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ABSTRACT

The present work was taken up with an aim to focus on the influence of

biosynthetic pathways of amino acids of Rhizobium meliioti on symbiotic

nitrogen fixation. The objectives taken were generation of amino acid

auxotrophs with defective symbiotic properties, their characterization and finding

out the role of the intermediates of the affected biosynthetic pathways in normal

symbiosis. To generate auxotrophs, random transposon mutagenesis of R.

meliioti strain Rmd201 (Strr derivative of AK631) was carried out with the

help of transposon Tn5 delivery vector pGS9. Conjugations between E. coli

strain WA803 (Met", Thi") harbouring the suicide plasmid pGS9 and R. meliioti

Rmd201 yielded Tn5 induced kanamycin resistant transconjugants. Six thousand

transconjugants were collected from 45 crosses, purified and screened on

minimal medium for auxotrophs. The nutritional requirements of auxotrophs

which failed to grow on minimal medium were determined on minimal medium

supplemented with nutritional pools. Out of thirty auxotrophs obtained, ten

aromatic amino acid auxotrophs - six tryptophan (VK1, H4, H6, VK15, VK28

and VK30), one phenylalanine (H38), one tyrosine (Rl) and two aro auxotrophs

requiring all three amino acids, viz., tryptophan, tyrosine and phenylalanine

(VK18 and H5)- were chosen for further studies.

Biochemical characterization of tryptophan auxotrophs included

intermediate feeding and intermediate accumulation studies, and cross-feeding

assays. Based on the results of these experiments tryptophan auxotrophs were

placed into three categories as follows :

(i) trpE mutants (H4, VK1 & H6) which grew on anthranilic acid and did
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not accumulate any of the intermediates of the tryptophan biosynthetic

pathway.

(ii) VK15, that grew on indole and accumulated anthranilic acid.

(iii) Tryptophan synthase mutants (VK28 & VK30) which grew only on minimal

medium supplemented with tryptophan and accumulated anthranilic acid

and indole glycerol phosphate.

The three trp mutants, viz., VK15, VK 28 and VK30 cross-fed the trpE

mutants and VK28 & VK30 cross-fed VK15.

Symbiotic properties of aromatic amino acid auxotrophs were determined

by inoculating them on alfalfa seedlings {Medicago satiua cv. T9) grown

aseptically on nitrogen free agar slants. All auxotrophs induced nodulation but

the mean shoot dry weight of the plants inoculated by these auxotrophs (except

tyrosine auxotroph and tryptophan synthase mutants) were significantly less

than the shoot dry weight of the parental strain inoculated plants indicating

reduced nitrogen fixation abilities of these mutant strains. trpE, ctro and phe

mutants showed almost no nitrogen fixation (Fix"), whereas VK15 was partially

effective.

Early events in the nodulation process like root hair curling and infection

thread formation were followed by observing the methylene blue stained root

portions of alfalfa plants inoculated with the mutant strains. All mutants induced

root hair curling and infection thread formation.

Nodules from six week old plants were fixed, post fixed and embedded in

araldite epoxy resin. Semithin and ultrathin sections of the nodules were

observed under light and transmission electron microscopes, respectively.

Nodules elicited by Rmd201 contained four well formed zones.- meristematic
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region, infection zone, nitrogen fixation zone and senescence zone. TEM studies

showed all stages of bacteroid development in these nodules. Tyrosine and

tryptophan synthase mutants which were Fix+ formed nodules whose histology

resembled that of parental strain induced nodules in all aspects.

trpE and aro mutants formed nodules with unusual defects. The

meristematic zone in these nodules was normal but the infection zone was

very extensive and occupied most part of the nodule. The nitrogen fixing region

was restricted to few layers at the base of the nodule. TEM studies revealed

normal bacteroid development only in the nitrogen fixing zone. The bacteroids

in the extended infection zone and in the zone between infection and nitrogen

fixing zone showed no tendency towards maturation. The cytoplasm of these

bacteroids was homogeneous unlike the bacteroids from the same zones of

nodules induced by Rmd201 where heterogeneous cytoplasm was exhibited by

the bacteroids.

VK15, which is a slightly leaky mutant, exhibited novel symbiotic defects.

The plants inoculated with this strain were stunted but did not appear chlorotic

presumably because traces of nitrogen fixation occurred. The nodules were

elongate, cylindrical and slightly pinkish. Electron microscopic studies showed

all stages of bacteroid development.

phe mutant induced nodules with normal meristematic and infection zones

but the zone after infection region was very extensive. The cells in this region

were studded with many amyloplasts. The nitrogen fixation zone was not

observed. Bacterial release did occur in these nodules but soon after their release

they degenerated.

