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ABSTRACT

Sinorhizobium meliloti Rmd201 (Nod™Fix",Str") strain, a derivative of the wild
type strain Rm41, was subjected to random Tn5 mutagenesis with the help of suicide
plasmid pGS9, carrying transposon Tn5. Two thousand and two hundred kanamycin
resistant transconjugants were obtained from crosses between E. coli WA803 (pGS9)
and S. meliloti strain Rmd201. These transconjugants were streaked on minimal
medium and twelve auxotrophs were identified on the basis of their inability to grow in
this medium. Streaking of these auxotrophs on nutritional pools yielded two adenine
auxotrophic mutants. Two adenine+thiamine and eight adenine auxotrophs isolated by
other research workers were also included in further studies.

The positions of blocks in the purine biosynthetic pathway for these auxotrophs
were determined by intermediate feeding and cross feeding studies and based on these
results the purine auxotrophs were divided into four groups as follows: Group (D
Purine auxotrophs, NV2 and NV24, which require both adenine and thiamine for their
growth and each of these, has a block in the adenine-thiamine pathway before amino
imidazole riboside (AIR). Group (II) Purine auxotrophs, NV10, NV28, and AL7 that
require amino imidazole carboxamide riboside (AICAR) for their growth and each of
these have a block in the adenine pathway before AICAR. Group (III) Purine
auxotrophs, AL3, VK37, VK38, VK40 and RH13 which require inosine or adenine for
their growth and each of these has a block in the adenine pathway before inosine
monophosphate (IMP) and group (IV) Purine auxotrophs, VK27 and RH19, which
require adenine for their growth and each of these, has a block in the pathway before

adenosine monophosphate (AMP).



In order to find out the pleiotropic effects of Tn5 insertions, all purine
auxotrophs were tested for production of exopolysaccharides, lipopolysaccharides,
cellulose fibrils, (3 (1-2) glucans and utilization of dicarboxylic acids. All these
auxotrophs were found to utilize dicarboxylic acids as a sole carbon source and
produce exopolysaccharides, lipopolysaccharides and cellulose fibrils as the parental
strain Rmd201, whereas, these mutants showed less motility in swarm medium than the
parental strain which related to production of 3.(1-2) glucans.

The symbiotic properties of different purine auxotrophs along with'the parental
strain S. meliloti Rmd201 were studied by inoculating them on alfalfa (Medicago
sativa) seedlings grown on nitrogen free agar slants. The nodules induced by the
parental strain Rmd201 were of cylindrical shape and pink in color. The mutants
induced-nodules were round /irregular in shape and white in color. The mean shoot dry
weights and mean shoot high of the plants inoculated with purine auxotrophs did not
differ significantly from those of uninoculated alfalfa plants. These indicate the
ineffectiveness of these mutants in symbiotic nitrogen fixation. The ineffectiveness of
these mutants in nitrogen fixation were also reflected by comparing total nitrogen
content of plant inoculated with parental strain and that inculated with purine
auxotrophs. All purine auxotrophs were found to induce root hair deformation and
infection thread formation. The addition of adenine and other intermediates to plant
growth medium did not restore effectiveness in these mutants.

For histological studies, the nodules from six weeks old plants were cut, fixed
and embedded in araldite epoxy resin. Thin and ultrathin sections of nodules were cut
and examined under light and transmission electron microscopes, respectively. The

nodules induced by the parental strain Rmd201 had four zones: meristematic zone,

(i)



infection zone, nitrogen fixation zone and senescence zone. Cells of meristematic zone
were found to be typically small and isodiametric in shape. This region Was devoid §f
rhizobia. A network of infection threads was seen in the infection zone. Poly-[3-
hydroxybuterate (phb) inclusions were found in the bacterial cytoplasm. In the nitrogen
fixation zone of nodule, the mature bacteroids were elongated. The younger bacteroids
exhibited a relatively homogeneous cytoplasm. In the distal part of the nitrogen
fixation zone, the bacteroids had proliferated to the extent that the most of the host cell
cytoplasm was occupied by elongated bacteroids. The organelles of host cell and
bacteroids were found at the peripheral position around the centrally [ocated vacuole.
In mature bacteroids, which were present in the proximal part of nitrogen fixation zone,
the cytoplasm was heterogeneous due to condensation of nucleic acid material. The
transition from the nitrogen fixation zone to senescence zone occurred abruptly.

Light microscopic studies of the nodules induced by purine auxotrophs did not
show significant differences among themselves. The longitudinal section of whole
nodule in each case showed the lack of distinct zones like the parental strain induced
nodules; most of the cortical cells were devoid of bacteroids, while a few contained
amyloplasts. Infection threads and many peripheral vascular bundles were commonly
seen in the nodule sections.

At ultrastructural level, the nodules induced by group I auxotrophic mutant
NV2 showed infection threads containing bacteria in lytic condition. The released
bacteroids started degrading at this stage. The nodules induced by group Il (AL7) and
group IIT (VK38) auxotrophs showed a large number of uninvaded cells with starch
granules. Some of the cortical cells contained bacteroids with heterogeneous cytoplasm

and normal shape, while some others contained bacteroids with heterogeneous

(iii)



cytoplasm and were abnormal in shape. It seems that the lysis of bacteroids occurred
immediately after their release. In the nodules induced by group IV auxotroph VK 27
‘bacteroidal development appeared to be relatively more advance as compared to that in
the nodules induced by the purine auxotrophs of groups I, Il and ITI.

These results showed that a normal flow of metabolites through purine
biosynthetic pathway is required for successful S. meloliti-alfalfa symbiosis. Some
intermediates and enzymes of purine biosynthetic pathway may have a role in

bacteroidal development and maturation.
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INTRODUCTION




Nitrogen (N), being a constituent of major biological macro molec>ules (protein,
nucleic acids and other essential molecules), plays important role in nutrition of almost
all organisms. In nature nitrogen is present in various forms. In atmosphere it exists in
gaseous form and constitutes about 78% (by volume). The plants, Which are the
primary producers of food chain, are unable to utilize this atmospheric nitrogen.
Instead they use combined form of nitrogen (ammonia, nitrate and nitrite) present in
soil. The soil becomes deficient in nitrogen dueto continuous cereals cropping and
depletion. This nitrogen deficiency in soil is replenished by adding chemical fertilizers
to the soil. Besides the industrial production of nitrogen fertilizers is costly.
Approximately 50% of these applied fertilizers get leached which not iny leads to
pollution but also wastes energy and money. Therefore, there is a need to look for other
sources of nitrogen supply to plant. In this context one alternative source of nitrogen is
biological nitrogen fixation. Itvinvolves the conversion of atmospheric gaseous nitrogen
to ammonia by group of prokaryotes, collectively termed diazotrophs, which include
bacteria and blue green algae. A number of bacterial species are known to have the
ability to fix atmospheric nitrogen. Based on their association with plants, these
bacteria can be classified into three main groups.

