rhizobia 

(Rhizobiaceae) . Only one non-legume (Parasponia sp.) is found to nodulate with 

R hizobium, while non-legumes (e. g. Azolia, Alnus and Casuarina) establish other 

endosymbioses with cyanobacteria (e. g. Anabaena) or actinomycetes (e. g. Frankia). 

Research into symbiotic nitrogen fixation (Figure 1) in agriculture is important as it ( 1) 

promises to make nitrogen fertilizer application redundant in food-legume (grain or 

vegetable) cultivation thus saving financial and fossil energy resources, (2) can provide 

nitrogen-rich fodder for animal husbandry, (3) uses legumes in rotation with non

legumes to improve the nitrogen status of the soil and can be used for (4) intercropping 

with non-legumes for pasture improvement, agroforestry, understorey or shade 

legumes in plantation crops or in mixed cropping with cereals (Giller and Wilson, 

1991). 
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Figure 1. Diagrammatic illustration of Rhizobium-legume 

symbiosis. 
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Symbiotic nitrogen fixation by agricultural legume crops is estimated to account for 35 

x 106 tons year-I, i.e approximately 20% of global biological nitrogen fixation. Such a 

process is crucial to food resources on a global scale (Grant and Long, 1981). In New 

Zealand the economy is closely linked with an agriculture dependent on fixed nitrogen. 

Agricultural products such as wool, meat, fruit and dairy products are huge export 

earners in New Zealand. In 1990 over $9 billion of New Zealand's $17 billion gross 

export earnings came from agricultural products (New Zealand official yearbook, 

1993). This represents about 55% of total export earnings in New Zealand. Nitrogen 

fixation is not only vital to New Zealand agriculture but also plays a very important 

role in the financial welfare of the country. 

In current agricultural practice nitrogen is commonly supplied to pastures by using 

expensive artificial man-made fertilizers such as urea and ammonium sulphate. A 

disadvantage of this approach is that these nitrogen rich chemicals readily leach from 

the soil and have to be replenished. Alternatively nitrogen may be added in organic 

fertilizers such as compost or by inoculating pasture legumes with a suitable 

Rhizobium strain. When white clover (Trifolium repens) is inoculated with a suitable 

strain of Rhizobium leguminosarum biovar trifolii on sowing, rhizobia fonn nodules 

on the roots of white clover plants and develop a symbiotic relationship which can be 

long lasting, depending on farm management, environmental conditions and the ability 

of the particular rhizobia strain to compete with native soil bacteria (Figure 2). The 

Rhizobium legume symbiosis is one of the most efficient nitrogen fixing relationships 

(Grant and Long, 1981). There are many important legumes crops such as soybeans, 

peas and alfalfa which efficiently fix nitrogen in symbiotic relationships with rhizobia. 

Of greatest significance to New Zealand agriculture are the pasture legumes such as 

red and white clover and lucerne. 

1. 2 Nodule formation 

A series of complex steps are involved in the fonnation of nodules (Djordjevic et al., 

1987; Newcomb, 1981; Vincent, 1974). Rhizobium are chemotactic towards plant roots 

probably due in part to specific plant attractants (Bergman et al. , 1988; Caetano

Anolles et al., 1988). The presence of Rhizobium in the rhizosphere alters the growth 

of epidermal hairs on the surface of root, such that they grow defonned and curled, 

normally referred to as root hair curling (Dazzo and Gardiol, 1984; Yao and Vincent, 

1969). At the same time, cells of the root cortex, under the epidermis begin dividing 

(Libbenga and Harkes, 1973; Newcomb, 1981). 
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Figure 2. The effect of inoculation and nitrogen fixation on the 

growth of white clover in a nitrogen-free medium. 
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Rhizobia trapped in a curled root hair, or between a hair and another cell, proliferate 

and begin to infect the outer plant cells, as they do, the invaded plant cell is stimulated 

to produce a cell wall sheath, "infection thread" (Callaham and Torrey, 1981). As cell 

divisions in the plant root establish the body of the nodule, infection threads ramify 

and penetrate individual target cells within the nodule. Bacteria are released into the 

plant cytoplasm itself, enveloped in plant cell membrane (Robertson et al., 1978). The 

bacteria and plant cells differentiate and begin symbiotic nitrogen fixation and 

metabolite exchange (Sutton et al. , 1981; Verma and Long, 1983). 

The process of nodulation can be divided into four main stages (Bauer, 1981; Brock 

and Madigan, 1991; Kondorosi and Kondorosi, 1986; Long, 1989; Vance, 1983) 

namely: (1) Recognition of host plant, (2) Infection of root hairs, (3) Bacteroid 

formation, and (4) Maturation of nodules. 

1. 2. 1 Recognition of host plant 

Legume roots secrete a range of organic compounds which aid gro wth of 

microorganisms in the rhizosphere (Long, 1989). The effect of some of these is not 

specific to rhizobia, and they can assist the gro wth of any bacteria within the 

rhizosphere. Flavanoids induce nod gene transcription only in certain species of 

rhizobia (Djordjevic et al . ,  1987; Do wnie and Johnston, 1986; Long, 1989). In 

particular, nodD gene transcription is induced by flavones (Long, 1989). The nodD 

gene itself is a regulatory gene, and its protein product induces other nod genes 

(Do wnie and Johnston, 1986; Long, 1989). These nod genes are responsible for 

nodulation of a host legume, and their products are only present in high enough 

quantities to cause nodulation after the genes have been induced by nodD. Chemicals 

called isoflavones can inhibit induction of nodD gene transcription in different species, 

and so a form of plant-bacterium specificity (Djordjevic et al. , 1987; Do wnie and 

Johnston, 1986; Long, 1989) is obtained. 

The root hairs of legumes such as white clover also contain lectins on their surface 

(Bauer, 1981; Djordjevic et al. , 1987). Lectins are proteins, produced by the legume, 

and they are present before, during and after nodulation (Djordjevic et al. , 1987). 

Lectins bind specifically to exo- and capsular polysaccharides (Latchford et al. , 1991; 

Vance, 1983) and also to glucans and lipopolysaccharides produced by rhizobia 

(Bauer, 1981; Djordjevic et al. , 1987; Dowling and Broughton, 1986; Downie and 

Johnston, 1986; Long, 1989). This lectin-polysaccharide binding is another source of 

legume-Rhizobium specificity (Long, 1989), and is involved in the binding of bacterial 
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cells to the root hair (Djordjevic et al., 1987). In many cases only a specific species of 

R hizobium can bind to a specific host legume, however there are exceptions to the rule 

( Vance, 1983). Dazzo and Hubbell, (1975) proposed that polyvalent plant lectins 

cross-bridge common antigens on the host root hair and on the bacterial cell surface. 

Capsular polysaccharides of R. leguminosarum biovar trifolii bind specifically to the 

lectins on white clover, but capsular polysaccharides from R .  meliloti cannot (Dazzo 

and Brill, 1977). More important in the nodulation process are the exopolysaccharides 

(Reuber e t  al . , 1991), The a mount of exopolysaccharide produced is directly 

proportional to the amount of nodulation (Vance, 1983). Once Rhizobium has bound 

to the root hair, infection can begin. 

1. 2. 2. Infection of root hairs 

After binding occurs, the root hair curls and the bacteria enter the tip of the root hair 

(Bauer, 1981). This induces the formation of an infection thread (Long, 1989; Vance, 

1983) which grows down the root hair and into the cortex of the root, allowing the 

bacteria to infect adjacent plant cells. The infection thread appears to result from 

invagination of the root hair's cell wall. As yet the bacteria are still considered to be 

outside the cell and there are no pores by which the bacteria could infect the plant itself 

(Reuber et al. , 1991; Vance et al. , 1980). For infection to occur the plant cell wall must 

be partially degraded. Genes responsible for pectolytic and cellulolytic enzymes, 

present in the plant itself are induced by the Rhizobium exopolysaccharides (Bauer, 

1981) which pass through the cell wall and into the plant cell nucleus. The pectolytic 

and cellulolytic enzymes can now loosen the cell wall, thus allowing the release of the 

rhizobia into the cells of the plant cortex (Ljunggren and Fiihraeus, 1959; Ljunggren 

and Fiihraeus, 1961). The majority of these plant cells are diploid and die when 

invaded by bacteria. However, the small number of tetraploid cells present in the 

neighbouring root area gro w rapidly, forming a tumour-like nodule. Cytokinins 

produced by rhizobia seem to be at least partially responsible for this nodule formation 

(Vance, 1983). 

Nodules are of two types; determinate and indeterminate. In indeterminate nodules 

(e.g. clover and alfalfa) infection threads continue to penetrate the cortical cells in the 

nodule meristem as it grows, and thus provide a continuous release of rhizobia into 

plant cells (Figure 3a). In determinate nodules infection threads are a transient feature 

of nodule development and an increase in nodule size occurs by the division of a fe w 

cortical cells containing rhizobia (Beringer et al. , 1979). 
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1. 2. 3 Bacteroid formation 

Bacteroids (bacterial cells surrounded by plant membrane) now develop within the 

tetraploid cells. The plant membrane is referred to now as the peri bacteroid membrane 

(Long, 1989). There are a number of differences between pre- and post-bacteroid 

rhizobia and when discussing bacteroids (Figure 3b), it is convenient to recognize three 

developmental stages; i) Immature bacteroids lack nitrogenase activity and are present 

in nodule tissue that has not yet produced significant quantities of leghaemoglobin. 

Immature bacteroids depend on the plant cytoplasm for energy and combined nitrogen. 

ii) Mature bacteroids characterized by high leghaemoglobin content. Mature 

bacteroids depend on the plant cytoplasm for energy, but they excrete substantial 

quantities of combined nitrogen in the form of ammonia. iii) Senescent bacteroids 

represent the terminal stage of nodule symbiosis when nitrogenase activity and 

leghaemoglobin content decline and the peribacteroid membrane disintegrates (Sutton 

et al . ,  198 1). Verma and Long, ( 1983) liken the bacteroids to chloroplasts and 

mitochondria. They suggest that bacteroids may be an early stage, in the evolution, of 

organelles. However, bacteroids divide at a different rate from the host cells and are 

capable of extra-cellular existence, unlike chloroplasts and mitochondria. There is an 

exchange of cell constituents, such as growth hormones and flavanoids, across both the 

bacterial and the peri bacteroid membrane, allowing legume-Rhizobium 

communication. 

1. 2. 4 Maturation of nodules 

During nodule maturation the bacteroid experiences a different environment to that 

outside the peribacteroid membrane. Irigoyen et al. , ( 1990) examined the activity of a 

number of R .  meliloti enzymes in bacteroids and free-living cells. Activities in the 

bacteroid state which were significantly reduced included: aldolase, alcohol 

dehydrogenase, pyruvate kinase, citric acid cycle, pentose phosphate pathway and 

Entner-Doudoroff pathway enzymes. It is essential that these changes take place before 

nitrogen fixation can work efficiently (Irigoyen et al. , 1990), but why this should be so 

is unkno wn. The nitrogenase complex requires energy to work and is inhibited by 

oxygen. The role of another protein, leghaemoglobin is significant in this context 

( Brock and Madigan, 199 1; Downie and Johnston, 1986; Long, 1989; Verma and 

Long, 1983). 
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Figure 3. Sections from white clover (Trifo lium repens) nodules 

infected by R hizobi um leguminosarum biovar trifolii strain 

ICMP2163: (a) nodule infected by the fully effective R hizobium 

strain ICMP2163, scale bar == 1 00 �m; (b) electron micrograph of 

plant cells infected by Rhizobium strain ICMP2163, scale bar = 1 

�m (Rao et al. , 1994). 
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Leghaemoglobin is a nodulin (nodulins are plant gene products which are expressed 

only in nodules, and their expression is regulated either directly or indirectly by 

Rhizobium inducers), present only in the legume and in the nodule itself (Long, 1989). 

Leghaemoglobin binds to oxygen thus reducing the amount of free oxygen available to 

inhibit nitrogenase activity (Brock and Madigan, 1991; Long, 1989). An interesting 

observation on leghaemoglobin is that it has t wo sub-units. The haem sub-unit is 

transcribed from Rhizobium DNA, whereas the globin sub-unit is transcribed from 

legume D NA ( Brock and Madigan,  1 991; Verma and Long, 1983). The 

leghaemoglobin is another example of the symbiotic nature of the legume-Rhizobium 

system, and a t arget for legume-Rhizobium specificity as both Rhizobium and the host 

legume must produce the correct sub-unit to get a complete and functional molecule 

(Downie and Johnston, 1986; Long, 1989; Venna and Long, 1983). 

1. 3 Genetic requirements of Rhizobium for nodulation 

The genetics of Rhizobium has been greatly advanced by transposon mutagenesis, gene 

cloning, and plasmid transfer experiments (Denarie et al., 1981; Kondorosi and 

Johnston, 1981; Kondorosi, 199 1; Long, 1984; Long et al. , 199 1). The fast growing 

Rhizobium species normally have one or more large plasmids. One of the plasmids 

carrying the symbiotic genes is designated pSym and possess the nodulation (nod) 

genes required for infection and nodule initiation (Banfalvi et al. , 1981; Beringer et ai., 

1980; Bre win et al. , 1980; Djordjevic et al. , 1983; Rosenberg et al . , 198 1). Sym 

plasmids also contain many genes required for the fixation of nitrogen (fix genes) and 

nitrogenase (nif genes) (Banfalvi et al., 198 1; Beringer et al., 1980; Rosenberg et aI. , 

1981). In Bradyrhizobium and R. loti symbiotic genes are apparently not located on 

plasmids but on the chromosome (Lamb and Hennecke, 1986; Russell et al., 1985; 

Scott, 1986; Stacey et al. , 1982). Several groups of symbiotic genes such as nod, exo, 

nif, andfix are discussed below and shown in Figure 4 a-c. 

1. 3. 1 Nodulation genes 

The nodulation genes of Rhizobium have been studied and defined by sequencing, 

transposon mutagenesis and in some cases protein analysis. Most gene definitions have 

emerged from the study of R. meliloti, R. leguminosarum biovar viciae and R. 

leguminosarum biovar trifolii. 



10 

Figure 4. ( a )  Gene tic org a nization of nod g e n e s  in R .  

leguminosarum biovar trifolii. (a) The genes are presented as arrows 

which point according to the direction of their transcription. 

Common nod genes are indicated with black arrows, host-specific 

nod genes are indicated with shaded arrows, and the nodD genes are 

indicated with white arrows. Black triangles indicate the positions 

of nod boxes (Schlaman et al., 1 992), (b) Schematic representation 

(not in scale) of relative positions of nod and nif genes on Sym 

plasmids (Martinez et al. , 1 990) , (c) Hind III (H) and EcoRI (E) 

restriction enzyme map of the nif and nod gene region of pPN 1 

(Scott et al. , 1 9 84) .  
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Genes for nodulation are defined by the effect on the correct host. These nod genes are 

required for bacteria to cause plant cell division (Dudely et aI. , 1987) and deformation 

of root hairs (Djordevic et ai . ,  1985b: Kondorosi et al., 1984; Rossen et al., 1984). 

Mutants in nodA, nodB, or nodC are completely Nod- (no nodules form). The nodABC 

genes appear to be functionally interchangeable among all Rhizobium species 

(Djordjevic et al., 1985a; Fisher et al . ,  1985; Kondorosi et al., 1984; Marvel et al. , 

1985). Bacteria carrying mutations in other genes, such as nodFE, nodG, nodH, and 

nodLMN, elicit abnormal root hair reactions on their usual host and sometimes elicit 

root hair deformation and curling on hosts they normally ignore (Debelle et aI., 1986; 

Djordjevic et aI. ,  1985b). These genes are not conserved, since alleles from different 

Rhizobium cannot substitute for each other on different host plants (Djordjevic et aI. , 

1985b; Kondorosi et al., 1984). Based on the above observations, the nod genes are 

tentatively grouped as "common" and "host-specific" nodulation genes (Horvath et al. , 

1986). 

1 .  3. 2 Regulation of nodulation genes 

The functions of nodulation genes are discussed in brief with regard to Rhizobium 

leguminosarum biovar trifolii viz., nodABC. Genes AB may produce a low molecular 

weight substance that induces cell division (John et al. , 1988). The gene C product is 

associated with membranes and may be a receptor (John et al., 1988). The products of 

genes ABC, cause the thick and short root effect on some legumes mediated by nodD 

(Zaat et al. , 1987). The nodD gene product binds to the nod-box when activated by 

plant inducers (Downie and Johnston, 1988; Kondorosi et al., 1988) and has domains 

with different inducer specificities (Djordjevic et al., 1988; Horvath et aI., 1987; 

Spaink et al., 1987; Spaink et al., 1988). The gene F product resembles acyl carrier 

proteins (Debelle and Sharma, 1986; Shearman et al . ,  1986). Gene E product 

resembles an enzyme involved in polyketide synthesis, that in tum is similar to a fatty 

acid synthetase ( Johnston et al., 1988). The EF gene product may be involved in 

lipopolysaccharide or fatty acid biosynthesis (Debelle and Sharma, 1986; Horvath et 

al., 1986; Shearman et al., 1986). The nodL product may be involved in dominant 

suppression of nodulation (hsn dominance) (Faucher et aI., 1988), nodM resembles an 

amidophosphoribosyl transferase, and the MN gene product may function to transfer 

amides for the chemical modification of EPS sugar residues (Dazzo et  al. ,  1988; 

Downie et al., 1987; Weinman et al., 1988). 
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Functions of nod genes 

In the fast-growing Rhizobium species, the nod genes are located on a large plasmid, 

known as pSym. Specific falvones, flavanones, and chalcones are the inducers of nod 

genes i n  the fast-growing species. In the slow-growing Bradyrhizobium species, the 

nod genes are chromosomally borne (Gyorgypal et aI. ,  1991). 

The common nod genes (nodABCIJ) as well as nodulation genes i nvolved in host 

specificity (nodFE, nodG, nodH and nodL) not only play a major role in root hair 

deformation (Had; hair deformation) and shepherd's crook formation (Hac; hair 

curling), but also in the initiation of Cortical cell divisions (Ccd) which establish the 

n odule primordium (Noi; nodule ini tiation) .  If any one of the nodABC genes is  

mutated, the abi l i ty of Rhizobium to  deform root hairs and to initiate cortical cell 

divisions on its host is eliminated (Kondorosi et ai. , 1991; Long, 1992). The common 

nod genes are so-called because they have been detected in all nodulating rhizobia 

species examined so far, for example R. meliloti, nod genes functionally complement 

comparable genes in other Rhizobium species. 

Falvonoids act together with the product of the regulatory gene nodD, which i s  found 

in all nodulatin g  rhizobia that have been analysed. Although nodD is constitiutively 

expressed, the genes of the nod operon are normally not expressed if host-derived 

molecules are absent. To some extent, nodD functions in host specificity. Chimeric 

genes have been constructed from nodD genes of rhizobia that nodulate different hosts. 

These studies have shown that the C-terminal end of the NodD protein determines 

flavonoid specificity, while the N-terminal region is involved in binding to regions of 

DNA known as nod boxes (Horvath et ai., 1987; Spaink et ai. , 1987). The nod box is a 

h ighly conserved 47 bp long, cis regulatory region found in  the promoters of  nod 

operons (Rostas et al., 1986). Although it is not exactly known how flavonoids interact 

with NodD, it i s  thought that the protein binds to the nod box more tightly after 

interaction with the correct flavonoid (Gyorgypal et al. , 1991). Other nod genes also 

mediate host specificity. Mutations in nodH genes enable R. meliloti to deform root 

h airs of white colver and vetch, species not normally compatible with that species 

(Faucher et ai., 1988a) .  

The primary signal for nodule morphogenes is  comes from Rhizobium. Both the 

common and host specificity nod genes are involved in the production of a factor, 

identified as a lipo-oligosaccharide (glyco-lipid), that causes root hair deformation and 

cortical cell divisions in a compatible host. The chemical structure if the root hair 



deformation factor of R .  meliloti (designated N odRm-1) was the f Irst to be identified 

(Lerouge et aI. ,  1990). NodRm-1 is a sulphated �-1, 4-tetra-D-glucosamine with three 

acetylated amino groups. A C16 unsaturated fatty acid occupies the non-reducing end 

of the molecule, while the reducing end contains a sulphate group. 

A uniform method for naming Nod factors has been proposed (Hirsch, 1992). The 

naming is based on the various substitutions present on the glucosamine backbone. For 

example, NodRm-1 is now described as NodRm-IV (S) - Rm signifIes R. meliloti, IV 

the four glucosamine residues, and S the sulphate on the reducing end of the molecule. 

R .  leguminoasrum bv. viciae Nod factors, which are either tetra- or pentaglucosamines, 

are acetylated and lack a sulphate group. They are designated Rlv-IV (Ac) or Rlv-V 

(Ac). 

The model proposed for the nod factor-receptor for rhizobial invasion : (1) the N 

glucosamine residues of the Nod factor react with a sugar-binding site of a receptor, 

presumably a lectin; and (2) the strength of the interaction between Nod factor and its 

receptor regulates early events in nodula tion. The strength of the interaction between 

Nod factor and receptor depends on several properties: the length of the glucosamine 

backbone, the presence or absence of various substituents like sulphate, and the 

composition of the lipid side chain. The extent of unsaturation, as well as the number 

of carbons in the fatty acid , are proposed to influence the mobility and orientation of 

the glucosamine residues. However , the lipid itself does not bind to the plant receptor 

(Hirsch, 1992). 

Although Nod factor is secreted into the medium by rhizobia , the Nod factor is 

proposed to function in situ as part of the bacterial membrane with the lipid moiety 

inserted into the membrane. Two pieces of information support this proposal : (1) root 

hair curling factors added to Nod- bacteria do not restore the wild- type conditions 

(Banfalvi and Kondorosi , 1989) and (2) the molecular structure of the Nod factors 

suggests a membrane location. The failure of secreted Nod factor molecules to 

complement Nod- Rhizobium may indicate that either (1) a soluble form of the factor is 

insufficient by itself, or (2) an exact orientation of the Nod factor is essential for the 

full response of the plant. 

Receptor molecules that bind the Ii po-oligosaccharide are presumed to be present on 

the root hairs. The chemical nature of the receptor molecule is so far unknown, but it 

has been postulated to be a lectin (Lugtenberg et ai. , 199 1 ). Previous ly, lectins were 

thought to play a major role in specifIc attachment of Rhizobium to its host. Bohlool 

and Schmidt (1974); Dazzo and Hubbell (19 7 5 )  proposed the lectin recognition 

hypothesis , which stated that lectins with unique sugar-binding properties would 

l Ib 
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in teract with specific saccharides on the rhizobial surface.  D azzo et al. , ( 1 9 84a) 

exami ned sl ide c u l tures by l ight and elec tron microscopy, the time course and 

orientation of attachment of Rhizobium trifolii 0403 to white clover root hairs. The 

interface between po lady attached bacteria and the root h air cell wall was shown to 

contain trifoliin A by immunofluorescence microscopy. Also, this interface was shown 

by transmission electron microscopy to contain electron-dense granules of host origin. 

Scanning electron microscopy revealed an accu mulation of extracellular microfibrilis 

associated with the lateral and polar surfaces of the attached bacteria, detectable after 

1 2  h of incubation wi th seedling roots. At this same time, there was a significant 

reduction in the effectiveness of 2-deoxy-D -glucose in dislodging bacteria already 

attached to root hairs and an increase in firm attachment of bacteria to the root hair 

surface, which withstood the hydrodynamic shear forces of high-speed vortexing. 

These reults are interpreted as a sequence of phases in attachment, beginning with 

spec ific  reversible  i n teract ions  between b ac terial and p l a n t  surfaces  (phase 1 

attachment), followed by production of extracellular rnicrofibrils which firmly anchor 

the bacterium to the root hair (phase 2 adhesion).  Thus, attachment of R .  trifolii to 

c lover root hairs  i s  a spec ific process requ i r i n g  more t h a n  j ust the  inherent 

adhesiveness of the bacteria to the plant cell wall. Root hair tips were found to be sites 

of early attachment and colonization of R.  trifolii 0403 in  soil .  Lectins are attractive 

candidates for receptors also because some are located in the region of the root that is 

most susceptible to Rhizobium infection (Diaz et al., 1986) .  There have been numerous 

studies on the role of lectins in attachment, but until now their role in host recognition 

remains elusive and controversial . Kijne et al. , ( 1986) proposed that lectins are more 

likely to be involved in invasion rather than attachment of rhizobia. The test of whether 

lectins are the receptors for Nod factors will occur if plant mutants with defective root 

lectin are found, and these have altered host specificity or are defective in nodulation. 

Root hair curling does not take place, in peanut and Stylosanthes or in the nonlegume 

Parasponia. In these plants, rhizobia enter the roots between epidennal cells where 

lateral roots emerge (Dart, 1 977: Torrey, 1 986). The rhizobia that infect these plants 

carry the common nod genes, and it is assumed that the Nod factor produced following 

the induction of these genes will be structurally related to NodRm- l .  The Nod factor of 

Rhizobium species NGR234, which nodulates at least 3S different genera of legumes as 

well as the nonlegume Parasponia, is chemically related to NodRm- l (Broughton et 

al. , 1 99 1 ) .  However, i t  is not known whether rhizobial nod gene products are required 

for non-root hair cell invasion or whether specific receptor molecules are localized on 

the root at the invasion sites. Too little information is available regarding these less 

typical Rhizobium-host plant symbiosis. 

The relationship of Rhizobium cell surface components such as lipopolysaccharides 

(LPS), exopolysaccharides (EPS) and capsular polysaccharides (CPS), and Nod factor 
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remains  undefined. R.  meliloti exo mutants, which induce small, white nodules on 

alfalfa (Finan et aI., 1 985; Leigh et al., 1 987) have functioning nod genes (Klein et aL. , 
1 9 8 8 ) .  They e l ic i t  root hair  cel l  deformation and can in i t iate i n fection thread 

formation.  However, the threads abort in  the peripheral cells of the bacteria-free, 

"empty"  nodule (Finan et aL. , 1 985) .  

Thick and short roots (Tsr) factor 

Several factors, exclusive of the l ipo-oligosaccharides just described, i nfluence root 
< 

hair  proliferation ,  branching  or  deformation , cortical  cel l  divis ions  or cause a 

phenotype known as the thick, short root response (Tsr) (van Brussel et al., 1 986). 

Experiments in which plants a nd bacteria were grow n  separately in the steri le 

supernatant fluids of each other established the following sequence of events. (i) The 

plant produces a factor, designated as factor A. (ii) Factor A causes the sym plasmid

harboring bacteria to produce Tsr factor. (iii) Growth of young plants in the presence 

of Tsr factor results in the Tsr phenotype. 

Two models have been proposed to explain these results. In the first, factor A directly 

or indirectly causes induction or derepression of the tsr genes leading to the synthesis 

of Tsr factor. These genes could either have a structural or a regulatory function. In the 

case of indirect induction it is regulatory function. Direct induction factor A could be a 

plant enzyme, acting on a bacterial excretion product or on the bacterial cell surface, 

whose product induces the synthesis of Tsr factor. 

In the second model,  plant factor A would be a precursor molecule which is converted 

into Tsr factor by a bacterial enzyme that requires the nodA , B ,  C, and D genes for 

activity. Alternatively, factor A might be a plant enzyme which converts a bacterial 

substrate, whose synthesis or modification depends on the nodA, B, C, and D genes 

into Tsr factor. 

The chemical structure of some Tsr factors have been elucidated and a number of 

bacterial factors (BF) that are produced by R .  leguminosarum bv. trifolii have been 

identified. Some promote root hair proliferation or work synergistically to elicit hair 

deformation and cortical cell divisions on clover (Hollingsworth et al. , 1 990) . One of 

these factors, BF-5, which is dependent on nod gene induction by flavonoids, has been 

identified as N-acetylglutamic acid (Philip-Hollingsworth et aL. , 1 99 1 ). BF-5, when 

added to clover roots, causes root hair branching and tip swelling. It also i ncreases the 

number of foci of cortical cell divisions. BF-5 does not elicit these responses on alfalfa 

or Lotus (Philip-Hollingsworth et al . ,  1 99 1 ) . However, it is not known whether the 

genes required for production of the factor are essential for the symbiosis. 
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1. 3. 3 Rhizobium nifand fix genes 

Rhizobium genes involved in nitrogen fixation are generally divided into two groups: 

those with homologs in free-living nitrogen fixation systems, such as that found in 

Klebsiella, are referred to as nif genes; those that are required for symbiotic nitrogen 

fixation, but whose function is not known to be analogous to a free-living function, are 

referred to as fix genes. It is understood that both nif and fix gene mutants are able to 

cause nodule development, but the nodules do not fix nitrogen (Nod +Fix-). 

Azorhizobium caulinodans is a stem-nodulating bacterium that is unique in being able 

to grow by fixing nitrogen in the free living-state. This system has therefore been 

useful for study of nif genes, nif and n tr regulatory genes, and the metabolic 

infrastructure supporting Rhizobium nitrogen fixation (Long, 1989; Ludwig, 1986; 

Norel et al., 1985; Pawlowski et al. , 1987). Another bacterium with interesting genetic 

features is R .  phaseoli, which contains multiple copies of nif genes and complex 

patterns of symbiotic plasmids (Flores et al., 19 88; Quinto et al. , 198 5; Sober6n

Chavez et al. , 1986). 

1 .  3. 4 Functions of nifandfix genes 

The nifA gene product binds a DNA sequence upstream of the majority of nif and fix 

genes activating their expression (Gussin et al. ,  1986). The nifH product codes for the 

nitrogenase reductase (component II) and the nijD and K genes code for the alpha and 

beta subunits of nitrogenase (component I), respectively (Martinez et al., 1990). In 

Rhizobium leguminosarum, no genes on plasmids other than pSym have as yet been 

reported to be essential for the formation of a nitrogen-fixing nodule but there are 

choromosomal genes involved in exopolysaccharide (EPS) and lipopolysaccharide 

(LPS) synthesis (Borthakur et al. ,  198 5; 1986; Cava et al. ,  1989; Noel et al. ,  1986), 

and genes involved in purine biosynthesis (Noel et al. , 1988) which have been shown 

to be necessary for nodule development. 

1 . 4 Taxonomy of Rhizobium 

Family R hizobiaceae comprises five different genera Rhizobium, Bradyrhizobium, 

Agrobacterium, Phyllobacterium (Jordan, 1984) and Azorhizobium. Azorhizobium is a 

new genus which induces nodules in Sesbania species (Dreyfus et al., 1988). There is 

one species A. caulinodans. An additional genus Sinorhizobium has also been proposed 

by Chen et al. , (1988 ). Ho wever Jarvis et al. , (1992) found that the sequences of 
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SinorhizobiumJredii and Sinorhizobium xinjiangensis were both identical with those of 

Rhizobium meliloti and similar to thos e of Rhizobium ieguminosarum and that 

therefore the strains should be classified as Rhizobium Jredii (i. e. classified with the 

Genus Rhizobium) . At pr esent the family Rhizobiaceae contains 5 g enera with about 

22 named species as shown in Table 1.  The discovery in the Rhizobium species of 

symbiotic plasmids carrying genes which can be transferred from one strain to another, 

changing specificity, or which may be lost due to environmental factors argues against 

a classification bas ed on what might be  a transient property (Martinez et ai., 1990). 

Classification of rhizobia urgently requires a basis, independent of plasmid-borne 

characters. 

Rhizobia were  originally described as gram negative soil bacteria which fix nitrogen in 

symbiotic association with plants of the family Leguminosae (Prakash and Atherly , 

1986). However, this classical definition must be extended now to include nodulation 

and nitrogen fixation on a nonl egume, Parasponia sp. ("Rhizobium parasponia") 

(Trinick, 1973). 

From rRNA similarity maps and a T m(e) dendrogram the following conclusions were 

drawn : (Figure 5) ( Jarvis et ai., 1985; Jarvis et ai. , 1986) Group I includes R. meliloti; 

host plant M edicago sativa (Ros enb erg et aI . , 1981), R .  ieguminosarum biovar 

phaseoli; host p lant P haseolus vulgaris L. (Quinto et al. , 1982; Robert and Schmidt, 

1985), biovar trifolii; host plant Trifolium pratense L. and T. subterraneum L., biovar 

viciae; host plant Vicia Jaba L. , Rhizobium Jredii; host plant Glycine max (Dowdle and 

Bohlool, 1985 ; K eyser et al. , 1982). Group II : Rhizobium loti; host plant Lotus 

divaricatus (Crow et aI. , 1981; Jarvis et al., 1982). Group III : Rhizobium galegae; host 

plant Gaiega orientalis and G .  officinalis (Lind storm, 1989; W edlock and Jarvis, 

1986). 

In addition to these  species Chen et al. , (1991) has isolated rhizobial strains from 

nodules of Astragalus sincius. These strains constitute a group that is quite different 

from previously described Rhizobium, Bradyrhizobium and Agrobacterium species. 

For this species Chen et al. , (1991) have proposed the name Rhizobium huakuii using 

data from gel electrophor esis of whole-cell proteins, DNA G+C content data, and 

DNA-DNA hybridization data. 

Rhizobium tropici a new species that nodulates Phaseolus vulgaris L. and Leucaena 

spp. is proposed on the basis of the results of multilocus enzyme electrophoresis, 
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Table 1 .  Named species of t he family R hizobiaceae and a typical leguminous plant 
host. 

Genus 

Rhizobium 

Bradyrhizobium 

Azorhizobium 
P hyllobacterium 

Agrobacterium 

Species 
biovar 

leguminosarum 
bv. viciae 

leguminosarum 
bv. trifolii 
leguminosarum 
bv. p haseoli 
etlia 

tropicib 

meliloti 
huakuiic 

loti 

galegaed 

jrediie, f 
cicerig 

japonicum 
elkaniih 

sp. (host genus) 

caulinodans 
rubiacearum 

myrsinacearum 
tumejacie ns 
vitis 
rhizogenes 
rubi 
radiobacter 

Host legume (examples) 
Latin name Trivial name 

Vicia sativa 
Pisum sativum 
Lens esculenta 
Trifolium pratens 
T. subterraneum 
Phaseolus vulgaris 

Phaseolus vulgaris 
Phaseolus vulgaris 
Medicago sativa 
Astragalus sinicus 
Lotus corniculatus 
Lupinus lute us 
Galega orienta lis 
Leucaena sp . 
Glycine max 
Cicer arietinum 
Glycine max 
Glycine max 
Arachis hypogaea 
Vigna unguiculata 
M acroptilium 
atropurpureum 
Acacia sp. 
Lupinus luteus 

Vetch 
Peas 
Lentil 
Clover 
Clover 
Bean 

Bean 
Bean 
Lucerne 
Astragalus 
Trefoil 
Lupin 
Goatsrue 
Leucaena 
Soybean 
C hickpea 
Soybean 
Soybean 
Groundnut 
Cowpea 
Siratro 

Acacia 
Lupin 

Lotononis bainesii 
Parasponia sp . (non-legume) 
Sesbania rostrata Sesbania 
Zimmermaniana 
pavetta 
Ardisia crispa 
Nicotiana tabacum 
Vitis vinifera 
Rosa sp. 
Rubus ursinus 

Tabacco 
Grape 
Rose 
Blackberry 
(clinical) 

a, Segovia et al. , 1 993;  5, Mart inez et al. , 1 99 1 ,  c, Chen et al. , 1 99 1 ,  d, Lindstrom, 
1 989, e, C hen et al. , 1 988,  f, J arvis et al. , 1 992, g, Nour et al. , 1 994, h, Kuykendall et 
al. ,  1 992. 
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F ig ure 5 .  Simplified rRNA cistron s im i larity d endeogram o f  part of 

rRNA superfa m i l y  I V ,  ba sed on T m (e) S of D N A - rR N A  h ybrids .  

The v ertica l  l i n es rep resen t l a beled rRN A  from reference s tra i n s .  

T h e  th ick bars i n d icate the  v aria t ion which w e  observed for the  

taxon indicated .  The groups of s tra i n s  were clustered by using the  

unweighted a v erage pair group method (Sokal a n d  Snea t h ,  1 9 63) .  

A bbreviations :  F LA V . ,  Flavobacterium; R.,  Rhizobium; Cl,  cluster; 

AGR . ,  Agrobacterium; AZ., A zototnonas; R HPS. , 

Rhodopseudomonas. (Jarvi s  et al. , 1 986).  



� Iml.) 

