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Introduction 

The conversion of atmospheric nitrogen to metabolically usable compounds by 

micro-organisms is an important link in the nitrogen cycle. The ability to 

reduce nitrogen is confined to certain classes of bacteria and blue-green 

algae. These nitrogen-fixing organisms can be subdivided into two major 

groups i.e. freeliving species (e.g. Klebsiella pneumoniae, Azotobacter 

vinelandii, Clostridium pasteurianum, Rhodospirilum rubrum and 

cyanobacteria like Anabaena cylindrica) and prokaryotes which depend on 

more or less intimate association (e.g. Azospirillum brasilense, Anabaena 

azollae) or intracellular symbiosis (actinomycetes like Frankia and the 

genus Rhizobium) with particular plants for the expression of nitrogen-

fixing capacities (for reviews see: Vincent, 1974; Dobereiner and Boddey, 

1981; Jordan, 1981; Kennedy et al. 1981; Postgate, 1981; Verma and Long, 

1983). The interaction of Rhizobium and legume plant host results in the 

development of nodules, which are specialized structures that usually form 

on the roots. Inside these nodules the rhizobia inhabit plant cells and 

differentiate into bacteroids, which reduce dinitrogen (N2) to ammonia, 

that is used by the leguminous host as a nutrient source. 

The ability among members of the family of Leguminosae to grow without 

nitrogenous fertilizer is agriculturally of great interest since many 

important crop plants belong to this family. It is generally agreed that 

the contribution made by legume nodule Ng fixation is fundamental to the 

global production of food, either for maintenance of soil fertility or 

directly as grain or green material. It is however difficult to present 

accurate estimates with respect to the quantitative importance of 

biological N 2 fixation in the earth's nitrogen economy. Frequently quoted 

is the calculation by Burns and Hardy (1975) suggesting that at least 25% 

of terrestrial nitrogen fixation (139 x 10" metric tonnes/annum) could be 

accounted for by legume crops. 

Formation of nitrogen-fixing legume nodules is a complex multistep process 

requiring genetic input from both symbiotic partners. Because bacteroids 

are intracellular, rhizobia can be considered as facultative endosymbiotic 

or even organelle-like systems (Verma and Long, 1983). In the next 

paragraphs the role and contribution of Rhizobium in the establishment of 



symbiotic nitrogen fixation will be dealt with more specifically. 

SCOPE OF THE PRESENT INVESTIGATION 

The general purpose of the experiments described in this thesis was the 

mapping and characterization of genes on the R.leguminosarum PRE sym 

plasmid essential for the onset and persistence of symbiotic nitrogen 

fixation. In chapter I an overview of the developmental genetics of the 

Rhizobium/legume symbiosis is presented. The identification of symbiotic 

genes in R.leguminosarum was based on the search for DNA homology with 

K.pneumoniae nif genes and on the selection of areas specifically 

transcribed during effective symbiosis. Subsequently by molecular genetic 

techniques as recombinant DNA cloning and site-directed Tn5 mutagenesis of 

selected fragments several symbiotic genes have been localized. Expression 

in E.coli minicells was employed to elucidate coding sequences of genes 

isolated by the above described methods. Interspecies hybridization 

experiments using specific K.pneumoniae or R.meliloti derived nif and nod 

probes led to the identification and functional analysis of the nifHDK 

operon (encoding nitrogenase polypeptides; see chapter II), nifA (encoding 

a regulatory protein for nif gene expression) as well as nifB (involved in 

FeMo-cofactor synthesis) loci (see chapters III and IV) and a nodulation 

gene cluster (see chapter V ) . Hybridization studies on sym plasmid DNA 

using bacteroid RNA as a probe revealed the existence of several fix genes 

adjacent to nifHDK and to nifA and nifB. These have been defined by their 

active transcription within nodules and by Fix" mutant phenotypes 

after Tn5 mutagenesis without the synthesis of nifHDK proteins being 

affected (see chapters III and V ) . For some of these fix genes molecular 

weights of the encoded polypeptides were deduced from E.coli minicell 

expression, as for nifHDK and nifA (see chapters II and IV). The physical 

organization of sym-plasmids of different rhizobial species with respect to 

nod, nif and fix loci is compared. 



Chapter I 
The genetic analysis of symbiotic properties of Rhizobium - an 
overview 

This overview will focus on the molecular biology and genetics of nitrogen 

fixation of rhizobia in symbiosis with their legume hosts, with a short 

survey of Klebsiella genetics pertaining to studies described in this 

thesis. 

1. NODULE FORMATION BY FAST-GROWING RHJZOBIUM SPECIES. 

1.1. Host range and cross-inoculation groups. 

The symbiotic interaction between rhizobia and their hosts is specific i_Le^ 

Rhizobium bacteria Induce root nodules only on a very limited range of host 

legumes. Leguminous species mutually susceptible to nodulation by a 

particular kind of rhizobia constitute a "cross-inoculation group". This 

host range specificity has for long formed the basis of Rhizobium 

classification. The six Rhizobium species established under this now 

obsolete system and the corresponding genera of plants that each nodulates 

are given in Table 1, part 1 (adopted from the Pocket manual on legume 

inoculants and their use by the Food and Agriculture Organization). 

The "cross-inoculation" concept for grouping legumes and establishing 

Rhizobium species was questioned after numerous ineffective bacteria-plant 

responses were discovered. 

A system of classifying Rhizobium species based on numerical taxonomy has 

been developed (Bergey, 1983), as shown in part 2 of Table 1. 