The linkage of auxotrophy to Tn5 insertion was tested by transferring
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the Tn5 inserted portion of the genome of the auxotrophs into another R.

meliioti strain ZB555 with the help of plasmid pJB3JI. All Kmr transconjugants

obtained showed the respective donor's auxotrophy. This confirmed that

auxotrophy was due to Tn5 insertion. This also proved that no other

independent Tn5 insertion occurred elsewhere in the genome of these

auxotrophs.

The position of Tn5 insertion in VK15 was located using plasmid pJB3JI

mediated mapping method. The Tn5 insertion in this mutant mapped at the

trpl5 locus which has been reported earlier.

In order to find out the pleiotropic effects of Tn5 insertions, all auxotrophs

were tested for cellulose fibrils, p-(l->2) glucans, acidic exopolysaccharides and

lipopolysaccharides production and in every case their production seemed

normal.

Dicarboxylic acids (malate, succinate, etc.) were effectively utilized by these

auxotrophs confirming that the symbiotic lesions were not due to dct'

phenotype.

From the results it is obvious that a normal flow of metabolites through

aromatic amino acid biosynthetic pathways is required for successful R. meliloti-

alfalfa symbiosis. Tryptophan and tyrosine but not phenylalanine seem to be

available to the bacteria in planta. Anthranilic acid appear to be required for

proper nodule development. The fact that aro mutants resembled the trpE

mutants rather than the phe mutant in their symbiotic defectiveness confirms

this. Though anthranilic acid is required for symbiosis, a subsequent

intermediate(s) in the tryptophan pathway also appear to influence nitrogen

fixation process.
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Nitrogen, an important constituent of all living organisms, comprises

78% of the atmosphere. The atmospheric nitrogen occurs in gaseous form

and being inert, is not available to most living organisms for use. Primary

producers of the food chain, plants, can utilize only combined forms of

nitrogen and it is their availability in the soil that limits the crop productivity.

Industrially, nitrogen and hydrogen may be combined by the Haber-Bosch

process to form ammonia which can be used as a fertilizer, either directly

or after processing to produce other compounds such as urea. It has been

estimated that to produce and deliver 1 kg of nitrogen fertilizer to farm 1.5

kg of fuel oil is required. Further, 50% of the applied fertilizer gets leached.

This not only wastes energy and money but also leads to serious pollution

problems, particularly in water supplies. In contrast, most nitrogen fixing

organisms use light energy, directly or indirectly, to produce ammonia. The

manufacture occurs in situ so there are no distribution costs. Further,

biological nitrogen fixation may be tailored to the needs of the organism.

Biological nitrogen fixation involves conversion of atmospheric nitrogen to

ammonia by a group of prokaryotes called diazotrophs which include a small

group of bacteria and blue green algae. The bacteria, on the basis of the

extent of their association with plants, can be classified into three main

groups, i.e., (i) Free living (Klebsiella pneumoniae, Azotobacter vinelandii),

(ii) Associative (Azospihllum spp.) and (iii) Symbiotic {Rhizobium meliioti,

Bradyrhizobium japonicum, Frankia, etc.). Rhizobia are of special

significance to agriculture, since they contribute as much as 25% of the

terrestrial fixed nitrogen in association with legumes.

Rhizobia enter into a symbiotic relationship with legume plants. This

is a complex relationship in which free-living bacteria induce root nodules,
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invade them, transform into bacteroids and fix nitrogen. Recent

developments in recombinant DNA technology made it easy to characterize

most of the rhizobial genes involved in this complex process. These include

genes governing nodule formation (nod) (Kondorosi et al., 1984; Fisher

and Long, 1992), nodule invasion (exo, ndv) (Dylan et ah, 1986; Geremia

et al., 1987; Charles et al., 1991; Leigh and Coplin, 1992; Leigh and

Walker, 1994) and nitrogen fixation {nif, fix) (Forrai et al., 1983; David

et al., 1988; Putnoky et al., 1988; Batut et al., 1989).