_ _ _ _ _ _  - - - - - __ RHODOBACTER 
SPHAEROIDES 

- - - - - - -1-- RHODOSPIRILlUM � RUB RUM �--+-----___ AZOSPIRILLUM 

�-��--I"' __ • ACETOBACTER 

�---. GLUCONOBACTER 

·t �£ n � .  � "T\ "T1  
8fT1� z  � � 

g:: :o c Q co  '" rr1�6� �Z�r rr1rr1 � zC -< V) 3:  � 

-0 
:r -< , , 0 
tIl � n -< 
rrI 
:0 
C 3: 

:0 . II' 
JJ 0 :0 
(JI 
C.1' 
:= 

ZYMOMONAS 

"FLAV. CAPSULA TUM 
" 

.;z:) 
r 
fTI 

.;z:) � 
� � :0 
o � .  ;z:) "T\ 
VI � 
N C O N 3: = 

:0 :0  � 

R. MELILOTI 

'11' if, AGROBACTERIU�1 CI 2 p p  
�C) VI � 
.." f;; 
� C)  

a! �  '" 

AGROBACTERIUM CI I 

R.LOTI  .... .... 
"T\ N � -..J 

RHPS. PAlUST RIS 

BRADYRHIZOBIUM 

BE UERINCKIA 



1 6  

D NA-DNA hybridization , a n  analysis of ribosomal DNA organization, a sequence 

analysis of 1 6S rDNA and an analysis phenotypic characters (Martinez et aI. , 1 99 1 ) .  

T h i s  t a x o n  R hizobium trop i c i  s p .  n ov . ,  w a s  p rev i o u s l y  n amed Rhizobium 

leguminosarum biovar phaseoli type II and was recognized by its host range (which 

includes Leucaena spp.)  and nif gene organization. In contrast to R. leguminosarum 

biovar phaseoli ,  R.  tropici strains tolerate high temperatures and h igh levels of acidity 

in culture and are symbiotically more stable. 

A new Rhizobium species that nodulates Phaseolus vulgaris L. is proposed on the basis 

of a sequence analysis of 1 6S ribosomal DNA. This taxon, Rhizobium etli sp. nov . ,  was 

pre v i o u s l y  named Rhizobium leg uminosarum b i ovar  p h aseol i  type I and i s  

characterized by the capacity to establish an effective symbiosis with bean plants, the 

rei teration of the nitrogenase structural genes, the organ ization of the common 

nodulation genes into two separate transcriptional units bearing nodA and nodBC, the 

presence of a polysacch aride i nhibi tion gene,  psi, and the 1 6S ribosomal DNA 

sequence. An analysis of the sequence of a fragment of the 1 6S rRNA gene shows that 

this gene is quite different from the gene of R. leguminosarum (Segovia et al. , 1 993).  

Based on DNA homology, Guanine-plus-cytosine content, restriction fragment length 

polymorphism of the amplified 1 6S-intergenic spacer rRNA gene, partial 1 6S rRNA 

sequencing, and auxanographic tests performed with 1 47 carbon sources, Nour et al. , 

( 1 994) proposed a new species, Rhizobium ciceri sp. nov. ,  consi sting of strains that 

nodulate chickpeas (Cicer arietinum L. ) and were previously determined to belong to 

two groups (groups A and B) when compared with reference strains belonging to 

different  genera and species of the family Rhizobiaceae. However, other groups of 

Rhizobium strains which do not cluster with the existing species have been identified 

and some example are R. "hedysari" (Casella et al. , 1 986) and R. "giardini" (Laguerre 

et al. ,  1 993b) and will be published shortly. 

Following are two examples of symbiotic divergence in plant-Rhizobium interactions. 

Rhizobium strains isolated from some ineffective alfalfa nodules have the ability to 

nodulate beans (Eardly et al . , 1 9 8 5 )  and R hizobium strain N GR234 effectively 

nodulates A rachis hypogea, two species of Desmodium, one cultivar of Glycine max, 

Lab-lab, Leucaena leucocephala, Macroptilium atropurpureum, Medicago sativa, 

Pachyrhius tuberosus ,  Vig n a  unguiculata , non- legume Paraspo nia sp . and 

ineffectively nodulates Sesbania (Lewin et  al., 1 987; Nayudu and Rolfe, 1 987; Trinick, 

1 980; Trinick and Galbraith, 1 980). 
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Claims hav e been mad e that th e classification of R .  p haseo/i, R .  trifolii and R. 

ieguminosarum actually refers to a classification of their symbiotic plasmids and their 

pSym p ossess distinctive features (Watson and Schofield, 1985). Genetic exchange in 

R hizobium bacteria in soil and recombination frequencies will have strong implications 

f or the validity and usefulness of taxonomy. If the Rhizobium g enome recombines 

infrequently, thus bel Javing cl onally (Pinero  et al., 1988 ;  Young, 1985), Rhizobium 

bacteria w ould be  diverging lineages, accumulating differ enc es and sharing only 

symbiotic capabilities. Thus, taxonomy would be faced with an unpredictable huge 

number of genomes, which in addition may be interchanging plasmids (Schofield et 

ai. , 1987; Young and Wexler, 1988). 

S everal studies suggest that R. leguminosarum may not be a single species but rather a 

group of inter-related species capable of expressing th e appropriate symbiotic genes 

( Ra o  et  al . , 1994). G enomic het erogeneity among the Frenc h Rhizobium strains 

isolated from Phaseolus vulgaris L .  and confonnity and diversity among field isolates 

of R hizobium leguminosarum bv. viciae, bv. trif olii, and bv. phase oli by DNA 

hybridizati on using chromosome and plasmid probes was reported (Laguerre et al. , 

1993b ; 1993c). Jarvis , (1983) also rep orted genetic diversity of R hizobium strains 

which n odulate Leucaena leucocephala. This indicates that within field populations of 

R .  leguminosarum is olated from r oot nodul es, a vari ety of g en otypes are able to  

nodulate th e same host plant (Brockman and Be zdicek , 1989; Engvild et  al. , 1990; 

Harrison et al. , 1987, 1989; Hynes and O'Connell , 1990; Laguerre et al., 1992, 1993c); 

Schofield et al. ,  1987 ; Young, 19 85 ; Young et al. , 1987 ;  Young and Wexler 1988). 

Howev er, within biovars, t he d egree of diversity of strains , th e genotyp es of 

predominant strains in nodules, and the level of dominance of strains are dependent on 

the h ost plant species ( Hynes and 0 'C onnell, 1990; Laguerre et ai. , 1992, 1993c ; 

Ma zurier, 1989). 

1 .  5 Seed inoculation 

Seed inoculation with appropriate strains of Rhizobium is well establis hed agricultural 

practice which can improve legume productivity (Rao et al. , 1994). Seed-producing 

c ompani es ensure the presence of nitrogen-fixing bact eria near cl over seeds by 

inoculating th e seeds with commercial strains of R. leguminosarum biovar trifolii such 

as ICMP strains 2163, 266 3  and 2668. The bacteria are added to  the seeds in a slurry 

which is rolled onto the seed surface. However this may not guarantee nodulation or 

l ong term nitrogen fixation (Roughley et al. , 1976). Even if nitrogen fixation does 

occur in clover in the field, some pastures s how a marked decrease in clover growth 

and si ze over a period of mont hs or weeks due to the loss of root nodules containing 
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ni trogen -fixing bacteria ( Roughley et al. ,  1976). This phenomenon may b e  due to a 

number of factors which affect the viability of the rhizobia located within the clover 

root s  (Dowling and Bro u gh ton ,  1986). The rhizobi a may s ti l l  be present in the 

rhizosphere, but if  they have lost the Sym plasmid they can no longer form nodules 

(Brewin et aI, 1983). A detailed understanding of interactions between the symbiotic 

genes  and  o ther microorgan i sms  in the soil environme n t  and their identity may 

contribute to the development of improved strains for use as inoculants. 

P o p u l at i o n  den s i t y ,  effe c t i v e n e s s ,  and compet i t ive  a b i l i ty are t h e  pr imary 

characteristics of indigenous rhizobia! populations that affect inoculation responses. In 

greenhouse studies ,  S ingleton and Tavares, (1986) demonstrated that statistically 

s ignifican t  i noculation responses can be eliminated when there are as few as 20 

i ndigenous rhizobia g of soil- 1 as  long as the population contains some effective 

strains .  S trains  within populations of rhizobia differ significantly in their ability to 

supply the host plant  with fi xed N (effec tiveness) under greenhouse conditions 

(Singleton et al. , 1985; Singleton and Stockinger, 1983; Singleton and Tavares, 1986). 

Differences in  the effectiveness of inoculant strains can also be demonstrated under 

field conditions as long as the soil is free of indigenous rhizobia (Ham, 1980). In the 

presence of an indigenous population , however, improved crop yield through 

inoculation with more effective inoculant  strains i s  difficult to demonstrate (Ham et 

al., 1971; Meade et ai. , 1985). Successful competition for nodule sites by indigenous 

rhizobia is one reason for the failure to achieve a response to inoculation with elite 

rhizobial strains (Meade et al. ,  1985; Weaver and Frederick, 1974). 

1 .  6 Factors affecting Rhizobium survival in Soil 

S oil i s  a reservoir of bacteria. The intrinsic makeup of which can effect survival of 

R hizobium. Combined nitrogen especially nitrate delays nodule formation (Streeter, 

1988). Thi s  may (McNeil ,  1982) or may not (Kosslak and Bohool, 1985) effect the 

outcome of competition of Rhizobium. The number of rhizobia in the rhizosphere 

decreases markedly when soi l pH drops below 6 .0 (Dowling and Broughton, 1986). 

This i s  particularly important in  New Zealand as farmers may be advised to keep their 

soil below pH 6.0 to allow rock phosphate to dissolve. Other abiotic factors affecting 

Rhizobium survival include soil type, salinity, temperature, pesticides, herbicides, 

moisture and the size of the pores within the soil (Brewin et al. ,  1983; Dowling and 

Broughton, 1986; Postma and van Yeen, 1990; Rao et al. , 1994). Abiotic features 

differ widely from soil to soil; each location with its unique set of abiotic parameters 

must be considered separately. 
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I n  addition to abiotic factors , biotic factors affect survival i n  the rhizosphere. These 

inc lude the effect of bacteriophage, epiphytic b ac teria, protozoa, Bdellovibrio, 

bacteriocins and competition for nutrients within the rhizophere (Bauer, 1 98 1 ;  Brewin 

et aI., 1983;  Broughton et aI. , 1987; Djordjevic et al. , 1 982; Dowling and Broughton, 

1 98 6; Rao et aI . , 1 994; Schofield et al . ,  1 9 87 ) .  S ome of these interactions may 

suppress nodulation, as i s  the case with the epiphytic bacterium (epiphytic meaning 

that they grow on,  but are not parasitic to the host plant) Erwinia herbicola, which 

blocks Rhizobium attachment sites on root hairs (Dowling and Broughton, 1 986). 

Transfer of symbiotic plasmids to recipients which are unable to fix nitrogen may also 

affect the survival of nitrogen-fixing bacteria in soil. Dowling and Broughton, ( 1986) 

stated that i t  must be assumed that genetic exchange occurs among rhizobia in the 

field,  and that th i s  exchange can lead to altered competitiveness and nodulation 

propertie s  in the rec ipient  bacteria. This  evidence and previous reports of self

transmissible pSym plasmids in  R .  leguminosarum (Brewin et al. , 1980) suggest that 

interstrain plasmid transfer is a common phenomenon in natural populations of this 

species. Chromosomally related R .  leguminosarum biovar trifolii isolates have been 

shown to have unrelated plasmid profiles,  whereas less chromosomally related R .  

leg uminosarm biovar tri fol i i  i solates may have very simi lar p l asmid contents  

(Schofield et  al. , 1987). Some strains which show very little chromosomal homology 

to any R hizobium type strain have been isolated from nodules taken directly from a 

field (Laguerre et al. , 1993b). A non-symbiotic soil isolate which was shown to be a R .  

leguminosarum biovar phaseoli strain without a Sym plasmid was complemented with 

a pSym from another R. Ieguminosarum biovar phaseoli strain ,  then placed back in the 

soil .  The Sym plasmid recipient was able to compete with indigenous rhizobia, could 

form nodules and even fix nitrogen (Sober6n-Chavez and Najera, 1 989). Similarly a 

transconjugant soil bacterium, strain JR 1 0 1 ,  was also found to be inherently more 

competitive than the initial Rhizobium inoculant strain. I n  this case the ability to form 

nodules was also found to be dependent on the relative numbers of the two strains in 

the vicinity of the root and upon access to the root surface (Rao et al. , 1994). 

It could be postulated that there is a tendency for rhizobia to get rid of their large, 

c umbersome Sym plasmids when the plasmids are not being used and soil bacteria 

could act as reservoirs. Such a theory requires further investigation, and the production 

of a non-transferable Sym plasmid, may theoretically result in reduced survivability of 

rhizobia i n  the soil under c erta in  conditions .  Figure 6 summarizes some of the 

interactions which affect Rhizobium survival in soil. 
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Figure 6.  F actors th at may in fl ue nce the outcome of competition 

among R hizobium strai n s  for nodulation of legumes (Dowling and 

Broughton, 1986). 
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1. 7 Rhizobium symbiotic genes and indigenous soil bacteria 

Population studies on soil strains of R. leguminosarum indicate that the same symbiotic 

plasmid occurs in different strains of bacteria and different symbiotic plasmids occur 

in oth6wise similar strains of host bacteria. This suggests that genetic exchange may 

have occurred in soi l  (Schofield et al. , 1987;  Young, 1 985).There is also evidence to 

show that soil harbours non-nodulating bacteria (Jarvis et al., 1 989; Laguerre et al. , 

1 993a; Rao et al. , 1 994; Segovia et al. , 1 99 1 ;  Sober6n-Chavez and Najera, 1989) able 

to express symbiotic plasmids from Rhizobium species. The expression of symbiotic 

genes by soil bacteria raises the possibility that symbiotic plasmids may be transferred, 

maintained and expressed in soil by a population which includes rhizobia and an 

unknown n umber o f  other bacteri al species.  Information on the diversity of the 

population expressing the pSym is scarce. 

Jarvis et al. ,  ( 1 989) reported the isolation of non-rhizobial soil bacteria from native 

soi ls  and their abi l i ty to express nod genes . Rao et al. , ( 1 994) showed the self 

transmission of Tn5 marked symbiotic plasmids from inoculant strains of Rhizobium 

leguminosarum biovar trifolii A TeC 10004, ICMP2 1 63,  ICMP2668 and ICMP2666 to 

plasmid cured rhizobia and to some native soil bacteria. Similarly when a Rhizobium 

leguminosarum biovar phaseoli Sym plasmid was transferred to a soil i solate, the 

recipient was able to nodulate and fix nitrogen in bean roots, and could also compete 

affectively with o ther indigenous Rhizobium s trains  in the soi l ( Sober6n-Chavez, 

1 9 89). Laguerre et al. , ( l 993a) also observed R.  leguminosarum soil isolates which 

lacked symbiotic i nformation but were able to gain n odulation capacity with the 

acquisition of a conjugative symbiotic plasmid. They were thus be considered as non

symbiotic R. leguminosarum. 

1 .  7. 1 Expression of symbiotic plasmid (pSym) in soil bacteria 

The study of symbiotic nitrogen fixation in Rhizobium has been limited to Rhizobium 

plasmids . Up to 25% of the DNA in Rhizobium is in the form of large plasmids and i t  

i s  of interest to know what genes are carried on these large plasmids (Prakash and 

Atherly, 1986) .  Some early genetic evidence indicated that in Rhizobium the symbiotic 

nitrogen fixation genes might be on the plasmid DNA (Higashi, 1967) .  Several genetic 

and physical studies have now clearly establ ished that ,  at least in fast growing 

R hizobium species, the genes for symbiotic nitrogen fixation are usually on a large 

plasmid. 



2 2  

S ymbiotic (Sym) plasmids bear the genes required for nodulation. S y m  p lasmids range 

i n  size from 1 30 kb (kilobases) to greater than 290 kb in R. Ieguminosarum and greater 

than 1 200 kb in Rhizobium meliloti (Long, 1 989; Prakash et al. , 1 980). These huge 

megaplasmids carry many genes, such as tra, nod, fix and nif genes (Brewin et aI, 

1 98 2 ;  l i smaa et al . ,  1 989) ,  as w e l l  as genes whose products provide an t ibiotic 

resistance ( B rewin  et a I . ,  1 98 2 ) ,  h ydrogenase activity (De Jon g  et aI. , 1 982) ,  

bacterioc i n i c  prop e rt ies  (De  Jong  et aI . " 1 9 82 ;  Hirsch et  al . ,  1 980) , or  affect 

polysaccharide production (Borthakur et al., 1985;  Latchford et al. , 1 99 1 )  and carbon 

metabolism (Djordjevic et al. , 1 982) .  Tra genes are responsible for the conjugative 

transfer of the Sym plasmid to recipient bacteria .  Nod genes are responsible for the 

nodulation of the host legume. Nif and fix genes are responsible for nitrogen fixation .  

Hooykaas et  ai. , ( 198 1 )  and Zurkowski and Lorkiewicz, ( 1 976, 1 978,  1 979) showed 

that non-nodulating mutants of R. trifolli, resulting from treatment at high temperature, 

had lost plasmid DNA. These nod- mutants lost their ability to attach to the root hair. 

Surface attachment and nodulation  were restored upon the rein troduction of  the 

plasmid. Furthermore, Johnston et al. , ( 1 978) demonstrated that the transfer of a Tn5 

m arked plasmid into a jix- strain of R .  leguminosarum restored its normal symbiotic 

functions, strongly suggesting that the symbiotic genes were located on the plasmid. 

Ronson and Scott, ( 1 98 3 )  obtained a co-integrate of pRtr5 14a and R68.45,  w h ic h  

totalled about 2 1 9  Mda and transferred i t  to a variety o f  different bacterial strains  at 

frequencies as high as 1 0-3. S imilarly ,  co-integrates of Sym plasmid from R .  fredii 

strain USDA 1 9 1  and PRL 1 80 (Hooykaas et al., 1 982) were transferred to E. coli and 

Agrobacterium tumefaciens (Engwall and Atherly, 1 986). But, co-integrates were very 

u nstable in  recA + E. coli strains yielding only pRL 1 80 upon conjugation.  In recA - E. 

coli hosts the Sym plasmids suffered random deletions and it was thus possible to 

create a family of deletions encompassing the entire plasmid. pPN l was stable i n  recA

strains of Escherichia coli and Pseudomonas aeruginosa and i n  most fast-growing 

R hizobium strains, suggesting that most Rhizobium strains may be naturally inefficient 

in genetic recombination (Ronson and Scott, 1983). Jarvis et a/., ( 1989) transferred by 

conjugation, plasmid pPN 1 ,  to representative strains of non-nodulating, gram negative, 

rod-shaped soil bacteria .  Transconjugants which formed nodules were obtained from 6 

of 1 8  (33%)  strains w hose D NA hybridized with that of PN 1 65 and 1 of 9 ( 1 1 %) 

strains containing DNA which did not hybridize with that of PN 165.  The presence and 

location of R68.45 and nod genes was confirmed in  transconjugants from three of the 

strains  which formed nodules. 
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Sym plasmid transfer within Rhizobiaceae often results i n  variable expression and 

most plasmids on which genetic markers have been found have been shown to be self

transmissible (De narie et al. , 1 98 1 ;  Gussin et al. ,  1 986; Prakash and Atherly, 1 986).  

Hooykaas et al . ,  ( 1 98 1 , 1 982) observed that the Sym plasmids of R .  ieguminosarum 

and R .  trifoW expre ssed symbiotic n itrogen fixation properties completely when 

transferred between  these two strains .  However when these Sym plasmids were 

transferred to A .  tumefaciens or R. meliloti they induced root nodules but did not fix 

nitrogen. Djordjevic  et al. , ( 1 983 )  and Rolfe et al. , ( 1 983)  found that transfer of 

plasmid pJB5JI or pBRIAN, which encode pea and clover specificity, respectively, to 

various R. meliloti plasmid-cured strains did not confer the ability to nodulate peas and 

clover. Transfer of p BRIAN to an A .  tumefaciens strain conferred clover-specific 

nodulation but pJB 5JI could not induce this Agrobacterium strain to nodulate peas. 

The transfer of pBRIAN to various Sym plasmid-cured or deleted R. leguminosarum or 

R .  trifolii strains resulted in the ability of these strains to nodulate clover, whereas the 

reverse was true when pJB5JI was transferred to these strains. When plasmids pJB5JI 

and p B RIAN were i n troduced in to a fast growing "R . parasponium" strain ,  the 

resulting transconj ugants showed a change in the spectrum of plan ts that could be 

nodulated . The p lasmids have also been transferred to slow-growing Rhizobium 

species, but the bacteria had an ineffective phenotype. The transfer of a host-range 

plasmid pJB5JI from R .  Ieguminosarum to R. fredii elicited only early stages of nodule 

development on peas (Ruiz-Sainz et al. ,  1984). On the other hand the R . fredii Sym 

plasmid from strain USDA 1 9 1  is Fix+ in ANU265 genetic background (Appelbaum et 

al., 1 985).  ANU265 is  a pSym-cured derivative of NGR234, a broad-host-range fast

growing strain. This  implies that the chromosomal genetic background of NGR234 is  

very similar to  R . fredii. Incompatibility and instability of  the Sym plasmids could also 

be attributed to variable expression of the Sym plasmid in different hosts (Christensen 

and Schubert, 1 983; Djordjevic et al. , 1 982). A large Sym plasmid from fast-growing 

cowpea Rhizobium species was mobilizable by co-integration with plasmid pSUP1 0 1 1 ,  

which carries the onT region of RP4. This mobilizable Sym plasmid was transferred to 

a number of Rhizobium strains, in which nodulation and nitrogen fixation functions for 

symbiosis with plants of the cowpea group were expressed (Morrison et al., 1984). 

I t  is concluded that symbiotic plasmid transfer occurs between Rhizobium strains and 

other bacteria in soil but the nature and diversity of the recipient remains unclear. 

Bacteria resembling Rhizobium leguminosarum, but lacking symbiotic information, 

have been i solated from soil of two different geographical orig ins ,  thus giving 

evidence for persistence in soil of Rhizobium lacking symbiotic information (Sober6n

Chavez and Najera, 1 98 9 ) .  When complemented with an R. leguminosarum bv.  
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phaseoli symbiotic plasmid p42d, the non-symbiotic isolates were able to fix nitrogen 

i n  symbiosis with bean roots at levels similar to the parental strain. The symbiotic 

i solates were found at a relative frequency of 1 in 40 non-symbiotic R. leguminosarum 

(Segovia et al., 1 99 1 ) . Rao et aI. , ( 1 994) demonstrated in vitro self-transmission of 

symbiotic plasmids from three Rhizobium leguminosarum biovar trifolii strains used as 

c lover seed inoc u l an ts and from t w o  other s train s  to c ured a derivative of R .  

leguminosarum biovar trifol i i .  T n 5 - marked s y mbioti c  p la s m ids from s trains  

ICMP21 63 and I CMP2668 were transferred to  three strains of  n ative soil bacteria at 

frequencies of 104. Plasmid transfer to one of the native soil bacterial isolates was also 

demonstrated in a soil microcosom containing white clover seedlings. Laguerre et al., 

( l993a) i solated from soil symbiotic and nonsymbiotic Rhizobium leguminosarum by 

DNA hybridization.  The R. leguminosarum soil isolates lacked symbiotic information 

but  were able to gain nodulation capacity wi th  the acquisition of a conjugative 

symbiotic plasmid pMA l .  Transfer has been reported of the pea symbiotic plasmid 

pJB5JI between strains of rhizobia in sterile and in non-sterile soil (Kinkle and Schmit, 

1 99 1 ) .  A detailed molecular approach is needed to identify soil bacteria expressing a 

pSym from Rhizobium leguminosarum biovar trifolii. 

1 .  8 Identification of bacteria 

A s  more knowledge i s  acquired and new i solates are studie d ,  new species are 

discovered and the former species are split. There i s  an increasing need for reliable 

methods which can enable rhizobiologists, and especially ecologists, to identify the 

bacteri a they are workin g  with . Recent  approaches  include DNA hybridization, 

characterization of rRNA genes and their hybridization patterns as well as fatty acid 

analysis. 

Studies have shown that Legionella species can be identified by their rRNA patterns 

(Grimont et al. , 1987; Saunders et al. , 1 988) .  Laguerre et al. , ( 1994) reported rapid 

identification of rhizobia by restriction fragment length polymorphism analysis of 

PCR- ampl ified 1 6S rRNA genes .  This  PCR-RFLP method has  also been u sed 

successfully used in the differentiation of Leptospira species, (Ralph et ai. , 1 993). 

Ramadass et al. , ( 1 992) reported genetic characterization of pathogenic Leptospira 

species by D NA hybridization. S pierings et al . ,  ( 1 992) reported identification of 

Klebsiella pneumoniae by DNA hybridization and fatty acid analysis. Jarvis and Tighe, 

( 1 994) reported rapid identification of Rhizobium species based on cellu lar fatty acid 

analysis. 
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I n  the pre sent study w e  employed four methods to charac terize the soil  b ac teria 

e xpress in g  symbiotic genes .  Background i nformation on such  methodology is 

described in the following subsections .  

1. 8.  1 Ribosomal hybridizat ion 

T h i s  method general ly  i nvolves  the  use of r ibosomal R N A  (rRN A )  (or  the 

corresponding genes) as universal probes (Grimont and Grimont, 1 986). S ince rDNA 

loci contain both extremely conserved regions and variable regions, typing bacteria is 

achieved by the examination of restriction endonuclease patterns of DNA fragments 

containing rRNA genes (Grimont and Grimont, 1 986). 

Segovia et al. , ( 1 99 1 )  used this method to identify eight non-symbiotic isolates (strains 

CFN402, CFN4 1 5, CFN426, CFN439, CFN449, CFN460, CFN469, and CFN478.  He 

found the hybridization patterns of the non-symbiotic isolates were the same as those 

of R .  leguminosarum biovar phaseoli type I strains. However this method has not been 

used extensively i n  identifying soil bacteria and studies on the n atural variability of 

species are required. 

1. 8. 2 16S rRNA sequence analys is 

In the recent years the 1 6S rRNA (Figure 7) molecule has assumed a pivotal role in 

ascertaining the phylogentic relationships of bacteria (Young et al. , 199 1 ). rRNAs are 

at present the most commonly u sed of the molecular chronometers (Woese, 1 987) .  

They show a high degree of s tructural and functional constancy, which assures 

relatively good clockwise behavior (W oese, 1982). They occur in all organisms, and 

different  positions in their sequences change at very different rates, allowing most 

phylogenetic relationships to be measured. Their sizes are large and they consist of 

many domains. There are about 50 helical stalks in the 1 6S rRNA secondary structure 

and roughly twice that number in  the 23S rRNA (Gutell et al., 1 985 ;  Noller, 1 984). 

Earlier phylogenetic conclusions with rRNA were based on hybridization (De S medt 

and De Ley, 1 977) or oligonucleotide catalogs (Woese et al. , 1 98 3 ) ,  but primary 

sequence information has now replaced such approaches (Lane et al . ,  1985;  Yang er 

al., 1985) .  
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Figure 7 .  Positi o n a l  con serv ation representation of the 1 65 rRNA 

seco nda ry structure derived from the com p ari son of 27 diverse 

eubact eri a l  s p ecies.  Shadi ng i n te n s i t y  var i e s  a ccordi ng to the 

rel at ive con serva t i o n  of each homologous n ucl eo t ide .  I nvari a n t  

posi tions are black (Stahl a nd Amann,  1 99 1 ) . 
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With the advent o f  the polymerase chain reaction (PCR) and techniques for the direct 

sequencing of the amplified DNA ( Innes  et al . , 1 98 8 ;  Win s h ip ,  1 9 89) ,  rel iable 

sequences can be obtained rapidly (B ottger, 1 989) .  PCR quickly and efficiently 

produces many copies of specific D N A  regions. S tandard DNA c loning methods 

achieve similar results, but with much greater effort. The main limitations of PCR are 

the size of the region that can be amplified, and the requirement for some knowledge 

of the sequences flanking the "target" DNA. 

The requirement for sequence information about the target means that peR is most 

useful for investigating DNA domains  about which there is already partial knowledge, 

for instance, alleles of known genes. M uch of the molecular systematics relies upon 

sequence comparisons among known genes, it is evident that the PCR is ideally suited 

for this purpose. In addition methods in nucleic acid sequencing have developed so 

rapidly i n  recent years that comparative sequencing of homologous genes is now a 

standard technique in molecular systematics and phylogenetic studies, in  fact this is the 

most powerful method applied in bacterial systematics ,  (Ludwig, 1 99 1 ). Nucleic acid 

sequence data are regularly compiled i n  several databases: GenBank (U. S. National 

Institutes of Health) is perhaps the bes t known and most widely used. Another well 

known data base is compiled by the European Molecular B iology Laboratory, (EMBL) 

(Hillis et al. , 1 990). 

Relationships between members of the Rhizobiaceae have been successfully delineated 

(Figure 8 a-d) u sing complete (Willems and Coll ins ,  1 99 3 ;  Yanagi and Yamasato, 

1 993) and partial (Young et al., 199 1 )  1 6S rRNA gene (rDNA) sequences. Sawada et 

al., ( 1 993) showed that the 1 5  strains of Agrobacterium and Rhizobium species formed 

a compact phylogenetic cluster clearly separated from the other members of the alpha 

subclass of the Proteobacteria (Figure 8d)  based on using complete 1 6S rRNA 

sequences. This  s tudy aimed to identify soil bacteria expressing a symbiotic plasmid 

from partial 1 6S rRNA gene sequences by comparing the unknown sequences to 

known sequences in the databases and then constructing a phylogenetic tree. 

1. 8. 3 DNA-DNA hybridization 

DNA-DNA relatedness based on DNA-DNA hybridization has been considered the 

standard method for the designation of bacterial species (Graham et al. , 1 99 1 ;  Wayne 

et al., 1 987).  
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Figure 8 .  Phy logenet ic  tree derived from the whole 1 6S rRNA 

sequences .  (a) U n rooted phyl ogenetic tree, obtained by Fitch and 

Margolia sh  ana lys i s ,  showing  the relationships of Rhizobium and 

A g rabacterium s pecies and several rela ted taxa from the alpha-2 

s u b grou p  of t h e  Proteaba c te ri a .  At. cleve fandens is ,  Afipi a  

clevelandensis ; Af. felis, Afipia felis; B a .  bac illifarmis , B artonella 

bacill ifo rmis;  B .  japOf1iCllln ,  B radyrhizobium japonicum; B ru .  

abortus . Brucella abortus;  R o .  quintana, Rochafimaea quintana 

(Wi l l ems  and Co l l i n s ,  1 99 3 ) .  (b) U mooted phylogene ti c  tree ,  

ob tai ned  by  p ar s imony ana ly s i s ,  showing  the  re l a t ion sh ip s  of 

R hizobium and A g robacteriwn species and several taxa from the 

alpha-2 subgroup of the Proteohacteria. Bootstrap probabil i ties are 

i nidicated at the branch ing  poin ts (Wi l lems and Col l ins ,  1 993) .  (c) 

P hylogenetic tree of the members of the R hizobiaceae and other 

b acteria .  Genus abbrevations are as fol lows: A . ,  Agrobacterillm; B . ,  

B radyrhizobium; Bm. ,  Brucella; E . ,  Erythrohacter; M. ,  Mycoplana; 

0 . ,  Ochrohactrum ; P . ,  P hyllohacterium ; Psd. , Pseudomonas ,' R . ,  

R hizohium; R b a . ,  Rhodobacter; Rmc . ,  R hodomicrobium ; Roc . ,  

Rochalimaea; Rpd., Rhodopseuciomonas; Rsp . ,  R hodospirillum; S. ,  
Sinorhizobillm (Yanagi and Yamasato, 1 993). (d) Phylogenetic tree 

derived from the whole 1 6S rRNA sequences for members of the 

genera Agrobacterium and Rhizobium and their relatives (Sawada et 

al. , 1 993) . The value on each edge i ndicates the relative support i n  

the data for that edge. Large values approaching 1 00 i ndicate there 

are l a rge ly  u nc o n trad i c t ed  p a ttern s i n  t he  d a t a  s upport i n g  a 

particular grouping (Lockhart et af. , 1 994). 
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Jarvis e t  al. , 1 980 studied DNA relatedness amon g  2 7  strains o f  R hizobium trifolii, 4 

s tra in s  of R hizobium leguminosarum, and 4 strain s  of Rhizobium p haseol i  and  

indicated that DNA relatedness correlated with serological rel ationships  and  that the 

abi l i ty to form nodules  on legume roots can be lost  wi thout a detectable chan ge in  

relatedness wi th an i ndependent reference strain. 

Crow et al. , ( 1 98 1 )  s tudied 1 22 strains of Rhizobium by DNA-DNA hybridization and 

ident ified four genetic groups of fast-growing ,  acid-produci n g  rhizobia .  G roup 1 

i n c l u ded s trains  o f  R h izobium trifolii  (except  s tr a i n s  obt a i ned  from Trifo lium 

lupinaster), Rhizobium leguminosarum, Rhizobium p haseoli (obtained from Phaseolus 

vulgaris ) ,  and two strains  obtained from Neptunia g racilis . Group 2 comprised six 

American strains obtained from crown vetch (Coronilla varia) , sainfoin (Onobrychis 

viclfolia) ,  and Sophora spp. Group 3 corresponded with Rhizobium meliloti. Group 4 

i ncluded fast-growing  Lotus rhizobia ,  two strains of obtained from T. lupinaster, and a 

wide variety of previously unclassified strains .  Nine fast-growing s trains could not  be 

included in any of these groups. I n  the present study a DNA reassociation technique 

was used to determine the identity of soil i solates expressing symbiotic genes and their 

agreement with the 1 6S rRNA sequence analysis. 

1. 8. 4 Total cel lu lar fatty acids 

Within the past decade, cel lu lar fatty acid profile s  h ave been i ncreas ingly u sed to 

identify bac terial species (A lcorn et al. , 1 99 1 ;  Bobbie  and White, 1 980; Jarvis and 

Tighe , 1 994; Kuykendall et al. , 1 988 ;  Lechevalier, 1 977) .  S ince the fatty acid profile 

of a bacterial species, analyzed as fatty acid methyl esters (FAMEs) , is unique to that 

species ,  FAM E  analys is  is an important i dentifi c at ion tool (Foster and Fogleman,  

1993) . This i s  evidenced by the fact that the major fatty acids are included in many of 

the species descriptions i n  the ninth edition ( 1 984) of Bergey's Manual of Sys tematic 

Bacteriology (Kreig and Holt, 1 984) . However thi s  technique has not been widely used 

to characterize soil bacteria  from naturally occurring  environments. 

1. 9 Summary: the n a ture of rhizobia 

The legume-Rhizobium combination i s  the most significant in terms of global ni trogen 

fix ation when compared to other n i trogen-fi x ing  symbiosis between bac teri a  and 

p lants. I t  is  the best understood of all p lant-microbe interactions (Palacios and Verma, 

1 988 ) .  B iologically, the two partners engage themselves in thi s  ex traordinary and 

agronomical ly important interaction i s  that both contain genes that are expressed only 
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in  the presence of each other (Johnston, 1989). This leads to  nodulation being regarded 

as the characteristic identifier of Rhizobium species and nitrogen fixation as a normal 

but not essential consequence of nodulation (Jordan, 1 984). 

However defining the genus  Rhizobium by its capacity to nodulate is  unsatisfactory 

because it usually depends on the presence of the Sym plasmids which can be lost in  

strains maintained on laboratory media (Jordan, 1 984). I t  would be preferable to  define 

rhizobia in terms of non-transmissible characteristics. In the present study independent 

means have been carried out to do just this. 

Normally the primary isolation of R hizobium strains  is from nodulated legumes 

(Mozzo et al., 1 98 8 ;  Schofield et al., 1 987;  Vincent, 1970; Woomer et al., 1 9 8 8 ;  

Young, 1 985)  and this has tended to obscure relationships with other bacteria in  the 

soil .  S trains  i solated from nodules on red (Trifolium pratense) and white (Trifolium 

repens) clover are all  classified as Rhizobium leguminosarum biovar trifolii (Jordan, 

1 9 84) ,  but  they do exhibit considerable genotypic (Crow et al., 1 98 1 ;  Jarvis et al., 

1 9 80; )  and p henotypic (Young,  1 9 8 5 ;  Young et al., 1987)  diversity. Recognized 

inoculum strains as sources of reference DNA showed optimal DNA homology and 

divergence in related sequences consistent with the presence of subspecies or perhaps 

multiple species by accepted criteria (Brenner et al., 1982; Crow et al., 1 98 1 ;  Jarvis et 

al. ,  1 9 80;  Johnson,  1 984) .  Young,  ( 1 985)  and Young et al. , ( 1 987)  used enzyme 

polymorphism and showed a number of different lineages among R. leguminosarum 

biovars viceae, trifolii and phaseoli in soil and the distinct lineages could carry any of 

several different  host-range determinants. They postulated that soil might contain 

bacteria which were electrophoretically indistinguishable from rhizobia but did not 

contain the symbiotic (Sym) plasmid and were therefore unrecognizable as rhizobia by 

conventional methods (Jarvis  et al., 1 989; Young, 1985) .  The design of the present 

project was intended to characterize any such species. 

1. 10 Aims of the study 

It was hypothesized that soil contains a diverse group of bacteria not necessarily 

rhizobia which can express pSym. To test this hypothesis different soil types with 

varying flora and fauna were examined and non-nodulating bacteria which could 

express a Sym plasmid were characterized. The approaches taken to do this is listed 

below, detailed in the materials and methods section and summarised in Figure 9. 