Rhizobium species are divided into two main categories, the fast- and slow-

growers (see Table 1), differing in several characteristics. The fast-

growing species have a mean generation time of 2-4 hours, are 

perithrichously flagellated and produce acid, whereas slow growing bacteria 

have a mean generation time of 6-8 hours and (sub)polar flagella and are 

alkali-producing on yeast-mannitol agar (Elkan, 1981). A few of the slow-

growing rhizobia have been shown to fix nitrogen ex planta (Kurz and LaRue, 



TABLE 1. 

Taxonomy of Rhizobium species. 

Bacteria Genera of host plants 

Slow growers 

Part 1 

R.meliloti 

R.trifolii 

R.leguminosarum 

R.phaseoli 

R.lupini 

R,japonicum 

R.Cowpea (type) 

Medicago. Melilotus and Trigonella 

Trifolium spp. 

Pisum, Vicia, Lathyrus, Lens 

Phaseolus vulgaris, P. multifloris 

Lupinus and Ornithopus 

Glycine max 

Vigna, many other genera and species 

Past growers 

Part 2 

R.meliloti 

R.leguminosarum 

biovar. -trifolii 

biovar. -phaseoli 

biovar. -viciae 

R.loti 

Medicago, Melilotus and Trigonella 

Trifolium spp. 

Phaseolus vulgaris, P. multifloris 

Pisum, Lathyrus, Lens, Vicia 

Lupinus. Lotus, Anthyllis, Ornithopus 

Bradyrhizobium .japonicum 

Bradyrhizobium spp. 

Bradyrhizobium sp.(Vigna) 

Bradyrhizobium sp. (Lupinus) 

Glycine max 

Vigna - numerous other genera and species 

Lotus pedunculatus, Lupinus sp. 



1975; McComb et aj,. , 1975; Pagan et al. , 1975; Bergersen and Turner. 1978; 

Dreyfus et al., 1983). Because of such biochemical and genetic features it 

has been generally accepted now (as indicated in part 2 of Table 1) to 

classify the slow growing rhizobia as a distinct genus, Bradyrhizobium 

(Jordan, 1982). The fast growing Rhizobium species were found to be closely 

related to the genus Agrobacterium with respect to chromosomal background. 

Symbiotic versus phytopathogenic properties as well as host specificity are 

exclusively determined by respective plasmid contents of these bacteria 

(see paragraph 3.3) and therefore transferable, which led to the proposal 

to group fast growing rhizobia and agrobacteria in a single genus, 

Rhizobium (Hooykaas, 1979; Prakash, 1981). Furthermore DNA homology 

analyses indicate a very close taxonomic relationship between 

R.leguminosarum, R.trifolii and R.phaseoli, which therefore were merged 

into one species R.leguminosarum including different biovarieties; 

R.meliloti appeared to be slightly more distant (Johnston and Beringer, 

1977; Jarvis et aj.., 1980; see Table 1, part 2). In this survey the former 

species names for different fast-growing rhizobia will still be used 

conform the classification given in original references. 

Because the fast growing species are more easy to manipulate in the 

laboratory, they have been the object of most genetic studies of Rhizobium. 

1.2. Nodule development 

The infection of the roots of leguminous plants by Rhizobium bacteria 

results in the development of characteristic root nodules. The process of 

nodule morphogenesis has been extensively reviewed by Dart (1977), Vincent 

(1980), Newcomb (1981), Bergersen (1982) and Verma & Long (1983). In the 

development of a root nodule different stages can be distinguished. These 

are listed in Table 2 together with the phenotypic code used to indicate 

these different stages according to Vincent (1980). 



TABLE 2. 

Stages in symbiotic nodule development. 

Stage Phenotypic code 

I Preinfection 

1. Multiplication in root area, colonization Roc 

2. Attachment to root surface Roa 

3. Root hair curling Hac 

II Infection and nodule formation 

4. Infection thread formation Inf 

5. Nodule initiation and development Noi 

6. Release of bacteria Bar 

7. Bacteroid differentiation Bad 

III Nodule function 

8. Nitrogen fixation Nif 

9. Complementary functions Cof 

10. Persistence of nodule function Nop 

Adapted from Vincent (1980) 

and Long (1984). 



The interaction of rhizobia and their leguminous hosts begins with the 

colonization by the bacteria of the legume rhizosphere. This is followed by 

root hair attachment, which is considered a crucial step in host range 

determination. A current hypothesis is that binding is achieved by 

recognition of specific polysaccharide components on the cell surface of 

the compatible Rhizobium species by a host plant lectin; these rhizobial 

lectin receptors are encoded by sym-plasmid borne nodulation genes (Bauer 

and Bhuvaneswari, 1980; Dazzo et al. , 1985). The first response observed in 

the plant is a characteristic deformation of the epidermal root hairs, 

sometimes described as "shepherds crook" curling. At this stage the actual 

infection occurs and the bacteria penetrate into the root tissue through a 

host-produced "infection thread". As the bacteria invade by this 

extracellular pathway, host cells within the root cortex are induced to 

dedifferentiate, divide and form a meristem. The infection thread branches 

and spreads through the nodule tissue and the bacteria are released from 

infection threads into nodule cells. This leads to the outgrowth of a 

nodule from the root surface. Inside the infected nodule cells the rhizobia 

differentiate morphologically as well as biochemically into nitrogen-fixing 

bacteroids. The bacteroids are generally larger than the bacteria and often 

have branched structures which are no longer able to divide; they are 

surrounded by a host-derived membrane, the peribacteroid membrane, which 

separates the bacteroid from the plant cytoplasm. An as yet unanswered 

question about bacteroid differentiation is, whether it is directed by a 

temporally ordered developmental program like sporulation in Bacillus 

(Losick and Pero, 1981) or is achieved by independent activation of a group 

of symbiotic operons (Ausubel, 1984a). Both in the bacteroid (Prakash, 

1981; Krol et a ] . , 1982) and in the plant (Legocki and Verma, 1980; 