(1) Free living (Klebsiella pneumoniae, Azotobacter vinelandiy,

Rhodospirillum rubrum, etc.)
(2) Associative (Azospirillum spp.), and
(3) Symbiotic (Rhizobium, Bradyrhizobium, Azohrizobium, Frankia, etc.).
~The symbiotically fixed nitrogen is the largest source of nitrogen in the global
nitrogen cycle. It has been estimated that bacteria belonging to Rhizobiaceae fixed up

10 120 million tones of atmospheric nitrogen annually ( Freiberg et al.,1997).



Among these nitrogen fixed by legume-Rhizobium symbiosis account for more
than 25% and is an important primary candidate for sustainable agriculture.
Historically, the ability of leguminous plant to restore soil fertility has been known for
nearly 2000 years ago .and formed the basis of crop rotation. This knowledge was
purely empirical until Bossingault (1830) produce evidence showing the value of
leguminous plants ability to fix nitrogen. Subsequently Hellriegel and Wifarth (1988)
related the ability of leguminous plants to fix nitrogen with the presence on their roots
of localized swellings called nodules. Rhizobia reduced the atmospheric .dinitrogen to
ammonia, which is assimilated by plants and in turn it gets plant photosynthates to
meet their energy requirement. Rhizobia are classified into two groups: fast growing
and slow growing (Masterson et al., 1982). The fast growing rhizobia like
Sinorhizobium meliloti, R. leguminosarum, etc. are found to be more typical system
due to relatively lesser time of doubling (2 to 4h). The growth of certain strain of S.
meliloti“is known to be fastest among the fast growing rhizobia. S. meliloti forms
symbiotic relation with three genera of medicago plant group, Medicago, Melilotus and
Trigonella. "The fast growth of S. meliloti and the small size of the-alfalfa plants
facilitate the study of bacterium-plant interactions under laboratory conditions. Due to
above advantage, S. meliloti-alfalfa system was chosen for this study.

The symbiotic nitrogen fixation by rhizobia is carried out inside a special
structure called nodules on the roots of leguminous plants. The nodule provides the
suitable environment for reduction of dinitrogen to ammonia./The formation of nodules
are the result of a multi-step process requiring the specific gene products of both
partners (Vincent, 1980). The most critical steps of the nodule development are

colonization, recognition and infection of the host by the bacterium (Newcomb, 1981).



The rhizobial-legume symbiosis starts with the interaction between the bacteria and the

root epidermis. First reaction of root system to the presence of rhizobia is the curling

and deformation of root hairs. The bacteria get entrapped in the curl; the host cell wall

is hydrolyzed and a tubular structure called infection thread is formed. The bacteria

invade root hair and root cortex with the help of infection thread. The nucleus at the tip

of the curled root hair guides the path of the infection thread. Meanwhile, cells of root

cortex are mitotically-activated and form nodule primordium (Truchet er al., 1985;

Werner, 1992; Devlin and Witham, 1999). As the primordium develops to a nodule, -
bacteria are released from the tip of the infection thread by endocytosis and -
differentiate into bacteroids which are surrounded by plant derived peribacteriod
membrane (Schultize and Kondorosi, 1998). Based on their differentiation features
bacteroids are called bacteroid type 1-5 (Vasse et al., 1990). Specific signal from the
plant coupled with the appropriate physiological environment is thought to stimulate
the expression of nitrogenase and other bacterial genes involved in nitrogen fixation.
The heme produced by rhizobia combines with globin produced by the plant, to foym
leghemoglobin that is required for nitrogen fixation. This protein plays an important
role in regulation of the free oxygen concentration inside nodule: and protect the
nitrogenase enzyme which is very sensitive to oxygen (de Bruijn et al., 1994).

Recent advances in recombinant DNA technology have made it easy to
understanding the complexity of symbiotic association of rhizobia with the host plant.
Several rhizobial and plant genes involved in this process have béen identified from
different species. Rhizobial genes responsible for nodule development (nod, nol)
(Kondorosi et al., 1984; Fisher and Long, 1992: Orenik e.t al., 1994; Bellato et al.,

1996; Freiberg et al., 1997; Kiss et al., 1998; Cabanes et al., 2000), nitrogen fixation



(nif, fix) (Batut et al., 1985; Fischer, 1996; Bauer et al., 1998) and nodule invasion
(exo, Ips, kps., etc) (Borthakur and Johnston,1987; Reed er al.,1991; Reuhs er al., 1995;
Cheng and Walker,1998°; Kereszt et al.,1998; York and Walker,1998*%). have been
cloned, sequenced and éharacterized.

In addition, it has also been reported that bacteroid development and nitrogen
fixation depend on nutritional “conditions of nodule. Tt is well established that
bacteroids depend on their host plant for carbon and energy and can utilize C,-
dicarboxylic acids (Watson er al, 1990; Finan et al., 1991; Osteras et al., 1997;
Boesten er al., 1998). Beside nod, nol and fix genes which play important role, several
other functions of rhizobia were also found to influence symbiosis directly or
indirectly. These include metabolic pathways for synthesis of amino acids (Sadosky et
al., 1986; Yadav et al., 1998; Prasad ez al., 2000), nucleotide base (Kerppola and Kahn,
.19883; Newman et al, 1992; Djordjovic et al, 1996; Vineetha, 1998) and vitamins
(Pankhurst ez al., 1972 ; Kim et al, 1988). Anthranilic acid, an intermediate of the
tryptophan biosynthetic pathway and tryptophan synthase enzyme have been found to
be essential for effective symbiosis in S. meliloti and R. etli (Barsomian et al., 1992;
Taté er al., 1999°% Prasad et al., 2000). S. meliloti ilvC and histidine auxotrophs of B.
Japonicum did not induce nodule formation (Nod) on their respective host plants
(Sadowsky et al., 1986; Aguilar and Grasso, 1991). However, histidine auxotrophs of
R. etli were found to be effective in nodule formation with pea plant (Newmqn et
al.,1995). Studies on nodules induced by pyrimidine auxotrophs indicated that some of
the pyrimidine intermediates/enzymes might have some role in symbiosis (Vineetha,
1998). S. meliloti and R. leguminosarum pyrimidine auxotrophs have been reported to

form ineffective nodules (Kerppola and Khan,1988"; Noel et al., 1988).