1) Isolation of Gram negative bacteria unable to nodulate Trifolium repens (white 

clover) cultivar G rasslands Huia from different soil types, 



3 3  

2) T ransfe r  symbiotic genes from Rhizobium leguminosarum b iovar t rifol i i  by 

conjugation to soil bacteria, 

3) Obtain expression of the symbiotic plasmid in a plant test, 

4) Examine any root nodules formed by light  and electron microscopy, 

5) Examine the plasmid composition of those bacteria which could express pSym 

6) Verify the transfer of pSym using a (cx_32p) labelled probe and 

7) character i ze and ide n t i fy soi l bacter ia  w h i ch cou l d  express pSym by the 

fol lowing me thods: 

i) Ribosomal hybridization, 

ii) 16S rRNA sequence analysis, 

i i i )  DNA-DNA hybridization and 

i v) Total cel lular fatty acids. 
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Figure 9 .  S ummary o f  the project.  
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2 .  MATERIALS AND METHODS 

2 .  1 B acterial strains and  plasmids used in this study 

The bacteria and plasmids used in the investigation are listed in Table 2 .  

2 .  2 Growth of bacteria 

Soil  isolates were grown at 28°e in YMG (section 2 .  3. 1 )  or SE (section 2. 3. 3) or TY 

( section 2. 3 .  5) supplemented where n ecessary with K anamycin (Km; 50 /-lg!ml) or 

Rifampicin (Rif; 50 /-lg!ml) or Kan; 50 /-lg!ml + Rif; 50 /-lg!ml .  R hizobium cultures were 

grown at 28 °e  in YMG (section 2 .  3. 1 )  or TY (section 2. 3 .  5 ) .  Escherichia coli 
c u l t u re s  were grown at 2 8 ° e  in L B  ( sec t ion  2. 3 .  4 )  or  TY ( se c tion 2 .  3. 5) 

supplemented where necessary with Km; 50  /-lg!ml or Rif; 50  /-lg!ml or Km; 50 /-lg!ml + 

Rif; 50 /-lg!ml. 

2.  3 Media used in the investigation 

All media used in this study were steril ized at 1 2 1 °C ( 1 5  psi) for 1 5  minutes unless 

otherwise indicated. Solid media were cooled to 55°C before pouring. 

2 .  3. 1 Yeast-ma n n i tol -g l u cose (YMG)  agar  (Vincen t ,  1 970)  con tained (gil ) :  

Mannitol (Difco) , 1 0.0; Yeast extract (Difco) , 0 .5 ;  Dipotassium phosphate (K2HP04),  

0 .5 ;  M agnesium sulphate (MgS04.7H20) ,  0 .2 ;  Sodium chloride, 0 . 1 ;  G lucose, 1 .0. The 

pH was adjusted to 7 .0. Solid media was obtai ned by adding agar ( 1 5  gil, Davis) .  

2.  3.  2 Soi l  extract (Pramer and Schmidt, 1 965)  was prepared from 1 000 g of fertile 

soil which was added to 1 000 ml of tap water and autoclaved at 1 2 1 °e ( 1 5  psi) for 20 

min .  Calcium carbonate (0.5 g) w as added to flocculate colloidal material and the 

suspension filtered to clarify it .  

2. 3. 3 Soil extract (SE) agar (Pramer and Schmidt, 1 965) contained (gil) :  Glucose, 

1 . 0 ;  D ipotassium phosphate (K2HP04) ,  0 . 5 ;  Potas si um n i trate (KN03) ,  0. 1 ;  Soil  

extrac t (section 2 .  3 .  2) , 1 00 ml ;  Water,  900 ml (Mi l li -Q Reagent  water S ystem, 

Millipore continental water systems) ; The pH was adjusted to 6.5-7 .0. Solid media was 

obtained by adding agar ( 1 5  gil, Davis) . 



Table 2 .  B ac terial s trains and plasmids u sed in this study 

Bacterial s train s  

and plasmids 

Rhizobium leguminosarum 

biovar trifolii 

ICMP2 1 63 (NZP56 1 )  

NZP5 1 4  

ATCC 1 OOO4 

ATCC 1 4480 

PN 1 65 

Rhizobium meliloti 

NZP20 1 1  

Rhizobium loti 

ATCC33 669 (NZP22 1 3) 

Rhizobium tropici 

CFN299 

Escherichia coli 

ATCC9637 

PN200 

PN29 1 

PN600 

Relevant 

characteristics 

Nod+Fix+ 

Nod+Fix+ 

Nod+Fix+ 

Nod+Fix+ 

Sym plasmid cured 

derivative of NZP 

56 1 

effective nodules on 

M edicago sativa 

effective nodules o n  

Lotus corniculatus 

effective nodules on 

Phaseolus vulgaris 

S ource of 

n on-rhizobial DNA 

HB 1 0 1  (pPN l )  

RRI  (pRt572) 

HB 1 0 1  (pPN26) 

S ource or 

reference 

3 6  

D S IR culture 

collection 

(Palmers ton 

North, New 

Zealand) 

D S I R  culture 

collection 

ATCC 

ATCC 

Ronson and 

Scott, 1 983  

E.A.Terzaghi 

M as sey 

University 

culture 

collection, 

Palmerston 

North, New 

Zealand 

D B  Scott 

M artinez et 

at . ,  1 987 

ATCC 

Ronson and 

Scott, 1 983 

Schofield et 

a l . , 1 9 8 3  a n d  

S c o t t  e t  a l . , 

1 982 

D . B .Scott 



B acteria l  strain s  

and p l asmids 

PN298 

Agrobacterium tumefaciens C58 

Soil bacteria 

N R40 

NR41 

NR42 

NR64 

OR1 68 

KJ l 

KJ3 

KJ5 

KJ l 3  

KJ l 7  

KJ l 9  

KJ23 

KJ26 

KJ27 

KJ30 

KJ44 

KJ57 

KJ203 

Relevant 

characteristics  

HB 1 0 1  (R68.45) 

Gram-negative rod 

Gram-negative rod 

from Rhizobium-like 
colony on YMG 

as for NR4 1 

as for NR4 1 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Gram-negative rod 

Source or 

reference 

D.B.Scott 

C.Kado 
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Rao et ai. , 1 994 

Jarvis et at. , 

1 989 

Jarvis  et al. , 

1 989 

Jarvis et at. , 

1 9 89 

Jarvis et at. ,  

1 989 

Thi s  work 

This  work 

This work 

This work 

Thi s  work 

This work 

This  work 

This work 

This work 

This work 
Thi s  work 

This work 

This work 



Bacterial strains 

and plasmids 

Plasmids 

pBR328 

R68 .45 

p Rtr5 1 4 a  

pPN l 

pKK3S 3 5  

p Rt57 2 

pLAFR l 

pPN26 

Relevant 

characteristics 

Nod+ symbiotic 

plasmid from 

Rhizobium 

leguminosarum 

biovar tri fol i i  

NZP5 1 4  

pRtrS 14a: :R68 .4S 

rRNA operon 

R. leguminosarum 

biovar trifol i i  

ANU843 7 .2 Kb EcoR I 

nod fragment cloned 

in pBR328 

lambda cos 

derivative of 

pRK290 

pLAFR 1 cosmid 

containing nod 

region of PN 1 00 

S ource or 

reference 

3 8  

Bolivar et al. , 

1 977 

Haas and 

Holloway, 

1 976 

S kot et 

al . , 1986 

Scott and 

Ronson 1 98 2  

Brosius  et  ai. ,  

1 9 8 1 

Schofield et 

ai. , 1 983, 

Scott et al., 

1 985 

Friedman et 

al. , 1982 

Scott et al., 

1 985 

Ap, ampici l li n ,  em, chloramphenicol, Km,  kanamycin,  Tc , tetracycline; r : resistant; 

Nod+Fix+: effective (nitrogen-fixing) nodule. 
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2. 3. 4 Luria broth (LB) (Mi l ler, 1 972) contained (gil) : Tryptone (Difco), 1 0.0; Yeast 

ex tract (Difco),  5 .0 ;  S odium chloride ,  0 .5 .  The pH was adjusted to 7 .0. Sol id media 

was prepared by adding agar ( 1 5  gil, Davis) .  

2. 3. 5 Tryptone-yeast  extract (TY) agar (Beringer, 1 974) contained (gil) : Tryptone 

(Difco), 5 .0 ;  Yeast extract (Difco), 3.0; Calcium chloride, 1 . 3 .  The pH was adjusted to 

7 .0 .  Solid media was obtained by adding agar ( 1 5  gil, Davis) . 

2. 3. 6 Hogland's trace element solution (Hoagland and Arnon, 1 93 8) contained (gil) 
H 3 B 03 , 2 . 8 6 ;  M n C 1 2 . 4 H20 ,  1 . 8 1 ;  Z n S 04 . H 2 0 ,  0 . 2 2 ;  C u S 04 . H2 0, 0 . 0 8 ;  

CoS04 .7H20, 0.095; Na2Mo04.2H20, 0.054. 

2. 3. 7 Seedl ing agar (Thornton,  1 930) contained (gil): Calcium p hosphate (Tribasic) 

(Ca3 (P04)2 )
' 
2.0; Dipotassium phosphate ,  0 . 5 ;  M agnesium sulphate (MgS04.7H20), 

0.2; Sodium chloride (NaCl), 0 .1 ;  Ferric chloride anhydrous (FeC13) ,  0.0 1 7 ;  Hogland 's  

trace element solution , 1 ml (section 2 .  3 .  6);  Agar, 1 5 .0. Ten ml  of molten seedling 

agar was dispensed into test tubes (20 x 1 50 mm), steril ized and incl ined to solidify in 

order to present a 5- 1 0  cm long agar face for seedling growth. 

2. 3. 8 Tryptone-yeast extract agar (TYEA) (Jarvis  and Tighe, 1 994) contained (gil) 
Bacto-tryptone yeast extract IS P medium 1 ,  8 .0 ;  CaCI2 .2H20,  0 . 87 ;  d-mannitol , l .0; 

Agar, 1 5 . 

2. 4 Isola tion of soil bacteria 

Soi l  cores 70 to 1 00 mm long were collected from four differen t  locations and soil 

types namely Rahima silt loam, Tokomaru silt loam, Kairanga silt loam and Manawatu 

sandy loam. The soil s  were placed in different plastic bags and stored at 4°C until they 

were cultured. Samples were di lu ted in 0.05% tryptone broth and immediately placed 

on yeast m annitol glucose (YMG) agar (section 2. 3. 1 )  or on soil extract (SE) agar 

( section 2 .  3. 3). Cul tures were incubated for fiv e  to seven day s  at 28°e.  I solated 

colonies were restreaked on YMG or SE agar and reincubated. 

2. 4. 1 Preservation of bacterial cultures 

S ingle colonies were picked and cu l tures were maintained on YMG or SE at 4°C or as 

cell suspension in TY broth (section 2 .  3. 5) containing 50% glycerol at -20°e. Most 

frequently the "Protect" (Technical Service Consul tants Ltd.) system was used. S ingle 

colonies were picked from solid media usi ng a sterile loop and a thick suspension 

was made in the cryopreservative fluid provided. In the case of liquid media, cultures 
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were lightly centrifuged to obtain a cel lular deposit and this w as used t o  make a thick 

suspens ion. The tube ("Protect")  was capped and inverted briskly at least ten times and 

u s i ng  s teril e  pipette as much cryopreservative fluid was withdrawn , identified and 

stored at -20De or -70De. 

2. 4. 1 .  1 Recovery of bacterial  cultures 

A s terile inoculating needle was u sed to recover the cultures from the test tubes (50% 

glycerol i n  TY (section 2. 3.  5) broth. Fine sterile forceps were u sed to remove a single 

bead from the "Protect" and rub i t  over a portion of a suitable solid medium (section 2. 

3 ) .  The portion was streaked with a sterile l oop to obtain discrete colonies and the p late 

incubated at the appropriate temperature (section 2 .  2) . For some organisms the bead 

w as p laced i n  a suitable liquid medium (section 2. 3 )  and incubated before subculture. 

2. 5 Plasmid isolat ion by Eckhardt  method 

The detection of plasmid pPN 1 was carried out by the Eckhardt procedure (Eckhardt, 

1 97 8 )  with minor modifications described below. 

Materials 

Tri s -b orate e lectrophores i s  (TBE)  buffer pH 8 . 2 :  89 mM Tri s (hydroxymethyl) 

methylamine; 89 mM boric acid; 2.5  mM Na2EDTA (Ethylenediamintetra-acetic acid; 

d i sodium sal t ) ,  a 1 0  t imes concentrated stock solu tion was  prepared by dissolving 

1 07 . 8  g of Tris ,  55 g of boric acid and 9 . 3  g of Na2EDTA in one liter of deionized 

water (Milli-Q water) . 1 x TBE: 1 00 ml of 1 0  x TBE was added to 900 ml of deionized 

w ater and adjusted to pH 8 . 2  w ith diluted HC1. TE B uffer pH 8.0:  1 0  mM Tris ,  1 .2 1  g, 

EDTA 1 mM,  0.372 g; M illi-Q water, 1 1 .  RNAse: A l OO mg/ml R NAse solution was 

made up  in steri lized 0.4 M Sodium acetate pH 4.0 and placed in  a boiling hot w ater 

bath for two minutes, dispensed 200 /11 aliquots into Eppendorf tubes and s tored at -

20DC u ntil use .  S arkosyl solution pH 8.0: 1 0  mM Tris, 1 . 2 1  g, EDTA 1 mM, 0.372 g, 

N-Laury l  sarcosine, l .0 g ;  Mill i -Q water, 1 1 . Solution 1 was fres hly prepared before 

each experiment :  1 0% Ficoll 400,000 (Sigma), 2.0 g; 0.05% Bromophenol blue, 0.0 1 

g; Lysozyme powder, 20.0 mg ( l  mg/ml); RNAse ( 1  mg/ml) ,  200 /11; 1 x TEE pH 8 .2 ,  

20.00 ml. Solution 2 :  0 .2% SDS,  0.02 g;  10% Ficoll 400,000; Proteinase K 50.00 mg 

(5 mg/ml) 1 x TBE pH 8 . 2, 10.00 ml, dispensed 500 /11 aliquots into Eppendorf tubes 

and stored at - 20De unti l  required .  Solution 3 :  0 .2% SDS,  0.04 g; 5% Ficoll 400,000; 1 

x TBE p H  8 .2  20.00 ml, stored at 4°e until required. 0.8% ( w/v) Agarose in  1 x TBE 

pH 8 .0. Ethidium bromide solution, 0.5 llg/m1. 0. 1 % Magnesium sulphate. Horizontal 
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gel e lectrophoresis system (Horizon 1 1 . 1 4) ,  B RL. BlO-RAD model 500/200 power 

supply. U.V.Transi l luminator. Polaroid type 667, 665 or Kodak Tri-X pan professional 

film. 

Method 

A single colony i solate was picked from a plate, inoculated in to 5 ml of TY (section 2.  

3 . 5 )  or LB broth (section 2. 3. 4) and incubated in  a Controlled Environment lncubater 

S h aker (CElS) (New Brunswick Scientific); 28°C; 200 rpm for 48 hour. Fifty III of a 

48 hour culture was inoculated into 5 ml TY (section 2 .  3 .  5 )  or LB broth ( section 2 .  

3 .  4)  and incubated u nder same conditions for 18  to  24 hours. Cel l s  were grown to  the  

log phase (OD600 = 0.4 = 1 8  to  24 hours). Then 1 00 III of cel ls  were ali quoted into an 

Eppendorf tube and harvested by centrifugation (Eppendorf centrifuge 54 1 4S ;  1 5 ,600 

x G; 5 min) .  The cell  pellet was washed once with � arkosyl solution (Schwinghamer, 

1 980) ,  and once in 1 ml of TE and drained well .  The cell pel le t  was resuspended in 20 

11-1 of Solu tion 1 and immediately loaded into the well of 0 .8% agarose gel (Horizon 

1 l . 1 4) and i ncubated for 1 5  min u tes at room temperature . 20 ).11 of Solution 2 was 

layered over the Solution 1 in the same well ,  the two layers were gently mixed with a 

fine blunt  glass rod by stirri ng  once, and the well sealed with agarose. Plasmid DNA 

was separated by electrophoresis at  20 volts for 1 hour and 80 volts for 1 8  hours in  the 

cold room (4°C).  After electrophoresis the gel was stained for 1 5  minutes i n  ethidium 

bromide and washed with 0. 1 % magnesium chloride. The gel was photographed using 

an UV transilluminator. The molecular weight of pPN l was determined by  comparin g  

i t s  r e l a t i v e  mob i l i ty w i t h  t h a t  of  the  two p l asmids  p re se n t  i n  A g robacterium 

tumefaciens, strain C58, pTi-C58 ,  1 30 Mdal (Holsters et al. , 1 978) and pAt-C58 ,  275 

Mdal (Denarie et al. , 1 98 1 ) . 

2. s. 2 Bacteria l  conjugation with pPNl 

The n odu lation genes from Rhizobium leJ?wninosarum b iovar trifolii to soil bacteria 

were transferred by conjugation us ing the methods of Beringer et al. , ( 1 97 8 )  and 

Buchanan-Wollaston et al. , ( 1 980) with slight modifications mentioned below. 

Materials 

95% Ethanol (for surface steril ization of Laminar flow). Steril e  TY: section 2. 3 .  5 and 

LB : section 2. 3. 4 agar medium. S terile antibiotic p lates:  section 2. 2. S terile 0 .05 % 

tryp tone broth .  Membrane fi l ters cel lulose n i trate (pore size 0 . 2  I1-m and diameter 2S 
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mm) .  S pectronic 20 (Bausch and Lomb). A irpure (Laminar flow)-biological safety 

c abinet class II (EMAIL) .  

Method 

S ingle  colony isolates of an overn ight  c u l ture of Escherichia coli, s train  PN200 

containing pPN 1 and a 1 -2 day culture of a soil bacterium were inoculateJ in 1 0  ml TY 

broth (section 2 .  3. 5) or LB broth (section 2 .  3. 4) in Kimax tubes and incubated in a 

CEIS (Controlled Environment Incubater S haker) at 28°C, at 200 rpm. The OD600 of 

the cultures was measured and adjusted so that the OD of the donor and recipient was 

between 0 .6 and 1 .0. A Membrane filter was placed on the middle of a TY agar plate 

and 50 �l of recipient cell suspension spotted on it and al lowed to d ry in a laminar 

flow cabinet. Care was taken not to over dry the spot. U sing  a Pipetman (Gilson) or 

B attery-operated motorized pipette, (EDP2, Rainin) 50 �l of donor PN200 was spotted 

on to the recipient  and allowed to dry in the cabinet. The TY p late w as incubated 

overnight at 28°e. At the s ame time control p lates were set up by plating  1 00 �l of 

recipient and donor separately on TY with Rif; 50 �g!ml ,  Kan; 50 �g!ml ,  and Rif; 50 
�g!ml + Kan; 50 �g/ml. 

2. 5.  2. 1 Selection of soi l bacteria expressing nodulation genes 

S election of soi l bacteria expressing nodulation genes was c arried out by two methods. 

In the first method the crosses were p lated on suitable antibiotic media where only 

recipient soil bacteria which had received the co-integrate plasmid could grow on the 

antibiotic media. Presence of the symbiotic plasmid was confirmed by the recipients 

abi l i ty to nodulate white c lover (Trifolium repens) cultivar Grasslands Huia. In the 

second method the tranconjugant mixture was directly i nocu lated on to white clover 

seedlings to confirm the expression of the co-integrate S ym plasmid. 

2. 5. 2. 1. 1 Plating crosses to select for transconjugants on a ntibiotic media 

The membrane fi lter was removed from TY agar and the growth resuspended in 1 0  ml 

of sterile deionized water. The undi luted suspension ( 1 00 �l)  was plated separately on 

five  p lates contai n i ng :  TY wi th  Kan; 50 �g/ml (donor resi stant ) ,  Rif; SO �g/ml 

(rec ip ien t  res is tant)  and Kan;  5 0  Ilg/ml + Rif; 50 Ilg/ml (selective antibiotic for 

transconjugants) respectively .  1 0  fold dilutions of the ce l l  suspension were made in 

0 .05% tryptone water between 1 0- 1 and 1 0-6 . From the 1 0- 1 and 1 0-2 d ilutions 1 00 �l 

was p lated on TY medium containing the selective antibiotics (Kan; SO �g!ml + Rif; 

SO �g/ml and from the 1 0-3 to 1 0-6 di lut ions 1 00 �l were plated on the selective 
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antibiotic to which the recipient was resi stant (TY medium with Rif; 50 Jlg/ml). All 

plates were incubated at 28°C for 2-6 days .  Transconj ugants were picked by observing 

the p lates daily and maintained (section 2 .  4. 1 )  for further study. Frequency of transfer 

of  t h e  an t ib iot ic  m arker  ( pR tr5 1 4a : :  R 6 8 . 45 )  was  ca lc ulated as t he  number of 

transconjugants expressing Kanamycin and Rifampicin resistance or nodulation genes 

as a p roportion of the total recipients. 

2. 5. 2. 1. 2 Nodulation test to confirm the expression of nodulation genes 

Plant  t e s ts were con d u c te d  to confi rm the  express ion  of nodu lat ion genes i n  the 

recipient soil bacteria by using the method of Vincent, ( 1 970) with slight modifications 

described below . Clover seeds from Trifolium repens (white clover) were steril ized 

and allowed to grow i n  the dark for two days on Thornton ' s  seedling agar in order to 

get a healthy root system for inoculation. 

Materials 

Methanol .  95% Ethanol . Mercury chloride : 0 . 1 % in deionized water. S terile water: 

deionized by M il l i -Q sytem (Mill ipore) and autoclaved. Water agar: 1 %. TY plates :  

section 2 .  3 .  5 .  Seeds of  Trifolium repens (white c lover) cul tivar Grasslands Huia. 

T h orn t o n ' s  seed l i n g  agar  s l o p e s :  s ec t ion  2 .  3 .  7 .  G l a s s  t ube  20  x 1 50 m m .  

Temperature-controlled room:  set to 22°C, anificial l igh ting 550 mmol photons m-2s- 1  
(Eins teins) with a 12  hour photoperiod. Wooden blocks. 

Method 

White clover seeds in a 25  ml bijou bottle were immersed in methanol for 10 sec.  The 

methanol was removed with a s terile autopipette and 1 5  ml of 0. 1 % mercuric chloride 

added for 10 min .  The mercuric chloride was removed and the surface s teril ized seeds 

thoroughly washed in  successive changes ( ten) of sterile water. To check the affect of 

thi s  surface steri l ization technique,  a seed was rolled on a TY plate. No growth around 

the steri l ized seed showed that the method was affective in eliminating or greatly 

reducing contamination on the seed surface. The s terile clover seeds were transferred 

to water agar plates with a steril e  cooled loop and incubated in the dark for about 24 

hours to allow the seeds to germinate and form a small healthy root. Germinated seeds 

were placed on slopes of the seedl ing  agar, i nserted in wooden blocks, kept in the dark 

for two days and used for the fol lowing procedures. In initial screening experiments ,  

three  seed l i n g s  were i n o c u l a ted wi th eac h so i l  b ac teriu m  or wi th  Rhizobium 

leguminosarum biovar trifolii s train ICMP2 1 63 or Escherichia coli (strains  PN200 or 
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A TCC9 6 3 7 )  as p o s i t i v e  and n e g a tive control s ,  res p ec ti v e l y .  I n  transconj u g a n t  

experiments  (secti on 2 .  5 .  2 .  1 )  ten seedlings were u sed for each transconj u gant or 

tranconj u gation mixture ( section 2 .  5 .  2. 1 )  and for each donor and recipient s train .  

R hizobium leguminosarum biovar trifoli i  strain ICMP2 1 63 was u sed as  a positive 

control .  All bacterial  c ul tures used in  the p lant tests were diluted to 1 0-6 dilution and 1 

m l  was inoculated on the roots of two day old clover seedlings on seedling  agar slants 

( section 2. 3. 7) .  All  tubes were inserted in  wooden blocks and grow n  under controlled 

enviro n m e n t  condi tio n s  at 22°C u nder artifi c i al l i g h t  550 mmol photon s m-2s - 1 

(Ei n s te i n s) with a 1 2  hour photoperiod. Plants were examined for nodule number, 

s hoot length and colour at regul ar interval s .  Once the nodules were mature enough 

(usually after 4-6 weeks of incubation), bacteria were i solated from within the n odule 

for further s tudy. 

2. 6 Ligh t  and electron microscopy of nodules (Pankhurst et al., 1979) 

Light and electron microscopy of nodules was used to examine the extent and nature of 

bacteriod colonization of nodule tissues. Root nodules and nodule- l ike structures 

removed from the roots of plants with a scalpel b lade  were s ectioned, stained and 

examined u sing the methods of Pankhurst et al. , ( 1 979) .  Sections were prepared at the 

HortResearch Elec tron Microscope Unit ,  Batch e l ar Research Cen tre , Palmerston 

N orth, New Zealand .  In  l ight microscopy the sections were p hotographed u si n g  a 

Reichert "Zetopan " researc h microscope fitted wi th  a R eichert " photo-automatic" 

c amera and for e lec tro n microscopy the sections examined i n  a Phi l lips E M200 

electron microscope at 8 0  KV. 

2. 7 Isolation of bacteria from the nodules 

Bacteria from the nodules  were isolated when the nodules were about  4-6 weeks old by 

the method of Vincent, ( 1 970) with modifications described below . 

Materials 

Clover seedling  bearing nod ules:  section 2 .  5 .  2. 1 .  TY broth and TY plates :  section 2 . 
3 .  5 ) .  95% Ethanol. Mercuric chloride : 0. 1 % in deionized water. S terile scalpel blade. 

P e tri  d i s h e s .  S teril e  b l u nt-ended g l a s s  rod . S teri l e  i n oc u l ating needle .  "Protec t "  

bacterial preservers: section 2 .  4 .  1 .  

Method 



4 5  

The nodules were i solated from the plant root b y  e xcision with a sterile scalpel blade 

leaving behind a small piece of root attached to the nodule for easy handling. Fifteen 

petri dishes were prepared in a lami n ar flow cabinet,  as follows :  dish one, contained 

95% ethanol; dish 2, 0. 1 % mercuric chloride; dishes 3, 4, 5, 6, 7, 8, 9, 1 0, 1 1 , 1 2, 1 3, 

1 4  and 1 5  sterile water. The nodules were surface s terilized by i mmersing the nodule 

in 95% ethanol for 1 0  seconds and then immersing  it i n  0. 1 % mercuric chloride for 1 0  

minutes.  The nodules were thoroughly washed i n  successive chan ges ( 1 3 )  of s teri le 

water and aseptically transferred to a sterile petri d ish  which had 50 ).11 drops of s terile 

TY on it .  Each nodule was p laced i n  a drop and cru shed with a sterile blunt-ended 

glass  rod, thus releasing the nodule bacteria i nto the TY medi um.  Each drop of TY 

( w i t h  i t ' s  c e l l  suspen sion)  was  transferred to a TY p late w i th a s terile loop, and 

s treaked for s ingle colony growth .  The plates were incubated (section 2.  2) and the 

cul tures pre served (section 2. 4. 1 )  for further study. 

2.  8 Genomic DNA preparation 

Two methods were u sed to i solate genomic D:--JA.  The first was the modified method 

of Fisher and Lerman, ( 1 979) as described below for restriction endonuclease digests, 

DNA-DNA hybridi zation , rRNA Fingerprint i n g  and a_32p l abel l ing  of DNA.  The 

second was simplified procedure of Jarvis  et at. , ( 1 992 )  for DNA amplification. 

2. 8. 1 Total genomic isolation by the modified methods of Fisher and Lerman, 

( 1979) 

Materials 

TE buffer: 1 0  mM Tris (pH to 8 . 0  by adding cone HCl); 1 mM EDTA. 1 .0 M NaCl .  

TE25  buffer: 10 mM Tris (pH to 8 .0 by adding cone HCl) ;  25 mM EDT A.  TES buffer: 

1 0  mM Tris (pH to 8 .0  by adding cone HCl);  25 m M  EDTA; 1 50 mM NaCl. S arkosyl 

(Sodium-n-lauroylsarcosine)/protease : 1 0% Sarkosyl and 5 mg/ml Protease (Type XIV 

from Streptomyces griseus) i n  TE25, was freshly prepared and incubated for an hour at 

37°C to get rid of nucleases which would interfere with the DNA i solation. Lysozyme 

2 mg/ml i n  TE25 , was freshly prepared before adding.  RNAse stock solution : 1 0  mg/ml 

DNAse-free RNAse i n  de ionized ster i le  water, fre s h l y  prepared and boiled for 5 

minutes  to get rid of DNAse. Phenol : 500 ml of good quality solid phenol was taken,  

to which 300 ml of warm 25 m M  NaCl was add ed ,  th e NaCl h ad been previously 

heated to boiling before addition to the phenol, 10 g of Tris-base (Sigma) , and 0.9 g of 

8- hydroxyquinoline was added, the tris-equilibrated phenol was stored at 4°C, p H  7 . 8 .  

Chloroform. Sodium acetate : 3 M sodium acetate ( p H  5 .2) .  I sopropanol. 70% Ethanol. 
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T Y  broth : sect ion 2 .  3 .  5 or L B  broth : s ec tion  2 .  3 .  4 .  Con trolled Enviro n ment 

Incubator S haker ( CElS) :  28°C; 200 rpm. Dess ic ator and vacuum system (Lab-Line 

Duo-Vac Oven, Lab-Line Ins trument  Inc . ) .  Water bath (Smith-Biolab Ltd. ) .  B ench top 

centrifuge (Megafuge 1 .0, Heraeus Sepatech) .  Fume hood. S terile Falcon tubes .  Sterile 

pipettes . 

Method 

A volume of 40 ml of  freshly grown cells ( 1 8-24 hours) in LB (section 2. 3 . 4) or TY 

(section 2. 3 .  5) was centrifuged at 6,240 x G for 1 0  min in  a Falcon tube. The cell 

pellet was resuspended in 1 .0 M NaCI and put on a shaker in the cold for 30 min. The 

cells were centrifuged at 6,240 x G for 1 0  min and the cell pellet was resuspended and 

washed in 25 ml TES .  The cell s  were centrifuged again at 6 ,240 x G for 1 0  min.  The 

cell pellet was resuspended in 5 ml TE buffer, 0 . 5  ml of fresh ly prepared lysozyme 

solution were added and the cel l s  incubated at 37°C for 1 5  min for cell lysis .  DNAse

free RNAse was al so added to a final concentration of 10 Ilg/ml to get rid of RNA. 

Sarkosyl/protease (0.6 ml) was added and the solution incubated for 1 hour at 37°C to 

remove prote ins .  The v i scous lysate was extracted by add ing  an equal volume of 

phenol and inverting  the tube several times with gentle shaking to mix the phases. The 

lysate/phenol solution was centrifuged at 6,240 x G to separate the two phases .  The top 

(aqueous)  phase was removed with a 1 -5 ml pipette, and transferred to a clean Falcon 

tube. A minimum of in terphase material was transferred into the clean tube, as this was 

contaminating material to be avoided. The phenol extraction was repeated one or two 

more times unti l  the aqueous phase  was clear and  there was l i ttle or no interphase 

material remain ing .  A final extraction was carried out with chloroform to remove 

traces of phenol , and the lysate/ch loroform mixture was centrifuged at 6,240 x G for 

1 0  min to separate the phases. The aqueous phase was transferred into a sterile 25  ml 

bijou bottle and the volume estimated. One ninth of that volume of 3 M Na-acetate was 

added and mixed wel l .  To th is  mix ture 0.6 volume of i sopropanol was added and 

swirled gently to precipitate the DNA. The DNA was wound onto a hooked glass rod, 

washed in 1 ml of 70% ethanol and dried for 5 - 1 0  minutes .  The DNA was dis solved in  

1 ml  of  TE in a steril e  Eppendorf and stored it at 4°C or  -20°C (temporarily) or -70°C 

(long-term). The DNA concentration was measured using Unicam S P 1 800 Ultraviolet 

spectrophotometer, (Pye Unicam) (section 2 .  9). 

2. 8. 2 Rapid method for genomic DNA isolation (Jarvis et al., 1992) 

Materials 
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TY slope: section 2.  3 .  5 .  TEL buffer: 50 m M  Tris;  20 mM EDT A. TE buffer: 1 0  mM 
Tris ;  1 m M  E DTA. Phenol : to 1 kg phenol added 1 1 0 ml  deionized water; 1 40 ml m

Cresol;  1 g 8 - h ydroxyquinoline, mixed overnight on a magnetic stirrer and s aturated 

overn i gh t w i t h  0 . 1 M Tri s pH 8 .0 ( s tored i n  brown bott le ) .  D i e t h y l  e t her.  1 00% 

E thanol. Protease Type XIV : 5 mg/ml in TE buffer. 10% SDS . 3 M S odium Acetate: 

pH 4 . 8 5 .  7 0% Ethanol .  S teri l e  Falcon tubes,  b ijous and p i pettes .  Fume c up board. 

Cen trifuge. 

Method 

B acterial cel ls  grown on a TY slope in a Universal bottle (25 ml) were washed off with 

3 . 0  m l  of TEL b u ffer and t h e  su spe nsion was  col lected in a s teril e  Falcon tube. 

Protease (375 Ill) and 1 0% SDS (375 Ill )  were added to the suspension and left on ice 

for 30 min and on the bench for 30 min to lyse the cells and to remove protein s .  Phenol 

1 0- 1 5  ml w as added to the tube  w h i c h  was capped t ight ly,  in v erted 25 t imes and 

centrifuged at 6 ,240 x G to separate the two p hases .  The aqueous p hase (upper p hase) 

was transferred to a c lean steri le U niversa l  bottle (25 ml),  extracted twice with 3 ml 

diethyl  e ther and al lowed to stand to separate the two phase s .  The aque o u s  p hase 

( lower phase) was transferred to a c lean sterile baby bijou and 200 III of 3 M Sodium 

acetate was added and mixed well gently. The D NA was precipitated by adding 1 00% 

Ethanol (4°C) . The D NA was recovered with a disposable Pasteur pipette, washed in 

70% Ethanol  and dried to remove traces of Ethanol whic h would interfere with Taq 

polymerase . The DNA was dissolved in  200 )11 of TE buffer and s tored at 4°C, _20DC 

or -70°C. The DNA concentration was measured using UV Spectrophotometer (section 

2 . 9) .  

2. 9 Determination of DNA purity and concentration 

D NA purity and concentration were measured spectrophotometrically. Dilute solution s 

were measured u n d i l u ted i n  0.5 011 quartz c u vettes with 1 e m  p ath l e n g t h .  More 

concen trated solutions  were diluted 1 :20 and measured in a 1 em quartz cuvette. The 

p urity was determined at 230 nm, 258 nm and 280 nm. The fol lowing spectral ratios 

were regarded as satisfactory A25S/A230 (indication of protein contamination),  1 . 8 -2.3 

and A258/A280 (indication of phenol or protein contamination), 1 . 8 -2.0 (Jarvi s  et al., 

1 9 86) . D N A  concen tration was determined a t  258  nm and 300 nm using extinction 

coefficients  of 20 for uns heared D NA and 24 for sheared D N A  for 1 m g/ml DNA 

sol u tion (Bre n n er and Fa lkow , 1 97 1 ) .  The fi nal  DNA concentration was calculated 

u si n g  formula :  DNA concentration (mg/ml )  == A 258 - A 30d20 x di lution factor. 
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2. 1 0  Restriction endonuclease digests (Maniatis et aI., 1982) 

DNA can be c leaved at specific s i te s  with restriction enzymes.  Fragments can be 

separated o n  an agarose gel by electrophores i s  and l atter transferred to a nylon 

membrane for probing. DNA is also cleaved for the preparation of template in solution 

or for recovery from low-melting-point-agarose and labell ing with cx_32p for use as a 

specific probe. 

Materials 

1 -2 /.lg DNA. Restriction endonucleases :  EcoR I (Gibco, B RL)  or Hind III (Gibco, 

B RL ;  Promega;  B ioLabs ;  B oehringer M a n n he im) .  l OX concentrate assay buffer 

(Gibco,  B RL;  Promega; B ioLabs; Boehringer Mannheim) .  M icroce ntrifuge. Water 

bath set at 37°C.  

Method 

Genomic ( 1 -2 /.lg) DNA and 2 /.ll of l OX concentrate assay buffer (Final concentration: 

50 mM Tris-HCl (pH 8 .0) ; 10  mM MgCl2; 1 00 mM NaCl) were made up to 19 III with 

H20 and 1 III ( 1 0  U/ Ill : One unit is the amount of enzyme required to cleave 1 Ilg of 

lambda DNA in  one hour at 37°C in the appropriate buffer) of restriction endonuclease 

was added and the tube was pulsed for 2-3 sec in a microcentrifuge and i ncubated at 

37°C water bath for 1 -5 hours. 