Bisseling et al., 1983; Verma and Long, 1983; Govers et al., 1985) a number 

of genes are specifically expressed during nodule formation and in the 

mature nodule. The two partner organisms now actively cooperate in order to 

establish nodule functions. The bacteroids synthesize the nitrogenase 

enzyme complex (10-12% of total bacteroid protein) which reduces nitrogen 

to ammonia; moreover special cytochromes and new surface antigens are 

synthesized. The plant cell creates an optimal environment for the 

nitrogen-fixing bacteroids. It utilizes the ammonia while providing 

photosynthate as energy source and producing leghemoglobin, which 



facilitates diffusion of oxygen to the bacteroids for respiration without 

allowing 02 to inactivate the extremely oxygen sensitive rhizobial 

nitrogenase. Remarkably the haem moiety of this oxygen carrier is provided 

by the bacterial partner, whereas the host plant is responsible for the 

globin component. It has been proven now that leghemoglobin is exclusively 

present in the plant cell cytoplasm (Robertson et al. . 1984) and not in the 

peribacteroid space, as has been proposed in former publications. Besides 

these leghemoglobin loci, a series of plant genes encoding other 

nodule-specific host proteins ("nodulins") is specifically derepressed 

during symbiosis, indicating that plant cells also undergo a characteristic 

differentiation process. The major metabolic pathways which support 

N2-fixation in legume root nodules are presented in Fig. 1 (from Dilworth 

and Glenn, 1984). Not all issues presented in this figure are discussed in 

detail . 

2. IDENTIFICATION OF RHIZOBIUM SYMBIOTIC GENES. 

2.1. Rhizobium sym plasmids. 

The genetic information of Rhizobium for symbiotic interaction with host 

plants is encoded on a large plasmid which therefore is referred to as sym 

plasmid or pSym. In addition to the syjn plasmid Rhizobium bacteria may 

carry one or more high molecular weight plasmids, which are not required 

for symbiosis and the function of which is cryptic. The sym-plasmids carry 

the information for host specificity, nodulation (nod) and nitrogen 

fixation (fix). Several lines of evidence have led to this conclusion. One 

was the frequency with which symbiotic effectiveness was lost, and the 

stimulation of this loss by treatments known in other systems to promote 

plasmid instability, such as high temperature or acridine dyes (Zurkowski, 

1982). Furthermore, Johnston et al_. (1978) demonstrated that host range 

specificity of R.leguminosarum could be transferred to R.trifolii or to 

R.phaseoli by conjugal mobilization of the R.1eguminosarum sym-plasmid. In 

addition to their well-documented ability to restore nodulation functions 

to heterologous species, sym plasmids were also shown to transfer a Fix+ 

phenotype to Fix" mutant recipients within their own species (Beynon et 



Fig. 1. Schematic diagram of metabolic exchanges between p lan t and 

b a c t e r i a l c e l l s in a ^ - f i x i n g nodule. 
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Known transport systems are represented by • and potential ones by 0. 

Lb = leghaemoglobin and ALA = 5-amino levulinic acid. 

al., 1980; Brewin et al. , 1980; Hooykaas et al. , 1981; Djordjevic et al. , 

1982 and 1983; Lamb et al.., 1982; Morrison et al.. , 1984). 

Direct evidence that Rhizobium syjn genes are megaplasmid-borne was first 
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obtained by Nuti et al. (1979) who showed that purified sym plasmid DNA 

from R,leguminosarum hybridized to the previously cloned structural 

nitrogenase genes from K.pneumoniae (Cannon et al., 1979). By hybridizing 

the DNA from different rhizobial species with the K.pneumoniae nif genes it 

was shown, that the homologous genes in fast-growing rhizobia without 

exception are localized on large plasmids or megaplasmids (Krol et al^ , 

1980; Banfalvi et al., 1981; Hombrecher et §2-, 1981; Rosenberg et a}., 

1981) . 

Slow growing Rhizobi^im strains have not been shown to carry megaplasmids; 

probably the nif and nod genes are integrated in the chromosome in these 

cases (Haugland and Verma, 1981). Deletion mapping studies (Banfalvi et 

al., 1981; Rosenberg et al., 1981), recombinant cloning experiments (Long 

et a1., 1982; Downie et a!., 1983b; Kondorosi et §1. , 1983a; Rolfe et al., 

1983; Chapter V of this thesis) and analysis of sym-plasmid derivatives 

(Huguet et aj., 1983) suggested that among fast-growers a (more or less) 

close linkage exists between nod and nif loci and other sym genes. The 

relative order of the genes in such symbiotic clusters as well as the 

physical organization of different sym-plasmids however may vary 

substantially from one species to another (see chapters III and V of this 

thesis). This phenomenon possibly is correlated with differences in sym-

plasmid sizes, ranging from approximately 200 kb in R.leguminosarum 248 

(Downie et al., 1983b) to about 350 kb in R.leguminosarum PRE (Krol et al., 

1982) and more than 500 kb in R.meliloti (Banfalvi et al., 1981) 

respectively. 

The existence of such large sym plasmids raises the question of what else 

they may code for, since the amount of DNA exceeds by far that which is 

likely needed for the symbiotic genes. Whether the observed clustering of 

symbiotic genes is involved in the regulation of their expression and/or 

whether selective pressure maintains the linkage is an as yet unanswered 

question. Another intriguing problem in this context is the evolutionary 

pathway of the Rhizobium-1egume symbiosis. One theory holds that nitrogen-

fixing soil bacteria acquired the ability to invade a host plant (Dilworth 

and Parker, 1969). The reverse idea hypothesizes that a plant pathogen 

developed the gene complex required for nitrogen fixation. In any case the 

bacteria must be able to suppress host defense reactions during recognition 

and following infection steps (Vance and Johnson, 1981). 
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The phenotypes of rhizobial mutants, blocked in different symbiotic stages, 

are classified as follows: 

Nod" mutants fail to elicit nodule development; these mutations refer 

to nodulation (nod) genes, which are essential for the initial host 

recognition steps up to the stimulation of host cell division producing 

the macroscopic nodule (stages Roa through Noi or possibly Bar in 

Table 2). 