Role of purine biosynthetic pathway in symbiosis has been established in
several Rhizobium-legume systems (Pain, 1979; Pankhurst and Schwinghamer, 1974;
Noel ef al., 1988; Newman e/ al., 1992; 1995; Stevens ef al., 2000). In general purine
auxotrophs of several Rhizobium spp. appeared to be defective in early infection
process (Noel ef al., 1988; Djordjevic e/ al, 1996, Newman ef al., 1992; 1994).
Symbiotic defects in these purine auxotrophs were restored on supplementation of
plant nutrition medium with. purine- intermediate AICAR (5 aminoimidazole-4-
carboxamide riboside) (Newman ef al., 1994,1995). S. meliloti purine auxotrophs are
found to be Nod'Fix™ (Swamynathan and Singh,1992; Gupta, 1996 ). However, in all
these cases no detailed histological studies of nodules induced by purine auxotrophs
were performed and it is unclear if symbiotic ineffectiveness is due to unavailability of
purine or purine intermediate(s) which is/are responsible for defects in bacteroids
development and function. There is also a possibility that some enzyme(s) of the purine
biosynthetic pathway has (have) a dual role i.e. apart from its role in the biosynthesis of
purine. These enzymes may also convert some unknown precursor into a product
necessary for symbiosis. Keeping these observations in mind, the study of purine
auxotrophs of S. meliloti was performed with following objectives.

1. To generate purine auxotrophs mutants of S. meliloti by random transposon Tn>
mutagenesis.

2. To study the biochemical and symbiotic characteristics of purine auxotrophs.

3. To study the peliotropic effect of Tn5 mutagenesis in purine auxotrophs.

4. To study the histology of nodules induced by purine auxotrophs.



LITERATURE REVIEW




For the present study the literature has been reviewed under the following

headings:
L. Taxonomy of rhizobia
I1. Genetics of rhizobia
I11. Development of the legume root nodule
IV.  Genes involved in nitrogen fixation
V. Other genes involved in symbiosis

2.1 .. TAXONOMY OF RHIZOBIA

In plant kingdom a number of plants are benefited from plant-prokaryotes
association. One of such association is symbiosis between plants and a group of
bacteria, which form nodule. The bacteria that can establish symbiosis by forming
nodules, belong to two phylogenetic groups, namely Rhizobium (Van Berkun and
Eardly, 1998) and Frankia (Benson and Silvester, 1993). Rhizobium are Gram-negative
soil bacteria that have the ability to interact with plant species belonging to the
leguminaceae family. In contrast, Frankia Gram positive actinomycetes nodulate with
some families of angiosperms collectively called actinorhizal plants (Benson and
Silvester, 1993;Van Berkun and Eardly, 1998). The ability of legumes (o fix
atmospheric nitrogen and cultivation of bacteria isolated from legume nodules, were
reported long back in 18" century (Burris, 1977). These bacteria were called
Rhizobium (rhizo = root and bio = living) by Frank, (1989). On the basis of growth rate
rhizobia are classified into two goups: slow growers (with generating time¢ more 6
hours) and fast growers (with generating time less than 6 hours). Later on, with further

developments in rhizobial research, they were regrouped into three genera; Rhizobium,
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Bradyrhizobium and Azorhizobium. Bradyrhizobium (a slow growing) in general have
broder host-range than Rhizobium, which is fast growing and nodulate only limited
temperate legumes. Azorhizobz'u‘m which are more related to Bradyrhizobium than to
Rhizobium, can utilize gaseous nitrogen as a sole nitrogen source during growth in free
living conditions (Rinaudo et al., 1991; Dowine and Brewin, 1992; Willems and
Collins, 1993). Further development in Rhizobium taxonomy were based on, numercal
taxonomy, 16s rRNA analysis and nucleic acid hybridization studies, which have been
helpful to infer the phylogenetic diversity in the Rhizobiaceae family (Selander e al.,
1986; Jarivs et al., 1992; Jarvis and Tighe, 1994; Martinez-Romero, 1994; Gualtieri
and. Bisseling, 2000). Recently fast growing rhizobia has been reclassified and two
genera called Sinorhz'zobz'um and Mezorhizobium have been recognized, (Chen et al.,
1988; de Lajudie et al., 1994; Lindstrom et al., 1995;Young et al., 1996). The current
taxonomical classification of rhizobia with their host specificity and phylogenetic

diversity has been presented in Fig-1 and Table-1)

2.2. GENETICS OF RHIOZOBIA

2.2.1 MUTAGENESIS

The primary focus of present day rhizobial research vis the identification of
symbiotically significant genes and elucidation of their role in symbiosis. One
approach to understand the function and organization of this was by generating
symbiotically defective mutants. Several mutants with altered symbiotic features were
generated by using various methods of mutagenesis such as:

(i) chemical mutagenesis (ii) transposon mutagenesis, and (iii) site-directed

Tn5 mutagenesis.
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Figure 1:  Phylogeny of rhizobia as deduced from 16S ribosomal RNA gene se-
quences. Lineages of non-symbiotic bacteria are shown by boxes, with a represen-
tative given in parenthesis for lineages closely related to symbiotic groups, (after
Gualtieri and Bisseling, 2000).



Table 1: Taxonomic classification of rhizobia (based on Scholla and Elkan, 1984;

Eardley et al., 1990; Martinez-Romero,1994; Nour et al., 1995; Xu er al.
1995; Chen et al., 1995; 1997; Amarger ef al., 1997; de Lajudie ef al.