2. 1 1  Preparing horizontal agarose gel for e lectrophoresis 

DNA fragments of different s izes can be separated by electrophoresi s in an agarose 

gel. S maller fragments travel faster than large ones. Gels containing 0.6-0.7% agarose 

were generally used for DNA fingerprinting or plasmid identification. 2 %  agarose gels 

were generally used for amplified DNA products (Polymerase chain reaction). 

Materials 

Agarose (Ultra pure DNA Grade agarose; B ioRad). TBE buffer: 89 mM Tris ;  2 .5 mM 

EDTA; 89 mM Boric acid; or Tris-Acetate Electrophoresis (TAE) buffer: 40 mM Tris;  

5 mM Sodium acetate (pH 7.8 using glacial acetic acid) . Loading buffer: ( l OX) 20% 

Ficoll ; 0. 1 M EDTA; 1 % Sodium dodecyl sulphate; 0.2% Bromophenol blue; or 50% 

sucrose/dye marker: 50% sucrose ; 0. 1 M EDTA ; 0.05 % B romophenol blue.  DNA 

molecular weight marker. Ethidium bromide 0.5 Ilg/ml .  1 % Magnesium sulphate. 
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Power  s u p p l y ,  Model  5 00/200 , B io R ad .  U V  Tran s i l luminator. Polaroid fi lm.  

Horizontal Gel  Electrophoresis System; Horizon 1 1 . 1 4  or  Horizon 5 8  (BRL). The gel 

platforms were cleaned by soaking the p latform in 1 % sodium hypochlorite solution 

for 3 0  min and then soaking it in dish washing liquid for 30 minutes .  The platform was 

washed with six subsequent changes of deionized water. 

Method (Sambrook et ai., 1989) 

Concentrations of agarose used were based on the size of the DNA.  Usually 0 .7% 

agarose gels  were u sed. When small bands of 600 bp  or less h ad to be detected, 2% 

agarose was used. Low melting temperature gels  were allowed to run at  4°C.  Agarose 

was melted in TBE or T AE buffer, cooled to 55°C,  poured into a gel platform (Horizon 

1 1 . 1 4  or Horizon 58) and allowed to set for an hour with a gel comb near one end. 

After the gel was set the comb was removed careful ly  and gel flooded with buffer. 

DNA was mixed with 2 �l of loading dye and loaded in to the wells .  Usually 1 -2 �g of 

DNA was added for genomic restriction digests and a DNA ladder was included in a 

separate well so that the size of DNA fragments could be determined. Electrodes were 

connected to a power pack with the black, negative electrode nearest to the wel ls  and 

the power was turned on with the volts set at 20 Volts  for 1 5  minutes .  The voltage was 

increased to 90 Volts and run for one and a half hours with the mini-gel (Horizon 58) ,  

or  40 Volts and run for 15  hours with the Horizon 1 1 . 1 4. The ge l  was removed from 

the gel p latform and stained in ethidium bromide for 20 minutes, destained and washed 

i n  I % Magnesium sulphate.  The gel  was photographed us ing  a Transi l luminator 

(Ultra- Violet products Inc.) ,  Polaroid MP-4 land camera and polariod type 667 , 665 or 

Kodak Tri-X pan professional film. 

2. 12  Purification of  plasmid DNA on CsCI gradient 

Plasmid DNA was ampl ified by the method of Clewe l l ,  ( 1 972)  and isolated by the 

methods of Ish-Horowicz and B urke, ( 1 98 1 )  and B anfalvi et al. , ( 1 983) .  Nod probes 

were prepared from pRt572  or pPN26 by digestion with restriction enzyme EcoR I, 

separation by agarose gel electrophoresis ,  and extraction of the appropriate fragment 

for u se as a specific probe. 

Materials 

Luria Broth : section 2. 3 . 4 or TY broth: section 2. 3 .  5 .  Solution I :  50 mM glucose; 25 

mM Tris-HCI; 10 mM EDTA (Solution 1 was brought to pH 8 .0 by adding cone HCI). 

Solution II :  0.2 M NaOH; 1 % SDS. Solution III: 60 ml of 5 M K-acetate; 1 1 .5  ml of 

g l ac i a l  a c e t i c  ac i d .  L y s o z y m e : 5 0  mg/ml  i n  s o l u t i o n  1 .  N a - ac e tate : 3 M .  
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C hloramphenicol 1 50 mg/I . Ethidium bromide s tock (EtBr) : 1 0  mg/ml .  Cesium 

c h l o r i d e .  I s oprop a n o l .  9 5 %  Ethano l .  C h e e s e - c l ot h :  appro x .  1 5  cm x 1 5  cm. 

Refractometer. Sorvall RC-5B refrigerated super speed centrifuge with GSA rotor 

(DuPont instruments). Crimper (DuPont) . S yringes and spare needles: 1 ml capacity. 

Combi Sorvall Ultra Centrifuge with TV -865 rotor (DuPont) . Hand held UV (Model 

UVGL-58 ;  mineral light lamp) .  

Method 

A culture of E. coli h arbouring the required plasmid was inoculated in 1 0  ml of Luria 

broth or TY and incubated overnight at 37°C. The overnight culture (5 ml) was used to 

inoculate Luria broth or TY ( l  1), and incubated at 37°C to mid-log phase (OD600 = 

0 . 4 ) .  With c hloramphenicol-sensi tive cells  which had plasmids that were able to 

amplify in the presence of chloramphenicol , 1 50 mg of chloramphenicol was added. 

This increased the copy number of the targeted plasmids greatly.  Overnight cultures 

were harvested by centrifugation, at 1 0,4 1 0  x G for 1 0  min at 4°C using a Sorvall GSA 

rotor and resuspended in 30 ml of Solution I .  Lysozyme solution (3 ml) was added and 

the cells were allowed to stand for 5 min at room temperature. Solution II (60 ml) was 

added , mixed by inversion and the mixture allowed to stand on ice for 5 min. S olution 

III  (45 ml) was added, mixed by vortexing and the solution allowed to stand on ice for 

5 min .  The mixture was centrifuged using a GSA rotor at 9, 1 54 x G for 1 0  min at O°C 

and the supernatant decanted into a clean GSA bottle. Cold (-20°C) isopropanol (0.6 

volume) was added and the solution al lowed to stand at room temperature for 5- 1 0  

min .  T o  avoid large fragments o f  pelleted debri s  entering the clean G S A  bottle the 

s u p erna ta n t  was  d e c anted through  a c h ee se- c loth . T h e  s upernatant was then 

centrifuged at 1 0,4 1 0  x G for 20 min at 0-5°C, and the pellet washed with 95% ethanol 

at room temperature and dried under vacuum at room temperature for approx. 1 5  min. 

Finally the DNA pellet was resuspended in 30 ml of TE, 30.7 g of CsCl added, and the 

solution allowed to dissolve at room temperature. Ethidium bromide ( 1 .9 ml of 1 0  

mg/ml) was added to the solution after 20 min. The succeeding steps were carried out 

in subdued light. The solution was centrifuged in  a GSA rotor at 1 6,270 x G for 20 min 

at 1 5-20°C.  The refractive index was checked by using an Abbe refractometer (section 

2. 1 2. 1 )  and the concentrations of CsCl adjusted to give a reading of 1 . 3885 .  Then the 

supernatant was divided into, 4 .5  ml quantities, balanced to 2 decimal places in S orvall 

u l tracentrifuge tubes,  and placed in a S orvall vertical TV865 rotor. Using a torque 

wrench , the tubes were secured wi thin the rotor, and centrifuged at 400,700 x G 

08vernight and the brake was applied at 1 2 ,330 x G to slow the rotor, then the brake 

was 8switched off to allow the rotor to coast to a stop. The tubes were transferred to 

the dark room,  and DNA bands were visualized with long wavelength UV light. The 
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plasmid band was below the chromosomal band. The tube was pierced near the top 

with a syri n ge needle. This  al lowed air flow into the tube,  so that l iquid could be 

drawn off from lower portion. To avoid leaking ethidium bromide over the bench area, 

the tube was put into a clamp, suspended over a beaker. A second needle was inserted, 

with a syringe attached directly under the p lasmid band and the band drawn off. About 

0.2 ml of the solution was drawn from each tube. Ethidium bromide was extracted by 

topping each Eppendorf �ube up with i sopropanol saturated with CsCI and TE buffer. 

The i sopropanol separated out as an upper layer, and it contained most of the ethidium 

bromide. Thi s  upper layer was discarded and the procedure repeated two more times .  

Further steps were undertaken in  normal light. The solution was dialyzed against three 

changes of 500 ml TE buffer over a period of 24 hours and the OD readings were taken 

to calculate the purity and concentration of the p lasmid DNA (section 2. 9). 

2.  12.  1 O peration of  a Abbe refractometer 

The two halves of the cell were opened and a few drops of CsCI solution added and the 

cell  c losed. Two rectangles were observed through the eyepiece. A dark rectangle was 

at the bottom with a l ighter rectangle above it .  The rectangles were focussed and a 

lower knob was used to line up the two rectangles with the bi secting  cross hair. The 

refractiv e  index was read from a scale visible through the eyepiece .  The required 

refract ive i ndex is 1 . 3 8 8 5 .  The refractometer was washed and dried thoroughly 

between readings. 

2.  13  Extraction of DNA from agarose 

D N A  was extracted from agarose by three methods viz. ,  l .  Fil tration through glass 

wool. 2. Freeze-squeeze method. 3. Promega ' s  Magic PCR preps DNA purification 

system (Mezei, 1 99 1 ;  Sambrook et al., 1 989).  

2. 13.  1 Fi l tration through glass wool 

Materials 

Low melting  temperature agarose (SeaPlaque) dissolved in TAE buffer ( section 2.  1 1 ) .  
750 )11 and l . 5 ml  Eppendorf tubes. Siliconised glass wool. S terile scalpel blade. Long 

wave UV source. 

Method 
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Small s l ices o f  agarose gel (S;; 200 Ill) were used in  this method. An  area around the 

DNA bands of interest was excised, using a sterile scalpel blade, under long wave UV 

light .  Thi s was done as quickly as possible,  as even the longer wave UV light will 

damage the DNA. Using a hot wire, a hole was made in the bottom of a small (750 Ill) 

Eppendorf tube, the Eppendorf tube was packed with siliconised glass wool (enough to 

provide a filter which did not allow agarose to pass through under c entrifugation at 

1 5 ,600 x G for 30 sec). The agarose was placed in the small Eppendorf tube, and this 

tube was inserted inside a large 1 .5 ml Eppendorf tube. The tubes were centrifuged at 

1 5 , 600 x G for 30 sec . The gel s lice should collapse after centrifugation at this speed, 

and liquid should collect in the large Eppendorf tube. If not, the slice was centrifuged 

for a further 20 sec at the same speed.  The p u rified D N A  w a s  c hecked b y  gel  

electrophoresis (section 2 .  1 1 ) and stored at  4°C,  -20°C or -70°C for further use .  

2. 13 . 2 Freeze-squeeze method of DNA purification 

Materials 

Low ge l l i ng  temperature agarose d i ssolved in TAE buffer (section 2 .  1 1 ) .  S terile 

scalpel b lade.  Long wave UV source. S yringe: 3 ml capacity. 

Method 

This method was used for larger slices of agarose gel . The agarose was placed in  a 3 

ml syringe barrel, and stored overnight at -70°C.  The frozen gel was wanned slightly 

and the syringe plunger used to express all the liquid into an Eppendorf tube. The 

purified DNA was checked by gel electrophoresis ( section 2. 1 1 ) and stored at 4°C, -

20°C or -70°C. 

2. 1 3. 3 Magic PCR preps (Promega) DNA purification system 

Matf;'rials 

Magic PCR Preps kit (Promega: A7 1 70) : Magic™ PCR Preps DNA purification resin .  

Purification buffer: 50 mM KCl; 10  mM Tris-HCl (pH 8 .8) ;  1 . 5 mM MgCI2; Magic™ 

Mini-columns. Isopropanol: 80% . Deionised water: steri lized by autoclaving. Syringe: 

3 ml capaci ty.  Centrifuge. TE buffer (steri le) : section 2. 8. 2. 

Method 
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DNA solution (amplified products: 30-300 Ill) was added to  a 1 .5 ml  Eppendorf tube, 

1 00 III  of  p urificat ion b u ffer w a s  added and vortexed b ri efly .  PCR preps DNA 

p urification resin ( 1  ml)  was added and the resulting slu rry vortexed briefly three times 

over a one minute period. The slurry was added to a 3 ml syringe attached to a mini

column. The mini-column itself was attached to a 1 .5 ml Eppendorf tube. Using the 

syringe p l unger, the s lurry was s lowly p ushed through the mini-column into the 

Eppendorf tube, the Eppendorf tube and it ' s contents were discarded and the column 

washed with 80% i sopropanol by adding 2 ml of the isopropanol to the syringe and 

pushing into another 1 .5 ml Eppendorf tube attached to the column. The column was 

removed from the Eppendorf tube and the syringe barrel ,  attached to another 1 .5 ml 

Eppendorf tube, and centrifuged at 1 5 ,600 x G for 20 sec. The mini-column was left on 

the bench for 15 min. Sterile TE buffer (20-50 Ill) was added to the column for 1 min 

and then  the  col u m n  w a s  at tached to a c lean ,  s teri le 1 . 5 ml Eppendorf tube and 

centrifuged for 20 sec to elute the DNA. The purified PCR product was checked by 

agarose gel electrophore sis (section 2 .  1 1 ) and stored at  4°C,  -20°C or -70°C for 

further study. 

2. 14 Southern blotting (Southern, 1975) 

DNA fragments that have been separated according to size by electrophoresis through 

an agarose gel are dep ur i nated,  dena tured , neutra l i zed , transferred to a ny lon 

membrane ,  and immobi l ized. The relative positions of  the  DNA fragments in the gel 

are preserved during tran sfer to the membrane (Maniat is  et al., 1 9 82) .  The DNA 

fragments attached to the nylon membrane are hybridized to a_32p labelled DNA and 

autoradiography is used to locate the position of hybrid DNA complementary to the 

radioactive probe. 

Materials 

Depurinating solution : 0 .25 M HCl. Denaturing solution: 0 .5  M NaOH; 0.5 M NaCl. 

Neutral izing solution :  0 . 5  M Tri s ;  2 M NaCI , pH 7 . 2  (with conc. HCl). 20 x SSe: 

1 75 .3  gil; NaCl : 88.2 gil Sodium c itrate, pH 7.0 (with 10 M N aOH) . 2 x SSC stock :  

1 0-fold dilution of 20 x S S e. Nylon membrane :  Hybond-N (Amersham, UK). Paper 

towels. Whatman filter paper: 3 M M  Chr. Pyrex dish : 30 x 20 cm. Gladwrap. 

Method 

The D NA to be transferred was separated by gel electrophoresi s,  stained, visualized 

and photographed. The gel was soaked in depurinating solution for 15 min in a Pyrex 
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dish. The blue tracking dye was used a s  a n  indicator o f  acid penetration a s  bromocresol 

purple goes yellow at low pH. The depurinating solution was sucked off by a vacuum. 

T h e  ge l  w a s  w a s h e d  w i th de ion i sed  water a n d  soaked in  denaturi n g  so l ut ion 

(NaOH/NaCl) for 1 5  min and any of the bromocresol purple in  the gel  returned to i t ' s  

original b lue colour. The ge l  was  washed again with deionised water and soaked in  

neutralizing solution for 1 5  min .  Four layers of Whatman 3 MM filter paper were cut 

(to approx. 1 5  x 22 cm) and laid in  the bottom of a Pyrex dish 3 1  x 20 cm. A piece of 

Glad wrap was placed over the whole dish so that it could be pressed down on the 

paper and still overlap the edges of the dish. The Gladwrap was smoothed out and a 

hole slightly smaller than the gel was made. To avoid preferential transfer of 20 x s s e  

through the  wells i n  t he  gel , this hole was cut to  such a size that the wells were p laced 

over the top of some of the Gladwrap. The Whatman 3 MM paper was wetted with 20 

x s s e, and the Gladwrap was pressed down so that there were no bubbles between the 

Gladwrap and the paper. A piece of nylon membrane was cut to a size slightly larger 

than the hole in the Gladwrap and the membrane was floated on the surface of a dish of 

deionised water. When the gel was ready, it was p laced over the hole in the Gladwrap 

so that a l l  four edges overlapped the hole, a s  d id the wel l s .  No air bubbles were 

allowed between the gel and the Whatman paper and any that remained were pushed 

out w ith g loved fi n gers .  The wetted membrane was placed on the gel so that i t  

overlapped the ge l  s l ight ly on al l  four sides. No bubbles were allowed between the 

membrane and the gel and a gloved hand was sometimes required to push out any 

bubbles that remained.  A sheet of Whatman 3 M M  paper sl ightly smaller than the 

membrane wh ich h ad been previous ly  wetted wi th 20 x s s e  was placed on the 

membrane. Two sheets of Whatman 3 MM paper of the same size were placed on this 

sheet and a stack of paper towels 5-8 cm deep was p laced above the Whatman 3 M M  

paper. Finally a glass plate was placed on the paper towels and weight of about 300 g 

on the glass plate. The whole apparatus was left overnight after adding enough 20 x 

s s e  to keep the 3 M M  paper at the bottom of the dish moist for a few hours . The 

membrane was washed briefly with 2 x s s e, placed between two sheets of Whatman 3 

M M  paper and baked for 2 hours at 800e under vacuum. B lots were label led and 

stored at room temperature until required for probing. The blotted gel was restained to 

confirm the transfer of DNA to the membrane. 

2. 15 DNA label l ing 

Feinberg and Vogel  stein ( 1 9 8 3 ;  1 9 8 4 )  in troduced the use  of random sequ ence 

hexanucleotide to prime DNA synthesis on denatured DNA template at numerous sites 

a long its length .  The primer-template complex  i s  a substrate for the " Klenow" 

fragmen t  of D NA polymerase 1 .  The absence of the 5'  - 3 ' exonuc lease activity 
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associated with DNA polymerase 1 ensures that labelled nucleotides incorporated by 

the polymerases are not subsequently removed as monophosphates. Two methods were 

u s e d  for l abe l l i ng  DNA,  v i z . , u si ng  the  Megaprime™ DNA l ab e l l i n g  system 

(Amersham) and the Ready-To-Go DNA label l ing ki t  (Pharmacia) . In  both methods 

very smal l amounts of input  D NA are required ,  enab l i ng  the production of high 

spe c i fi c  a c ti v i ty DNA probes  from re l at ive ly  sma l l  q u ant i ti e s  of  radioactive 

nucleotides .  

2. 15. 1 Megaprime™ DNA labell ing system 

Materials 

Megaprim e  DNA label l i ng  system k i t  (RPN I 607) :  Solution 1 ( Primer solution ) :  

Random n onamer primers in  a n  aqueous solution; Solution 2 (Megaprime reaction 

buffer) : dATP, dGTP and dTTP in concentrated reaction buffer containing Tris-HCI, 

pH 7 . 5 ;  magnesium chloride and 2-mercaptoethanol; Solution 3 (Enzyme solution): 1 

un i t  per III DNA polymerase 1 " Klenow"  fragment (cloned) i n  50  m M  potassium 

phosphate pH 6.5 ,  10 mM 2-mercaptoethanol and 50% glycerol. (a_32p) dCTP: 3000 

Ci/mmol in 1 0  mM Tricine, (1 Ci = 3 .7 x 1 0 10 Bq) .  DNA: probe template, 25-50 ng. 2 

M HCl .  0 .2  M EDTA. Sephadex G-50 slurry: 1 g Sephadex in 20 ml column buffer 

(equi l ibrate overnight) .  Column wash buffer: 1 .0 M Tris-HCI, pH 8 .0 ,  1 ml; 0 .2 M 

EDTA, 0.05 ml;  �-mercaptoethanol, 0.03 ml;  Distilled water to 1 00 ml .  A l l  protective 

equipment necessary for safe operation with radioactive materials. Polyethyleneimine 

Ce l lu lose  Ion Exchange Resin  (PEl) paper. S cin t i l la t ion v ia l s .  S yrin ges :  1 m ! . 

Scintillation counter. 

Method 

A restriction digest of double stranded template DNA (25-50 ng  in 1 - 1 0 Ill) and primer 

solution 1 was made up to 50 Ill ,  denatured by immersion in a boiling water bath for 2-

3 min and immediately transferred to an ice bath.  Megaprime reaction buffer (solution 

2) ( 1 0  Ill ) ,  radiolabelled dNTP (5 Ill) and Enzyme (solution 3) (2 Ill) were added. The 

solution was mixed gently, centrifuged briefly at 1 5 ,600 x G and incubated in a water 

bath at 37°C for 30 min. The reaction was stopped by adding 5 III of 0 .2  M EDT A. 

Incorporation of (a_32p) dCTP was checked with Polyethyleneimine cel lulose Ion 

Exchange resin (PEl) paper. The reaction mix ( 1  Ill) was spotted approximately 1 cm 

from the base of  the paper, the PEl paper was placed upright in  a beaker containing a 

few ml of 2 M HC!. The strip was left for 5 - 1 0  min to allow the liquid to rise up the 

paper by capi l lary action . The paper was cut in half, the halves p laced in separate 
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sc i n t i l l a t ion  v ial s a n d  t h e  r ad ioac t iv i ty  of e a c h  portio n  measured i n  a l iqu id  

scin ti l lation counter (Beckman LS 7000). The vial w ith the lower portion of  the PEl 

strip con tained incorporated labe l ,  and the v ial w i th the u pper portion contai ned 

unincorporated nucleotides. The two readings were compared to determine the percent 

incorporation of a_32p and approx imate specific activity of the probe. 

If more than SO% of the label was incorporated i n to the DNA, the probe was used 

directly for hybridization. If the i ncorporation was low, the unincorporated label was 

separated on a mini-spin column. 

2. 15. 1. 1 Mini -spin column procedures 

In mini-spin column, a I ml syringe plunger was u sed to push a l i ttle glass-wool into 

the bottom of a 1 ml syringe barrel and a hot wire was used to make a hole in  the cap 

of a 1 .S ml Eppendorf tube, the hole was immediately enlarged with the 1 ml syringe 

so that a close fit was obtained. Any l iquid passing through the syringe barrel would 

flow into the Eppendorf tube. The syringe/Eppendorf tube assembly was placed in a 

Falcon tube and packed with Sephadex G-50 and equilibrated in column buffer. The 

assembly was centrifuged at 1 768 x G for 5 min and the liquid discarded. This process 

was repeated unti l  the syringe barrel contained 0 . 8-0.9 ml of S ephadex G-SO resin,  

after which another 1 . S ml Eppendorf tube was attached to the syringe barre l ,  the 

labell ing mixture was added to the column, allowed a few minutes to become adsorbed 

by the S ephadex G-SO resin. Column wash buffer (300 �l) was added and the assembly 

was centrifuged at 1 768 x G for S min .  Finally the labelled probe was diluted in  a I . S 

ml Eppendorf tube, and used as a probe or stored at -20°C for further use. 

2. 15. 2 Ready-To-Go DNA label l ing  system 

Materials 

Ready-To-Go DNA labell ing  k i t  (Pharmacia) : 27-92S 1 -0 1 :  Reaction mix :  A room

temperature-stable preparation v itrified in a buffered solution containing dATP, dGTP, 

dTTP,  FPLCp uref K lenow Fragment  (4 -8  un i t s) and random o l igodeoxyribo

nucleotides, primarily 9-mers. DNA:  probe template, 25-50 ng.  Remaining materials 

are mentioned in section 2 .  1 5 . 1 .  

Method 
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The template DNA (25-50 ng) was dissolved in  water (45 j.ll) denatured b y  boiling i n  a 

water bath for 2 -3 min ,  immediately transferred to an ice bath , and,  after cooling ,  

centrifuged for 10 sec at 1 5 , 600 x G. The fol lowing components were added to the 

reaction mix :  denatured D NA,  and (a_32p) dCTP (5 Ill ) .  The mixture was mixed gently 

by pipetting  up and down several times,  centrifuged briefly and incubated at 37°C for 

3 0  min .  The reaction was stopped by adding 5 III of 0 . 2  M EDT A .  The method of 

measuri n g  the percentage incorporation of radiolabelled dCTP in the probe and the 

removal of unincorporated DNA are described in section 2 .  1 5 . 1 .  1 .  

2. 1 6  Hybr idization of Southern blots (Sambrook et af., 1989) 

Materials 

Hybridization buffer :  1 M HEPES buffer, 25  ml, pH7.0; 20 x SSC, 75 ml;  Herring  

Sperm DNA,  3 mg/ml (purified by  phenol/chloroform extraction), 3 ml ;  20% SDS ,  2 .5  

m l ;  Ficoll  70 000, 1 g ;  B ovine Serum Albumin (BSA) ,  1 g ;  Polyvinyl pyrollidone 

(PYP) , 1 g; Made up to 500 ml with deioni sed water, stored at 4°C, warmed to 37°C 

b e fore u s e .  2 x S S e :  sec t ion  2 . 1 4 . 0 . 1 x S S C :  2 0- fo l d  d i l u t ion  of  2 x S S e .  

H ybridization tubes. Plastic box: large enough to fit  the membrane. Oven (Bachofer, 

Germany) .  

Method 

U sing  c lean gloves and tweezers , the b lot ( section 2. 1 4) was placed in a clean 

hybridization tube and prehybridized with about 30 ml of hybridization buffer by  

rotation a t  65 °C  for 2 hours .  The buffer was di scarded and  1 5  m l  of  hybridization 

buffer, added. The probe was placed behind perspex shields to thaw out, boiled for 3 

min to denature the DNA, centrifuged briefly at 15 ,600 x G and immediately put on 

ice .  Probe (3-5 x 1 07 cpm) was added to the hybrid ization tube, and the tube was 

rotated overnight at 65°C. D uring  this time hybridization took place . After overnight 

hybridization, the tube was taken from the oven and the hybridization mixture poured 

off. The membrane was removed, placed in a plastic box on a shaker and washed twice 

in a box with 2 x S S C  for 1 5  minutes at room temperature . This was followed by a 

third wash using 0. 1 x S S C, in a box on a shaking water bath at 50°C. The washing 

s tr in gency  was v i tal because  i t  determined the condit ions required to obtai n a 

m i n i m u m  of non- spec i fi c  b i nd i n g  b e tween  the  p robe D NA and heterologous  

sequences .  The membrane was dried on a sheet of Whatman 3 MM paper, covered 

with Gladrap and applied to X-ray film (Kodak; Scientific  imaging film, X-OMAT, 
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AR or Fuji medical X-ray film, Nif, Rx) i n  X-ray cassettes (Cronex, DuPont) with an 

i ntens ify i n g  s creen (DuPont CronexR Lightin g -P lu s) at - 70°C for 1 -5 day s for 

autoradiographic images .  The fi lm was developed in a Kodak X -Omat automatic 

processor. 

2. 17 DNA-DNA hybridization 

DNA reassociation techniques were used to study relatedness between soil bacteria and 

recognized Rhizobium type strains .  Relative levels of hybridization were estimated by 

using a modification of Biodyne protocol manual , (Grunstein and Hogness, 1 975) .  

Materials 

S c in t i l la t ion fluid contained per l i ter :  2, 5 d iphenyloxazole (PPO), 4.0 g ;  2, 2 ' 

paraphenylene-bis-5 phenyloxazole (POPOP) , 1 00 mg; tolune, 667 ml, Triton X- 1 00 ,  

333  ml) .  l O x S SC: 2-fold dilution of  20  x SSe. 

Method 

Total D NA w as i so l ated from soil bac teria e xpress ing nodu lat ion genes from 

Rhizobium leguminosarum biovar trifolii and type strains of Rhizobium leguminosarum 

b iovar tr ifo l i i  stra ins  ICMP2 1 63 and A TCC 1 0004, Rhizobium tropici IrA s train 

CFN299, Rhizobium loti strain A TCC33669, and Rhizobium meliloti strain NZP20 1 1  

(section 2 .  8) .  Purity and concentration were measured and the DNA solutions were 

adjusted to approximately 1 mg/ml (section 2. 9)  and digested with EcoR I (section 2 .  

1 0) .  The digested DNA samples were denatured by boiling in  a water bath (95°C) for 

2-3 min and chi lled on ice. 1 volume of 20 x S SC (section 2. 1 4) was added and the 

DNA spotted (2 �l) onto the nylon membrane pre wetted with 1 0  x S SC,  allowed to dry 

between each al iquot .  The wet membrane was tran sferred to denaturing solution 

(section 2.  1 4) for 5 minutes and then to neu tralizing solution (section 2. 1 4) for 1 

minute. The membrane was dried and baked in an oven at 80°C for two hours under 

vacuum to fix the DNA. Membranes were hybridized at 65°C (section 2. 1 6) with (a-
32p) dCTP labelled DNA of high specific activi ty ( l08 cpm/ug) from the (section 2. 

1 5 )  type strains .  Membranes were autoradiographed (section 2. 1 6) overnight at -70°C 

and cut  up so that  the radioactivity associated with each spot could be determined 

separately .  Each piece was put i nto a scintillation vial containing 1 0  ml scin ti l lation 

fluid. The scintillation vials with the fi lters were counted using a B eckman LS7000 

scin ti llation counter. Relative hybridization values were obtained by expressing the 
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counts obtained with heterologous DNA ' s  a s  a percentage of the counts per minute 

obtained with homologous DNA. 

2. 18 Ribosomal (rRNA) fingerprinting 

The aim of rRNA fingerprinting i s  to reduce the number of D NA restriction fragments 

in a genomic digest (Grimont and Grimont, 1 99 1 ). This is achieved by visualizing only 

those DNA fragments that hybridize with a given probe. In this project  total DNA was 

isolated ( sec tion 2 .  8) from soil bacteria expressing nodulation genes and known 

R hizobium type strain s  ( section 2. 1 7 ) .  Pur i ty  and concentration were measured 

( section  2 .  9). The DNA ' s  were digested with EcoR I ( section 2. 1 0) , separated by 

electrophoresis in 0 .7% agarose (section 2. 1 1 ) ,  blotted on nylon membrane (section 2 .  

1 4) ,  h ybrid ized a t  65 °C  (section 2 .  1 6) with (a_32p) dCTP labelled (section 2 .  1 5) 

plasmid pKK3535 (rRNA operon probe) , (Brosius et al. , 1 98 1 )  and autoradiographed 

(section 2 .  1 6) .  The patterns fom1ed by the DNA fragments that hybridized with the 

probe were compared to detect relationships between the various strains  of bacteria. 

2. 19 Design and preparation of primers 

Pri mers were selec ted on the bas i s  that they  would h ybridize effic ientl y  to the 

sequence of in terest  with negligible hybridization to other sequences present in the 

sample. Selection was based on complementarity to template , primer length (nonnally 

24 bases) ,  G-C conten t and avoidance of "primer-dimer" fonnation. The primers for 

rRNA amplification were chosen by inspection of the published bacterial sequences 

avai lable in the EMBLIGenbank data library and are complementary to conserved 1 6S 

rRNA gene sequences (Young et al . ,  1 99 1 ) . The primers were synthesized by the 

S eparation Science Uni t, Massey University , Palmerston North,  New Zealand or 

Oligos Etc . Inc. (USA) .  The forward primer Y l  ( 5 ' -TGGCTCAGAACGAACGCTGG 

CGGC- 3 ' )  corresponds to positions 20-43 in the Escherichia coli 1 6S rRNA sequence 

( B ro s i u s  e t  a l . , 1 9 8 1 )  and the  reverse pr imer  Y 2  (5 ' - C C CA CTGCTGCCTC 

CCGTAGGAGT-3 ' ) to E. coli positions 36 1 -368 .  The primers for the amplification of 

nodA sequence were selected using Primer Designer (Version 1 .0 1 ;  1 990; Scientific 

and Education Software) on the published sequences of Rossen et al., 1 984 (Accession 

number YO(548 )  and synthesized by the Separation Science U nit, Massy University. 

The forward primer nodAR (5 ' -TCATAGTTCCGACCCGTTTCG TTC-3 ' ) and the 

reverse primer nodAL (5' -ATGTCTTCTGAAGTGCGATGGAAA-3 ' ) were used. 

2.  20 Polymerase chain reaction 
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T h e  polymerase c ha in  reaction (PCR)  i s  a n  i n  vitro method for the en zymatic 

ampl i fication of specific DNA sequences ,  usi n g  two ol igonucleotide primers that 

h ybridize to opposi te strands and flank the region of in terest in  the target DNA. A 

repetitive series  of cycles involv ing  template denaturation , primer anneal ing ,  and 

extension of the annealed primers by DNA polymerase resul t s  in the exponential 

accumulation of a specific fragment whose termini are defined by the 5' ends of the 

primers .  The primer ex ten s ion products  synthesi zed in one cycle can serve as a 

template i n  the next ,  thus the number of target D NA copies approximately doubles at 

every cycle. Thus 20 cycles of PCR yields about a million-fold (220) (Erlich, 1 989). 

Materials 

Ultrapure dNTP set :  2 '  -Deoxynucleoside 5 '  Triphosphates (Pharmac ia). Taq DNA 

polymerase . Taq DNA polymerase l OX buffer: 500 mM KCI; 1 00 mM Tris-HCI (pH 

8 . 8) 1 5  mM MgCl2 and 1 .0% Triton X- l OO. Buffer is optimized for use with 0.2 mM 

for each of dNTPs. D NA template : section 2. 8. 2. Primer D N A : as explained i n  

section 2 .  1 9 .  Paraffin o i l .  ARTR Aerosol res istant t ips (Biotek) .  S terile water and 

Eppendorf tubes ( 1 . 5  ml and 750 �l). Gloves. Techne thermal cycler (type PHC-3) .  

Method 

The components in  the reac tion were added to a 7 5 0  �l Eppendorf tube in an ice 

bucket in the fol lowing order: steri l e  water to make a final volume of 20 �l; Taq 

polymerase lO x buffer, 2 �l; dNTPs (4 �l of a mixture containing 2 mM of each of the 

four bases, dATP, dCTP, dGTP and dTTP; DNA Template, 1 -2 �l of a 25-50 �glml 

stock solution (section 2. 8 . 2) ;  primer (section 2. 1 9) ,  0.5 �l of a 20 pmol/ml s tock ;  

Taq DNA polymerase 1 � l .  Al l  dilutions were made on the same day and stored at 4°C. 

A negati ve control contained s teri l e  water,  1 5  �l of paraffin oil was added and 

centrifuged briefly at 1 5 ,600 x G. A Techne thermal cycler, model PHC-3, was used 

for these experiments .  Three d i fferen t  fi les  on thi s  instrument w ere used for all 

experiments as follows: file # 1 3 , 93°C for 3 min (Template denaturation), 63°C for 30 

sec (Primer annealing), 72°C for 30 sec (Extension of the annealed primers) , (1 cycle) ; 

file # 1 4, 93°C for 45 sec, 63°C for 30 sec, 72°C for 30 sec, (40 cycles); file # 1 5 , 93°C 

for 45 sec ,  63°C for 30 sec ,  72°C for 3 min, ( 1  cycle) , file # 1 6, 04°C for 99 hrs ( 1  

cycle). In  the case of nodA probe primer annealing was at 55°C (section 2 .  2 1 .  1 ) . The 

ampli fied products were examined by electrophoresis ,  (section 2. 1 1 ) to determine 

their size and verify the absence of product in the negative control , purified (section 2 .  

1 3) and stored at 4°C ,  -20°C or -70°C for further use. 
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2. 2 1  Amplification of genes coding for 16S rRNA 

Total genomic DNA isolated (section 2 .  8. 2) from soil bacteria expressing  noduation 

genes from Rhizobium leguminosarum biovar trifolii was amplified (section 2 .  1 9  and 

2 .  20 )  u s i n g  the forward primer Y l  and reverse primer Y2 (section 2. 1 9) .  The 

amplified product was checked for the correct size (approximately 348 bp), ( section 2 .  

1 1 ) and  p ur ified ( sect ion 2 .  1 3 ) .  The amplified product was sequenced directly 

(section 2 .  23) .  

2. 2 1. 1 Amplification of nodA probe 

The nodA probe was amplified (section 2. 1 9  and 2 .  20) by the forward primer nodAR 

and reverse primer nodAL (section 2. 1 9) using total genomic DNA (section 2 .  8 .  2 )  

from type s train Rhizobium leguminosarum b iovar trifolii ,  strain ATCC l O004. The 

amplified product was checked for its correct size (590 bp) ,  (section 2. 1 1 ) ,  purified 

( sec tion  2. 1 3 ) and u sed as a probe ( sect ion 2. 1 5 ) to s how the presence of the 

nodulation genes in the transconjugant soil bacteria isolated from nodules. 

2. 22 16S rDNA sequence determination 

The c h a i n  termi nation (S anger et  al . ,  1 977 ,  1 97 8 ) method was u sed to directly 

sequence PCR products from 1 6S rRNA (section 2. 2 1 )  by a modified method known 

as  cyc le  sequenc ing  u si n g  the JmolTM DNA sequencing system (Promega) . The 

JmolTM DNA sequencing system is an enzymatic sequence analysis system which 

takes advantage of the themlal stability of DNA polymerase isolated from Thermus 

aquaticus. Promega' s Sequencing Grade Taq DNA Polymerase is modified to give  

superior results on double- stranded DNA templates. 