Nif- mutants carry mutations in nif genes, which are specifically 

involved in the biochemical reduction of nitrogen and are therefore 

presumably analogous with well-characterized K,pneumoniae nitrogen 

fixation gene functions (see below under 2.4); they generally elicit 

the formation of nodules that appear almost normal in ultrastructural 

analysis (stage Nif in Table 2). 

Fix" mutants are mutated in genes essential for nitrogen fixation (fix) 

but for which no homologous gene in K.pneumoniae has (yet) been 

detected (stages Bad, Cof and Nop in Table 2). 

The localization of these different types of symbiotic genes on large-

sized plasmids allowed the application of a number of molecular genetic 

techniques which will be dealt with in the next paragraph. 

2.2. Molecular genetic techniques 

The genetic analysis of Rhizobium has not been developed to the same extent 

as that of Gram-negative bacteria like E.coli or the free-living nitrogen 

fixer K.pneumoniae. However, several types of genetic manipulation which 

can be carried out on Rhizobium are available now. 

2.2.1. DNA transfer methods. 

The study of Rhizobium genes involved in symbiotic nitrogen fixation has 

been approached by various techniques: 

- transformation has been reported for several rhizobial species but at 

frequencies considered suboptimal for clone-bank analyses (Kiss and 

Kalman, 1982); 
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- transduction also is extensively used but restricted to systems with 

efficiently transducing phages (Buchanan-Wollaston, 1979; Martin and 

Long, 1984); 

- conjugation has proven to be the most widely applicable method so far; it 

is generally used in chromosomal mapping studies and for transfer of 

symbiotic genes into different Rhizobium species (Beringer et al̂ . , 1980). 

This latter technique also has been used in order to distinguish between 

the roles of bacterial and legume host genes at various stages of the 

differentiation process. By conjugal transfer of specific Rhizobium genes 

into other Rhizobium species and into the related species Agrobacterium or 

even a bacterium of a genus that does not naturally infect plants such as 

E.coli, it can be elucidated whether a symbiotic-like host response is 

caused by transferred Rhizobium genes on the sym-plasmid and to which 

extent it is influenced by the chromosomal background of the bacterium and 

the plant host gene activity (see paragraph 2.3 for an example). 

2.2.2. Transposon mutagenesis and recombinant cloning vectors. 

Molecular genetic analysis of Rhizobium symbiotic genes is complicated by 

the fact that free-living bacteria do not differentiate to bacteroids or 

express symbiotic genes. To study if in symbiotically defective rhizobia 

the defect is due to a mutation in symbiotic genes, potential mutants must 

be individually screened by inoculation on plants. 

At first standard techniques for random mutagenesis such as chemical or 

radiation treatments and penicillin selections have been employed to map 

metabolic and drug resistance loci in Rhizobium (see review by Beringer et 

al. , 1980). But since the development of transposon Tn5 mutagenesis systems 

for Rhizobium by Beringer et al. (1978), transposon Tn5 is widely used to 

generate mutants, because it transposes at reasonably high frequencies with 

relatively little insertion-site specificity and creates polar mutations. 

Moreover Tn5 confers kanamycin resistance, which is expressed in most Gram-

negative bacteria and serves as a genetic marker (Berg and Berg, 1983). 

2.2.2.1. Random Tn5 mutagenesis. 

Random transposon mutagenesis is accomplished by introducing Tn5 into the 
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Rhizobium genome by transferring a so called suicide plasmid from E.coli, 

into Rhizobium. A suicide plasmid carries Tn5 and prophage Mu and cannot 

stably replicate in Rhizobium (Beringer et al. , 1978). Since each 

kanamycin-resistant Rhizobium clone tested contains an independent single 

transposition event, the number of plant tests required is reduced to a 

manageable amount. 

By this method random symbiotic mutants have been obtained at frequencies 

ranging from 0.1% to 1.0% (for examples see Buchanan-Wollaston et al., 

1980; Ma et al.., 1982; Meade et al. , 1982; Scott et al.. , 1982; Forrai et 

al., 1983; Noel et al., 1984; Rostas et al., 1984). An alternative method 

(Simon et aj_. 1983) utilizes a different type of suicide plasmid i.e. deri­

vatives of E.coli cloning vectors pBR325 or pACYC184 provided with Tn5 and 

the mobilization site of broad-host-range plasmid RP4. These so-called 

class I pSUP plasmids are mobilizable from E. coli to Rhizobium with the 

help of RP4 transfer functions integrated in the E.coli chromosome. The 

transconjugants can be screened for Tn5 transposition into Rhizobium DNA 

because the original vector cannot stably replicate in Rhizobium. 

A symbiotic gene can, if detected by insertion of Tn5, be cloned directly 

in E.coli by selection for kanamycin resistance. Subsequently the wild type 

counterpart can be isolated from a gene library by using the mutated gene 

as a hybridization probe. 

2.2.2.2. Shuttle vectors and site-directed Tn5 mutagenesis. 

A second strategy for the cloning and identification of symbiotic genes is 

based on site-directed Tn5 mutagenesis of Rhizobium genes cloned in E.coli 

and the analysis of the functions of these genes in Rhizobium. For that 

conjugative vectors are needed that can replicate in both E.coli and 

Rhizobium. The most widely and successfully used shuttle vector to date is 

pRK290 constructed by Ditta et al. (1980). It contains single EcoRI and 

Bglll sites suitable for cloning, confers tetracycline resistance, and 

contains the mobilization site of plasmid RK2 required for conjugal 

transfer. RK2 transfer genes must then be supplied In trans by a helper 

plasmid pRK2013 (Figurski and Helinski, 1979) in a triparental mating. 