’

’

1994; 1998; Terefework et al., 1998; Nick et al., 1999 ; Vij, N., 2000)

Rhizobium spp. strain NGR234

Bradyrhizobium

Bradyrhizobium spp. strain parasponia
B. japonicum

B. elkanii

B. liaoningense

Stnorhizobium
S. meliloti

S. terangae

S.fredii, S.xiniangensis
S, medicae

S. saheli

S. arboris

S. kostiense

Azorhizobium
A. caulinodans

Mesorhizobium
M. loti

M. huakuii

M. ciceri

M. tianshanese

M. mediterraneum
M. plurifarium

Rhizobia Host plants
"Rhizobium
R. leguminosarum
bv. viciae Pisum, Vicia, Lathyrus and Lens spp.
bv. trifolii Trifolium spp.
bv. phaseoli Phaseolus vulgaris
R. tropici Leucaena spp., Macroptilium spp., Phaseolus
vulgaris
R. etli Phaseolus vulgaris
R. galegae Galega officinalis, G. orientalis elc.
R. hainanense Tropical legumes
R. gallicum Phaseolus vulgaris
R. giardinii Phaseolus vulgaris
R.loti Lotus spp
R.huakuii Astragalus sinicus

Tropical legumes, Parasponia spp.(non-legume)

Parasponia spp.

Glycine max, G. soja and other legumes
Glycine max, G. soja and other legumes
Glycine spp.

Medicago spp., Melilotus spp. and
Trigonella spp.

Acacea laeta

Glycine max, G. soja and other legumes
Medicago spp.

Sesbania spp.

Acacia sengal, Prosopis chilenis, elc,
Acacia sengal, Prosopis chilenis, elc.

Sesbania spp. (stem and root nodulating)

Lotus spp.

Astragalus sinicus

Cicer arietinum

Glycyrrhiza spp., Sophora spp., elc.
Cicer spp.

Acacia spp., Leucaena spp.,elc.




2.2.1.1 Chemical Mutagenesis

A number of mutagens like ethyl methane sulphonate (EMS), N-methyl-N'-
nitro-N-nitrosoguanidine (NTG), nitric acid, etc. have been used to generate
auxotrophs and symbiotically defective mutants of different Rhizobium strains (Noel et
al., 1982; Forrai et al., 1983; Singh et al., 1984; Cava er al., 1989; Kumar and

Kuykendall, 1989 Swamynathan and Singh, 1992).

2.2.1.2 Random Transposon Mutagenesis

Due to carcinogenic nature of chemical mutagens and other limitations,
transposon _mutagenesis is preferable for generation of auxotrophic mutants.
Transposon induced mutants have several advantage overs mutants developed by
chemical mutagenesis: (i) mutation are relatively random due to little insertion
specifeity (i) reversion frequency is low in the transposon mutants (iii) antibiotic
resistance maker of the transposon work as a positively selection marker (iv) molecular
cloning of transposon marker gene is relatively easier (v) the mutated symbiotic gene
tagged byTn5 can easily be identified by hybridization with Tn5 probe.

Due to above advantages random transposon mutagenesis has been described as
a general method for inducing transposon in genome of wide variety of Gram-negative
bacteria (Johnston et al., 1978; Beringer et-al., 1978: Meade at al., 1982; Selvaraj and
Iyer, 1983; Ditta, 1986). Transposon Tn5 conferring Km/Nm'® has been used to study
the localization and preliminary analysis of important genes (Selvaraj and Iyer, 1983).
It involves insertion of Tn5 from a suicide plasmid vehicle (pGS9) into rhizobial
genome. The suicide plasmid is introduced into rhizobia by conjugation from an £. coli

donor (Fig-2a and 2b). Since the suicide plasmid is not stable in rhizobia, selection of



Hind 1
Hind 111

Fig. 2a: Transposon Tn-5 delivery vector pGS9. Abbreviations : Cm,
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neomycin/ kanamycin resistant transconjugants leads to isolation of TnS insertion
mutants (Beringer et. al. 1978; Selvaraj and lyer, 1983; Simon ¢/ al, 1983). The
technique has been used successfully to generate symbiotic defective mutants of
different rhizobial species (Duncan, 1981; Forrai er al., 1983; Kerppola and Khan,
1988, Khanuja and Kumer, 1989; Barsomian ef al., 1992). Many symbiotically
important genes have been identified and characterized (Hirsch es a/., 1984; Ali et al.,

1984; Hom er al., 1984, Leigh et al., 1987).

2.2.1.3 Site-Directed TnS Mutagenesis

Site-directed mutagenesis is one of the recent technique and very useful for fine
structural analysis of a specific gene. This involves the cloning of Rhizobiuni gene
(such as nif and fix genes) into a suitable multi copy plasmid. The cloned genes were
then subjected to Tn5 mutagenesis in £. coli and reintroduced into Rhizobium spp. by
recombination (Ditta, 1986). Site-directed mutagenesis has been used for the genetic
and physical characterization studies of nod and nif genes clusters in variety of
Rhizobium species (Corbin et al., 1983; Zimmerman et a/., 1983; Szeto ef al., 1984,
Quinto et al., 1985, Castillo et al., 1999). A variant of Tn5, TnS PhoA has been used to
mutate a specific class of genes incoding secretory or membrane spanning proteins
(Long et al, 1988%). Recently in vitro Tn5 transposon system for site-directed
mutagenesis has been developed (Goryshin and Reznikoff, 1998; Goryshin et al.,

2000).

2.3 DEVELOPMENT OF LEGUME ROOT NODULES

Establishment of an effective legume Rhizobium-symbiosis is complex process

and involves several steps from initial recognition and infection to nodule formation
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and development. The literature on the legume root nodule development has been
reviewed (Brewin, 1991). A lot of diversity in the morphology of legume root nodules
has been reported (Gualtieri and Bisseling, 2000). In spite of the diversity four
anatomical features are. generally common in all legume nodules (i) Induction of new
plant meristem, (ii) cell invasion by rhizobial bacteria, (iii) development of a central
tissue with reduced access to atmospheric oxygen and, (iv) development of peripheral

vascular tissue (Fig. 3).

2.3.1 RECOGNITION AND INITIATION

Rhizobia, a Gram negative bacteria, live saprophytically in soil. To colonize the
plant_roots, these bacteria are supposed to reach near it by the process called
chemotaxis (Maxwell and Phillips, 1990; Kape er al, 1991). Colonization and

recognition depend on signals both from bacteria and its host.