2. 22. 1 Preparation of labelled fragments for sequence determination 

Materials 

JmolTM DNA sequencing s ystem: Sequencing grade Taq DNA Polymerase (5 U/�l) ;  

JmolTM S equencing 5X buffer: 250 mM tris-HCl, pH 9 .0;  10  mM MgC12; d/ddNTP 

nucleotide  mixes (Deaza) ; JmolTM Sequenc ing stop solution :  1 0  mM NaOH; 95% 

formamide ;  0 .05% bromophenol  b lue ;  0 .05 % xylene  cyanole ;  (Promega). DNA 

template 500 fmol .  Primer: 3 . 0  pmol ; [ex_35] dATP (> 1 ,000 Ci/mmol , 1 0  IlCi/lll) .  

JmolTM Sequencing 5 x buffer. S teri le water. Thermal cycler, PHC-3 ,  Techne). S terile 
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gel loading  natural t ips (Bioteck) and microcentrifuge tubes. Paraffin oil .  Eppendorf 

tubes. 

Method 

Four 7 5 0  III microcentrifuge tubes  were l abe l led  A, G, C ,  T and the appropriate 

dJddNTP solution (2 Ill) added to each tube. Each tube was capped and stored on ice 

until needed. For each set of four sequencing, reactions the fol lowing reagents were 

mixed in  a microce ntrifuge tube : Template DNA ( 1  III of amplified PCR product), 

Primer 1 III (Y l or Y2), [a_35S]  dATP 00 IlCi/1l1) ,  0 . 5  Ill ,  5 x JmolTM Sequencing 

buffer, 5 III and made up the final volume to 1 6  Ill . Taq DNA polymearse ( 1  Ill) was 

added to the primer/template mix and mixed briefly by pipetting up and down. 4 III of 

the enzyme/primer/template mix were added to the inside wall of each tube containing 

d/ddNTP mix and mixed. Mineral oil ( 1 5  Ill )  was added to each tube and the  tubes 

were briefly centrifuged. The reaction tubes were placed in a thermal cycler preheated 

to 9 5 ° C  and the  p rogram set at  95° C for 2 minu te s ,  then 9 5 ° C  for 30 seconds  

(denaturation), 67°C for 30 seconds (annealing) and 70°C for 1 minute (extension) ,  for 

a total  of  30  cyc les  and then he ld  at 4°C .  After the thermocycl ing program was 

completed , 3 III of Jmo[TM sequencing stop solu tion was added to the inside wall of 

each tube  and the tubes  were briefly spun i n  a microcentrifuge to terminate the 

reactions.  Reactions were stored at -20°C for further use .  

2 .  22. 2 Preparation o f  denaturing polyacrylamide gels 

Materials 

40% acrylamide solution (s tock solution) : acrylamide (DNA-sequencing grade) ,  3 80 g;  

N ,  N' -methylenebisacrylamide, 20 g; made upto 1 I of deionised water and stored in 

dark bottles at  4°C. 10 x Tris Borate Buffer (TBB) pH 8 .9 :  Tris, 324 g ;  Boric acid ,  55  

g ;  EDT A ,  19  g ;  6% acrylamide/urea solution:  288  g of  urea was added to  2 1 0  ml of 

deionised water and 90 ml of 40% stock solu tion of acry lamid e .  A tea spoon of 

analyt ica l  grade mixed bed re sin AGR 50 1 -X 8  (20-50 mesh) was  added and the 

mixture was deioni sed on a magnetic stirrer, fil tered and 60 ml of 1 0  x T B B  was 

added . The fin�ll volume \.\'as 600 ml tind the solution w'as stored in blV'.-Y"lI bottles at 

4°C .  1 0% Ammon ium persulphate. TEMED ( N ,  N, N ' ,  N' -Tetramethylethy lene

diamine). Acetone. 2% Dimethyl-dichlorosi lane in CCI4 . Glass plates (gel dimension,  

W x H) : 3 l .0 x 38 .5 em o r  1 7  x 60 e m .  0.4 mm vinyl spacer. Spacer foam b locks. 

V iny l  s harks tooth combs.  Spring c l ips .  Gel seal ing  tape (S leek tape, S mith and 

Nephew). Handee towels .  250 ml clean Duran bottle (Schott) . Gladrap. 
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Method 

The glass p lates, spacers and space foam blocks  were washed in  detergent solution, 

and rinsed thoroughly in tap water and deionised water. Plates were held by the edges 

to avoid contamination on the working surfaces and cleaned meticulously with acetone 

to ensure that air bubbles did not form when the gel was poured. The p lates were 

allowed to dry and the small plate was sil iconised with 2% sil icone solution to prevent 

the gel from sticking to it. The l arger plate was placed flat on the bench and the two 

spacers p laced on the long sides of the p l ate. The smaller p late was p laced on the 

spacers. The sides and bottom of the plates were tapped together with gel sealing tape 

and c lamped with spring cl ips .  E ighty mil l itres of 6% acrylamide/urea solu tion was 

added to a 250  ml Duran bott le and then  5 0  �l of TEMED and 5 00 �l of 10% 

ammonium persulphate. The contents of the bottle were mixed by swirlin g  them and 

poured gently into the space between the p lates by holding the plates with the left 

hand , at an angle of 45°C. To avoid producing air bubbles, the gel solution was poured 

in a continuous stream unti l  the p lates were fil led with the solution. The p lates were 

laid on the bench with about 5 cm high support at the open end and the flat side of a 

shark' s  tooth comb was inserted approx. 0 .5  cm into the gel solution .  Only the open 

end of the plates was then clamped with spring cl ips and covered with Gladrap and the 

gel left to polymerize overnight. 

2.  22. 3 Loading the reaction mixtures and separation of oligonucleotides 

Materials 

1 x TBB :  1 00 ml of 10 x TBB (section 2 .  22.  2 )  was made upto 1 1 .  Polymerized gel :  

section 2 .  22 .  2 .  Electrophoresis  apparatus,  Model  SA or S2 ,  BRL. Thermocycling 

apparatus at 80°C.  Power supply (ECPS 3 000/ 1 50 ,  Pharmacia). S terile gel loading 

natural tips. 

Method 

The polymerized gel p lates were cleaned with damp paper towels to get rid of dried 

polyacrylamide/urea. The shark 's tooth comb was careful ly removed from the top of 

the gel , and the S leek tape stripped from the bottom of the gel plate. The plates were 

tightly attac hed to the electrophoresis apparatus.  The top and bottom reservoir were 

loaded with 1 x TBB .  A Pasteur pipette attached to a rubber bulb was used to squirt 

TBB across the submerged flat loading surface of the gel to remove fragments of urea 
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and polyacrylamide. The shark ' s tooth comb was rei nserted with its teeth just sticking  

i n to the  load ing  surface and the s lo t s  washed out  w i th TBB to  remove urea and  

polyacrylamide. The apparatus was  connected to a power pack and run  for 30  minutes 

at constant Watts (65 W) to warm the gel .  Then the power was disconnected and TBB 

was u sed  to wash out the s lots . The sequencing reactions were heated to 80°C for 2 

min and immediately  loaded i nto the freshly rinsed slots (3  �l per reaction per slot) i n  

the order A ,  G ,  C and T .  After the samples were loaded the electrodes were connected 

to the  power pack and the  power se t  at 65 W. The t ime required to complete a 

separation was (5-6 hours) estimated by monitoring the migration of the marker dyes 

i n  the loadin g  buffer (jmol™ sequenc ing  s top solution:  section 2 .  22. 1 ) .  After 

electrophoresis the gel i s  fixed, dried and autoradiographed (section 2 .  22. 4) . 

2. 22. 4 A utoradiography and  read ing of sequencing of  gels 

Materials 

Fixing solution : 1 0% methanol and 1 0% acetic acid i n  water. Gel : section 2 .  22 .  3 .  

Plastic trays. Gladrap. Whatman 3 M M  paper. X-ray cassette and fi lm: section 2 .  1 6 . 

S lab gel  drier (BioRad, Model 483)  or Gel drier (BioRad, Model 5 83) .  

Method 

The power was turned off and  e l ectrophoresis  buffer discarded. The plates were 

removed from the sequencing apparatus and p laced on  the working area wi th  the 

smaller notched plate uppermost. The S leek tape was removed and a metal spatula was 

used to separate the p late s at one  end .  The g lass p late with the gel attached was 

careful ly  submerged in  a tray of fixing solution for 20 min.  The p late was removed 

from the fixing solution after til ting it carefully to allow excess fixation fluid to drain 

away , taking care not to allow the gel to slide off the plate. A piece of Whatman 3 M M  

paper slightly larger (2-3 cm) than the gel in both the length and the width was placed 

on top of the gel and gen tly pressed so that the gel becomes firmly attached to the 

rough surface of the paper. The 3 MM paper was held with one hand and supporting  

p late picked up and quickly fl ipped over and laid on  a dry piece of  paper. The  gel 

would stick to the 3 MM as it is peeled from the glass plate. The 3 MM paper (gel 

uppermost) was covered with Gladrap and dried for one hour under vacuum on a 

commercial gel drier set at SO°C.  The dried gel was removed from the drier and the 

Gladrap removed from the gel .  The gel is autoradiographed by exposing it to X-ray 

fi lm ( Kodak ;  Sc ientific i mag ing  fi lm ,  X-OMAT) for 1 - 5  days and developed as 

described in section 2. 1 6. The bands on autoradiographs reflect the relative migration 
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distances of  DNA fragments  according to  their s ize. T hese d istances  indicate the 

positions of the respec tive 3'  terminal bases i n  the sequences relative to the priming 

s i t e .  T h e  sequence  i s  read in the  5 ' to  3 '  d irec ti o n  fro m  the  b ot tom of t h e  

au toradiograph ( g e l )  upward .  The X-ray fi lm  w a s  p laced on a light b o x  a n d  the 

sequence was read i n  the fol lowing order A, G, C,  T and the sequence anal yzed 

( section 2 .  23) .  

2 .  23 Analysis of sequence data 

The  doub l e  s tranded 1 6S rRNA seque nces  were ana lyzed u sing the  fol lowing  

programs : The GCG Fragment Assembly System (FAS) ( section 2 .  23 .  1 ) , The BLAST 

search ( section 2 .  23.  2)  and P ILEUP (section 2 .  23 .  3) .  FAS and PILEUP were run on 

The Genetics Computer Group Sequence Analysis  Package ,  Version 7 on a VAX 

computer. The aligned sequences were latter used to construct unrooted phylogenetic 

trees (section 2 .  24). 

2 . 23. 1 The GCG Fragment  Assembly System (F AS) 

The GCG Fragment Assembly System (FAS) is a series of programs used to assemble 

overlapping fragment sequences.  FAS was used here to 1 )  store fragment sequences; 2) 

recognize overlapping sequences and align sequences (Staden ,  1 980) .  Each of the 

double stranded 1 6S rRNA sequences was assembled using FAS and the nucleotide 

sequences were double checked against original autoradiographs for extra bases or 

mismatched base pairs . 

2. 23. 2 The B LAST Search 

The method of Altschul  et al . , ( 1 990), was u sed in this program. The program i s  

optimized to find nearly identical sequences rapidly. A n  E-mail message was sent to 

"b las t  @ ncbi .nlm.nih . gov" with the fol lowing text information on each of the 1 6S 

rRNA sequences assembled in FAS (section 2 .  23 .  1 ) .  

PROGRAM blastn 

DATALIB nr 

B EGIN 

> Soil i solate KJ 1 3  

AGGCTTAACACATGCAAGTCGAGCGGGCGTAGCAATACGTCAGCGGCAGA 

CGGGTGAGTAACGCGTGGGAACATACCTTTTGGTTCGGAACAACACAGGG 

AAACTTGTGCTAATACCGGATAAGCCCTTACGGGGAAAGATTTATCGCCG 
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AAAGATTGGCCCGCGTCTGATTAGCTAGTTGGTAGGGTAATGGCCTACCA 

AGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACATTGGGACT 

GAGACACGGCCCAA 

The search and the c omputation was performed at the  NCBI (National Center for 

B iotechnology Information at the National Library of Medicine, USA). 

2. 23. 3 PILEUP 

Pileup aligns a group of related sequences using the progressive pair .. wise alignment 

methods of Feng and Dool i tt le ,  1 9 8 7 .  The procedure begins  w i th the pair.-wi se 

alignment of the two most similar sequences . The fin al al ignment i s  achieved by  a 

series  of progress iv e ,  pair�wise  a l ignments that  i n c l ude  increasi ng ly  diss imilar 

sequences and clusters unti l  all sequences have been included in  the final pair-w ise 

alignment. 

2. 24 Construction of un rooted phylogenetic trees 

Felsenstein ' s PHYLIP (Phylogeny Inference Package) version 3.5c program was used 

in the construction of the phylogenetic trees. The program was obtained by connecting 

to evolu tion . genetic s .wash ington .edu or 1 28 .9 5 . 1 2 . 4 1  us ing  FTP (File Transfer 

Program) . For the 3 8 6  PCDOS three arch ived execu tables were ob tained , v iz . , 

phy l ip . exe ,  phy l ip3 x . exe and phy l ip3y .exe .  The three programs were put i n  one 

directory and self extracted for further use. The purpose of the phylogenetic tree i s  to 

relate the 1 6S rRNA sequences of soil bac teria express ing nodulation genes from 

Rhizobium leguminosarum biovar trifolii to those of named strains .  This involved four 

differen t  steps within the PHYLIP 3 .5c program namely ,  1 .  Seqboot (Bootstrap) ,  2 .  

Dnadist ,  3 .  Neighbor and 4 .  Consense, described below . 

2. 24. 1 Seqboot (Bootstrap) 

Seqboot i s  a general bootstrapping tool and was used to generate multiple data sets 

( 1 000) from aligned sequences of 1 6S rRNA (section 2 . 23 .  1 , 2 . 23 . 2 and 2. 23 . 3) .  

Boots trapp ing  was i n ve n ted by B radely Efron in 1 97 9  and was i n troduced in 

phylogeny estimation (Felsenstein, 1 985) .  

2.  24. 2 Dnadist 
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This  program w as u sed t o  compute a d is tance matrix from the  multip le  data set 

generated from Seqboot. The model u sed was that of Jukes and Cantor, ( 1 9 69) .  This 

model assumes that there is independent change at all sites, with equal probability, and 

when a change occurs there is an equal probability of ending up with each of the other 

three bases. 

2. 24. 3 Neighbor 

The d i s tance matrix generated from by Dnadi st was used to construct a tree by the 

successive c lustering of the lineages,  setting branch lengths as the lineages join using 

the Neighbor-Joining (Saitou and Nei, 1 987) algorithm. 

2. 24. 4 Consense 

Con sense read a fi l e  of computer-readable trees created by the Neighbor-Joining 

method to find a consensus tree .  I t  carries out  a family of consen sus  tree methods 

(Margush  and McMorri s ,  1 98 1 )  which includes s trict  consensus and maj ority rule 

consensus .  

2. 25 Identification of soi l  bacteria based on total  fatty acid analysis 

The fatty acid composition of bac teria was used to identify them . Thi s  work was 

carried out by S W Tighe of Analyti cal Services Inc . ,  P O Box 626, Essex Junction, 

VT 0545 3 ,  USA.  

Cells were subcultured three times on TYEA agar (Section 2 .  3 .  8 )  for 48  hr a t  28°C to 

stabil ize their fatty acid composi t ion.  The final subculture was made on medium 

which was not more than 48 hr old i n  order to standardize the osmotic pressure of the 

medium.  S tandard methods descri bed by Jarv i s  and Tighe,  ( 1 994) were used to 

sapon ify ,  methy late and extract the  fatty ac ids .  The fatty acids separated b y  gas 

chromatography and iden tified by calculation of their equivalent carbon chain lengths 

and comparison with the MIS (Microbial ID Inc. Newark, DE) software peak naming 

table. Quanti ties of fatty acids were expressed as percentages of the total named fatty 

acids. The fatty acid profile of each strain is compared with the composite profile  of al l 

named species and a Similarity Index (51 )  is computed. An 5 1 ;:::: OAOO indicates a good 

match. 
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3 .  RESULTS 

3 .  1 Or igins of soil samples 

Gram n egative soil bacteria  were i so lated from 1 6  soil cores. Four cores each were 

taken as samples from Ramiha silt loam, Tokomaru silt loam, Kairanga silt loam and 

M anawatu sandy loam. A summary of the soil samples and some of their agricultural 

propertie s  are shown in Table 3 (Cowie et ai., 1 972) .  The Ramiha silt loam, Tokomaru 

si l t  loam and Kairanga silt loam were from ryegrass-whi te clover permanent pastures. 

Manawatu sandy loam was  from a fal low land with shrubs  of Lupinus sp. These 

pastures had no recent history of Rhizobium inoculation but were probably inocu lated 

when they were sown. 

3. 2 Isola ti on and screening  of soi l bacteria 

Soi l s  were p lated on Y MG agar or SE agar and incubated for 5 to 7 days at 2 8°C.  

Colonies were purified by streaking on TY medium. The 100 s trains of Gram negative 

rod shaped soil bacteria with various colony morphologies were tested for their ability 

to nodula te and fix atmospheric n itrogen on white clover (Trifolium repens cultivar 

Grasslands Huia). Four (2% )  of the soil isolates fom1ed nodules on clover p lants after 

4 to 6 weeks of incubation . The remaining soil bacteria (98%) were used as recipients 

i n  conj ugation experiments in which the co-integrate plasmid pPN I was donated by 

Escherichia coli strain PN200. 

3. 3 Examination of pPNl and its transfer to non-nodulat ing soi l bacter ia 

3. 3. 1 Examination of pPN I in donor cells 

The p lasmid pPN 1 is a stable co-integrate p lasmid compri sing the broad host range 

p lasmid, R68 .45 ,  and the symbiotic plasmid pRtrS 1 4a. The Eckhardt ( 1 97 8) method 

was used to verify that donor cells contained a co-integrate and that it formed a single 

band (2 1 9  Mdal) . Reference p l asmids from A grobacterium tumefaciens strain [pTi

C58 ( 1 30 Mdal) (Holsters et al. , 1 978 )  and pAt-C58 (275 Mdal) (Denarie et al., 198 1 )] 

were used to determine i ts s ize .  The observed resul ts  suggested the presence of an 

i ntact pPN 1 .  
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Table 3 .  Summary of soil samples and some of their agricultural properties 

Soil Parent  material 
name or rock 

Ramiha Loessa, 
si l t  solifluctionb 

loam material ,  and 
slope deposits 

Toko- Loess 
maru 
silt 
loam 

Kai- Alluviumd 

ranga 
silt 
loam 

Mana- Alluvium 
watu 
sandy 
loam 

Distinguishing features of 
soil and environment 

On roll ing uplands between 
1 ,000 and 2,000 ft (305-
6 1 0m) , under moderate 
(50- 70in . ;  1 270- 1 780 
mm) rainfall with no 
summer dry seasons. H as 
dark brown top soil 
with strong nut s tructures 
overlying yellowish brown 
very friable silt loam 

On higher terraces from 
silty to fine sandy loess 
under low to moderate 
rainfall (3S-4Sin . ;  
890- 1 1 40 mm) with summer 
dry seasons. Poorly drained 
pale olive compact clay 
loam with many to 
abundant brown mottles 
and moderately thick clay 
coatings in lower part 

In occasionally flooded 
river basins and on flats. 
Poorly drained with greyish 
brown sil ty loam over grey 
clay loam with brown 
mottles 

Well to somewhat 
excess ively drained 
with sandy profiles on 
sand and gravel 

Common name and 
natural nutrient status 

S trongly leached 
yellow-brown 
earth, and gleyedC 
yellow-brown earth, 
low to medium P, low 
Ca, and K. 
pH 5 .0-5 .5  

Weakly leached 
moderately to 
strongly gleyed 
yellow-grey 
earths, moderate to 
low P and Ca, 
medium K. 
pH 5 .7-6.0 

Weakly leached 
slowly accumulating 
gley recent soil, 
high P and Ca, 
medium K. 
pH S .6-S .8  

Weakly leached 
slowly accumulating 
recent soils,  
high P and Ca, 
medium K. 
pH S .8-6. 1 

a : a homogenous, porous, fine grained, aeolean deposit consis ting predominantly of silt 
sized particles, with subordinate clay and fine sand; b : the slow downhill movement of 
soil as result of the alternate free zing and thawing of the contained water; c :  mottled 
pale grey and rusty brown colours where reduction and oxidation processes alternate as 
under conditions of a fluctuating  water table; d : Detrital material which is transported 
by river and deposited usually temporarily at points along the flood plain of a river. 
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3. 3. 2 Fate o f  pPNl i n  soi l  bacteria 

O n  conj ugat ion w i th soil b acter ia ,  the fate of the c o- i n tegrate plasmid pPN l In 

recipient soil bacteria was verified by Eckhardt gels. Figure 10 shows plasmid R68 .45 

from Escherichia coli strain PN298 ,  (lane 1 )  an i n tact co-integrate plasmid pPN l from 

the donor Escherichia coli strain PN200 (lane 2) and plasmid bands from the recipien t  

non-nodulating soil bacterium KBO (lane 3) and  the tranconjugant of  soil bacterium 

KJ30 which contained pPN l and R68 .45  ( lane 4) .  Routine screening  was done to 

assess the fate of the pPN 1 in soil  bacteria. Transconjugants  of strain s  KJ 1 and KJ3 

contained R68.45. Transconj ugants of strains KJ 1 3 ,  KJ 1 9, KJ23, KJ26, KJ30  and KJ44 

con tai ned pPN I and R6 8 .45 .  Transconjugants  of strai n s  KJ5 ,  KJ 1 7 , KJ27 , KJ5 7 ,  

KJ203 and PN l 65 contained only pPN l .  

3. 4 Frequency of transfer and expression of pPNl 

3. 4. 1 Frequency of t ransfer and expression 

S train  PN200, a derivative of Escherichia coli strain HB 1 0 1  which contained the co

i ntegrate plasmid pPN 1 was used to introduce by conjugation on TY plates a symbiotic 

p lasmid (pRtr5 14a :  orig inal ly from Rhizobium leguminosarum biovar trifolii strain 

NZP5 1 4) i n to Rifamp i c i n  res i s tant  deri va tive s  of soil bacteria. The mix ture of 

transconj ugants , donor, and recipient  was e i ther used to i noculate clover seedlings 

d irec tly or plated onto selective medium. This  contained R ifampicin and Kanamyci n  

and was used to select for transconjugants which were subsequently used t o  i noculate 

clover seedlings .  A total of 1 1  soil  i solates out of 100 crosses ( 1 1  %)  formed nodules 

(Figure 1 1 ) on clover plants .  Table 4 shows that the mean transconjugation frequency 

was 2 .9 1 x 10-5 . Nodules were observed 4 to 6 weeks after inoculat ion. A range of 

40% to 70% plants nodulated with each strain and 3 to 6 nodules were formed by each 

p lan t . Comparison of the mean values with those of the positive control (strain PN 165) 

i ndicated that the soi l  bac teria which cou ld  accept pPN l did so with comparable 

frequency and were usually able to express pSym. 

3. 4. 2 Plant Test 

All  transconj ugants were purified and tested for their abil ity to form nodules on white 

clover. Representative results are shown in Figure 1 1 . 
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Figure 1 0. Eckhardt gel of the Gram negative soi l bacterium KBO 

a n d  a tra n s c o nj u g an t  of K J 3 0  w h i c h  rec e i v e d  p P N l from 

Escherichia coli ,  s tra in P N 200. The Eckhardt gel contained 0 . 8 %  

(w/v) of agarose i n  1 x T B E  p H  S .O .  Lane :  1 ,  R68 .45 (broad host 

range p lasmid ) ;  Lane :  2 ,  PN 200 (pPN 1 ) ; Lane: 3, Gram negative 

soil isolate KBO; Lane: 4, Transconjugant of soil isolate KBO. 
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Figure 1 1 .  Nodule formation on whi te c lover (Trifolium repens,  

cu l tivar Grass lands  Huia) 4 to 6 weeks  old.  (A)  S eedl ings  after 

inoculation with ( left to right) ,  s teri le water, Escherichia coli strain 

PN200, Rhizobium legwninosarllln biovar trifoli i  strain ICMP2 1 63 ,  

R hizobillin leg llminosarllm biovar trifol i i  strain ICMP2 1 63 ,  soi l  

i so l ate K J  1 3 ,  tran sconj ugan t s  of KJ 1 3 , K J 3 0  and  K J 20 3 .  C B )  

Seedling roots from (A) i n  the same order a s  above .  CC) Seedling 

roots from (A) with (left to right) transconj ugants of KJ I 3 , KJ30, 

and KJ203 . (D) S eed l ings  after i nocu lation with ( left to r ight ) ,  

Escherichia coli strain PN200 and transconjugants of soil bacteria 

KJ26 ,  KJ27 and KJS7 .  (E)  Seedl ing root s  from (D) in the same 

order as above .  (F) Seedl ing roots from CD) after inoculation with 

( l e ft to r ight )  tran sconj u gan t s  of soi l bacteri a KJ26 and KJ27 .  
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Table 4 .  Frequency o f  transfer and expression  o f  pPN l i n  soil bacteria 

Bacteria Frequency of Nodulation teste 

transfey.<l 

Weeks  after Number of Nodu le 

inoculationb p lants number/ 

nodulatedd plant 

Soil  bacteria 

KJ 1 1 . 30 x 10-5 Did not nodulate 

KJ3 1 .40 x 1 0 -6 6 5 3 

KJ5 c 5 4 3 

KJ l 3  1 .3 0  x 1 0 -6 6 5 3 

KJ l 7  c 5 6 3 

KJ 1 9  1 . 25 x 1 0 - 5  4 4 5 

KJ23 2 .00 x 10 -4 4 5 4 

KJ26 l AO x 1 0-6 6 4 4 

KJ27 c 6 5 4 

KBO 1 . 50 x 1 0 -6 4 7 6 

KJ44 1 . 5 9  x 10-6 5 5 5 

KJ57 c 6 5 5 

KJ203 c 6 4 3 

Me an 2.9 1 x 1 0 - 5  5 5 4 

Cont rol 

PN200f Did not nodulate  

E. colig Did not  nodulate 

PN l 65h 1 . 60 x 1 0-5  4 7 6 

R . leguml 4 8 7 

a, Frequency of transfer = number of transconjugants expressing pPNl pe r  tota l recipients, recipient isolates showing the transfer 

frequency were made resistant to Rifampicin, conjugated with PN 200 (Kanamycin resistant) and selected on antibiotic medium 

(Km + Rif) for transconju gants;  
b

, weeks after inoculation of p lants;  
c

, l\'odulation test to con firm the expression of the 

Sym : :R68.45 was perfonncd using Trifolium repens (white dover) cuitivar GrassianJs Huia; d , vul uf ku �10vcr seedlings 

inoculated for each tranconjugant or transconJugant m ixture; e ,  Transfer frequency is not indicated because these recipients were 

resistant to both antibiotics (Km + Rif), and the transconJugant mixture was inocu lated on clover plants to confirm the expression 

of Sym: :R68.45; f
, Donor, Escherichw coli strain P\'20(J containing plasmid pP:\ I ;  

g
, negative control for nodulation test; 

h
, 

posi tive control, strain P;\i I1iS to confirm the trarbfer of flP;\i I ;  I, Rhizobium leguminosarum biovar trifolii strain IC'v!P2 1 63 was 

used as a positive control for plant nodulation test. 
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Three negative controls were used i n  the p lant  test, namely ,  sterile water, the donor 

Escherichia coli strains PN200 or A TCC9637 and the recipien t  soil b acteria. T h e  

posi tive control Rhizobium leguminosarum biovar trifolii strain ICMP2 1 63 nodulated 

clover and so did the transconjugant  soil bacteria h arbourin g  pSym. It was concl uded 

that the transconjugant soil bacteria had accepted and expressed pSym on white c lover. 

The nodules  that formed on white c lover were sub sequent ly s t ud i e d  by l ight  and 

electron microscopy.  

3. 5 Presence of bacteroids in  the nodules formed by transconjugant soi l  bacteria 

Represen tative re sults of l ight and electron m icroscopy for stra i n  KJ30 are shown in 

Figure 1 2 .  

Figure 1 2A s hows t h e  x ylem and pholem t i s su e  with the whole  cross section o f  the 

nodule protrud i ng away from the root. In Figure 1 2B the colonization of b acteroids 

wi th in  the cytoplasm of the p l a n t  c e l l  w i t h i n  the nod ule  can be observed and some 

nod ule cel ls  are vaculated and do not  con tain many bacteroids .  In contrast the nodule 

cel ls  of bacteria i nocu lated \\' i th the i nocu l a n t  bacteria Rhizobium leguinosarum biovar 

trifoli i  strai n  I CMP2 1 63 were fi lled \\l i th  bacteroids.  Electron microscopy (Figure 1 2C) 

c learly i n d i c ated bacteroids w i th i n  the p l a n t  c e l l  and Fig u re 1 2D shows bacteroids 

within the peribacteroid membrane . 

A molecu l ar approach was next adopted to probe for the presence of p S y m  i n  the 

whole genome of tran sconj ugant soi l b ac teria .  Such a pre sence would be consisten t  

with t h e  nod u le formation having resul ted from gene expression i n  t h e  transconj ugant 

soi l  bacteria. 

3. 6 Use of nodA probe to probe for pSym in transconjugant soil bacteria isolated 

from nodules 

3. 6. 1 Ampl ification of llodA sequence 

S ince the seq uence of nodA was known (Rossen et al. , 1 984) primers were designed 

which permitted amplification of a 590 bp region i n  the nodA gene by the polymerase 

chain reaction . The ampl i fied nodA sequence is shown in Figure 1 3 . Lane 2 shows the 

negative control used to test for contamination .  
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Figure 1 2 .  Sections across the nodules fom1ed by the transconjugant 

soi l  bac terium KBO on wh i te clover (Trifolium repens) c u lt ivar 

Huia.  CA) Light microscopy section ( 1 60X) .  CB) Ligh t microscopy 

section ( l OOOX) .  (C) Elec tron microscopy section ( 1 3 ,4()()X) .  CD) 

Electron microscopy section ( 3 8 ,200X) .  x: Xylem; p: Pholem; v :  

V ac u o l e :  b :  B ac t e ro i d s ;  B :  B ac t e ro i d ;  c w : C e l l w a l l :  m :  

Mitochondrion; pm: Bacteroid cytoplasmic membrane. 
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F i g ure 1 3 . A m p l i fi cat i o n  of a nodA seq u e n c e  i n  R hizobium 

leguminosarum biovar trifolii ATCC 1 0004. Lane :  1 ,  1 Kb (GIBCO, 

BRL) ladder; Lane : 2, Negative con trol ; Lane : 3 , Ampl ified nodA 

sequence. 
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Lane 3 shows  the amp l i fi ed nodA seque nce  from t h e  type s tra i n  o f  Rhizobium 

leguminosarum biovar trifoli i  s train A TCC I  0004. This amplified product was used as 

a probe to test for the presence of pSym in transconjugant soil bacteria obtained from 

nodules on white clover (Trifolium repens cultivar Grasslands Huia). 

3. 6. 2 Probing for the presence of  pSym 

DNAs from the donor (strain PN200) , recipient soil bacteria and transconjugant soil 

bacteria (i solated from nodules) were d ige s ted  with EcoR I and transferred to nylon 

membrane. Southern b lots were probed with the amplified nodA probe. Examples of 

the re s u l t s  obtained are shown i n  F igure 1 4A-D .  Here are shown representative 

genomic DNA digests of the donor strain PN200, and transconjugant soil bacteria from 

nodules. Fig 1 4B shows a Southern blot of Figure 1 4A probed with the 590 bp nodA 

probe. Lane 2 i s  strain PN200 (pPN l )  where hybridization occurred at 1 1 .7 Kb with 

the nodA probe, lane 5, 6, 7 and 8 showed similar results indicating  the transfer of 

pSym by conjugation to soil bacteria KJ44, KJ57 ,  KJ 1 9  and KJ23 .  Lane 3 and 4 have 

not hybridized to the nodA probe i ndicating that pPN 1 was not stably maintained in 

strains  KJ l and KJ3 . A fain t  band was observed in lane 6 (arrow) . 

I n  figure 1 4C, lane 2 shows DNA from strain PN200 which has hybridized to the nodA 

probe. Lane 3 i s  blank .  Lanes 4 and 6 shows D NAs from recipient soil bacteria KJ5 

and KJ l 3  which have not hybridi zed to the nodA probe . Lanes 5 and 7 shows DNAs 

from transconj ugants of s train s  KJ5 and KJ l 3  which have hybridized to the nodA 

probe at 1 1 .7 Kb. Figure 1 4D shows the presence of pSym in transconjugants of strains 

KJ26 and KJ27 . E l even s train s  of transconj u gant soil bac teria hybridi zed with the 

nodA probe. Hybridization occurred at 1 1 .7  Kb in track s  containing D NA from the 

donor and transconjugant soil bacteria. D NA from the recipient soi l bacteria did not 

hybridize to the nodA probe. This indicated that the donor had transferred pPN l to the 

recipient soil bacteria and that nodulation was due to the presence of such transferred 

DNA. 

3.  6. 3 Soi l  isolates from d i fferent soil types which contained pSym 

Table  5 shows s train  nu mbers for soi l  i so la tes  from d i ffere nt  so i l  types  which 

contained pSym.  
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Figure 1 4 .  Detec tion of pSym i n  transconjugant soil bacteria. (A) 

Genomic DNA d igested with the re strict ion enzyme EcoR I and  

separated by electrophoresis in  a 0 . 7% (w/v) of  agarose gel . Lanes 1 

to 8 ,  ( l eft to righ t) Lambd a  DNA c u t  wi th Hind I I I ,  D N A  from 

E s c h e r i c h i a  c o l i s t r a i n  P N 2 0 0  ( p P N 1 )  a n d  D N A s  fr o m  

tran sconj ugants of soi l bacteri a KJ 1 ,  KB, KJ44, KJ57 ,  KJ l 9  and 

KJ23 .  (B)  Autoradiogram of a b lot of the above gel probed with a 

590 bp nodA sequence. (C) Autoradiogram of a blot probed with a 

590 bp nodA sequence. Lanes 1 to 6 ,  ( left to right) Lambda DNA 

cut with Hind III ,  DNA from Escherichia coli strain PN200, blank, 

DNA from recipient non-nodula t ing  soi l bacterium KJ5 ,  DNA from 

tran sconj ugants of soil bac teri um KJ5 ,  DNA from recipient non

nodulating  soil bacteri um KJ 1 3  and DNA from transconjugants of 

soil bacterium KJ 1 3 . (D) Autoradiogram of a blot probed with a 590 

bp nodA sequence. Lanes 1 to 7, ( left to right)  Lambda DNA cut 

w i t h  Hind I I I ,  DNA from Escherichia coli strain PN200, b lank ,  

DNA from recipient  non-nod u l at ing  soi l  bacteri um KJ 26 ,  DNA 

from transconjugants of soil bacterium KJ26, DNA from rec ipient 

non-nodulating soil bacterium KJ27 and DNA from transconj ugants 

of s o i l  b ac ter i u m  KJ 2 7 .  A rro w he ad  i s  e x p l a i n e d  i n  t e x t .  
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Table 5 .  Soil i solates expressing pSym 

S oi l  typea 

Manawatu 

sandy loam 

Ramiha 

silt loam 

Tokomaru 

silt loam 

Kairanga 

silt loam 

Totals 

Transconjugant soil bacteriab 

Nodulate white clover 

1 9  

3 , 1 7 , 30 

5 , 23 , 26 

44, 57, 203 

1 3, 27 

1 2  

8 2  

Contain nodA gene 

19  

17 , 30 

5, 23 , 26 

44, 57, 203 

1 3 , 27 

1 1  

a :  S trai n  numbers l is ted s hou ld be pre-fixed by the letters KJ; b: Soil types are 

described in Table 1 .  NB. I left out KJ 1 because it did not nodulate or contain nodA so 

it was not one of the strains of interest. 
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Note that KJ3 nodulated but nodA was not detected and further nodulation tests were 

not carried out on this particular strain .  It was assumed that pPN 1 was u nstable i n  this 

background. However R68 .45 was detected ( section  3 .  3 .  2) .  These resul ts  show that 

bacteria which can accept and express  pPN I are present in  several soil types ,  including 

l eached, low P and low pH soi l  such as Ramiha si l t  loam. 

T h e  s o i l  i so l ates w h i c h  e x pre s sed  t h e  p S ym w er e  iden t i fied  b a sed  on rRNA 

fingerprint ing ,  1 6S rRNA sequences,  D NA-DNA h ybridization and total fatty  acid 

content. 

3. 7 Ribosomal hybridization RFLPs 

Total DNA EcoR I digests were transferred to membranes and these were hybridized 

with p lasmid pKK3535  (Figure 1 5) .  This p lasmid carries a 7 .S  Kb BamH I fragment 

containing the Escherichia coli rmB operon comprising 5S ,  1 6S and 23S rRNA genes 

c loned in plasmid pBR322 .  The representative h ybridization patterns are shown in 

Figure 1 6. 