Helpful derivatives of pRK290 are costramid pLAFRl containing the A cos 

site (Friedman et al., 1982) and pRK404, which is smaller and has a 



14 

multilinker site (Ditta et al., 1985). Other shuttle plasmids also are 

found and being searched for among other incompatibility groups than RK2 

(Tait et al., 1982; class II vectors, Simon et al., 1983). It is important 

to have more than one vector system available since complementation and 

gene regulation assays require the transfer of more than one cloned gene at 

a time into a cell. Shuttle vectors are now commonly used for constructing 

clone-banks and for cloning individual fragments, to be used in 

complementation and/or gene replacement experiments (Cantrell et al., 1982; 

Long et aj_. , 1982; Downie et al. , 1983a). 

A method for site-directed Tn5-mutagenesis, developed by Ruvkun and Ausubel 

(1981), utilizes the above mentioned conjugative broad host range vector 

pRK290. Cloned rhizobial DNA segments of interest are mutated by Tn5, while 

maintained in E.coli. Subsequently the mutated sequences are recloned in 

the conjugative vector pRK290 and transferred to wild type Rhizobium cells 

by conjugation; substitution of the wild type by the mutated fragment 

occurs as the result of two homologous recombination events on either side 

of the Tn5 insertion. Cells in which this gene replacement has taken place 

can be isolated then by introduction into this Rhizobium strain of a second 

P-group plasmid that is incompatable with pRK290, such as pR751 or pPHUI 

(Beringer et ed . , 1978). Simultaneous selection for kanamycin (retention of 

Tn5) and gentamycin resistance (conferred by pPHUI) selects 

transconjugants in which Tn5 has recombined into the sym-plasmid. The 

second conjugation step thus selects for cells in which double 

recombination has taken place and concommittantly removes the wild type DNA 

sequence which has recombined into pRK290 by this event. This technique is 

very useful for analysing possible symbiotic functions of specific DNA 

segments in Rhizobium (Corbin et aJ • , 1982 and 1983; Ruvkun et al_. , 1982; 

Buikema et al., 1983; Zimmerman et aj_. , 1983; Hahn et al., 1984; Jagadish 

and Szalay, 1984; Kondorosi et al_. , 1984; Schetgens et al. , 1984 and 1985). 

Such cloned Rhizobium DNA fragments carrying Tn5 insertions can, while 

propagated in E.coli and after religation into vectors with a strong 

constitutive promoter, also be used to determine the location and 

transcriptional direction of rhizobial pro.tein coding units by expression 

in E.coli minicells (Fuhrmann and Hennecke, 1982 and 1984; Punier et al., 

1983 and 1984; Schetgens et al., 1984 and in preparation; Schmidt et al., 

1984; Weber et al., 1985). 
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2.3. Nodulalion genes. 

It is generally assumed now that relatively few sym genes are required for 

the early stages of nodule formation. At first this was concluded from the 

observation that random mutagenesis of Rhizobium yields substantially more 

mutants with a Nod+Fix~ phenotype than Nod" mutants (Maier and Brill, 

1976; Beringer et al., 1977 and 1980; Buchanan-Wollaston et al., 1980; Long 

et al. , 1981; Paau et §2-, 1981; Rolfe et al., 1981; Meade et al., 1982; 

Forrai ejt al. , 1983). Now, this assumption has appeared to be in agreement 

with the finding that relatively small sym plasmid DNA fragments from 

R.meliloti (8.7 kb; Long et al., 1982; Kondorosi et al., 1984), R.trifolii 

(14 kb; Watson et al. , 1983; Schofield et al. , 1984; Djordjevic et al. , 

1985a) and R. leguminosarum (10 kb; Downie et a_l. , 1983c) appeared 

sufficient to complement intraspecies as well as heterologous Nod" 

mutations. Moreover transfer of the cloned R.meliloti nodulation gene 

cluster (minimally 3.5 kb from recombinant plasmid pRmSL26; Long et al., 

1982) to Agrobacterium tumefaciens or to E.coli consistently elicits the 

development of Fix" nodules on alfalfa (Hooykaas et al., 1981 and 1982; 

Kondorosi et al., 1982; Wong et al., 1983; Hirsch et al., 1984; Truchet et 

al., 1984). A.tumefaciens carrying pRmSL26 induced nodules containing 

characteristic meristems and sometimes infection threads; however the 

bacteria were not released from these infection threads and thus remained 

extracellular. Nodule-like structures elicited by E.coli carrying pRmSL26 

were completely devoid of bacteria and without infection threads (Hirsch et 

al., 1984). So it might be that nodulation requires some additional 

chromosomal genes, which can be supplied better by the related plant 

pathogen Agrobacterium than by E.coli. 

The overall suggestion from these experiments is that a limited number of 

Rhizobium genes is involved in nodule inducement. The bacterium 

accomplishes many of its effects by stimulating specific gene functions in 

the legume host at an early stage of infection. Root hair curling and 

actual penetration of bacteria via infection threads are no prerequisites 

for an obvious host reaction like nodule meristem formation in alfalfa 

(Hirsch et al., 1984; Finan et al., 1985). From the complementation data 
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described above it can be concluded that certain nodulation genes have been 

highly conserved among Rhizobium species. These have been designated by 

Kondorosi et aj[. (1984) as common nod genes and are involved in triggering 

the root hair curling response (hac). The functional homology of several 

common nod loci has been confirmed by interspecies DNA hybridization 

studies and nucleotide sequencing (Kondorosi et aJL , 1984; Schmidt et al. , 

1984; Torok et al., 1984; Rossen et al., 1984a; Lamb et al., 1985; 

Djordjevic et al. , 1985a; Rolfe et §J_. , 1985a; Marvel et al. , 1985; Chapter 

V of this thesis). 