2.3.1.1 Diffusible Signals from Plant to Bacteria

Early events of legumes nodules formations require expression of nodulation
genes in different Rhizobium species through the cooperative action of the protein
product of nodD gene and components of root-and seeds exudates (Spaink et al., 1989;
Long 1989; Zuanazzi et al.;1998). Chemotaxis and motility have been found to play
important contributions to the symbiotic interaction of rhizobia with their hosts (Ames
and Bergman 1981; Soyby and Bergman 1983; Caetano-Anolles et al., 1988%).
Legumes plant root exudate has strong chemotaxic effect in Rhizobium due to presence
of specific flavonoids, besides sugars, amino acids and other components (Caetano-

Anolles at al 1988%; Kape et al., 1991). In alfalfa root exudate, severgl flavonoids
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(leteolin and other flavonoids) have been identified (Kapulnik er al., 1987; Hartwig et
al., 1990; 1991; Hubac et al., 1993). Besides working as a potent chemoatractants,
flavonoids in host root exudate stimulate the transcription of nodD genes of Rhizobium
(Parke et al., 1985 Caetano-Anolles er al., 1988" Aguilar er al, 1988). These
flavonoids are species specific and nodD genes from different species of rhizobia
interact preferentially with specific flavonoid. This specific interaction between
flavonoids of the host plant and nodD gene is an important determinant of host-
Rhizobium specificity (Peters et al., 1986; Zaat et al., 1988; Gydrypel et al., 1991,
Graham, 1991; Long, 2001). These plant exudates are syntheszied as glycones in the
cytoplasm of root cells and exuded into rhizosphere through specific process or stored
in vacuoles as conjugates and can be released later through specific hydrolases
(Maxwell and Phillips, 1990).

In addition to flavonoids, other chemical classes of nod gene inducers have
been identified in alfalfa root exudate (Phillips et al., 1992; McKhann et al., 1997). It
was found that alfalfa seeds (Medicago sativa) release two betaine that induce the nod

genes in S. meliloti (Phillips et al., 1994).

2.3.1.2 Diffusible Signals from Bacteria to Plant

Rhizobia approaching the roots of compatible host plants respond to plant
derived signal compound (usually flavonoids) by expression of its nodulation (nod)
genes which leads to production and secretion of return signal (Nod factors) (Spaink et
al. 1991: Schulize et al, 1995). Nodulation genes play key role for plant roots
recognition and invasion. They are designated as nod A.....Z, nol and noe genes. In

general rhizobia nod genes are organized in several operons and localized on large
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(Sym) plasmids. The complete sequence of the Sym plasmid has been determined
(Freiberg ef al., 1997). The nodulation genes can be divided into common nod genes,
regulatory nod genes and host specific nodulation genes. nod genes ABC belong to
common nod genes and are present in all rhizobia. These genes are functionally
interchangeable among different species (Kondorosi ez al., 1984) and usually exist as a
single operon with some exception (Scott et al., 1996). The nod ABC genes code for
enzymes required for the synthesis of core Nod factors (Fisher and Long, 1992).
Mutation in these genes resulted in the strains that are unable to curl root hairs (Hac)
of their respective hosts (Long ez al., 1982; Kondorosi et al.; 1984; Long and Atkinson
1990). no-a’A and nodB genes in S. meliloti are involved in formation of cytokinin like
compound that stimulate mitosis of plant cell (Schmidt ez al., 1988). The nodC protein
suggested to be receptor, transducing signal molecules from bacteria .to plant cell
(Schmidt et al., 1986; Mergaet et al, 1993; Geremia et al., 1994). Besides nodABC,
nodMN and nodFE havé also been identified as common nod genes. NodM code for
signal production and bacteroids maturation (Baev et al., 1991; 1992). The nodl and
nodJ genes found to exist down stream of the nodABC genes and probably part of
nodABC operon (Evans and Dowine, 1986).

Host specific-nod genes (hsn) are required to determine specific Nod signals for
Rhizobium-host plant recognition. Mutation in (hsn) genes lead to altered infection and
nodulation, and some times“results in infection of host plant which are normally
unresponsive (Lerouge er al., 1990; Schwedock and Long.,1990). This includes nodH,
nodFEG and nodQP genes which are clustered in 6 kb’ away from common nod genes

in S. meliloti toward the nifHDK region (Long et al., 1982; Kondorosi, et al., 1984).
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The expressions of nod genes are regulated by nodD gene. The nodD gene
product is a transcriptional activator which binds to the promoter of other nod genes on
the so-called nod box (Honma et al., 1990, Baev et al,, 1992; Fisher and Long, 1992).
The nodD proteins activate transcription of nod genes in the presence of inducer
molecule that is specific flavonoid released from host plant. The nodD gene is highly
conserved within Rhizobium species and there found to be 75% homology in nodD
genes of R. leguminosarum by, trifolii and S. meliloti (Van Brussel et al., 1986,
Schofield and Watson, 1986). S. meliloti has three nodD genes which are activated by
different flavonoids ( Spaink ef al., 1990, Honma et al;, 1990; Machdo es al., 1998).
While the expression of the most common and host specific nod genes are regulated by
nodD gene. The host specific nodHP(Q genes are organized as an operon that is
transcribed in a nodD-independent manner and do not get affected by flavonoids
(Folch-Mallol etf al., 1996; 1998). These are required for production of sulfated
intermediate of Nod factor (Ehrhardt er al, 1995). In S meliloti the main host
determinate is a sulfate group at the reducing sugar residue (Lerouge ef al,, 1990). The
functions of no/ and nod genes are summarized in Table-2.

In Rhizobium common nod genes as well as host-specific (hsn) genes are
involved in the production of extracellular Nod signals (factors) which are
chitooligosaccharide with variable structure (Lerouge ef al., 1990; Spaink et al., 1991,
Carlson et al., 1993; Geiger et al., 1994; Rohrig et al., 1994; Ovtsyna ef al., 2000).
These factors act as external growth signals triggering an endogenous nodulation
program in the host-plant and eliciting several key developmental responses in the root
of legume hosts (Schultze and Kondorosi, 1998;Catoira et al., 2000). In S. melilofi this

is called NodRm-1 (Fig.4) which carry sulfate group to C-6 position of reducing acety!
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Table 2: Functions and properties of nod genes (based on Fisher and Long, 1992;

Werner, 1992; Sharma et al., 1993; Gillette and Elken 1996; Bellato et al.
1996; Gu et al. 1997; Kiss 1998;)