Soi l  i solates KJ l 9, KJ23 ,  KBO and KJ44 in Figure 1 6A and KJ27 in Figure 1 6B have 

three bands with identical mobility. Strains KJ l 9, KJ23,  KBO and KJ44, had a fourth 

ban d  wi th identical mobil ity which was absent in KJ27 . However the fourth band was 

v ery faint  (arrow) in s trains KJ l 9  and KJ23 .  S trains KJ 1 9, KJ23,  KJ27, KJ30 and KJ44 

s ho w e d  a s i m i l ar p a ttern  to R hizobium leguminosarum biovar t r i fo l i i  s trai n s  

I CMP2 1 63 a n d  ATC C I 0004 . The se are s hown i n  Figure 1 6C. Th i s  s i mi lari ty o f  

p attern suggests that t h e  unknowns  mentioned are also Rhizobium leguminosarum 

biovar trifoli i ,  a resu l t  consistent with the sequence data to be presented. Soil i solate 

KJ57 i n  Fig 1 6B had a similar pattern to Rhizobium {ropici I IA strain CFN299 which is 

show n i n  Figure 1 6C and th i s grouping a lso agreed with the sequence data to be 

p resented. 

In terest ingly ,  the resu l ts  show that with in the one reference species of R hizobium 

leguminosarum biovar trifolii there are differences between strains .  If such variat ion is 

diagnost ic of such s tra ins  then r ibosomal RNA fingerprin ting might general l y  be 

applicable for distinguishing strains  with in  species.  The marked differences between 

some Rhizobium species also suggests its usefulness for identification purposes at this 

level .  However more s tudy is required to investigate the variabil ity of these patterns 

before the fingerprint method could be sufficiently useful  for the overall aims i n  the 

present study. Nevertheless the observations show that some of the unknown s are very 
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Figure 1 5 .  Plasmid pKK3535 used i n  ribosomal hybrid i zation . 
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Figure 16 .  Autoradiograph o f  total DNA Eco R I digest blot which 

was hybridized with plasmid pKK3535 contain ing the rRNA operon 

from Escherichia coli .  (A)  A u toradiogram of a b lo t  probed with 

pKK3535 .  Lanes 1 to 8 ,  ( lcft to righ t) Lambda DNA c u t  with Hind 

I I I ,  D N A s  from Es c h e r i c h i a  c o l i  s t r a i n  P N 2 0 0 ,  R h iz o b i u m  

legllmillosarwn biovar tri fol i i  s trai n IeMP2 1 63 ,  soi l i solates KJ 1 9, 

KJ44, KJ23 and KJ30.  (B )  A u torad iogram of a blot  probed with 
pKK3535 .  Lanes 1 to 8 ,  ( left to right)  Lambda DNA cut  with Hind 

I I I ,  D N A s  from Es cher i c h i a  c o l i  s t ra i n  P N 2 0 0 ,  R h iz o b iu m  

leguminosarum biovar trifoli i  strain  ICMP2 1 63 ,  so i l  i solates KJ27 ,  

KJ203 , NR42, KJ5 and KJ57 .  (e) Autoradiogram of a b lot  probed 

with pKK3535 .  Lanes I to 8 ,  ( left to right) Lambda DNA cut with 

Hind Ill , DNAs from R h izobium leg uminosarum biovar trifo l i i  

s train I CMP2 1 63 ,  R hizobium leg wninosarwn biovar trifolii s train 

A TCC 1 0004 , R h i zobi l lm l o t i  s t ra in  A TC C 3 3 66 9 ,  R hi z o b i llm 

melilo ti s train NZP20 1 1 ,  R hizobillm tropici I IA s tra in  CFN 299,  

R h izobillm Jredii s train U S DA20S and R hizobiwn leguminosarum 

biov ar trifol i i  strain A Tee 1 4480. Arrowhead i s  explained in text. 



A 

23 . 1  

9 .4 

6 . 6  

2 3  
2 .0 

B 

23 . 1  

9 .4 

6 .6  

'-, r� 
L . .J 

2 . 0  

'J "-

�- I� 

3 

_I i 
., -

-

4 

-

5 6 7 

-

- -

s 6 7 

• 



2 3 5 

c 

23 1 

9 .4 

6 .6  

I_· ... _ : . ..•.. ., 

2 . 3  ��_� . 
2 .0 ==.�-. 

-



8 7  

simil ar to R hizobium leguminosarum biovar trifoli i ,  whi lst others are very different. 

This suggests that a considerable heterogeneity exists in the soil bacteria which can 

express pSym .  To help resolve re lationsh ips  which remained ambiguous after the 

fingerprint  analysis 1 6S rDNA sequences were determined from the soil i solates. This 

also provided a means of te sting the relationships suggested from the fingerprint  s tudy. 

Recently many bacterial type strains  have been sequenced for their 1 6S rDNA. Thi s  

sequence data i s  now available from electronic data bases. S uch information was used 

to further characterize the soil i solates. 

3. 8 16S rRNA sequence data of soil bacteria expressing pSym 

3. 8.  1 Ampl ification of 1 6S rRNA 

A 260 bp variable region from the 1 6S rRNA gene was amplified and sequenced from 

each of the soil bacteria capable of expressing pSym. Figure 1 7  shows a representative 

electrophoretic gel of the total genomic DNA and PCR products from several of the 

soi l b ac teria .  The forward primer Y 1 c orre sponds to pos i t ions  20 to 43 in the 

Escherichia coli 1 6S rRN A sequence and the reverse primer corresponds to E.  coli 

pos i t ion s 3 6 1  to 3 3 8 .  Th e primers themselve s ,  are complementary to conserved 

sequences and have previously been shown to readily amplify the correct fragment 

from al l  a lpha Proteobacteria tested (Young et al . ,  199 1 ) . An amp l ified product of 

approximately 340 bp was observed on a 2% agarose gel (Figure 1 7 ) .  The negative 

control (lane 1 )  confirmed no contamination of the amplifi ed products . 

3. 8. 2 Known sequences used in  the al ignment of unknown 16S rDNA sequences 

The known sequences used i n  the al ignment of the 1 6S rDNA sequences and their 

accession numbers were from: Bradyrhizobium japonicum strain USDA3 1 ;  (GenBank 

M 5 5 4 8 7 ) ,  A zo r h i z o b i um c a u l inodans  s train O R S 5 7 1 ;  (GenBank  M 5 5 49 1 ) , 

R ho domicrobium vannielii ;  (GenB ank M 34 1 27 ) ,  Rhizobium lo ti s train N ZP22 1 3 ; 

( E M B L  X 6 7 2 29) , R h i z o b i um g a Zegae s tra i n HA M B I 5 40 ;  (EMB L X 6 7 2 2 6) , 

Agrobacteriwn vitis strain NCPPB3554; (EMBL X67225), Agrobacterium tumefaciens 

s tra in  D M S 30 l 50;  (GenB ank  M 1 1 223 ) ,  R hizobium e tli strain Or l 9 1 ;  (GenBank 

M55236),  Rhizobium meliloti strain NZP40 l 7 ; (GenBank M55495), Rhizobium fredii 

s train U S DA205; (GenBank M7 4 1 63) ,  Agrobacterium rhizogenes strain A TCC 1 5834, 

(EMBL X67:224), Rhizobium tropici rIA strain CFN299; (EMBL X67233) ,  Rhizobium 
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Figure 1 7 .  Total genomic DNAs and amplified fragments of the 1 6S 

rRNA of soil bacteria expressing pSym obtained by the polymerase 

chain reaction. Lane 1 is the 1 Kb ladder (G IBCO,  BRL),  lane 2 i s  

the negative control . Lanes 3 ,  5 ,  7 ,  9 ,  and 1 1  indicate total genomic 

D N A  o f  s o i l i so l a t e s  K J 1 9 , K J 2 3 ,  K J 2 6 ,  K J 2 7  a n d  K J 3 0  

respec ti v e l y .  Lan es  4 ,  6 ,  8 ,  1 0  and 1 2  i nd icate  the  amp l i fied  

sequences  o f  so i l  i so l a te s  KJ 1 9 , KJ 2 3 ,  KJ2 6 ,  KJ27 and KJ30  

respecti vel y .  
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leguminosarum biovar trifolii strain ATCC14480; (EMBL X67227). These sequences 

were obtained from the Genetic Sequence Data  B ank (GenBank) and European 

Molecular Biology Laboratory (EMBL) data libraries.  

3. 8. 3 Al ignment with unknown sequences of 16S rRNA 

The 1 6S rDNA sequences derived by direct sequencing of the amplified fragments 

from the 1 5  strains of Gram negative soil bacteria shown to express the pSym were 

aligned with the corresponding sequences from the data banks. Such an alignment was 

unambiguous as there were no deletions or insertions between any of the compared 

sequence s .  These 260 bp fragments  corresponded to position s 44 to 3 37 i n  the 

Escherichia coli 1 6S rDNA sequences. Thi s permits quantification of the differences 

based on Figure 1 8 . 

The alignment in Figure 1 8  shows that the sequences of soil isolates KJ 1 9, KJ23,  

KJ27 , KJ30, NR4 1 and KJ44 are similar to Rhizobium leguminosarum biovar trifolii 

strain ATC C 1 4480. Gram negative soil i solate KJ57 showed sequences simi lar to 

R hizobium tropici I I A  s train  CFN299, and NR42 showed sequences s imi l ar to 

Rhizobium meliloti strain NZP40 1 7  and RhizobiumJredii strain USDA205 . Soil i solate 

KJ203 showed sequences similar to Rhizobium etli strain 0r1 9 1  and the sequence of 

Rhizobium loti strain NZP22 1 3  showed sequences similar to that of soil isolates KJ 1 3  

and KJ5 . 

The sequences of soil isolates KJ 1 7  and KJ26 were s imilar to each other and are 

different to those of s train NR64, but were most c losely related to the sequence of 

Rhizobium etli strain 0r1 9 1  and showed similarities of 98% and 95% respectively. The 

sequences of s train OR 1 68 was most closely related to Rhizobium leguminosarum 

biovar trifolii strain ATCC 1 4480 with similarities of 98%.  

3. 9 Phylogenetic relationships 

A n  analysis  of phylogenetic relationships  between Gram negative soil i sol ates 

expressing pSym and bacterial strains belonging to rhizobia, agrobacteria, and other 

members of the alpha-subgroup of the Proteobacteria is shown in Figure 19 A-B.  The 

distance matrix shown in Table 6 was derived from the sequences given in Appendix 1 

and previously published sequences available from the Genbank and EMBL data 
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Figure 1 8 . A ligned sequences of part of the 1 6S rRNA gene from 

fifteen Gram negative soil bacteria which could express  pSym from 

R hizobium leguminosarum biovar trifoli i  and some related bacteria.  

S equences are a l igned to known sequence from the Genbank and 

EMBL Data Library. R.  legumin . ,  Rhizobiwn leglllninosarum biovar 

trifoli i  strain ATCC 1 4480 (EMBL accession number X67 227) ;  R .  

tropiei ,  R hizobium trop iei I IA  strain CFN 299 (EMBL accession 

n u mber X672 3 3 ) ; A .  rli izog e . , A g robaeteri llm rhizogenes strain 

ATCC 1 5 8 3 4  ( E M B L  access ion n u mber X 67 2 24 ) ;  R .  m elilo t . , 

R hizobium meliloti stra in  N ZP40 1 7  (GenB ank accession n umber 

M55495 ) ;  R .  fredii, Rhizobi lll?l fredii  stra in  U SDA205 (GenBank 

accession number M74 1 63 ) ;  R .  e tli , Rhizobium etli strain Or 1 9 1  

(GenB ank accession number M55236) ; Agro . wm. , Agrobaeterillm 

tum efa e i e ns s t ra i n  D M S 3 0 1 5 0 (G e n B a n k  a c c e s s i o n  n u m b er 

M l 1 22 3 ) ;  A .  vitis, Agrobaeterillm vitis strain NCPPB 3554 (EMBL 

accession number X67225 ) :  R.  gaZega ,  Rhizobium gaZegae strain 

HAMBI540 (EM BL accession number X67226); R. loti, Rhizobium 

loti strain NZP2 2 1 3  (EMBL acce ss ion n umber X67229) :  Rho.  

vanni . ,  Rhodomierobium vannie lii (GenB ank accession n umber 

M34 1 27 ) ;  Azo .  eauli . ,  A zorhizobiw?l eaulinodans strain ORS 5 7 1 

(GenBank accession number M5549 1 ) ; Bradyrhiz . ,  Bradyrhizobium 

japonieum strain USDA3 1 (GenBank accession number M55487) .  
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F i gu re 1 9 .  ( A )  U nroo ted  p h y l o g e n e t ic  t re e ,  o b ta i ned  b y  t h e  

N e i g hbour-Jo in ing  method from a d i s tance matrix of 1 6S rRNA 

sequences (with Jukes-Cantor corrections) ,  showing the relationship 

of s o i l  b ac ter i a  e xp res s i n g  p S y m ,  R hizobiurn , A groba cterium 

s p e c i e s  a n d  r e l a te d  t a x a  fro m t h e  a l p h a - 2  s u b gr o u p  of  t h e  

Proteobacteria . B ar = 0.05 evol ut ionary distance un i ts a s  calculated 

b y  t h e  J u k e s - Can tor meth od .  ( B )  U n rooted ( an d  u n w e i g h ted)  

maj ority ru le  con sensu s tree.  The tree was  con structed from 1 6S 

rDNA sequences us ing lukes -Cantor pairwise di stance es t i mates 

a n d  then Neigh bour-Joi n i n g .  The consensus  tree was that found 

from 1000 boots trap rep l ic ates .  The n u mber of times a p art icular 

grouping was obtained from the  bootstrap samples  i s  indicated by 

the  values on the internal edges of the tree. 
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Ta b l e  6 .  D i s t a n c e  ma t ri x  ( w i t h  J U Ke s -Ca n t o r  c o r re c t i o n s ) f o r  t h e 1 6 5  rONA sequences of r h i z o b i a ,  Gram n e g a t i v e  s o i l  b a c t e r i a  e x p r e s s i n g p5ym f r om Rh i z obi um l e gumino5drum b i o v a r t r i f o l i i  and o t h e r  membe r s  of t h e  a l p h a - 2  subgroup o f  

t he Proteoba c t e ri a  b a s ed o n a l ignment o f  2 6 4  nucletoides . 
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0 . 0 1 9 2  0 . 0 3 8 , 
0 . 0 3 8 9 0 . 0 5 5 C  
0 . 0 3 8 9 0 . 0 5 5 0  

0 . 0 0 0 0  0 . 0 3 4 9  
0 . 0 0 0 0 

0 . 1 2 3 2  
0 . 0 6 7 3  

0 . 0 6 7 3  
0 . 0 6 7 3  

0 . 0 5 5 0  

0 . 0 7 1 5  
0 . 0  B 4 1  
0 . 0 3 8 9  
0 . 0 3 8 9  
0 . 0 5 5 0  
0 . 0 5 5 0  
0 . 0 3 4 9  
0 . 0 0 0 0  
0 . 0 0 0 0  

. 1 2 3 2  0 . 1 1 0 0 
0 . 0 6 7 3  0 . 0 5 9 1  

0 . 0 6 7 3  0 . 0 5 9 1  
0 . 0 6 7 3  0 . 0 5 9 1  

0 . 0 5 5 0 . 0 6 3 2 
0 . 0 7 1 5  . 0 7 9 9  

0 . 0 8 4 1  . 0 9 2 6  
. 0 3 8 �  0 . 0 4 2 9  

0 . 0 3 8 9  0 . 0 4 2 9  
0 . 0 5 5 0  0 . 0 5 9 1  
0 . 0 5 5 0  0 . 0 5 9 1  
0 . 0 3 4 9  0 . 0 3 8 9  
0 . 0 0 0 0  0 . 0 1 1 5  
0 . 0 0 0 0  0 . 0 1 1 5  

0 . 1 1 1 4  
0 . 0 1 1 5  

0 . 0 1 1 5  

0 . 0 1 1 5  

0 . 0 1 5 7 

0 . 0 8 8 3  
0 . 1 0 1 2  
O .  G 5 5 0  
0 . 0 5 5 0  
0 . 0 7 5 7  
0 . 0 7 5 7  
0 . 0 4 2 9  
0 . 0 3 0 9  
0 . 0 3 0 9  

0 . 1 1 4  4 
0 . 0 7 1 5  

0 . 0 7 1 5  
0 . 0 7 1 5  

0 . 0 7 5 7  

0 . 0 8 8 3  
0 . 1 0 1 2  
0 . 0 5 5 0  

0 . 0 5 5 0  
0 . 0 7 5 7  
0 . 0 7 5 7 
0 . 0 4 2 9  

0 . 0 3 0 9  
0 . 0 3 0 9  

0 . 1 0 5 6  

0 . 0 7 9 9  

0 . 0 7 9 9  
0 . 0 7 9 9  

0 . 0 8 4 1  

0 . 1 0 1 2  
0 . 0 9 6 9  
0 . 0 3 4 9  

0 . 0 3 4 9  
0 . 0 6 3 2  
0 . 0 6 3 2  
0 . 0 4 6 9  

0 . 0 3 4 9  
0 . 0 3 4 9  

0 . 1 1 8 8  

0 . 0 6 3 2  

0 . 0 6 3 2 

0 . 0 6 3 2  

0 . 0 6 7 3  

0 . 0 8 4 1  
0 . 0 9 6 9  
0 . 0 4 2 9  

0 . 0 4 2 9  
0 . 0 7 1 5  
0 . 0 7 1 5  
0 . 0 3 8 9  
0 . 0 2 7 0  
0 . 0 2 7 0  

0 . 1 1 8 8  

0 . 0 6 3 2  

0 . 0 6 3 2  

0 . 0 6 3 2  

0 . 0 6 7 3  

0 . 0 8 4 1  
0 . 0 9 6 9  
0 . 0 4 2 9  

0 . 0 4 2 9  
0 . 0 7 1 5  
0 . 0 7 1 5  
0 . 0 3 8 9  

0 . 0 2 7 0  
0 . 0 2 7 0  

0 . 1 1 8 8  

0 . 0 6 3 2 

0 . 0 6 3 2  

0 . 0 6 3 2  

0 . 0 6 7 3  

0 . 0 8 4 1  
0 . 0 9 6 9  
0 . 0 4 2 9  

0 . 0 4 2 9  
0 . 0 7 1 5  
0 . 0 7 1 5  
0 . 0 3 8 9 

0 . 0 2 7 0  
0 . 0 2 7 0  

0 . 0 0 0 0  0 . 0 1 1 5  0 . 0 3 0 9  0 . 0 3 0 9  0 . 0 3 4 9  0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 7 0  
0 . 0 0 0 0  0 . 0 1 9 2 0 . 0 1 9 2  0 . 0 2 3 1  0 . 0 1 5 3  0 . 0 1 5 3  0 . 0 1 5 3  

0 . 0 0 0 0  0 . 0 0 0 0  0 . 0 3 4 9  0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 7 0  
0 . 0 0 0 0  0 . 0 3 4 9  0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 7 0  

0 . 0 0 0 0  0 . 0 2 3 1  0 . 0 2 3 1  0 . 0 2 3 1  
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 0 0  

0 . 1 1 8 8  

0 . 0 6 3 2  

0 . 0 6 3 2  
0 . 0 6 3 2  

0 . 0 6 1 3  

0 . 0 8 4 1  
0 . 0 9 6 9  
0 . 0 4 2 9  

0 . 0 4 2 9  
0 . 0 7 1 5  
0 . 0 7 1 5  
0 . 0 3 8 9  
0 . 0 2 7 0  
0 . 0 2 1 0  

0 . 1 1 8 8  0 . 1 1 8 8  

0 . 0 6 3 2  0 . 0 6 3 2  
0 . 0 6 3 2  0 . 0 6 3 2  

0 . 0 6 3 2  0 . 0 6 3 2  

0 . 0 6 7 3  0 . 0 6 7 3  

0 . 0 8 4 1  0 . 0 8 4 1  
0 . 0 9 6 9  0 . 0 9 6 9  
0 . 0 4 2 9  0 . 0 4 2 9  
0 . 0 4 2 9  0 . 0 4 2 9  
0 . 0 7 1 5  0 . 0 7 1 5  
0 . 0 7 1 5 0 . 0 7 1 5  
0 . 0 3 8 9  0 . 0 3 8 9  

0 . 0 2 7 0  0 . 0 2 7 0  
0 . 0 2 7 0  0 . 0 2 7 0  

0 . 1 1 8 1 

0 . 0 6 3 ;  
0 . 0 6 3 ;  

0 . 0 6 3 ;  

0 . 0 6 7 :  

0 . 0 8 4  
0 . 0 9 6 '  
0 . 0 4 2  
0 . 0 4 2  
0 . 0 7 1  
0 . 0 1 1  ' 
0 . 0 3 8 '  
0 . 0 2 7 1  
0 . 0 2 7 1  

0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 1 0  0 . 0 2 7 1  
0 . 0 1 5 3  0 . 0 1 5 3 0 . 0 1 5 3  0 . 0 1 5 : 

0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 7 1  
0 . 02 7 0  0 . 0 2 7 0  0 . 0 2 7 0  0 . 0 2 7  
0 . 0 2 3 1  0 . 0 2 3 1  0 . 0 2 3 1  0 . 0 2 3  
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 0  0 . 0000 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  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 1  
0 . 0 0 0 0  0 . 0 0 0 '  

0 . 0 0 0 '  

B r d dyrhi z ,  Bradyrhizobium ja ponicum s t r a. i n  USDP,3 1 ;  Axo c a u l i ,  Azorhi zobi um c a u l i nodans � t r a i n  OR5S7 1 ;  R h o  va n n i , Rh odomi crobi um van n i e l i i ;  F .  l o t i ,  Rhi zobium l o t i  s train NZP 2 2 1 3 ;  R .  g a l e g a ,  Rh i z obium g a l e g a e  .s t r a i n  HAMBI 5 4 0 ;  A .  

vi t i s ,  Aqroba c t eri um vi t i s  s t r a i n  NCPP B 3 5 5 4 ;  Agro t um, Aqroba c t eri um t umefaciens s: t r a i n  DH5 3 0 1 5 0 ;  R .  e t l i ,  Rhi zobium e t l i  s t r a i n  O r 1 9 1 ;  R .  mel i l o t ,  Rhizobium mel i l o t i  s t r a i n  N Z P 4 0 1 7 ;  R .  fredi i ,  Rh i z obi um fredii s t. ra i n  USDA2 0 5 :  A .  
rh i z oge, Agroba c t eri um rh i z ogenes s t r a i n  ATCC 1 5 8 3 4 ,  R .  t ropi ci , Rhizobium t ropici I I A  :3 t r a i n  CFN2 9 9 ;  R .  l egumi n ,  Rhizobium l e gumi n o s a rum b i o v a r  t r i fo li i  s t ra i n  ATCC 1 4 4 8 0 .  
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libraries. Figure 1 9A was constructed using the Jukes-Cantor pairwise distances shown 

in Table 6 and the Neighbour-Joining (NJ) method (Saitou and Nei, 1 987).  

To es timate the rel ative occurance of patterns in the data which supported the 

relationships shown in the reconstructed tree a bootstrap sampling analysis of 1000 

trees was carried out and is shown in Figure 1 9B .  

The 9 5 %  bootstrap value seen i n  the unrooted phylogenetic tree (Figure 1 9A ,  B)  

indicates strong support for grouping isolates with agrobacteria and rhizobia. 

Within the agrobacteria and rhizobia group soil isolates KJ5 and KJ 1 3  form a distinct 

subgroup with Agrobacterium tumejaciens strain DSM30 1 50, Agrobacterium vitis 

strain NCPPB3554, Rhizobium galegae strain HA MB I540 and Rhizobium loti strain 

NZP22 1 3  (98% bootstrap support; Fig 1 9B) .  The alignment (see section 3. 8. 3) ,  the 

NJ tree (Fig 1 9A) and bootstrap ( 19B) also indicate they are identical to R .  loti. 

B ootstrap values shown in Fig 1 9B indicate that the exact relationship between some 

rhizobia and agrobacteria species is not resolved w i th a great deal of certainty. 

However most soil isolates can be clearly identified as specific rhizobial species (see 

Fig 1 9A, B, section 3. 8 . 3) .  

3. 10 Genomic relatedness between type strains and soil bacteria expressing pSym 

The degree of genomic hybridization at 65°C was determined against type strains  for 

each of the soil isolates. The type strains used were Rhizobium leguminosarum biovar 

trifolii s trains  ICMP2 1 63 and ATC C 1 0004, Rhizobium tropici IIA strain CFN299, 

Rhizobium loti strain A TCC33669, Rhizobium meliloti strain NZP20 1 1 . The results are 

shown in  Table 7 .  Of the fifteen soil isolates examined five identifications could be 

made based on their DNA relatedness to known type strains.  

S oi l  i solates  KJ5 and KJ l 3  were 9 1  % and 90% similar to Rhizobium lpti s train 

ATCC33669 respectively which is in agreement with the sequence data. Soil isolates 

KJ 1 9, KJ23 , KJ27, KBO, NR41  and KJ44 were 9 1  % and 90% similar to Rhizobium 

leguminosarum biovar trifolii strains ICMP2 1 63 and ATCC l O004 respectively which 

is also in agreement with the sequence data. Soil isolates KJ 17, KJ26, NR64, OR 1 68 

and KJ203 showed 77% and 75% similarity with Rhizobium leguminosarum biovar 

trifolii strains ICMP2 1 63 and A TCC1 0004 respectively. This was in partial agreement 
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Table 7 .  D NA-DNA relatedness a t  65 °C between DNAs from soil bacteria w hich 

express pRtr5 1 4a and reference DNAs from Rhizobium leguminosarum biovar trifolii ,  

Rhizobium tropici, Rhizobium loti and Rhizobium meliloti. 

Unlabelled DNA' s  

Rhizobium 

leguminosarum 

biovar trifolii 

Reference l abelled DNA ' s  

Rhizobium 

tropici ITA 

Rhizobium Rhizobium 

loti meliloti 

ICMP2 1 63 ATCC 1 0004 CFN299 ATCC3 3669 NZP20 1 1  

Reference strains 

ICMP2 1 63 1 00 90 22 1 4  8 

ATCC 1 0004 93 100 26 1 5  9 

CFN299 22 24 100 1 8  3 1  

ATCC33669 1 4  1 5  1 9  100 25  

NZP20 1 1 8 9 3 1  25 1 00 

ATCC9737a 0 0 0 0 0 

Soil  isolates 

KJ5 1 6  1 4  1 8  9 1  2 5  

KJ l 3  1 5  1 6  1 7  90 24 

KJ l 7  76 75  25  1 8  1 0  

KJ 1 9  89 90 24 1 5  9 

KJ23 9 1  89 22 1 5  7 

KJ26 77 72 24 1 9  9 

KJ27 93 92 23 1 4  8 

KJ30 92 90 22 1 4  8 

KJ44 90 9 1  23 1 4  9 

KJ57 22 24 92 1 8  30 

KJ203 75 72  25  1 6  1 0  

NR4 1 90 89 24 1 4  1 0  

NR42 8 9 32 26 9 1  

NR64 78  77  26  1 5  1 1  

OR 1 68 79 80 23 1 5  9 

a : Escherichia coli . 
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with the sequence data and reflects a relatively c lose relationship between R .  etli and 

R .  leguminosarum and the unavailability of a R. etli reference strain .  S oil i solate KJ57 

was found to be 92% similar to Rhizobium tropici IIA s train CFN299 in agreement 

with the sequence data. Soil i solate NR42 was 9 1  % similar with Rhizobium meliloti 

strain NZP20 1 1  in agreement with the sequence data. 

3. 1 1  Identification of soil bacteria based on total fatty acids 

3. 11. 1 Fatty acids used in  the identifica tion 

Total fatty acid composition of known bacterial species is  shown in Table 8. The fatty 

acids  and related compounds were identifi ed by determining their equivalent  carbon 

chai n  length s  (ECL) and comparing these w i t h  known s tandards u sing  microbial 

ident ification system (M I S )  software .  The quanti ty of each fatty acid present was 

expressed as a percentage of the total named fatty acids present in concentrations of 

more than 0 .2%.  Mean fatty acid profi les were computed for each known species and a 

computerized l ibrary database was constructed using the major fatty acid components 

from each taxon as shown in Table 8 .  Table 8 also indicates minor fatty acids which 

were omitted from the l ibrary database. The major fatty acids used in the identification 

were 1 3 :0  I S03 OR 1 3 : 1  AT 1 2- 1 3 , 1 5 :0 20H, 1 5 :0 I SO 30H, 1 6 :0 ,  1 6 : 30H, 1 6 : 1 

w7C,  1 7 :0 ,  1 7 : 0  ISO, 1 7 :0 CYCLO, 1 8 : 0 , 1 8 : 1  20H, 1 9 : 0  CYCLO w8 C, 1 9 :0  1 0  

METHYL, 20:2 w6,  9C, 20 : 3  w6 ,  9 ,  1 2C, summed feature 3 and summed feature 7 .  In 

the table summed feature 3 corresponds to 1 2 :0 aldehyde (?) ,  1 6 : 1 I S O  1/1 4 :0  30H, 

1 4 :0  30H/ 1 6 : 1 ISO I fatty ac ids  and an u nknown compound  at an ECL value of 

1 0 . 9 2 8 .  S ummed feature 7 i s  composed of 1 8 : 1  w7 C i s/w9Trans/w I 2Trans ,  1 8 : 1 

w9Cis/w I 2Trans/w7Cis and 1 8 : 1  w I 2Trans/w9Trans/w7Cis fatty acids. 

3. 11 .  2 Identification of soil isolates 

The total fatty acid composition of each unknown soil i solate was determined and the 

fatty acid profile compared to the existing library data base for its identification.  Table 

9 indicates the total fat ty acid profi le  and the identification of each unknown soil 

i solate. Identification i s  based on the quantity of each fatty acid present as well as its 

presence or absence. 
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Table 8 .  Total fatty acid composi tion o f  known bacterial strains 

Feature Known bacterial s trains 

Rhizobium Rhizobium Rhizobium Rhizobium 
tropici leguminosarum loti meliloti 

Mean S D  Mean SD Mean S D  Mean S D  

1 0:0 
10 :0 30H 
1 1 :0 20H 
unknown 1 1 .5 4 1  0 .02 0 .07 *  -
unknown 1 4 .966 
1 2 :0 30H 0.40 0.40* -
1 3 :0  I S O  30H 1 . 39 0.4 1  -

1 3 : 1  A T  1 2- 1 3  0 .07 0. 1 5 *  -

14 :0  
1 5 :0 
1 5 :0 A NTEISO 0.03 0 . 19*  0 . 1 4  0 .58* -
1 5 :0  I S O  0.02 0 .09* 0.03 0. 1 5 * 0. 1 6  0 .29* -
1 5 :0 20H 0.9 1 0 .52 
1 5 :0 30H 0.06 0.23* 
1 5 :0 ISO 30H 3 .42 0.45 
1 5 :  1 w8 C  
1 6 :0 7 .73 1 .92 4.29 1 .36 1 6 .38 2 .2 1 4.94 1 . 1 4 
1 6 : 0 30H 3.90 0.24 1 .42 0.36 0.68 0 . 1 2  
1 6 :0  I S O  
1 6 : 1  w7 C  0 . 1 6  0 .22* 0.52 0 .36 0.45 0.57*  0.34 0 . 2 1 
1 7 : 0  0.02 0. 1 2 *  0.43 0.67* 0.59 0.65 0.54 0 .24 
1 7 :0 I S O  0.93 0 .26  9 . 1 1  2 .27 -

1 7 :0 I S O  30H 0.3 1  0 .22* -
1 7 :0 CYCLO 0 .68 0 .43 0 . 1 3  0.27 * 0 .82 0 .54 0.75 0.3 1 
1 7 :0 30H 0.0 1 0.07* 0.05 0. 1 0* 
1 7 : 1  w6C 0 .01  0.08* 
1 7 : 1 w7 C  
1 7 : 1 w8 C  0.05 0. 1 6* 0. 14  0.3 5 *  0.09 0. 1 4* 
1 8 :0  2 . 89 1 .22  8 .04 2 . 1 4  5 .0 1  1 .40 2 .70 0.72 
1 8 : 1 20H 0.83 0 .69 0.04 0.22* 0.50 0.7 1 * -
1 8 :  1 w9C 0. 1 3  0.29* 0.38 0.49* 0.09 0.07* 
1 9 :0  0 .0 1  0.05* 
19:0 CYCL�8C 49 .54 10 .05 1 4 .80 5.75 2 5 . 1 9  9 . 1 9 22 .56  8 .25  
1 9 :0 1 0  ME YL 0.07 0.2 1 * 1 .37 0 .5 1 0 .85  0.26 
20:0 0.08 0 .22* -
20: 1 w9T 0.0 1 0.05* 0. 19  0 .3 1 * -
20 :2  w6,  9C 0.40 0.2 1  0.06 0. 1 6* 0.02 0.07 * 
20 :3  w6 ,  9 ,  1 2C 1 . 86 0 .67 2.43 0 .61  2 .94 0. 33 
S UMMED FEATURE 1 a 
S UMMED FEATURE 2b 0.01 0.05* 
S UMMED FEATURE 3c 2 .35 0 .68 6.79 1 .05 6 .45 0.70 
S UMMED FEATURE 4d 0.09 0 .37* -
S UMMED FEATURE 7c 24. 85 1 1 . 1 3  59 .78 6.48 37 .56 7 .08 57 .0 1  8 . 27 
S U MMED FEATURE 9f 
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Feature Known bacterial strains 

Rhizobium Rhizobium R hizobium Rhizobium 
etli huakuii galagae jredii 

Mean S D  Mean SD Mean SD Mean S D  

10 :0 
1O :0 30H 
1 1 :0 20H 0.02 0. 1 0* -

unknown 1 l .54 1 
unknown 1 4.966 0.0 1 0.07 * -

1 2:0 30H 0.28 0.34* 
1 3 :0 ISO 30H 0.97 0.40 
1 3 : 1 AT 1 2 - 1 3  
1 4:0 
1 5 : 0  
1 5 :0 ANTEISO 0.08 0.05* 
1 5 : 0 ISO 0.01 0.05* 
1 5 :0 20H 0.72  0.59 
1 5 :0 30H 0.0 1 0.08* -

1 5 : 0 ISO 30H 
1 5 :  1 w8C 
1 6:0 2 .68 0.82 1 6.42 l .24 9A9 1 .7 8  5.52 1 .8 8  
1 6:0 30H 1 . 1 8  0.30 3 . 1 8  0.63 0.50 0 .38 
1 6:0 ISO 0.02 0. 1 2* 
1 6: 1 w7C 0.2 1 0.25* 0.59 0.55 0.54 0.34 0.79 0.77 
17 :0 0.28 0.46* 0.83 1 .5 1  OA4 OAO 0.66 0.47 
1 7 :0 ISO 6.0 1 1 . 34 
1 7 :0 ISO 30H 
1 7 :0 CYCLO 0.65 0.55 0. 1 5  0.24* 0.27 0.48* 
1 7 : 0 30H 0.09 0. 19* -

1 7 : 1  w6C 0.05 0.2 1 *  
1 7 : 1 w7C 
17 : 1 w8C 0.02 (l I O* 0.47 0 .88* 0.06 0. 1 5* 0. 10 0. 1 6* 
1 8 :0 9.02 1 .42 4.29 0.50 1 .29 0.52 4.72 1 .23 
1 8 : 1 20H 0. 1 3  0.33* 
1 8 :  1 w9C 
19 :0 

0. 1 1  0.30* - 0.00 0.02* 0. 1 1  0. 1 7 *  

1 9 : 0  CYCLO H'8C 10.70 6 .33 22.66 6 .64 3 1 .27 9 . 1 2  4.68 3 . 86 
19 :0 1 0  MET YL 0.01 0.06* 1 . 1 8  0.5 1  2.24 0.49 0.5 1  0.5 1 
20:0 0.03 0. 1 5* 
20: 1 w9T 0.09 0. 1 6* - 0. 1 0  0.24* 
20: 2 w6, 9C 0.03 0 . 1 4* 0. 1 2  0 . 1 7 * -

20: 3 �' 9 , 1 2C 1 .97 0.40 1 . 34 OA3 3 .34 1 .0 1 
SUM ED FEATURE 1 a 
SUM MED FEATURE 2b 
SUMMED FEATURE 3c 6.09 0.64 4. 8 8  0.46 7.96 2.63 
SUMMED FEATURE 4

d 
-

SUMMED FEATURE 7c 66.87 8 .07 45.4 1 7 .79 44.9 1 1 0.45 70.6 1 5 .53 
S UM MED FEATU RE 9f 
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Feature Known bacterial strains 

Agrobacterium Agrobacterium Agrobacterium 
-biovar 1 -biovar 2 -biovar 3 

Mean SD Mean SD Mean SD 

1 0:0  0.0 1  0 .04* 
1 O :0 30H 0.23 0.22* 
1 1 :0 20H 
unknown 1 1 .54 1 0.08 0 . 1 1 * 
unknown 1 4.966 
1 2 :0 30H 
1 3 :0 ISO 30H 
1 3 : 1 AT 1 2- 1 3  0 .50 0.2 1  0 .34 0. 1 7  
1 4:0  0. 1 1  0. 1 2 *  0.09 0 .2 1 * 
1 5 :0 0.29 0. 1 9 *  0.0 1 0.07* 
1 5 :0 ANTEISO 
1 5 :0 ISO 
1 5 :0 20H 
1 5 :0 30H 0.03 0.08* 
1 5 :0 ISO 30B 3 .08 1 . 8 3  
1 5 :  1 w8C 0.05 0. 1 1  * 0.02 0 .09* 0.06 0. 19* 
1 6 :0 9.07 1 .29 7 .39 2 .04 6.02 0.90 
1 6 :0 30B 4.79 l .22  4.8 1 1 . 1 5 2 .30 0.77 
1 6:0 ISO 
1 6 : 1 w7C 1 .63 0.40 2 . l 0  3 .29 5 . 1 9  1 . 1 6  
1 7 :0 0. 1 3  0. 14*  0.05 0. 1 0* 
1 7 :0 ISO 0.46 0.30 
1 7 :0 ISO 30B 0. 1 6  0 . 1 8* 
1 7 :0  CYCLO 1 .60 0.55 0.74 0 .39 
1 7 :0 30H 0. 1 8  0. 1 8 * 
1 7 : 1 w6C 
1 7 : 1  w7C 
1 7 : 1 w8C 0.22 0. 1 5* 0.02 0.08* 
1 8 :0 0. 1 7  0. 1 7 *  1 .73 0.92 1 .22  0.48 
1 8 : 1 20H l . 84 1 .20 1 .29 0.43 
1 8 :  1 w9C 
1 9 :0 
1 9 :0  CYCL�8C 1 8 .88  5 . 1 7  27 .78 1 5 .25  4. 1 4  2 .09 
1 9 :0 1 0  ME YL 1 .09 0.30 0.44 0 .77* 2 .04 0.67 
20:0 
20: 1 w9T 0 .03 0.08* 
20 :2 w6 ,  9C 0.0 1 0.04* 0. 10  0. 1 5 *  
20 :3  �' 9 ,  1 2C 0.33 0. 1 6  2 .01  1 .00 1 .68 0.38 
SUM ED FEATURE la 
S UMMED FEATURE 2b 0.03 0.08* 
SUMMED FEATURE 3c 8 . 1 9  1 .90 4 .61  2 .53  7 .96 2 .57 
SUMMED FEATURE 4 d 
SUMMED FEATURE 7e 52 .69 6.9 1 4 1 .85 1 5 .48 68 .09 4.98 
S UMMED FEATURE 9f 0.0 1 0.04* 0 .01  0 .06* 
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Feature Known bacterial s trains 

Rhizobium 
"hedysari" 

Mean SD Mean SD M ean SD 

10 :0 
1O :0 30R 
1 1 :0 20R 
unknown 1 1 .54 1 
unknown 1 4.966 
1 2 :0 30H 
1 3 :0 ISO 30R 
1 3 : 1  AT 1 2- 1 3  0. 1 5  0.20* 
1 4:0 0.0 1 0.04* 
1 5 :0 0.0 1 0.07* 
1 5 :0 ANTEISO 
1 5 :0 ISO 
1 5 :0 20R 0.08 0. 1 5* 
1 5 :0 30H 0. 1 9  0.22* 
1 5 :0 ISO 30H 
1 5 :  1 w8C 
1 6:0 4.90 1 .45 
1 6:0 30H 2.68 0.25 
1 6:0 ISO 
1 6: 1  w7C 1 .05 0.2 1 
1 7 :0 0.96 0.52 
1 7 :0 ISO 
1 7 :0 ISO 30H 
1 7 :0 CYCLO 0.53 0.33 
1 7 :0 30R 0.07 0. 1 2* 
1 7 : 1 w6C 
1 7 : 1 w7C 
1 7 :  1 w8C 0.24 0.22* 
1 8 :0 5.50 1 .53 
1 8 : 1 20H 
1 8 :  1 w9C 
19 :0 

0.05 0.08* 

1 9 :0 CYCLO H'8C 19 .96 7 .94 
19 :0 1 0  MET YL 0.22 0. 17* 
20:0 
20: 1 w9T 
20: 2  w6, 9C 0.04 0. 1 2* 
20: 3  �' 9, 1 2C 0.86 0.08 
SUM ED FEATURE la 
SUMMED FEATURE 2b 
SUMMED FEATURE 3c 6.48 0.65 
SUMMED FEATURE 4d 
SUMMED FEATURE 7e 56.00 7 .95 
SUMMED FEATURE 9

f 

gr., group; a, not known ; b, 1 5 : 1  ISO H / 1 3 :0 30H, 1 5 : 1 ISO lI l 3 : 0  30H , 1 3 :0 30H/1 5 : 1  i I/H; c , 1 2 : 0  
ALDE ? ,  unknown 1 0 .928, 1 6 : 1 I S O  1/ 1 4 : 0  320H , 1 4 : 0  3 0 H/ 1 6: 1 I S O  I ;  d , not known ;  e ,  1 8 :  1 
w 7 C/w9 T/w 1 2T,  1 8 : 1  w I 2T/w9T/w 7C, 1 8 : 1  w9C/w 1 2T/w 7 C ;  f, not known ;  * ,  not used in the 
identification . 