The common nodulation gene cluster has been reported recently for several 

Rhizobium species to consist of a nodABC operon and an adjoining nodD gene, 

in correspondence with different classes of mutant phenotypes (Torok et 

al., 1984; Kondorosi, 1985 

Fisher et al., 1985a and b 

Downie et al., 1985a and b 

Long et al., 1985; Egelhoff and Long, 1985; 

Mulligan and Long, 1985; Rossen et al., 1984a; 

Djordjevic et al., 1985b; Rolfe et al., 1985b; 

Schofield et al., 1985; Scott et al. , 1985). These studies suggest that 

induction of nodABC depends on active expression of nodD and the presence 

of an unknown factor present in plant cell exudates. Some other nodulation 

genes however must be species-specific to account for host range 

differences. Such clusters of nod genes have also been identified and are 

designated as hsn genes, determining host specificity of nodulation 

(Kondorosi et al., 1984 and 1985; Downie et al., 1985 a and b ) . This hsn 

region appears to harbor at least three genes, nodE, F and G (Kondorosi, 

1985; Downie et aJL , 1985b). Preliminary investigations further indicate 

that nod gene areas are not or very weakly expressed in free-living 

bacteria, but are activated during the earliest stages of nodule 

development (see Long, 1984). An interesting finding in this respect is the 

identification of psi, a plasmid-linked and symbiotically essential 

R.phaseoli gene, that inhibits the expression of genes for 

exopolysaccharide synthesis which are normally expressed in a free-living 

culture (Borthakur et al., 1985). Nod-gene encoded proteins have been 

overproduced in E.coli and used to elicit specific antibodies which may be 

used for cytological detection of these proteins and the elucidation of the 

regulation of nod gene expression during nodule formation (Long et al., 

1985). 
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2.4. Nitrogen fixation genes. 

As stated in paragraph 2.1, the rhizobial nif -genes have been defined on 

the basis of analogy with nif-genes in the free-living nitrogen-fixing 

species K.pneumoniae. Therefore a short survey on Klebsiella nif genetics 

will be given here (for reviews see Roberts and Brill, 1981; Ausubel et 

cJ., 1982; Ausubel, 1984a and b; Dixon, 1984). 

K.pneumoniae reduces dinitrogen only under anaerobic and nitrogen-limiting 

conditions. A combination of genetic mapping, complementation analysis, 

cloning and sequencing studies has revealed that 17 contiguous nif genes 

are clustered close to the his operon, occupying 23 kb of the genome and 

grouped into seven or eight operons. A physical and functional map of this 

nif-gene cluster is presented in Fig. 2 (from Dixon, 1984). 

Fig. 2. Map of the nif gene cluster in K.pneumoniae, indicating the 

transcriptional organization and function of genes. 
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The roles of gene products are indicated schematically by the vertical 

arrows above the map. The horizontal arrows indicate the extent and 

direction of each transcript, black dots representing the location of nif 

promoters. 

In different species of nitrogen-fixing bacteria (Eady and Postgate, 1974) 

the nitrogenase enzyme consists of two components; component I, CI, con-
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sists of two copies of each of the two subunits a and 0, and component II, 

CII, is composed of two identical subunits. Component I contains the site 

of substrate binding and the catalytic centre for N2 reduction. For that an 

iron-molybdenum cofactor (FeMo-co) as a part of component I is also 

required. The role of component II is to reduce component I (Roberts and 

Brill, 1981). In K.pneumoniae the three structural polypeptides of 

nitrogenase are encoded by genes nifH (CII), nifD (Cla) and nifK (CI/3). 

Although mutations in these three structural nif genes clearly affect the 

synthesis of nitrogenase proteins, other mutations in the nif region were 

observed to impair the nitrogenase function as well, without altering 

electrophoretic mobility of the polypeptides of component I and II. NifM 

mutants produce inactive CII and the nifM gene product may therefore be 

required for processing of CII. The nifS and nifU proteins may also be 

involved in CII modification. Three genes nifB, nifN and nifE are now known 

to be required for FeMo-co synthesis, which is essential for CI 

activity; nifV determines substrate specificity of CI; the nifQ product 

probably sequesters molybdate for FeMo-co synthesis. NifF and nifJ both 

encode electron transport factors. The nifX and nifY gene products were 

identified as polypeptides synthesized from cloned nif fragments in E.coli 

minicells; their function has not yet been determined. NifL and nifA genes 

regulate transcription of each of the other nif operons and their role will 

be discussed in more detail below (see Dixon, 1984 for references). 

The expression of K.pneumoniae nif genes appears to be subject to two 

levels of positive control, in response to the ammonia and oxygen supply 

(Ausubel et al. , 1982). The first level is nif-specific and mediated by the 

products of the nifLA operon: the nifA protein is a transcriptional 

activator required for the expression of all other nif operons 

(Buchanan-Wollaston et al. , 1981), whereas the nifL gene product bears 

repressor activity and antagonizes the nifA protein in the presence of oxy­

gen (Hill et al., 1981). The second level of nif regulation consists in a 

centralized regulatory control mechanism for nitrogen assimilation in 

enteric bacteria, the ntr system. Two genes ntrC (glnG) and ntrA (glnF) 

activate, under conditions of ammonia starvation, various operons involved 

in nitrogen assimilation (a.o. hut for histidine utilization and put for 

proline utilization; see Magasanik, 1982) as well as the nifLA regulatory 

operon (De Bruijn and Ausubel, 1983; Drummond et al_. , 1983; Merrick, 1983; 
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Ow and Ausubel, 1983) . 