Genes Function and properties

nod

nodAB Required for Nod factor production

nodC Homology to chitin and cellulose synthase; proposed (o
form [3-1,4-glycosyl bond
nodD Transcriptional activator of inducible nod genes
nodE Host -specific;homology to (3-ketoacyl synthase(condensing
enzyme) of fatty acyl synthase; proposed to synthesize Nod
factor acyl chain
nodF Host-specific; homology to acyl carrier protein; proposed (o
synthesize Nod factor fatty acyl chain
nodG Host-specific; homology to reductases; proposed to modify
Nod factor fatty acyl side chain
nodH Host-specific; required for formation of sulphated Nod
factor ;proposed to transfer activated sulphate to Nod factor
nodl Homology to ATP-binding active transport proteins;
proposed Lo form membrane transport complex with nodJ
nodJ Homology to transmembrane proteins; proposed to form
membrane transport complex with nod/
nodK Unknown
nodL Host-specific; homology to acetyl transferase; required for
formation of 6-O-acetyl Nod factor; proposed to add O-
acetyl group to Nod factor
nodM Host-specific glucosamine synthase; proposed to synthesize
Nod factor sugar subunits
nodN Host-specific; involved in Vicia hirsuta nodulation
nodO Exported Ca” -binding; homology to haemolysin; proposed
10 mediate in early stage in rhizobia-legume interaction
nodP Host-specific ATP sulphurylase; proposed to provide
activated sulphate for transfer to Nod factor
nodQ Host-specific ATP sulphurylase and APS kinase; together
with NodP makes activated sulphate; proposed to provide
activated sulphate for transfer to Nod factor
nodR Reported only in R. leguminosarum bv. trifolii.
Host range
nodS Function unknown
nodT Host-specific; involved in Trifolium subterranean
nodulation; proposed to be membrane protein
nodU Function unknown.
nodV ' Homology 1o two-component regulatory system sensor
proteins; proposed to regulate unknown target genes
nodW Reported only in B. japonicum, Important for host range.
scquence similarity to family of transcriptional regulatory
proteins.
nodX Reported only in R. leguminosarunt sirains capable of
nodulating Afghanistan pca.
nodlA Host range. Essential for nodulation of selected soybean

cultivers. Reported only from B. japonicum.
nodY Z Host-specific nodulation




Genes

Function and properties

nol

nolA Extension of genotype-specific nodulation, required for
efficient nodulation of host plant.

nolB Unknown

nolC Extension of genotype-specific nodulation

nolkE Unknown

nolFGHI Production of nod metabolites

nolP Unknown

nolR Repressor of nodD, required for optimal nodulation

nolW Cultiver specificity gene.

nolX Cultiver specificity gene.

NolD ,nolE Host rang in S.meliloti

nolF, nolG
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glucosamine residue (Schultze ef al,, 1992; 1995). This substitution is necessary for

biological activity of the host plant alfalfa (Spaink et al,, 1991).

2.3.2 ROLE OF BACTERIAL SURFACE IN EARLY INFECTION EVENTS
Rhizobial cell surface components (Exopolysaccharide, lipopolysaccharide,

B(1,2) glucans, cellulose fibrils and capsular polysaccharide) are essential for infection.

Besides exopolysaccharides are required for infection thread formation, while

lipopolysaccharides have a role in endocytosis and bacteroids differentiation. B(1-2)

glucans are found to affect early infection process.

2.3.2.1 B(1-2) Glucans

B(1-2) glucans are localized predominantly with the periplasmic compartment

of rhizobial cell (Miller ef al., 1986; 1990) and in Rhizobiaceae .B(1-2) glucans are
believed to provide roles during hypoosmotic adaptation as well as during plant
infection process (Dylan ef al., 1990*": Cangelosi ef al., 1990, Zorreguieta e/ al.,
1990; Breedveld ef al.,1995).

B(1-2) glucans were found to play important role in the first step of symbiotic
process by attachment of bacteria with the host plant which related with the motility of
bacteria. B(1-2) glucans residues are linked solely by B(1-2) glucosidic bond in
Rhizobium and Agrobacterium spp. While in Bradyrhizobium spp. glucose residues are
linked by both B(1-3) and (1-6) glucosidic bonds (platt ef a/,, 1990; Breedveld and
Miller, 1994; Castro ef al ., 1996). The activity of the motile bacteria were found to be

more efficient that non motile in nodule formation (Ames and Bergman, 1981; Soby



and Bergaman, 1983). In S. meliloti strain MVII-1 it is accomplished by a complex
flagella (Gotz and Schmitt, 1987) and the absence of B(1-2) glucans correlated with the
absence of motility. There are two genetic loci in S. meliloti (ndvA, ndvB) which
encoding function required for B(1-2) glucans, these were found to be functionality and
structurally homologous to chvA and chvB loci of Agrobacterium tumefaciens
(Breedveld and Miller, 1994).

The ndvA (chvA ) gene encodes a protein involved in the transport of the cyclic B-
glucans to the periplasmic and extracellular medium (Stanfield ef al., 1988; Cangelosi
el al., 1989). Mutant.in ndvA and ndvB loci result in impairment of host plant infection.
The ndvB locus.in S. melioti encodes a 319-Kilodalton protein involved in the
prediction of B(1-2) glucans (Gastro et al, 1996). Mutation in this loci produces
mutants that have reduced amount of periplasmic B(1-2) glucans and form bacteroids
that are morphologically abnormal and exhibit several vegetative defects (lelpi e/ al,
1990). Additional loci (ndvB like locus ndvC and cgmB) linked to cyclic B-glucan
biosynthesis have been identified in B. japonicum and S. meliloti (Bhagwat ef al. 1993,
1996, Wang et. al., 1999). The cyclic B-glucans may function during several stages of

plant infection process (Miller et al., 1994; Breedveld and Miller, 1994).

2.3.2.2 Cellulose Fibrils

Cellulose fibrils have been reported to play a role in the attachment to the plant
root in several bacteria including Rhizobium (Smit et al., 1986, 1992). It has been
reported that some species of Rhizobium synthesis cellulose fibrils that were involved
in subsequent tighter binding of bacteria to root surface (Napoli ef al. 1975; Dazzo,

1984). This binding appear to be reinforced by calcium dependent protein (Ca™* depend
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adhesin). The calcium binding protein is important for rhicadhesin that is involved in
the first step of rhizobial attachment to root hair (Kijne er al. 1988, Smit et al. 1987,
1989). The gene involved in cellulose fibrils synthesis has been cloned, characterized
and found to be located at two operon (celABC, celDE) in Agrobacterium tumeficaiens
(Mathysse e al. 1995°). Recently six genes involved in cellulose synthesis (ce/ genes)
from R.leguminosarum bv. trifolii has been cloned and characterized (Ausmees et al.,
1999). The primary sequence and organization of these genes are similar 1o
Agrobacterium tumeficaiens (Matthysse et al., 1995%). These genes were reported 1o
be functionally interchangeable between Agrobacterium and Rhizobium. Besides, two
additional genes found to be putative regulator (Ce/RI and CelR2) have been
identified. They exist as a single operon and controlled cellulose synthesis (Ausmees et

al., 1999).