1 0 1  

Table 9 .  Total fatty acid composition of unknown bacterial strains 

Name U nknown soil i solates 

KJ44 KBO KJ27 
expressed as percentage (%) 

9 :0  1 . 8 8  
10 :0  
10 :0 30B 
1 1 :0 20H 
unknown 1 1 .54 1 
unknown 1 4.966 
1 2 :0 30H 
1 3 :0 ISO 30H 
1 3 : 1  AT 1 2- 1 3  
1 4 :0 
1 5 :0  
1 5 :0  A NTEISO 
1 5 :0  ISO 
1 5 :0 20H 0.63 0 .56 
1 5 :0 30H 
1 5 :0  ISO 30H 
1 5 : 1  w8C 
1 6 :0  3 .62 3 .56  9 .56  
1 6 :0 30H 1 . 1 0  0.93 3 .87  
1 6 :0  ISO 
1 6 : 1  w7C 0.63 0.69 
1 7 :0  0.4 1 0.50 
1 7 :0 ISO 
1 7 :0 ISO 30H 
1 7 :0  CYCLO 0.37 
1 7 : 0 30H 
1 7 : 1 w6C 
1 7 : 1 w7C 
1 7 : 1 w8C 

5 .93 5 .72 5 .03 1 8 : 0  
1 8 : 1 20H 2 .28  
1 8 :  1 w9C 0.52 0 .58 
19 :0  
1 9 :0  CYCL�8C 1 6.57 1 5 .30 7 . 82  
1 9 :0 1 0  ME YL 0.5 1 
20:0 
20: 1 w9T 
20:2 w6, 9C 

2 .53 20: 3  w6, 9 ,  1 2C 2.03 2 .27 
S UMMED FEATURE l a  
S UMMED FEATURE 2b 

S UMMED FEATURE 3c 8 .03 7 .62 6 .72  
S UMMED FEATURE 4d 

SUMMED FEATURE 7c 59. 1 6  62.50 60. 58  
S UMMED FEATURE 9f 

Identified as Rhizohium Rhizohium Agrohacterium 
leguminosarum leguminosarum biovar 2 
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Name Unknown soil isolates 

KJ l7 KJ26 KJ203 
expressed as percentage (%) 

9 :0 
10 :0 
1 O:0 30H 
1 1 :0 20H 
u nknown 1 1 . 541 
unknown 1 4.966 
1 2:0 30H 
1 3 :0 ISO 30H 
1 3 : 1  AT 1 2- 1 3  0.34 0.29 
1 4:0 
1 5 :0 
1 5 :0 ANTEISO 
1 5 :0 ISO 
1 5 :0 20H 0.67 
1 5 :0 30H 
1 5 :0 ISO 30H 
1 5 :  1 wSC 
1 6:0 4.95 4.93 3 .78 
1 6:0 30H 2 . 33 2.44 0 .S8 
1 6 :0 ISO 
1 6: 1  w7C 1 .5 8 1 .59 0.62 
1 7 :0 0.32 0.35 0.53 
1 7 :0 ISO 
1 7 :0 ISO 30H 
17 :0 CYCLO 0.70 0.70 
1 7 :0 30H 
1 7 : 1  w6C 
1 7 : 1  w7C 

0.20 1 7 : 1  w8C 0.2 1  
1 8 :0 3 .74 3 .40 6.97 
I S : 1 20H 
1 8 : 1  w9C 0.62 
19 :0 
19 :0 CYCLO wSC 1 6 .72 1 8 .73 17 . 6 1 
1 9 :0 1 0  METHYL 0.38 0.4 1 
20:0 
20 : 1  w9T 
20 :2 w6, 9C 
20:3 w6, 9, 1 2C 0.97 1 .05 2.03 
SUMMED FEATURE 1 a 
SUMMED FEATURE 2b 
SUMMED FEATURE 3c 6.65 6.70 7 .64 
SUMMED FEATURE 4d 
SUMMED FEATURE 7c 6 1 . 10 59. 1 9  5 8 .66 
SUMMED FEATURE 9f 
Identified as  Rhizobium Rhizobium Rhizobium 

"hedysari" "hedysari" leguminosarum 
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Name U nknown soil i solates 

KJ 19 KJ23 OR 1 68 
expressed as percentage (%) 

9 :0 
1 0:0 
1 0:0 30H 
1 1 :0 20H 
unknown 1 1 .541 
unknown 14 .966 
1 2:0 30H 
1 3 :0 ISO 30H 
1 3 : 1  AT 1 2- 1 3  
1 4:0 
1 5 :0 
1 5 :0 ANTEISO 
1 5 :0 ISO 
1 5 :0 20H 0.59 0.60 
1 5 :0 30H 
1 5 :0 ISO 30H 
1 5 : 1 w8C 
1 6:0 7.4 1 3 .45 3.76 
1 6:0 30H 4. 1 3  0.95 1 .00 
1 6:0 ISO 
1 6: 1  w7C 0.62 0.57 
1 7 :0 0.39 
1 7 :0 ISO 
1 7 :0 ISO 30H 
1 7 :0 CYCLO 0.38 
1 7 :0 30H 
1 7 : 1 w6C 
1 7 : 1  w7C 
1 7 : 1  w8C 
1 8 :0 2 .84 5 .45 7.00 
1 8 : 1 20H 1 .70 
1 8 : 1  w9C 0.47 0.58 
1 9 :0 
19 :0 CYCLO w8C 1 3 .04 1 4. 84 1 8 .09 
1 9:0 10 METHYL 0.48 
20:0 
20: 1 w9T 
20:2 w6, 9C 0.23 
20:3 �' 9, 1 2C 2.05 2.03 2.38 
SUM ED FEATURE l a 
SUMMED FEATURE 2b 
SUMMED FEATURE 3c 6.72 7 .48 7.39 
SUMMED FEATURE 4d 
SUMMED FEATURE 7e 62. 10 64. l 2  57 . 1 5  
SUMMED FEATURE 9

f 
Identified as Agrobacterium Rhizobium Rhizobium 

biovar 2 leguminosarum leg uminosarum 
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Name Unknown soil isolates 

KJ5 KJ 1 3  NR40 
expressed as percentage (%) 

9 :0 
1 0:0 
1 0:0 30H 
1 1 : 0 20H 
unknown 1 1 .54 1 
unknown 1 4.966 
1 2 :0 30H 1 .24 
1 3 :0 ISO 30H 1 . 1 2  
1 3 : 1  AT 1 2- 1 3  0 .50 0.58 
1 4:0 0. 1 9  0. 19 
1 5 :0 0.5 1 0.47 
1 5 :0 ANTEISO 
1 5 :0 ISO 
1 5 :0 20H 
1 5 :0 30H 
1 5 :0 ISO 30H 
1 5 :  1 w8C 
1 6:0 8 .57 8 .53 1 8 .9 1 
1 6 :0 30H 3 .42 3 .38 
1 6 :0 ISO 
16 : 1 w7C 1 .92 2 .07 1 .72 
17 :0 0.40 0.38 
1 7 :0 ISO 4 .8 1 
1 7 :0 ISO 30H 
17 : 0  CYCLO 2 .43 2.36 0.9 1 
1 7 :0 30H 0.26 0.26 
1 7 : 1 w6C 
1 7 : 1  w7C 
1 7 : 1  w8C 0.42 0.4 1 
1 8 :0 0 .28 0.27 5 .9 1  
1 8 : 1 20H 0.94 
1 8 :  1 w9C 
1 9 :0 

0 . 78 

19 :0 CYCL%r8C 1 5 .4 1 1 4.37 1 5 .47 
1 9:0 10 ME YL 0.85 0.88 1 .62 
20:0 
20 : 1  w9T 
20: 2  w6, 9C 
20: 3  �' 9 , 1 2C 0.25 0.24 
SUM ED FEATURE 1a 
SUMMED FEATURE 2b 
SUMMED FEATURE 3c 6.29 6.44 
SUMMED FEATURE 4d 
SUMMED FEATURE 7e 58 .28 59. 1 8  46.56 
SUMMED FEATURE 9f 
Identified as Ag robacterium Ag robacte rium Rhizobium 

biovar 1 biovar 1 loti 
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Name U n known soil i solates 

KJ57 NR42 NR64 
expressed as percentage (%) 

9 :0 
1 0:0 
1 O:0 30H 
1 1 :0 20H 
unknown 1 1 .54 1 0 . 1 8  
unknown 1 4.966(503) 0.42 
1 2:0 30H 
1 3 :0 ISO 30H 
1 3 : 1  AT 1 2- 1 3  0 .38 1 .82 
1 4:0 
1 5 :0 
1 5:0 ANTEISO 
1 5 :0 ISO 
1 5 :0 20H 
1 5 :0 30H 
1 5 :0 ISO 30H 3 . 63 
1 5 : 1 w8C 
1 6:0 5 . 1 2  5.7 1 3 .00 
1 6:0 30H 4. 10 3.09 1 .25 
1 6 :0 ISO 
1 6: 1  w7C 0.27 1 .03 0.49 
1 7 :0 0.47 0.53 
1 7 :0 ISO 0.70 
1 7 :0 ISO 30H 0.43 
1 7 :0 CYCLO 0.34 1 .23 
1 7 :0 30H 
1 7 : 1  w6C 
1 7 : 1 w7C 
1 7 : 1  w8C 
1 8 :0 1 .7 1  3 .59 1 0. 1 1  
1 8 : 1 20H 0.6 1 
1 8 : 1  w9C 
1 9:0 
19 :0 CYCL�8C 42.57 36.69 1 3 .04 
1 9 :0 1 0  ME YL 0.42 
20:0 
20: 1 w9T 0.53 
20:2 w6, 9C 0.38 0.36 
20:3 �' 9 ,  1 2C 1 . 32 1 .46 
SUM ED FEATURE I J  
SUMMED FEATURE 2b 
SUMMED FEATURE 3c 1 . 87 7.22 6.99 
SUMMED FEATURE 4

d 
SUMMED FEATURE 7c 36.39 38.74 6 1 .2 1  
S UMMED FEATURE 9

f 
Identified as Rhizobium Rhizobium Rhizobium 

tropici meliloti leg uminosarum 

a, not known; b, 1 5 : 1  IS O H/l 3 : 0  30H, 1 5 : 1  ISO I/ 1 3 : 0  30H, 1 3 :0 30H/1 5 : 1  i I/H ; C ,  1 2:0 ALOE ? ,  
unknown 1 0.928, 1 6 : 1 I S O  I/1 4 : 0  30H, 1 4:0 3 0 H/ 1 6: 1 I S O  I ;  d,  not known; c ,  1 8 : 1 7C/ 9T/ 1 2T, w w w 
1 8 : 1  w I2T/w9T/w7C ,  1 8 : 1  w9C/w I2T/w7C; f, not known. 
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S oi l  isolate KJ57 was identified a s  R hizobium trop ici based o n  i ts content o f  the 

following fatty acids : 1 5 :0 ISO 30H, 1 6 :0, 1 6 :0 30H, 17:0 ISO, 1 7 :0 CYCLO, 1 8 :0, 
1 8 :  1 20H, 1 9 :0 CYCLO w8C, 20: 2  w6, 9C, 20 : 3  w6, 9 , 1 2C, summed feature 3 and 

summed feature 7 , with a similari ty index of 0.773 . 

NR42 was i dentified  as  Rhizobium meliloti based on their content of the following 

fatty acids :  1 6:0, 1 6:0 30H, 1 6: 1  w7C ,  1 7 :0, 1 7 :0 CYCLO, 1 8 :0 , 19:0 CYCLO w8C, 
19 :0 10 METHYL, 20:3 w6, 9 , 1 2C ,  summed feature 3 and summed feature 7 ,  with a 

similarity index of 0.447. 

S o i l  i so la t e s  KJ23 ,  KJ30 , KJ44 , N R64 , OR 1 68 a n d  KJ203 w ere iden t ified  as 

R hizobium leguminosarum based on their content of following fatty acids :  1 5 :0 20H, 
1 6 :0, 1 6 :0 3 0H ,  1 6 : 1  w7C, 1 8 :0, 1 9 : 0  CYCLO w8C, summed feature 3 and summed 

feature 7 ,  with a simi lari ty i ndice s  of 0 .864, 0 .879 , 0 .845 , 0 . 5 82 ,  0.90 1 and 0.906 
respecti vel y .  

Soil isolates K J 5  and KJ l 3  were identified as  Agrobacterium biovar 1 (Agrobacterium 

radiobacter) based on the following fa tty acids :  1 3 : 1 AT 1 2- 1 3 ,  1 5 :0 ISO 30H, 1 6 :0, 

1 6 :0 30H, 1 6 : 1 w7C, 1 7 :0 CYCLO, 1 9 :0 CYCLO w8C, 1 9 :0 1 0  METHYL, 20:3 w6, 9, 
1 2C, summed feature 3 and summed fe ature 7 ,  with a similarity indices of 0.852 and 

0 .843 respectively. 

S o i l  i so l a te KJ 1 9  was  iden t i fi e d  as A g robacterium b iovar  2 (A g robacte rium 

rhizogenes) based on its content of the following fatty acids :  1 3 :  1 AT 1 2- 1 3 , 1 6 :0, 1 6: 0  

30H, 1 6 : 1  w7C, 17 :0 ISO, 1 7 :0 CYCLO, 1 8 :0, 1 8 : 1 20H, 19 :0 CYCLO w8C, 20:3 w6, 
9, 1 2C, summed feature 3 and summed feature 7, with a s imilarity index of 0.488 .  It 
also showed a match to Rhizobium etli, with a similarity index of 0.469. 

Soi l  isolate KJ27 was identified as Agrobacterium rhizogenes based on its contents of 

the following fatty acids: 1 6 :0 3 0H, 1 6 : 0  ISO, 1 8 : 1  20H, 1 8 : 1w9C, 1 9 :0 CYCLOw8C, 
summed feature 3 and summed feature 7 ,  but  a poor match to the data base, with a 

simi larity index of 0.234. 

Soil  isolate s  KJ 1 7  and KJ26 were iden tified as Rhizobium "hedysari " based on their 

content of the following fatty acid s :  1 6 : 1  w7c , 1 6 :0 , 1 7 :0 CYCLO, 1 7 :0 , 1 6 :0 30H, 

1 8 :0, 1 9 :0 CYCLO w8C, 20 :3 w6, 9, 1 2C, summed feature 3 and summed feature 7 

with s imilarity indices of 0.835 and 0.8 1 8  respectively. 
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N R40 was identifi ed  as Rhizobium loti based o n  its content o f  the following fatty 

acids :  1 3 : 0  ISO 30H, 1 6:0 ,  1 7 :0 ,  1 7 :0 ISO, 1 7 :0 CYCLO, 1 8 :0 ,  1 9 :0  CYCLO w8C, 
1 9 : 0  1 0  METHYL and summed feature 7,  with a similari ty index of 0.450. 

3. 1 1 . 3 The 2-D plots of  principal component analysis 

The 2 -D  plot shown i n  F igure 2 0  u ses  principal component a nalysis of fatty acid 

methyl  e sters (FAME) to  grou p  e n tr ies in  a two d imens ional space .  The  !-ax i s  

represents principal component 1 ,  and the  y-axis represents principal component 2 .  

(These may be changed to  p lot 1 vs ,  3 ,  or 2 vs .  3 t o  gain addi tional perspective). Such 

a p lot i s  u sefu l  for examining the rela tionships between taxa,  and in  particular for 

d i stantly related organi sms. Large numbers of taxa can be analyzed, and the resulting 

plot (s) u sed to define relatedness .  The approach can be particularly helpful  even when 

i solates match species currently unnamed by MIS .  

F igure 20 shows a 2-D plot of soi l  i solates and previously characterized species. The 

p lot shows two main c lusters . C luster one cons i sts  of strai n s  KJ26, KJ 1 7 ,  OR 1 68 ,  

KJ44, N64, KJ203 , KBO and KJ2 3 .  Cluster one are all rhizobia .  Cluster two consi sts 

of s trains  KJ27 , KB , KJ l 3  and KJ 1 9 .  Cluster two also indicates affini ties to rhizobia 

but does not resolve between species of agrobacteria and rhizobia. 

S oi l  i solate KJ57 shows a 2D p lot value very d i st inct from the other soil i solates. 

However it also corresponds well to rhizobia! species R. tropicf. 
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Figure 20. 2 - D  plot of Principal Components 1 and 2 derived from 

fatty acid analysis ,  showing the location of known species profi les 

a n d  t he i r  re l a t i on sh i p  to t he  u n k n o w n  s oi l  i so l a t e s .  R. l o t i : 

R h izobium loti ; R .  hua . :  R hizobium Ill lakuii ;  R .  g iar. : Rhizobium 

g ia rdin i ;  R .  tro . :  R h izobium trop iei;  A g .  rh . ; 2 :  A g robaeterium 

r h i z o g e nes (group 2 ) ;  R .  g a l . : R h iz o b i u m  g a le g a e ;  A g .  ra . ; l :  

Agrobaeteriwn radiobacrer (group 1 ); A g .  vi . ; 3 :  A g robacterium vitis 

(group 3) ;  R . fre. :  Rhizohillln Jredii; R .  heeL Rhizohium "hedysari" ;  

R .  leg . :  Rhizobium leguminosarwn; R .  mel . :  R hizohium meliloti ,  R .  

etli: R hizobium etli. 
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4. DISCUSSION 

4 .  1 Isolation of Gram negative soi l bacteria 

In  this study a collection of soil bacteria were i solated and purified from four different 

soil types n amely Ramiha  silt loam, Tokomaru silt loam, Kairanga silt loam (under 

wh i te c lover-ryegrass pastures) and  M a n aw atu sandy loam (under fallow l and with 

shrubs  of Lupinus sp.) . The soil bacteria w hich showed v arying colony morphology, 

n umbered about 200 were checked for their abil i ty to nodulate white clover (Trifolium 

repens) cu l tivar Grasslands Huia .  On ly  four s trains nodul ated. The rem aining 1 96 

strains  did not nodulate. The medium used i n  our study was not selective  for rhizobia. 

The experimental des ign of the project  w as i n tended to allow detection of any soil 

b ac ter ia  ( no t  on ly  rh izo b i a) wh i ch  c o u l d  accept  and  expres s p S y m  fol low i n g  

c o nj u g a t i o n  w i t h  E s c h e r i c h i a  c o li s t r a i n  P N 2 0 0  con t a i n i n g  p l a s m i d  pPN l 

(pRtr5 1 4a :  : R68 .45) .  

The present  work differed from earl ier studies where the object was to i solate non

symbiotic Rhizobium strain s  from soi l .  I n  these, Sober6n-Chavez and Najera, ( 1 989) 

and Jarvi s  et ai . .. ( 1 989) i solated strains from soil that were chromosomal ly similar to 

R. leguminosarwn. Laguerre et al. , ( 1 993a) isolated from soil both symbiotic and non

symbiotic Rhizobium Ieglilninosarum. I n  an earlier study non -symbiotic strain s  were 

also isolated from the rhizosphere of bean plants (Segovia  et al. ,  1 99 1 ) . These authors 

specifical ly  wen t looking for non-nodulating  rhizobia whereas in the present  study we 

screened for any Gram negative soil bacteria unable to nodulate white clover. 

The existence of self-transmissible plasmids coding  for symbiotic functions in strains 

of R hizobium ieg Llminosarum is a lso well k nown and established (Djordjevic et al. , 

1 98 3 ;  Hooykaas et al . ,  1 98 1 ;  Johnston et  a l . ,  1978 ;  Lamb et al . ,  198 2) and there is 

i ndirect ev idence for plasmid transfer be tween s tra ins  of R. Ieguminosarum in soil 

(Schofield et al. , 1 9 87) .  Conjugative plasmids l ike RP4 and its derivative R68 .45 are 

readily transmitted between bacterial strains  i n  n atural environments such as soil and 

water (Sayre and Mi l ler, 1 99 1 ) . Plasmids confe rring  differen t  plant  specificities can 

occur in rhizobia of the same electrophoretic type (Young,  1 9 85 ) .  When Rhizobium 

Ieguminosarum biovar trifol i i  i solates from a field population were characterized with 

DNA probes, the same symbiotic plasmids were found i n  related strains  (Schofield et 

a I . ,  1 9 8 7 ) .  Y o u n g  a n d  W e x ler ,  ( 1 9 8 8 )  e x am i n ed two  fie ld  popu la t ions  of R .  

leguminosarum b iovar v iceae and found that  a l though the distribution o f  symbiotic 
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p la smids across chromosomal backgrounds was far from random, indistinguishable 

p l asmids cou ld be  found in geneti ca l l y  u nre lated bacteria .  Each of these authors 

concluded that genetic e xchange occurs between rhizobia i n  soi l .  Transfer  of the 

symbiotic p lasmid pJBSJI between strains of R hizobium at frequencies of upto 1 0-4 per 

rec ipient  i n  s ter i le  and non- ster i le  soil  has  also been observed (Kinkle and S chmit, 

1 99 1 ) .  

Interspecies transfer of  symbiotic p lasmids has  been reponed from R.  Zeguminosarum 

b i o v ar t r ifo l i i  ( pR trSa)  (Hooykaas  e t  aZ . , 1 98 1 )  and fro m  R hizobium meliloti 

(pRMe4 1 6) (Kondorosi et al. ,  1 982) to Agrobacterium tumefaciens. These species are 

as closely related as are some rhizobi a  (Jarvis et ai. , 1 986), and there is evidence for a 

c lose  ancestral relationship between the plasmids of Rhizobium and Agrobacterium 

species based on plasmid incompatibi l ity studies (O' Connell et al . ,  1 987)  as wel l a s  on 

phylogenetic analyses of the fami ly Rhizobiaceae and related bacteria by sequencing 

of 1 6S rRNA genes  (Wi l lems  and Col l i n s ,  1 99 3 ;  Y anagi  and Yamasato , 1 993 ) .  

N ev erthe les s  desp i te t h i s  c lo se rel atednes s ,  nodu l e s  forme d  by  A g robacte r ium 

transconjugants have been found to be ineffective (Kondorosi et al. , 1 982) .  

Conj ugative transfer of symbiotic plasmids to bacteria not  normal ly associated with 

root nodules has been reported for Agrobacteriwn tumefaciens (Hooykaas et al. , 1 98 1 ;  

Kondorosi et af . ,  1982) ,  Enterobac ter agglomerans (Dohler and Kl ingmuller, 1988 ) ,  

Pseudomonas aeruginosa and a Lignobacter sp .  (Plasin ski and Rolfe, 1 985)  and soil 

bacteria (Jarvi s  et  al. , 1 989) .  These and s imi lar observations have s t imulated the 

presen t  s tudy to a s se s s  the d i vers i ty of G ram nega t ive  so i l  bacter ia  capab le  of 

expressing a pSym plasmid pRtrS 1 4a. 

4. 2 Transfer of pPN l 

In  th is  study, transfer of pPN 1 (pSym : : R68 .4S) to soil bacteria was demon strated by (i) 
growth on an t i b iot ic  med ia ,  ( i i )  p l an t  te s t  ( V i ncen t ,  1 970 ) ,  ( i i i )  Eckhardt ge l s  

(Eckhardt, 1 978 ) ,  (iv) the presence of bacteroids i n  nodu les (Pankhurst e t  al. , 1 979) 

and ( v )  by probing transconj ugan t soi l bac teria i solated from the nodules with a 

radioactive nodA gene sequence. 

4. 2.  1 Bacteria from several soi l types can express pRtrS 1 4a 

In  earlier work, Segovia et al. , ( 1 99 1 )  investigated the soi l  population of symbiotic and 

non- symbiotic rhizobia isolated from the root region of six week old nodulated p lants 

h arves ted  from a field i n  Tepozt l an , More lo s ,  M ex i c o . They reported th a t  the  
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symbiotic i solates were found at a relative frequency of 1 symbiotic i solate to 40 non

symbiotic R. leguminosarum strains. In  a different  study of bacteria in  other soil types, 

J a rv i s  et a l . ,  ( 1 9 89 )  fou n d  that rh izobial  transconju gants which formed nodules 

occurred in  6 of 1 8  (33%) strains whose DNA hybridized with that of strain PN1 65 

and i n  1 of  9 ( 1 1 %)  strains contain ing DNA which d id not  hybridize with that of  

PN 1 65 .  These soil isolates had been collected from ryegrass-white clover permanen t  

pas tures on river flats cons is t ing of  recent alluvial soil and two neighboring  terrace 

soil s  which consisted of yellow-grey earths derived from loess and alluvial material . 

I n  this  study a total of 1 2  soi l i solates from 100 conjugations ( 1 2%) formed nodules on 

w hite clover. Approximately  50% of the soil isolates which expressed pRtr5 1 4a (KJ5, 

KJ23 ,  KJ26, KJ44, KJ57 and KJ203) were isolated from Tokomaru silt loam (a  weakly 

leached, moderate to strong gleyed yellow-grey earth derived from loess). 25% (KJ3 ,  

KJ l 7  and KJ30) of the soil isolates were i solated from Ramiha silt loam (a  soil derived 

from loess ,  solifl uction mater ia l ,  and slope deposi ts ) ,  1 7 %  ( KJ l 3  and KJ27 ) from 

K ai ranga  s i l t  loam (a  s o i l  d e r i v e d  from a l l u v i u m  a n d  w e a k l y  l eached s lowly 

accumu lating gley recent soi l )  and 8% (KJ l 9) from M a nawatu sandy loam (derived 

from al luvium and weakly leached slowly accumulating recent soils) .  

A lthough Tokomaru s i l t  loam shows the l argest p ercen tage of soil i solates, 40 

isolates were tested from th i s soil type .  From the remain ing soil types only 20 isolates 

were tested for each type. These sample s izes are smal l  and hence a more accurate 

e s timate for the extent of the microbial diversi ty needs further study . However the 

resul ts  do show that different soil type s harbour non-nodu latin g  soil bacteria, including 

leached, low P and low pH soil such as R amiha silt loam. The purpose of this study, 

however, w as to investigate the types of bacteria involved. 

4. 2. 2 The frequency of symbiotic plasmid  t ransfer 

Rao et al. ,  ( 1 994) showed five R .  leg uminosarltm biovar trifolii strains i ncluding the 

type  stra i n  A TCC } 0004 a n d  t h ree  New Zeal a n d  i nocu lan t  s trains  ( I CMP2 1 63 ,  

ICMP2668 and ICMP2666), could transfer their symbiotic p lasmids to a pSym-cured 

R .  leguminosarum biovar tri folii strain PN 1 6S at frequencies of 1 in 1 0-3 to 1 in 1 0-5 

and nodules were formed on white clover by transconj ugant bacteria and not the donor 

bacteria resistant to the antibiotics  used . 

Further the exis tence in  soi l of rhizobia which lack  a symbioti c  p lasmi d  has  been 

inferred by Young ( 1985)  in relation to R ,  leguminosarum and demonstrated for biovar 

phaseoli by Soberon-Chavez and Najera ( 1 989) and by Segovia et  al. , ( 1 99 1 ) . 
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Ronson and Scott, ( 1 983 )  transferred plasmid pPN l to a variety of different bacterial 

s train s  at fre quenc i e s  as h igh  as 1 0-3 to 1 0-4 . J arv i s  et al . , ( 1 989 )  conj u gated 

Escherichia coli s train P N200 with a Rifampicin-res istan t  derivative of NR4 1 (BJ 1 )  

with a n  observed frequency of 1 0-6. B ecause of these relatively h igh rates of transfer, 

i n  the present  study we also used Escherichia coli strain PN200 containing p lasmid 

pPN I (pRtr5 1 4a : :R68 .45)  as our donor for conjugation experiments. 

We showed that nine s trains  of soil bacteria formed transconjugants with a frequency 

of  transfer of 2 .9 1 x 1 0-5 (mean value) on conjugation with Escherichia coli strain 

PN200 containing p l asmid pPN l .  Further, 7 out of 9 such strains  nodulated wh ite 

c lover. We could not calculate the frequency of tran sfer for the remaining five isolates, 

as antibiotic resistance could not be obtained for them but the transconjugant mixture 

was inoculated on white clover seedlings and the five strains nodulated white c lover. 

The frequencies of transfer we obtained were quite similar to the ones mentioned by 

the above authors . 

When pPN I i s  used the pSym is mobil ized whereas in soils Sym plasmids are probably 

s e l f- tr a n sm i s s i b l e  S y m p l a s m i d .  I t  w a s  c o n c l u d e d  from these  resu l t s  t h at 

transconj ugation between rhizobia probably occurs in  different soi l  types.  

4. 2.  3 The nature of the nodules formed 

Attempts to transfer symbiotic plasmids conferring nodulation and nitrogen fixation to 

recipient Rhizobium strain s  closely related to the donor usually result in the formation 

of effec tive nodules wh ich  may help extend the hos t  range of the rec ipient s train 

(Djordjevic el al. ,  1983 ;  Johnston et al. , 1978 ;  Lamb et al ,  1982). Jarvis  et al. , ( 1 989) 

transferred by conjugation the co-integrate p lasmid pPN I (pSym: :R68.4S) to strain s  of 

non-nodulating ,  Gram negative rod shaped soil b ac teri a  (NR42, NR4 1 ,  NR64 and 

OR 1 68)  and the transconjugants formed were Nod+Fix- .  In a different study of type 

strain s ,  the co- integrate p l a smid pPN I was used to transfer a Sym plasmid from 

R hizobium Ieg llminosarum biovar trifolii (pRtr5 14a) to Lignobacter strain K 1 7  and 

Pseudomonas aeruginosa strain PAOS by conjugation, and they formed nodule-like 

structures (Plazinski and Rolfe, 1 985) .  

In  our conjugation experiments us ing plasmid pPN 1 ,  nodulation by transconjugant soil 

bacteria was verified by plant tests in  n itrogen-deficient medium. Both positive control 

( inoc u l ated wi th  Rhizobium leg llminosarum biovar tri folii strain I CMP2 1 63 and 

negat ive  con trol ( inoc u l ated w i th s teri l e  water, Escherichia coli s trai n PN 200 
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contain ing  pPN 1 o r  E .  coli strain ATCC9637 and  the recipient soil bacteria) p lants 

were examined. Only in the case of the positive control and transconjugant soil isolates 

were true nodules formed on white clover. Within 4-6 weeks of incubation 50  to 60% 

of the clover p lants nodulated and 3 to 6 nodules were formed by each transconjugant 

soil bacterium except for KJ l .  Soil bacteria KJ3,  KJ5 ,  KJ1 3, KJ 1 7 ,  KJ l9,  KJ23 ,  KJ26, 

KJ27 , KJ30, KJ44, KJ57 and KJ203 were Nod+ but nitrogen fixation was not studied. 

The host range of these transconjugants is not known because the strain s  were tested 

only on white c lover. 

4. 2. 4 Stabi l i ty of pRtr5 14a in soi l  bacteria 

The Eckhardt ge l s  showed tha t  tran sconj ugan ts conta ined d i fferen t  amounts of 

s y m b i o t i c  g e n e t i c  m at er i a l .  S tra i n s  K J l  a n d  K J 3  con ta i n e d  R 6 8 . 45 on ly ,  

tran sconjugants o f  stra ins  KJ l 3 , KJ l 9 , KJ23 ,  KJ26, KJ30 and KJ44 contained 

pPN l and R68 .45 and transconjugants of strains  KJ5 ,  KJ l 7 , KJ27 , KJ57 ,  KJ203 and 

PN 1 65 contained pPN l .  S imi lar resu l t s  were obtained by Jarvis  et al. , 1 989 .  They 

point out that the maintenance of the co- integrate depends on the host bacterium, and 

an i ntact co-integrate i s  not required for the e xpression of nodulation genes .  