Interspecies homology of the structural nifUDK genes was tested by using 

cloned K,pneumoniae nif DNA fragments (Cannon et al., 1979) as 

hybridization probes (Ruvkun and AusubeJ, 1980). Hybridization was 

detectable with the DNA of all nitrogen-fixing species tested indicating a 

strong evolutionary conservation of the structural nitrogenase genes. This 

has subsequently led to the identification and cloning of the nitrogenase 

genes from widely divergent species, as R.meliloti (Ruvkun and Ausubel, 

1980, 1981; Banfalvi et al., 1981; Rosenberg et al., 1981; Corbin et al., 

1982), R.leguminosarum (Nuti et al., 1979; Krol et al., 1982; Schetgens et 

al., 1984; Ma et al., 1982), R.trifolii (Scott et al., 1983a), R^haseoli 

(Quinto et al., 1982), B.japonicum (Hennecke, 1981; Adams et al., 1984), 

Parasponia Rhizobium (Scott et al., 1983b), cowpea Rhizobium (Hadley et 

al., 1983), Anabaena 7120 (Rice et aJL , 1982), Azospirilium brasilense 

(Quiviger et al-• 1982), Frankia, Azotobacter vinelandii, Rhodopseudomonas 

capsulata and Rhodospirillum (Ruvkun and Ausubel, 1980). This interspecies 

conservation of nifHDK gene sequences, however, does not necessarily 

include a preservation of the operon structure. In K.pneumoniae and in 

several fast-growing Rhizobium species the structural nitrogenase genes 

comprise one operon, which is transcribed in the order nlfH - niJT) - nifK 

(Ruvkun et al. , 1982; Corbin et al., 1983; Piihler et al., 1983; Schetgens 

et al., 1984; Scott et al., 1983a). Two separate transcription units 

however, nifHP and nifK, have been identified in Anabaena 7120 (Rice et 

al., 1982). Among slow-growing Bradyrhizobium species a genetic organiza­

tion consisting of distinct nifH and nifDK operons has been assessed 

(Fuhrmann and Hennecke, 1982; Kaluza et al., 1983; Scott et al., 1983b; 

Adams et al., 1984; Fischer and Hennecke, 1984; Yun and Szalay, 1984). 

In contrast to earlier data implying that only the Klebsiella nif sequences 

encoding nitrogenase proteins had been conserved among other nitrogen-

fixing species (Ruvkun and Ausubel, 1980), Anabaena DNA was found to 

hybridize with a nifV/nifS probe in addition (Rice et al., 1982). Moreover 

homology was detected recently with the genomes of different Rhizobium spe­

cies using the K.pneumoniae nifA (Szeto et al. . 1984; Buikema et al̂ . , 1985; 

Ausubel et al., 1985; Weber et al., 1985; Kim et al., 1985; Downie et al., 

1983a; Rossen et al., 1984b; Schetgens et al., 1985; Adams et al., 1984; 

Fischer et al., 1985; Jagadish et al., 1985; Weinman and Scott, 1985) or 
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nifB gene (Buikema et aJ. , 1985; Ausubel et al. , 1985; Rossen et al. , 1984; 

Schetgens et a_l. , 1985; Fischer et al., 1985) as a probe. The Rhizobium DNA 

sequences hybridizing to K.pneumoniae nifA nifB were found to encode amino 

acid sequences showing appreciable homology to the corresponding 

K. pneumoniae counterparts (Rossen ejt al̂ . , 1984; Buikema et §]_. , 1985). 

Furthermore a functional correspondance was concluded actually to exist for 

the rhizobial nifA like gene, from the observation that this gene is indeed 

required for jji vivo expression of the nifHDK genes (Szeto e_t al. , 1984; 

Schetgens et al- , 1985). The regulation of Rhizobium symbiotic genes will 

be discussed in more detail in paragraph 2.6. 

It seems plausible that besides nifHDK, nifB and nifA more nif genes known 

in Klebsiella to be involved in the assembly of an active nitrogenase 

enzyme complex, have counterparts in Rhizobium. 

2.5. Other symbiotic genes. 

In principle two methods have been employed to detect additional fix genes. 

The first is to search for mutants obtained after random Tn5 mutagenesis, 

which are affected in the nitrogen fixation capacity and carry a Tn5 

insertion located outside the structural nifHDK locus (see e.g. Ma e_t aj.. , 

1982; Downie et al., 1983a; Noel et §2-, 1984). Alternatively the immediate 

vicinity of known symbiotic clusters can be screened for additional sym 

genes by site-directed Tn5 mutagenesis (see e.g. Ruvkun e_t al_. , 1982; 

Corbin et al. , 1983; Zimmerman et al. , 1983; Piihler et al. , 1984). This 

approach is based upon the evidence for close linkage of nifHDK, fix and nod 

genes on the sym plasmids of fast-growing species (see paragraph 2.1). A 

second and different approach was derived from the observation that 

megaplasmid-borne symbiotic genes are exclusively expressed during nodule 

development and not to any significant extent in free-living bacteria (Krol 

et al_. , 1980; Chapter V of this thesis). Screening of a sym plasmid clone 

bank by hybridization with bacteroid mRNA as a probe and Tn5 mutagenesis of 

the selected sym-plasmid fragments indicated a strict correlation between 

regions which are actively transcribed in nitrogen-fixing nodules and areas 

where symbiotic fix genes have been localized by DNA homology or by Fix" 

phenotypes in Tn5 mutants (Kondorosi et al. , 1983b; Schetgens et al_. , 1984 
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and 1985; Hontelez et al_. , manuscript In preparation- see chapter V of this 

thesis; David et al., 1984). 