2.3.2.3 Exopolysaccharide

Exopolysaccharide (EPS) of bacterial surface have shown to be important in
early infection events for rhizobia (Chen et al., 1985; Borthakur et al., 1986; Doherty
er.al., 1988). Genes responsible for EPS production were found to be located on the
second megaplasmed in S. meliloti (Finan et al., 1986; Long et al., 1988% Zhan and
Leigh, 1990). Mutant defective in EPS production induced litile or no invasion in their
respective hosts (Leigh er al., 1985)." The exo mutants which are deficient in (EPS)
production in S. meliloti formed ineffective nodule on alfalfa plant without bacteroids,
and infection thread (Finan et al., 1986; Leigh ez al, 1987; Leigh and Lee, 1988). The
major polysaccharides in S. meliloti are succinoglycan (EPSI) (Fig.5). This acidic

polysaccharide is needed for invasion and nodule development. Its function is
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primarily in the penetration of infection thread (Glucksmann et al., 1993"; Reinhold et
al., 1994) L{ meliloti mutants deficient in (EPSI) production were defective in invasion
of alfalfa nodule and formed Fix™ nodules that are devoid of bacteroids (Leigh et al.,
1985; Glusksmann er al, 1993°) these nodule formed without infection threads
(Niehaus et al., 1993). Reed and his coworkers (1991) suggested that at least 13 loci
are involved in (EPSI) production, these were previously mapped to cluster in second
magaplasmid in S. meliloti Rmd1021 (Leigh and Lee 1988).

In addition to (EPSI)'S. meliloti produced a galactoglucan (EPSII) which acts as
a specific signal as does the signal factor NodRm1. (Lerouge et al. 1990; Truchetet al.,
1991). The biosynthesis of (EPSII) requires at least seven exo loci on second
megaplasmid (Glazebrook and Walker, 1989; Gonzalez et al., 1996). This molecule is
proposed to be contributed by EXoK and ExsH glyconases, (Battisti e al., 1992; York
and Walker 1998%). Two other genes exoS and exoR found to regulate succinoglycan
production are located on chromosome and are not related to exo genes that located in
megaplasmid (Doherty et al., 1988). These regulations were carried through Exo-S-chv
| two component regulatory system in S. meliloti (Cheng and Walker, 1998°). Recently
some other genes involved in the production of (EPS) have been reported and studied

(Zhan and Leigh, 1990; Battisti et al., 1992; Kereszt et al., 1998).

~ 2.3.2.4 Capsular Polysaccharide

It has been demonstrated that some rhizobia possess surface polysaccharide that
analogues to group 1T K antigen (KPS) of E. coli (Reuhs et al. 1993). It has also been
reported that capsular polysaccharide (KPS) can replace (EPS) during symbiotic

development (Petrovics et al., 1993).
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Fig. 5 : Structure of succinoglycan (EPS 1) and (EPS II) of S. meliloti.
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KPS of Rhizobium have been shown to be composed of disaccharide repeating
units of Kdo (3-deoxy-D-manno-2-octulosonic acid) (Reuhs et al., 1995: 1997). Two
novel gene clusters designated as rkp-2 and rkp-3 involved in the production of KPS
have been identified in S. meliloti (Kereszt et al., 1998). It has been suggested that the
rkp-3 region carries the majority of the genes necessary for biosynthesis of
disaccharide sub-unit of (KPS) and mutation in (KPS) p‘roduction were found to
defective in nodule invasion.

Recent reports showed that capsular polysaccharide (K-antigens) and
lipopolysaccharide (LPS) are important surface antigens of S. meliloti spp. (Reuhs et
al., 1999%, and it has been shown that K- antigens may be involved in early
recognition step in S. meliloti -alfalfa interaction (Beequart - de Kozak et al., 1997;

Reuhs et al, 1999°).

2.3.2.5 Lipopolysaccharide

Lipopolysaccharide (LPS) plays an essential role "in rhizobial-legume
symbiosis. The mutants deficient in LPS biosynthesis were defective in the infection
process during the initial infection thread formation and consequently there is no
detectable deposition of bacteria into nodule cells (Carlson et al., 1987°%: Carrion et al.,
1990: Dazzo et al., 1991; Reuhs et al., 1993).

The mutants deficient in (LPS) biosynthesis have been reported to be impaired
in R. leguminosarum and R. japonicum (de-Maaged et al., 1989). Lipopolysaccharide
mutants of S. meliloti and R. leguminosarum bv. phaseoli mostly form abortive
infection threads which do not release bacteria or defective in nodule entry, there was

root hair deformation and cell division but no invasion of nodule (Kieber er al., 1987;
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Williams er al., 1990°; Lagares et al., 1992; Forsberg and Carlson 1998). Recently it
has been reported that S. meliloti Rm6963 LPS mutant, form effective nodules in

Medicago sativa, but ineffective nodules in M. truncalula (Niehus et al., 1998).

2.3.3 ROOT HAIR DEFORMATION AND INFECTION' THREAD

DEVELOPMENT

The rhizobia can infect in different ways; (a) infection through infection thread
and (b) infection via so-called crack entry, which takes place by the entry of bacteria
into epidermal cells through.gaps in epidermis (Chandler es al., 1982; de Faria et al.,
1988). The infection ‘through infection thread involves root hair deformation and
formation of roét hair curl called shepherd's crook. This process of -root hair
deformation involves host genes like Mtripl encoding peroxidase (Cook et al., 1995)
and nodulin genes ENOD5 and ENODI2 that encode cell wall components (Vijneer al.,
1993). Microscopical studies have shown that root hair deformation is du¢ to induction
of root hair tip growth by Nod factors (Heidstra et al., 1994). Purified Nod factors can
induce expression of above mentioned plant genes and hence .root hair deformation
(Maxwell ‘and Phillips, 1990; Journet et al., 1994;Dazzo et al, 1996). Besides, Nod
factors are also involved in infection by crack entry (Goethals ez al., 1994).