4. 2. 5 Nodule  cytology 

I n  prev ious  s tud ie s  nodu le  cy to logy has  proven usefu l  to examine the extent of 

bacteroid formation . For example Konodorosi et a l . ,  ( 1 982 ) ;  Plas inski  and Rolfe,  

( 1 9 8 5 )  showed that  tran sconj u gant  A g robacterium and Lignobacter s trains were 

recovered from root nodules .  They invaded plant  ce l l s  and became e nclosed in plant 

ce l l  membrane but were un able to fix atmospheric n i trogen.  Nz! genes h ave been 

expressed in these bacteria l  hosts .  I t  is pos s i ble  that Tn5 i n sertion in the p lasmid 

(Hooykaas et al. ,  1 9 8 1 )  or the use of broad host range p lasmids containing RP4 genes 

to mobi l ize symbiotic p lasmids (Konodorosi et al., 1 982;  Plasinski and Rolfe ,  1 985) 

may h ave affected nif genes expression i n  the host p lant. Hynes and O 'Connel l ,  ( 1 988)  

fou nd that RP4 severe l y  i n h i bi ted  nodul a t i on and resu l ted in the  format ion of 

i neffective nodules on peas by several strains of R .  Ieguminosarum biovar viceae. 

In  our experiments, microtome sections of nodule t issue were examined by l ight and 

electron microscopy to determine the d istribution of infected plant cel ls and verify that 

these cel ls  contained bacteroids enclosed in p l ant  cel l  membranes .  The only difference 

we observed was that the nodu le  cel ls  formed by the i noculant R .  Ieguminosarum 

biovar trifol i i  strain ICMP2 1 63 and transconj ugants were fi l led with bacteroids but a 

few nodule cel l s  formed by the transconjugan ts were devoid of bacteroids. 
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4. 2. 6 Probing for nod genes 

Total genomic DNA from each of the transconjugants formed by the soil bacteria, was 

i solated from the nodules and d igested with restriction endonucleases . The fragments 

separated by  gel e lectrophoresis ,  were then transferred to a hybridization membrane 

and probed with a radioactive amplified 590 bp nodA sequence. All eleven strains of 

transconjugant  soi l  bacteria produced a band at 1 1 .7 Kb indicating the presence of the 

transferred symbiot ic p lasmid .  This shows at the molecular level that soil harbours 

non-nodu lat in g  so i l  bac teria which  c a n  m a inta in symbiot ic  gen e s  and  probably  

symbiotic plasmids. KJ1 and KJ3 failed to  hybridize with the 590 bp  nodA sequence 

and KJ 1 also did not nodulate white clover. The reason for this discrepancy may be the 

loss of pPN I due to subsequent sub-culturing .  

4. 3 The i dentity of the bacteria involved 

The app l i cat ion of modern taxonomic methods to the c lass ification of root nodule 

bacteria has led to the recognition of an increasing number of new species and genera 

(Jarvis and Tighe, 1 994) . The methods used i nclude numerical taxonomy, multi -locus 

enzyme electrophoresis, DNA-DNA relatedness, rRNA:DNA hybridization and 1 6S 

rRNA sequence analys is  (Graham et a l . ,  1 99 1 ) .  Symbiotic perfonnance, which has 

been the most prac tical trait, although not absolute, for d i fferen tion between species 

has become used less with the recogn ition of non-nodulating bacteria in the soi l .  There 

is at present a pressing need for uniformly accepted criteria for identification which 

would enable rhizobiologists, and especial ly ecologists, to iden tify the rh izobia they 

are working with (Laguerre et al. , 1 994) . 

In  this study to assess the diversity of soil i solates expressing pS ym, soil i solates were 

iden t i fied  by several methods inc lud ing :  rRNA fi ngerprint ing,  part ia l  1 6S rRNA 

sequencing,  DNA-DNA hybridization and fatty acid analysis .  

4. 3. 1 rRNA fingerprinting as a method 

The usefulness of rRNA fingerprinting as an identification method for bacteria was 

first shown by Grimont et al. , ( 1 987) and  S aunders et al . , ( 1 988) .  They found that 

Legionella species could be identified by their rRNA pattern s. However, in another 

study Verger et al . ,  ( 1 987)  found that Brucella sp. could not be distinguished from one 

another on their rRNA pattern s. S imilarly S egovia et al. , 1 99 1  who examined non-
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nodulating  rhizobial strains  from the rhizosphere regions of six week old bean plants, 

found no variability among the isolates or between the i solates and a type strain .  

In  the  p re sent study the fingerprin t  patterns of soi l  i solates and reference rhizobial 

strains were al so investigated. However unlike the studies of Segovia et ai., ( 1 99 1 )  and 

Verger et a l . ,  ( 1 9 8 7 )  h eterogene i ty  was observed betwee n i solates  and d i fferen t  

rhizobial type strains. S i x  soil iso lates out of 1 5  (40%)  were similar to known rhi zobial 

type s train s  by this method. Other i solates could not be unambiguously identified on 

the  bas i s  of their  ob served fin gerpri n t ing  p attern s .  A general problem wi th  th is  

approach at the present i s  that diagnostic features of many type s trains are s t i l l  to be 

detem1ined. Hence , a more detailed study of the pattern of variabil i ty in rhizobi a  and 

agrobacteria i s  required before such an approach could have general applicab i l i ty in 

rhizobial studies. 

S i nce the 1 6S rRNA sequences database for rhizobial and other bacteria has recently 

been greatly extended (Jarvis et al., 1 992; Sawada et at. , 1 993 ;  Willems and Collins ,  

1 993 ;  Yanagi  and Yamasato, 1993 ;  Young et at. , 1 99 1 )  further efforts to characterize 

the soi l  i solates were made based on partial sequence determinations of 1 6S rDNA 

genes .  

4. 3. 2 rRNA sequencing 

S awada  et al. , ( 1 993)  determined the 1 65 rRNA sequences of seven representative 

Agrobacterium strains, eight representative Rhizobium strains, and the type strains  of 

A zorhizobiwn caulinodans and B radyrhizobium japonicum. These strains included the 

type strains of Agrobacterium tllmejaciens , Agrobacterium rhizogenes , Agrobacterium 

radiabacter, Agrabacterium vitis , A grobacterium rubi ,  Rhizobium fredii , Rhizobium 

galegae,  R hizobium huakll i i ,  Rhizobium leguminasarum, Rhizobium loti, Rhizobium 

mel i lo ti and  R hizobium trop ici . A phy logenet ic  ana lys i s  (Fi gure 8d) ,  w i th  the 

neighbour j oin ing method which u sed  genetic d i stances est imated as Knuc values 

(Kimura, 1 980) ,  showed that the 1 5  strains of Agrobacterium and Rhizobium species 

formed a phylogenetic cluster clearly separated from the other members of the alpha 

subclass of the Proteobacteria. 

I n  a further study Willems and Coll ins ,  ( 1 993) also showed that the genera Rhizobium 

and A grobacterium were ph ylogenetically intermixed .  Several sub  groupings w ere 

evident  in which Rhizobium and Agrobacterium species were most c losely related. The 

c o m p ar a t i v e  a n a l y s i s  a l s o c o n fi rm e d  t h a t  t h e  g e n e ra B radyrh izobium and 

A zorh i zob ium be longed  to p h y l o ge n et ic  l i n eages  d i s t i nc t  from rh izob ia  and  
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agrobacteria. Willems and Col l ins ,  ( 1 993)  present trees obtained using the Fitch and 

M argo liash algorithm and parsimony analys is  (Figure 8a, b) .  In both these trees R .  

meliloti and R . fredii were closely related as were R .  leguminosarum and R .  tropici. R .  

galegae and R .  loti showed significant divergence from these species and from each 

other. 

This lack of phylogenetic distinctiveness between agrobacteria and rhizobia was al so 

found by  Yanagi and Yamasato, ( 1 993) .  They studied the phylogenetic relationships 

between 1 6S rDNA genes from Rhizobiaceae and related bac teria. Their data included 

1 9  strains for the genera Rhizobium, Sinorhizobium, Agrobacterium, P hyllobacterium, 

Mycoplana (M. dimorpha), Ochrobacterium, B rucella and Rochalimaea (a rickettsia) 

(Figure 8c) .  They found the Rhizobium species except R hizobium loti and Rhizobium 

huakuii v,'ere i ntermingled with Agrohacterium. These latter two Rhizobium species 

constituted a separate divergent l ine of descent from the other Rhizobium species. 

The results of the above three s tudies and Figure 2 1  (Martinez-Romero, 1 994) are 

relevant to present study. However, as discussed below the i ssue over the phylogenetic 

relatedness of some rhizobial and agrobacterial species does not affect identification of 

most soil isolates as particular described species.  

The very high bootstrap values obtained for soil isolate s  and particular rhizobial type 

sequences in our tree (Figure 1 9) show that for the purpose of species identification to 

known type s train s  partial sequenc ing appears adequate ( e .g .  soi l  isolates KJ203 , 

N R42,  KJ44) . I n  contrast, as shown from the low bootstrap values in the same tree, 

p artial sequences were not sufficient to resolve the phylogenetic relationship between 

other species (e.g. soil isolates KJ 1 7 ,  26, OR 1 68 ,  NR64) .  Consequently if the sample 

contain ed isolates for \vhich type strain s  had not been determined the placement of 

such soil isolates in the tree could be ambiguous .  

Our p h ylogenetic tree showed that all strain s  i solated are R hizobium sp. and some 

( those  whose edges are p l aced  i n  the tree wi th  low boots trap support) may be 

u ndescribed species of Rhizobium (e .g .  soil isolates KJ 1 7 ,  KJ26 ,  NR64 and OR 1 68 ) .  

Our  sequencing  study iden tifi ed  soil isolates KJ5 and KJ 1 3  a s  Rhizobium loti. Soil 

i so l ate  KJ203 was R hizobi llm etl i .  So i l  i so la te  NR42  was  R hizobillm fredii or 

R hizobium meliloti. Soil isolate KJ57 was Rhizobium tropici I IA .  Soil isolates KJ44, 

KBO, KJ 1 9, NR41 , KJ27, and KJ23 were Rhizobium leguminosarum biovar trifoli i .  

These results were also tested by D NA-DNA hybridization .  
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Figure 2 1 .  Phylogenet ic tree derived from resu l t s  o b ta ined by  

Hernandez Lucas et  al. , unpubl ished: Sawada et al. , 1 993 ;  Wil lems 

and Col l ins ,  1 99 3 ;  Yanagi and Yamasato, 1 99 3  and Young et al. , 

1 99 1 .  G e n e ti c  d i s tances  were u sed to c o n s t ruct  the  tree b y  

Neighbor-Join ing method (Saitou and Nei, 1987 ) .  Position o f  nodes 

indicated with arrows is not defin it ive ( MartInez-Romero, 1 994).  
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4. 2. 3 DNA-DNA hybridization 

DNA-DNA hybridization is a standard method for the designation of species (Wayne 

et al. , 1 9 8 7 ) .  Usi ng  th i s  approach we found that the relat ionship between known 

reference s tra ins  was i n  good agreement with previous taxonomic classifications based 

on DNA-DNA homology (Crow et al. , 1 98 1 ,  Jarvis et al. , 1 982,  Laguerre et al. , 1 993b ,  

Martinez et al . ,  1 99 1  and Segovia et  al. , 1 99 1 )  and sequence analysis of  1 6S rRNA 

(Sawada et ai. , 1 993 ,  Willems and Coll ins ,  1 993 and Yanagi and Yamasato,  1 993).  

D NA-DNA hybridization showed that soil i solates KJS and KJ 1 3  were R hizobium loti 

con s i s te n t  w i th sequence analy s i s .  The l argest group of soil isolates e xpress ing 

pRtrS 1 4a were KJ 1 9, KJ2 3 ,  KJ27,  KBO, K J44 and NR4 1 .  D�A hybridization showed 

these were l ikely to be R hizobium leguminosarum b iovar tri fol i i  a result  which was 

also consi stent with the 1 6S rRNA sequence analysis. Soil isolate KJ57 was found to 

be Rhizobium tmpici IIA and a result which was also consistent with the 1 6S rDNA 

phylogenetic tree. Soil i solate NR42 was identified as Rhizobium meliloti based on the 

D N A  re l a tedn e s s  da t a  th i s  w a s  al s o  confi rmed by seq u e n ce a n a l y s i s .  In  the  

phy logenet ic  tree K J 2 0 3  was iden t if ied as Rhizobium etli b u t  t h i s  cou ld  not  be 

confim1ed on DNA-DNA relatedness. S ince we did not have the R .  etli type strains. 

Soil i solates KJ 1 7 ,  KJ26, NR64 and OR 1 68 were also not identified unambiguously. 

They showed less than 80S'c rel atedness to Rhizobium legLlminosarum biovar trifoli i . I t  

i s  suggested that they may represent unknown species of Rhizobium 

A nother s tep was taken to ident ify the soil  i solates expressing pSym based on total 

fatty acid analysis. 

4 . 2. 4  Fatty acid analysis 

As an i ndependent method, the fatty acid content of the strain s  was analyzed by gas -

l iqu id  chromatography,  which i s  also considered a powerfu l method to d ifferentiate 

between bac terial spec ies  (Lechevalier, 1 977) . A comparison of the species names 

assigned to unnamed soil bacteria by fatty acids together with DNA analyses is shown 

i n  Table 1 0. The table is based on a recent study by J arvi s  and Tighe,  ( 1 994) . They 

examined 1 2 3 s trains  of Rhizobium : R hizobium Jredii ( 1 9) ,  Rhizobium ga/egae (20), 

R hizobium legllminosarllm ( 2 2 ) ,  Rhizobium loti ( 1 7) ,  Rhizobium meliloti (2 1 ), and 

R hizobium tropici ( 1 8) and six unknowns.  The authors developed fatty acid profiles for 

each species ad then used them to identify unknown species. 
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Table 1 0. A comparison of the species names assigned to unnamed soil bac teria by 
fatty acids and DNA analyses 

Soi l  Ribosomal 1 6S rRNA Total DNA-DNA Total fatty 
i solate hybridization sequence relatedness acid analysis 

data 

KJ5 not identified Rhizobiwn R hizobium Agrobacterium 
loti loti radiobacter 

KJ 1 3  not identified Rhizobium Rhizobium Agrobacterium 
loti loti radiobacter 

KJ 1 7  not identified not identified not identified Rhizobium 
"hedysari" 

KJ 1 9  Rhizobium Rhizobium Rhizobium A .  rhizogenes! 
leguminosarwn leg lIlninosarum leg uminosarum Rhizobium etli 

KJ23 Rhizobium Rhizobium Rhizobium Rhizobium 
leguminosarwn leguminosarwn legwninosarum leguminosarum 

KJ26 not identified not iden tified not identified Rhizobium 
"hedysari" 

KJ27 Rhizobium Rhizobium Rhizobium Agrobacterium 
!eglllninosarll1?l leg llminosarum leguminosarum rhizogenes* 

KJ30 Rhizobium Rhizobium Rhizobium Rhizobium 
leg uminosarwn leg llminosarwn leg uminosarum leguminosarum 

NR4 1 not identified Rhizobiwn Rhizobium not done 
legwninosarwn leguminosarum 

NR42 not identified Rhizobium Rhizobium Rhizobium 
meliloti meliloti meliloti 

KJ44 Rhizobium Rhizobium Rhizobium Rhizobium 
leg wninosarllln leg uminosarllln legwninosarllm leg uminosarwn 

KJ57 Rhizobium Rhizobiwn Rhizobium Rhizobium 
tropici tropici tropici tropici 

NR64 not identified not identified not identified Rhizobium 
leguminosarum 

OR1 68 not identified not identified not identified Rhizobium 
leguminosarum 

KJ203 not identified Rhizobium not identified R hizobium 
etli leguminosarum 

Rhizobium etli, Rhizobium "hedysari" ,  Agrobacterium radiobacler and Agrobaclerium rhizogenes were 
not used in the ribosomal hybridization and DNA-DNA relatedness stud y .  *: poor match to data base 

0.234. Each fa tty acid profi le has an i denti fication and S im i larity Index (51)  l isted.  A SI of 0.400 or 

h igher indicatcs a very good matc h to the M i crob ial Identification S ystem (MIS)  data base; 0.250 or 
lower indicates a pCXlr profile match. 
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Us ing  their  criteria ,  i n  our s tudy soi l  isolates N R42 and KJ5 7  were iden tifi ed as 

R hizobium meliloti and R hizobium tropici by fatty acid analysis .  This agreed with 

iden ti fication s  based on rRNA fingerprint ing ,  1 6S rRNA sequences and DNA-DNA 

hybridization respectively .  

Soil  isolates KJ2 3 ,  KJ30 and KJ44 were identified as Rhizobium leguminosarum by 

fatty acid analysis and this agreed with identifications based on rRNA fingerprin ting,  

1 6S rRNA sequences and DNA-DNA hybridization. 

Soil i solate s  KJ 1 7  and KJ26 w ere identified as R hizobium "hedysari" by fatty acid 

analysis .  To confinn the fatty acid based identification we need 1 6S rDNA sequence 

from a R .  "hedysari" reference strain .  

So i l  isol ate s NR64 and O R  1 68 were also unclassified Rhizobium sp . b y  primary 

sequence data. They are identified as R .  legwninosan�m by fatty acids analysis .  

Soil i solate KJ203 was shown by  primary sequence analys is  to be Rhizobium etli. 

However fatty acid  analysis (Figure 20) d id not resolve its identi ty between possible 

type strains .  The 2D-plot shows R .  leglllninosarum, R .  etli and R .  meliloti are all close 

together and have overlapping ranges (as discussed in section 4 .  3. 2) and that th is  i s  

reflected i n  identification problems.  

S o i l  i so l a te KJ 1 9  was i d e n t i fi e d  as  Rhizobium leg um i n o s a rum by ri bosomal 

hybridization , 1 6S rRNA sequence and total DNA-DNA relatedness but  not by cellular 

fatty acids (CFA) .  KJ 1 9  was identified by CF A as Agrobacterium biovar 2, revised as 

A g robacterium rhizogenes (Sawada e t  al . , 1 993 ) .  The reason for this could be that 

A g robacterium and Rhizobium are infact not  phylogeneticaly distinct (Jarvis et ai . ,  

1 986;  Sawada et al. , 1 993;  Willems and Coll ins ,  1 993 ;  Yanagi and Yamasato, 1 993) . 

Further,  the following fatty acids  of strain KJ I 9 : 1 6 :0 , 1 6 :0  30H, 1 8 :0, 1 8 :0, 1 8 : 1  

20H, 1 9 :  CYCLOw8C, 20:3w6, 9 ,  1 2C and summed features 3 and 7 were similar to 

both Agrobacteriwn rhiozgenes and Rhizobium leguminosarum. In addition fatty acids 

such as 1 3 : 1 AT 1 2- 1 3  and 1 7 :0 CYCLO were found in Agrobacterium rhizogenes and 

1 5 :0  20H and 1 8 : 1  20H were found i n  Rhizobium leguminosarum. Fatty acid 1 6: 1 w7C 

was found in  both Agrobacteriwn rhizogenes and Rhizobium leguminosarum but not 

found in soil i solate KJ l9 .  Thus the misidentification is probably due to the similarity 

of the fatty acid content of Agrobacterium rhizogenes and Rhizobium leguminosarum. 
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KJ 1 9  also has a match to Rhizobium etli. CFA profiles for Rhizobium leguminosarum 

and Rhizobium etli are available but the microbial identification system (MIS) confuses 

them on occasions. It can be also be seen from the 2D-plot that R. leguminosarum, R. 

etli and R. meliloti are all close together and have overlapping ranges. Hence this may 

also explain the difficulty in identifying strain KJ 1 9. 

Soi l  i solate KJ27 was identified as Rhizobium leguminosarum based on ribosomal 

hybridization, 1 6S rRNA sequence data and total DNA-DNA relatedness but its total 

fatty acid profile as Agrobacterium rhizogenes was a poor match to the data base. This 

was quite a surprising result as the 1 6S rDNA sequence of this i solate has identical 

sequence to R.  legumionsarum. This observation suggests there may be need for 

revision of some of the criteria used by Jarvis and Tighe, ( 1 994) . 

Soil  i solate NR40 was identified as Rhizobium loti by fatty acid analysis (Rao et al., 

1 994) .  However seq uence characterization and DNA-D NA hybridization was not 

under taken.  

Soi l  i solates KJ5 and KJ l 3  were identified as R hizobium loti based on 1 6S rRNA 

s e q u e n c e  an alys i s  a n d  D NA - D NA hybr i d i za t ion  b u t  th i s  d i sagrees  wi th  the 

identification based on cel lular fatty acid analys is .  CFA identified strains KJ5 and 

KJ 1 3  as Agrobacterium radiobacter. Again this suggests a problem with the fatty acid 

profi les suggested by Jarvi s and Tighe, ( 1 994). The fatty acids of strains KJ5 and 

KJ 1 3 :  1 6:0, 1 7 :0 CYCLO, 19 :0  CYCLOw8C, 1 9 : 0  10  Methyl and summed feature 7 

were similar to Agrobacrerium radiobacter and Rhizobium loti but fatty acids of strains 

KJ3  and KJ5 : 1 3 : 1 AT 1 2- 1 3 , 1 6 :0 30H, 1 6 : 1 w7C,  2 0 : 3w6,  9, 1 2C and summed 

feature 3 were s imi lar to A g robacterium radiobacter and not Rhizobium loti. In 

addition fatty acids 1 3 :0 ISO 30H and 1 7 :0 were found in Rhizobium loti and not in 

strains KJ5 and KJ 1 3 . The misidentification could be due to the similarity of the fatty 

acid content of Agrobacterium radiobacter and Rhizobium loti. Another reason could 

be that Agrobacterium and Rhizobium are closely related (Jarvis et al. , 1 986, Sawada 

et al. , 1 993,  Willems and Coll ins, 1 993; Yanagi and Yamasato, 1 993) .  

(During the preparation of thi s  thesis a judicial opinion appeared (Bouzar, 1 994) with 

which Sawada et al. , ( 1 993) concurred, indicating that biovar 1 was incorrectly called 

Agrobacterium radiobacter and should be designated Agrobacterium tumefaciens.) 

4 . 3 Summary and conclusions 
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The present study demon strates that several soil types (including leached, low P and 

low pH soil such as Ramiha silt loam) harbour non-nodulating soil bacteria which can 

main tain symbiotic genes and probably symbiotic plasmids. We demonstrated such 

bacteria could accept and express the plasmid pPN l .  All bacteria i solated were non

nodulating rhizobia. These included: R.  ieguminosarum, R .  loti, R. meliloti, R. etli and 

R .  tropiei. 

Four methods of identification were employed to characterize soil isolates. (a) Close 

agreement  was obtained between DNA-rRNA fingerprint ,  l 6S rRNA sequence 

analysis and DNA-DNA hybridization results. (b) The identity of 6 (40%) strain s  out 

of 1 5  were identified by rRNA fingerprinting. (c) Partial sequencing provided the 

strongest evidence for identification.  Although i n  a few cases the identity of the 

bacteria, although of a rhizobial/agrobacterial type remained unclear. Cd) DNA-DNA 

hybridization data agreed with the identification method of partial sequencing. (e) A 

comparison of the species names assigned to unnamed soil bacteria by fatty acids and 

DNA analyses showed an agreement of 50%. 

4. 4 Theoretical and practical implications 

It has long been recognized that spreading soi l ,  taken from a field cropped with 

legumes, over a virgin field can increase the yield of a legume crop. Once it became 

u nderstood that the soil bacteria constituted the ferti lity factor in such top soil ,  the 

inoculation of legumes with rhizobial cul tures became a routine practice in both 

developed and developing countries. 

The two media and the selection of colonies from the media used in this study may 

have introduced some bias in the collection of soil bacteria used in the conjugation 

experiments. Identifying some of the strains which did not express pPN 1 as a means of 

assessing whether the media used were able to support a wide range of soil bacteria. 

S uch bias might be overcome by (i) selecting colonies at random using random number 

table,  (ii) use of media selective for specific soil bacteria, (iii) use of named strains 

from the culture collections as recipients in conjugation experiments. However the two 

media u sed in this study were not selective for rhizobia but were used to select a 

diverse group of soil bacteria which could express the symbiotic genes. 

Thies  et at . ,  ( 1 99 1 )  h ave noted the improved y ields of N-fertilized crops when 

compared to inoculated or uninoculated crops. Clearly, greater crop yields could be  
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expec ted from improvement s  i n  i noculat ion technology and the development  of 

i n ocu lan t  s trains wi th  i ncreased nodulation and n i trogen-fix ing  capacity. F urther 

research i s  necessary to i dentify more non-nodulat ing strains from a variety of soil s  

w hich can accept and  express symbiotic genes . These strains could be identified with 

modern molecular methods such as peR and direct sequencing of partial 16S rDNA. 

This could be expected to result i n  the d iscovery of new species of rhizobia. A great 

deal about the non-nodulat ing bacteria which c an e xpress pSym is sti l l  not known. 

Segovia et al., ( 199 1 )  determined nitrogen fixation by  acetylene reduction assay. They 

r e p or te d t h at t h e  n o n s y m b i o t i c  i so l a te s ,  w h e n  c o mp l e m e n t e d  w i t h  a n  R .  

legumionsarum bv. phaseoli symbiotic p lasmid were able to fix nitrogen in  symbiosis 

wi th bean roots at levels similar to those of the p arental strain. In this study, i t  would 

be p articu larly interest ing to know how well these tranconjugants fix atmosp heric 

n i trogen and how stable the symbiotic plasmid is in them. 

I t  i s  no t  c lear how impor tan t  symbiot ic  p l asmid  transfer is in relati o n  to the  

m a i n tenance  of t he  p l asmid  i n  the soi l  env i ronmen t  and effic ien t  n i trogenase  

expression. I t  may be possible to  identify the genes i nvolved in the conjugation and 

tran sfer of symbiotic p l asmids . These quest ions  cou ld  then be approach e d  b y  

comparing t h e  expre s s ion  a n d  survival of p S ym fixed i n  a backgrou n d  w h i c h  

efficiently expresses the nod genes on a clover plant by the insertion o f  Tn5 in  a tra 

gene sequence with the expression and survival of the same pSym free to transfer into 

another soil bacterium in glasshouse and field experiments. 

When land is brought in to cultivation and sown to pasture indigenous rhizobia u sually 

appear after seed mix tures contain ing legumes have been inoculated with a su i table 

s train of Rhizobium.  Ind igenous  rh izob ia  may ari se by transfer of the symbiotic 

p l asmid from the i nocu lum strain to soi l  bacteria .  These bacteria could be rhizobia  

cu rrently lacking a symbiotic plasmid or soil bacteria not usually associated w i t h  root 

nodules. If these soil bacteria receive the symbiotic plasmid by conjugation they may 

also possess a variable abil i ty to express symbiotic genes but they are l ikely to be well 

adapted to the loca l  e nv i ronment  and better able  to s urvive than the in troduced 

inoculant Rhizobium strains .  Inoculation of successive crops could thus generate large 

populations of indigenous rhizobia which would compete with the i noculant strains to 

form nodules and fix atmospheric ni trogen in the roots of pasture legumes. This may 

decrease the overall efficiency of nitrogen fixation and the probability of enhancing 

yield with existing i noculation technology may decrease dramatically. This study has 

shown that pSym expression occurs in a diverse group of Rhizobium sp. and there i s  

evidence t o  show that  th is  occurs in different soil types. Although a variety of soil 

bac teria may be rec ip ients [ inc luding Sphingobacterium multivorum (Fenton and 
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Jarvis, 1 994)] we have not found any non-rhizobial recipient from soil in five years of 

searching which express a symbiotic plasmid. 

Three DNA based methods and one based on fatty acid analysis, were used to identify 

soil bacteria which could express a symbiotic plasmid from R .  leguminosarum biovar 

trifolii .  Partial 1 6S rRNA sequencing was a particularly useful identification method 

because it was accurate and quick. Total DNA could be readily isolated, and partial 

1 6S rRNA sequences be amplified and sequenced and a database search completed to 

get an answer with a high probability of being correct. Some of the primary 1 6S rDNA 

sequences from the unknown soil bacteria were identical with sequences in the 

database and this allowed these strains to be clearly identified. Some groupings in the 

reconstructed phylogenetic tree were also observed to occur with high probabilities 

also indicating unambiguous identification. For others, alternate node positions having 

equal and low probabilities are possible, making the phylogenetic positions of those 

isolates uncertain. Some strains did not cluster with any named strains. They may be 

new, previously unrecognized species. Therefore it seems unlikely that they are not 

rhizobia although they may belong to undiscribed Rhizobium sp. 

The fol lowing authors have used rRNA fingerprinting successfully: Gri mont and 
. 

Grimont, 1 986; Grimont et ai. , 1 987; Saunders et aI., 1 988; Segovia et ai., 1 99 1 .  In the 

present work rRNA fingerprinting showed heterogeneity between and within species. 

Only 40% of the soil isolates used here were recognizably similar to known rhizobial 

species. Further experimental work is required to characterize known type strains on 

the pattern of variability before this approach is generally useful. However, there was 

good agreement between rRNA fingerprinting and other DNA based methods. 

D N A- D NA hybridi zation is  considered a re l iab le  means  of  establ i s h i n g  the 

relationship between bacterial species. The advantage of this approach is that i t  utilizes 

the whole genome. The problems are : (i) the need to store reference DNAs, (ii) the 

inability to store reference data as can be done for sequence DNA data, (iii) i t  is only 

useful for species limits and (iv) in some strains of Agrobacterium and Rhizobium upto 

2 5 %  of the DNA has been reported as extrachromosomal (Martinez-Romero, 1 994; 

Prakash and Atherly, 1 98 6) .  Hence estimates of overall DNA similarity may not 

accurately reflect phylogenetic relationships.  However in the present study if R. etli 

reference DNA had been used, it would have been possible to distinguish R .  etli form 

R . leguminosarum. 

The identification of some soil isolates based on CFA did not agree completely with 

the molecular methods and the 2-D plot indicates overlapping ranges for some rhizobia 
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and agrobacteria strains. This is another expression of the "interwining" of Rhizobium 

and Agrobacterium. The system discriminates successfully between named Rhizobium 

and Agrobacterium (Jarvis and Tighe, 1994) . Inability to identify 50% of soil strains i s  

surprising, but  this may be due to lack of their pSym or Ti plasmid. 
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APPENDIX 

Aligned sequences of part of the 1 6S rRNA gene from fifteen Gram 

negative soil bacteria which could express pSym from Rhizobium 

leguminosarum biovar tri fol i i .  Sequences are aligned to known 

sequence from the Genbank + EMBL Data Library. Bradyrhiz. ,  

Bradyrhizobium japonicum strain USDA3 1 (GenB ank accession 

n umber M55487);  A zo. cauli . ,  A zorhizobium caulinodans strain 

O R S 5 7 1 (G enBank acce ssion n umber M 5549 1 ) ; Rho.  vanni . , 

Rhodomicrobium vannielii (GenB ank accession number M34 1 27);  

R. loti, Rhizobium loti strain N ZP22 1 3  (EMBL accession number 

X67229); ,  R. galega, Rhizobium galegae strain HAMBI540 (EMBL 

accession number X67226) ; A.  vitis, Agrobacterium vitis strain 

N CP P B 3554 (EMBL accession n u mber X6722 5 ) ;  Agro .  tum . ,  

Agrobacterium tumefaciens strain DMS30 1 50 (GenBank accession 

n umber M I 1 223);  R .  etli, Rhizobium etli strain 0r1 9 1  (GenBank 

accession number M 55236); R.  melilot. , Rhizobium meliloti strain 

N Z P4 0 1 7  (GenB ank acc e s s i o n  n umber M 5 5495 ) ;  R .  fredii ,  

Rhizobium fredii strain USDA205 (Gen Bank accession number 

M 7 4 1 6 3 ) ;  A .  rh i zog e . , A g ro b a cterium rhizogenes s t r a i n  

A TCC 1 5 8 3 4  (EM B L  access ion  n u mber X67224 ) ;  R .  tropici ,  

Rhizobium tropici IIA strain CFN299 (EMBL accession n umber 

X67233) ;  R.  legumin., R hizobium leguminosarum biovar trifolii  

strain ATCC 1 4480 (EMBL accession number X67227). 
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AGGCTTAACA CATGCAAGTG GAACGCCC . . . .  CGCAAGGG GAGTGGCACA CGGGTGAGTA ACACGTGGGA ACGTACCCTT TTCTACGGAA TAACCCAGGG AAACTTGGAC TAATACCGTA TGTGCCCTTC 
AGGCTTAACA CATGCAAGTG GAACGCCC . . . .  CGCAAGGG GAGTGGCACA CGGGTGAGTA ACACGTGGGA ACGTACCCTT TTCTACGGAA TAACCCAGGG l\AACTTGGAC TAATACCGTA TGTGCCCTTC 

AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACACGTGGGA ACGTACCCTT TACTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGCCCTTC 

R . mel i l o t AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT TTCTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGAGCCCTTC 

NR4 2 AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT TTCTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGAGCCCTTC 

R. fredii AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT TTCTACGGAA TAACGCAGGG l\AACTTGTGC TAATACCGTA TGAGCCCTTC 

A. rhizoge AGGCTTAACA CATGCAAGTC GAGCGCCC . .  . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA I,TCTACCCTT TTCTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

R . t ropi ci AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCTTT TGCTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

KJ5 7 AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCTTT TGCTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

OR1 6 8  AGGCTTAACA CATGCAAGTC GAACGCCC . .  . .  CGCAAGGG GAGTGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT TACTACGGAA TAACGCATGG l\AACGTGTGC TAATACCGTA TGTGTCCTTC 

R . l egumi n AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT GACTACGGAA TAACGCAGGG l\AACTTGTGC TAATACCGTA TGTGTCCTTC 

NR4 1 AGGCTT AACA CATGCAAGTC GAGCGCCC . .  . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA A TCTACCCTT GACTACGGAA T AACGCAGGG AAACTTGTGC T AA TACCGTA TGTGTCCTTC 
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AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT GACTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT GACTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT GACTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT GACTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

AGGCTTAACA CATGCAAGTC GAGCGCCC . . . .  CGCAAGGG GAGCGGCAGA CGGGTGAGTA ACGCGTGGGA ATCTACCCTT GACTACGGAA TAACGCAGGG AAACTTGTGC TAATACCGTA TGTGTCCTTC 

Bradyrhi z CGGGGl\AAGA TTTATCGCCG AAAGATCGGC CCGCGTCTGA TTAGCTAGTT GGTGAGGTAA TGGCTCACCA AGGCGACGAT CAGTAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

A z o  caul i AGGAGl\AAGA TTGATCGCTG AAGGATCGGC CCGCGTCTGA TTAGCTAGTT GGTGAGGTAA TGGCTCACCA AGGCGACGAT CAGTAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 
Rh o vanne GGGAGAAAGA T T TATCGCCA AAGGATGGGC CCGCGTTGGA TTAGCTAGTT GGTGTGGTAA CGGCGCACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CACTGGGACT GAGACACGGC CCAG 

KJ5 GGGAGl\AAGA T TTATCGGAG ATGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA TGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

KJ1 3 GGGAGAAAGA T T TATCGGAG ATGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA TGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

R. l o ti GGGAGAAAGA TTTATCGGAG ATGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA TGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

R .  gal ega GGGGGl\AAGA T T TATCGGGG ATGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 
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GGGGGl\AAGA T T TATCGGGG TATGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGGGAAAGA TTTATCGGGG TATGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG T CTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGGGl\AAGA T T TATCGGTA AAGGATCGGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGGGl\AAGA T T TATCGGTA AAGGATCGGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGGGAAAGA T T TATCGGAA AAGGATCGGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG T CTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGGGAAAGA TTTATCGGAA AAGGATCGGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGGGAAAGA T T TATCGGTA AGGGATCGGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG T CTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

R . mel i l o t  GGGGGAAAGA T T TATCGGGA AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

NR42 GGGGGAAAGA TTTATCGGGA AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

R. fredi i GGGGGl\AAGA TTTATCGGGA AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCI\A 

A . rhi zoge GGGAGAAAGA T T TATCGGGA AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

R . t ropi ci GGGAGl\AAGA TTTATCGGCA AGAGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG T CTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

KJ5 7 GGGAGAAAGA T T TATCGGCA AGAGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

OR1 6 8  GGGAGAAAGA T T TATCGGTA AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

R . l egumi n GGGAGAAAGA TTTATCGGTC AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

NR4 1 GGGAGAAAGA TTTATCGGTC AAGGATGAGC CCGCGTTGGI'. TTI'.GCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

KJ1 9 GGGAGAAAGA TTTATCGGTC AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 
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GGGAGAAAGA T T TATCGGTC AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGAGAAAGA TTTATCGGTC AAGGATGAGC CCGCGT TGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGAGAAAGA T T TATCGGTC AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 

GGGAGAAAGA TTTATCGGTC AAGGATGAGC CCGCGTTGGA TTAGCTAGTT GGTGGGGTAA AGGCCTACCA AGGCGACGAT CCATAGCTGG TCTGAGAGGA TGATCAGCCA CATTGGGACT GAGACACGGC CCAA 