2.6 Regulation of bacteroid gene expression. 

At least in one respect Rhizobium nif gene regulation is similar to that in 

Klebsiella. Rhizobial nif genes are just as in K.pneumoniae under direct 

control of a positive transcriptional activator, the nif̂ A gene product. The 

existence of a structural and functional homologue of the K.pneumoniae nifA 

gene in several fast- and slow-growing Rhizobium species was concluded from 

homology studies (see paragraph 2.4 for references). This conclusion is 

supported by evidence based on nucleotide sequences of nifA regulated 

promoters. K.pneumoniae nif gene promoters are characterized by a par­

ticular consensus sequence, which also appears to be conserved in various 

nif promoter sequences from Rhizobium species (see Fig. 3 legend for 

references). 

The remarkable similarity between various Rhizobium and Klebsiella nif 

promoters suggests a common regulatory mechanism for transcriptional 

control i.e. by the nifA protein, the more so as the ni_f promoter 

consensus sequences exhibit poor correspondence to promoter structures 

known to be typical for E.coli (see Hawley and McClure, 1983). 

Furthermore the actual activation of Rhizobium nif promoters by the 

K.pneumoniae nifA gene product could be detected in vitro by means of nif-

lacZ fusion experiments, allowing to monitor expression from a certain nif-

promoter under the influence of constitutively produced K.pneumoniae nifA 

protein (Piihler et al. , 1983; Sundaresan et al. , 1983a and 1983b). 

An intriguing result in this context was obtained by Better et al. (1985), 

who showed that an entire 160 bp conserved promoter sequence of R.meliloti 

nifH (PI) is necessary for heterologous activation by K.pneumoniae nifA 

protein in E.coli, whereas expression from this and another nif promoter 

(P2) in 5 week steady state root nodules requires only a 35 bp promoter 

fragment (-35 to 0 comprising the nif consensus region) for continued 

transcription. This data suggests that the complete 160 bp promoter-

regulatory region may be essential only for the initial activation of nif-



22 

Fig. 3. Sequences of various nif promoters. 

Kp(nifH) 
Kplni£E) 
Kp(nTfU) 
Kp(nTTB) 
Kp(nTTw) 
Kp(nifP) 
Kp(nifL) 

-CTGGTATG CTGCA G 
-CTGGAGCG TTGCA T 
-CTGGTATC TTGCT T 
-CTGGTACA TTGCA T 
-CTGGCCGG TTGCA T 
-CTGGCACA TCGCA C 
-AGGGCGCA TTGCA C 

R»(nifH) : -CTGGCACG TTGCA G 
R»CP2") : -CTGGCACG TTGCA C 
Rj (ni f H ) : - T T G G C A C G T T G C T C 
Rj (nifD) : -CTGGCATG TTGCA T 
Rp(nTfH) : -TTGGCATG TTGCT T 

Consensus : -CTGGPAPP TTGCA N-
i y y" i i i 

-26 -1« -IB +1 

The base at the 3' end of each promoter sequence is the start point of 

transcription. Abbreviations and references: 

Kp: K.pneumoniae (Beynon et al. , 1983); Rm: R.meliloti (Better et al., 

1983; Sundaresan et al., 1983a); Bj: B.japonicum (Adams and Chelm, 1984; 

Fuhrmann and Hennecke, 1984; Kaluza and Hennecke, 1984); Rp: R.parasponiae 

(Scott e_t al. , 1983b). Not included but also shown recently to meet the nif 

consensus sequence are the following promoters: R.parasponiae nifD (Weinman 

et al.. 1984), cowpea Rhizobium nifH and nifD (Yun and Szalay, 1984), 

R.trifolii nifH (Scott et al., 1983a), R.phaseoli nifH (Quinto et al., 

1985) and R.leguminosarum 248 nodA (Rossen et al., 1984a). Adapted from 

Ausubel 1984b. 

specific transcription processes in R.meliloti. 

Another important observation is the recent finding, based on sequence 

comparisons of nif promoters in R.meliloti and R.trifolii, that domains of 

inter- as well as intraspecific conservation are present within these 

promoter regions (Schofield and Watson, 1985). Except the above-mentioned 

nif-specific consensus sequence (0 to -35), one species-specific promoter 

element (-45 to -118) and a second stretch of nif-specific nucleotides 

(-122 to -165) were detected. Both nif-specific promoter elements which 

have been identified also in Klebsiella (Drummond et al., 1983), may be 

involved in the coordinated activation of nif genes by nifA and 
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ntrA/ntrC. The authors suggest that the species-specific regulatory 

component of nif promoter sequences might be required for their exclusive 

expression during association with appropriate plant hosts. 

Several hypotheses exist with respect to the actual mode of action of the 

regulatory nifA protein. It has been proposed that it might modify the RNA 

polymerase as a novel (7-factor analogous to gene regulation in Bacillus 

(Losick and Pero, 198] ), in order to allow recognition of nif-specific 

sequences. Alternatively direct binding of the regulatory product to the 

DNA double helix in order to create a new RNA polymerase binding site 

analogous to the lambda ell protein (Ho et al. , 1983) has been suggested. A 

key developmental question that now remains to be answered is, whether or 

not the rhizobial rufA gene activation itself depends on a centralized 

ammonia control system as in Klebsiella. One alternative is that the 

Rhizobium nifA locus might be activated by a "centralized symbiotic 

regulatory system", that is responsible for activating not only rufA but 

also other symbiotic genes, for example those required for early steps in 

nodulation or for bacteroid differentiation and nodule maintenance. Thus 

the n_ifA gene, which regulates the expression of specific nif operons, 

would be only one of several targets for this symbiotic regulatory system 

(Ausubel, 1984a and 1984b). 
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