Rhizobia entrapped. in root hair curl (shepherd's crook) induce infection thread
formation by hydrolysis of plant cell wall (Callaham and Torrey, 1981). It has been
shown that invagination of .plasma membrane at the site of hydrolysis results in
formation of tubular structure called infection thread (Devlin and Witham, 1999). The

infection thread grows towards the root hair base and subsequently the nodule

primordium (Turgeon and Bauer, 1985; Long and Atkinson, 1990; Mathesius et al.,
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2000). The polygalactouronase enzyme (PG) from the plant root is found to play role in
infection process and hair invasion by rhizobia. The production of these enzymes is

found to be increased during rhizobial infection (Munoz et al., 1998).

2.3.4 NODULE DEVELOPMENT AND MATURATION

The region of root just behind the apical meristem and the root region where the
emergence of root hairs_take place, have been observed to be most susceptible to
rhizobial infection (Bhuvaneswari ez al., 1981). Concomitment with infection of root
hair, root cortical cells are activated and start dividing to produce nodule primordium
(Calvert, 1984). The threads penetrate deeply in the root cortex inducing a proliferation
of the cells (Dart, 1975; Fahn, 1989). The number of the cells “in the nodule
primordium increases first by division throughout a spherical mass of host cells and
later by activity of an apically localized meristematic zone region which is not
penetrated by bacteria (Rolf and Gresshoff, 1988). The location of the nodule
primordia in the inner cortex depend on the type of nodule formed by a particular plant
and were found to have a large degree of variations in the final nodule depending host
species (Newcomb, 1981; Dudley et al., 1987). In temperate plants like pea, alfalfa
inner cortex cells divide and form primordium. The nodule meristem. differentiate
during the whole nodule life into different cell types that results in the formation of
indeterminate cylindrical nodules (Newcomb, 1976; Vasse et al, 1990). In tropical
legumes such as glycine, phaseolus etc, the outer cortical cells of root divide to form
nodule's primordium (Rolfe and Gresshoff; 1988, Mathews er al., 1989). The resulting
nodules are spherical with determinate growth and commonly known as determinate

nodules (Pawlowski et al., 1996).
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Bacterial release from the infection thread is not a prerequisite for the
development of nitrogen fixing bacteroids. In the Parasponia and Andira spp.
Symbiosis, the microsymbiont is retained in modified infection threads called fixation
threads (de Faria e al., 1986; 1987) The root epidermis is broken as the nodule
enlarges but the nodules do not emerge from the cortex. The cells of most cortex divide
and stretch considerably so that they remain as the outer most layer of nodule.

The infection thread after approaching the region of newly dividing nodule
meristematic cells, branches and vesicles are blabbed off into the cell cytoplasm of
plant cells and result in the release of rhizobial bacteria into the cells (Calvert ef al.,
1984, Rolfe and Gerasshoff, 1988). The released bacteria are surrounded by plant
derived peribacteridal membrane (pbm) and the membrane enclosed bacteria are
known as symbiosomes. The membrane enclosing the bacteria are found to be
antigenically similar to plant cell membrane (Perotto ef al., 1991). The bacteria after
release, divide and undergo transformation to become mature bacteroids. Nodule's cells
increase in volume to enclose many bacteroids and supply them with nutrients. When
the nodule cells mature, the host cells organelles like mitochondria, amyloplasts
displaced to the peripheral position as the centrally located vacuole enlarge. The
mature bacteroids are enlarged and found in the peripheral cytoplasm of host cell. Nod
| factors and several host genes (nodulin genes) like LNOD12, ENOD14 etc. are found
to play significant role in nodule development and bacteroids maturation (Vijn et al.,
1993, Charon ef al., 1997). The important nodulin genes and their functions are listed

in Table 3.
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Table 3: Expression of early nodulins, after (Werner, 1992; Vijn et al. 1993; de Bruijn
et al. 1994; Karlowski et al. 1997).

(for comparison)

Nodulin Protein characteristic Appearance (days  Tissue organ specificity
after inoculation)
ENOD 12 hydroxyproline-rich 8-10 Root hairs, cortical cells
' cell wall protein with infection threads,
related to infection
process and able to
express ENOD 14 in the
inner cortex of the root
ENOD 5 arabinogalactan 10-13 Early symbiotic zone,
protein related to infection
process and able (o
express ENOD 14 inthe
inner cortex of the root
ENOD 2 hydroxyproline-rich 10-13 Symbiotic zone, after
cell wall protein disappearance of
ENOD 12
ENOD 14 Cysteine clustered 13-17 Symbiotic zone peribact-
protein just before start eroid space
of nitrogenase
activity
ENOD 3 Cysteine clustered Just before start Symbiotic zone peribact-
of nitrogenase eroid space
activity
Leghaemoglobin 13-17 Host cell cytoplasm




2.4  GENES INVOLVED IN NITROGEN FIXATION

Genes involved in the final stages of symbiosis are identified and are known as
nitrogen fixation genes (nif and fix genes). These genes are mainly concerned with
enzymology of nitrogen fixation (Beringer, 1980). In Klebsiella pneumoniae which fix
nitrogen under nitrogen limited anaerobic conditions, 21 adjacent nif genes are
organized in eight operons within a 24 kb region of DNA (Arnold er .al., 1988). The
nitrogen fixation genes in Rhizobium, which has been shown to be equivalent to K.
pneumoniae nif ‘genes, are assigned the same names. The nif genes are found to be one
of the highly conserved prokaryotic translated genes (Mazur er al., 1980). The location
of nif and fix genes are found to differ among rhizobial species. In Rhizobium loti,
Bradyrhizobium spp. and Azorhizhobium sp. nod, nif and fix genes are located on
chromosome, while in S. meliloti, R. leguminosarum and Rhizobium spp. NGR234
these genes are located on the symbiotic plasmids (Beringer e al, 1990). S. melilou
carries two megaplasmids pSyma (1400kb) and pSymb(1700kb),  respectively
(Banfalvi er al,, 1981; Batut et al., 1985; Burkhardt et al., 1987). Plasmid Syma carries
two clusters of symbiotic genes. The cluster I includes nifHDKE, nifN, fixABCX, nifd4
and nifB genes while the cluster II has fixLJ, fixK, fixNOQP and fixGHIS genes (David
er al, 1987). The cluster I genes are located at about 220kb. downstream of the
nifHDKE operon and are transcribed in opposite orientations (Renalier et al., 1987,
David et al., 1987). The nif HDK (structural genes) are located on a single operon on
Syma in S. meliloti and other rhizobial species an