Nutritional conditions in the nodule or in the developing bacteroid affect

development and nitrogen fixation. Bacteroid utilization of C4-dicarboxylic

acids, derived from plant photosynthate is essential for symbiotic nitrogen

fixation (Watson et al., 1988) but it is unknown what other metabolites

bacteria need or are provided by the host in planta. The role of amino acids

is less clear as auxotrophs for certain amino acids (glutamate, serine, glycine,

glutamine, etc.) are not affected in nitrogen fixation (Kerppola and Kahn,

1985; de Bruijn et al., 1989) whereas auxotrophs for asparagine, leucine,

tyrosine and anthranilic acid yielded ineffective nodules (Kerppola and Kahn,

1988; Barsomian et al., 1992). Rhizobium meliioti ilvC mutants (Aguilar

and Grasso, 1991) and histidine auxotrophs of Bradyrhizobium japonicum

(Sadowsky et al., 1986) did not form nodules on their respective host

plants. In most of the cases it is unknown whether the symbiotic

defectiveness was merely due to unavailability of that particular amino

acid to the bacteria in planta or due to role of intermediates in symbiosis.

In most of the cases, ineffective nodules formed by the auxotrophs were

not subjected to microscopy, and it is unclear if the symbiotic defect was

due to lack of bacterial colonization of the nodule or due to a defect in
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later steps of bacteroid development. Considering the above facts the

study on the biosynthetic pathways of amino acids in Rhizobium meliioti

was undertaken with the following objectives:

a) Generation and biochemical characterization of symbiotically defective

auxotrophs.

b) Detailed study of symbiotic properties of the isolated auxotrophs

including observation of early nodulation events, and light and

electron microscopic studies of nodules.

c) Investigation of the role(s) of amino acids or their intermediates in

symbiosis.

d) Mapping of the genes involved in the biosynthesis of amino acids of

interest.
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Rhizobia are symbiotic nitrogen fixing bacteria which are able to form

and invade nodules on the roots of leguminous plants. To date four genera of

rhizobia have been well characterized: Rhizobium, Bradyrhizobium,

Azorhizobium and Sinorhizobium. Taxonomically Rhizobium appears more

closely related to Agrobacterium than to Bradyrhizobium, while

Azorhizobium lies between Bradyrhizobium and Xanthobacter.

2.1 Development of nodules and nitrogen fixation

2.1.1 Signals from plant to bacterium

Rhizobia respond positively to exudates from plant roots (especially

components of exudates like sugars, amino acids, etc.). Studies revealed

that rhizobia show strong chemotaxis towards specific flavonoid compounds

(Caetano-Anolles et al., 1988; Kape et al., 1991) which are released by the

roots of legumes (Maxwell and Philips, 1990). The nodD gene product (NodD)

associates with the cytoplasmic membrane of rhizobia and interacts with

flavonoids in root exudates (Schlaman et al., 1989). Legume species exude

a characteristic spectrum of flavonoid compounds and NodD proteins from

different species of rhizobia recognize particular flavonoids preferentially. This

molecular recognition is important in determination of host - Rhizobium

specificity (Kondorosi et al., 1989; Mclver et al., 1989). In presence of an

appropriate flavonoid, NodD activates transcription of all other nod genes

by binding to a region known as nod box (Fisher and Long, 1989).

2.1.2 Signals from bacterium to plant

R. meliioti bacteria respond to the plant flavonoids and secrete a product

of nod genes, NodRm-1 which elicits root hair deformations (Lerouge et al.,
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1990) and cortical cell divisions (Roche et al., 1991). The nodABC genes

appear to be functionally interchangeable among all species of Rhizobium

and thus are called common nod genes. Other genes such as nodFE, nodG,

nodH, and nodL are involved in specifying the type of host plant nodulated.

Bacteria carrying mutations in these genes often show abnormalities in the

root hair curling reactions elicited on their normal hosts and sometimes also

infect hosts that would normally be unresponsive to them. For example,

in R. meliioti mutations in nodH and nodQ lead to the production of

signal substance (NodRm-2) that elicits root hair deformation on Vicia

instead of alfalfa. NodRm-2 is structurally related to NodRm-1 but lacks

the sulphate group at the reducing end of tetrasaccharide (Lerouge et al.,

1990) which indicates that host-specificity for alfalfa is determined by

sulphation of NodRm-2 (Schwedock and Long, 1990). Although the signal

molecules synthesized by the nod genes of other species of Rhizobium

(Spaink et al., 1989), Bradyrhizobium (Gottfert et al., 1989) and

Azorhizobium (Goethals et al., 1990) have not yet been characterized,

they are likely to be similar to those already described for R. meliioti.

2.1.3 Nodule development

In legumes, the region of the growing root that is most susceptible to

Rhizobium infection is just behind the apical meristem at the site of emergence

of root hairs (Bhuvaneswari et al., 1981). In this region, there is induction of

mitotic activity in the root cortex within 12-24 hrs. of inoculation with

Rhizobium (Calvert et al., 1984). Initially, the plane of cell divisions is

oriented in such a way that the axis of new wall deposition is perpendicular

to the longitudinal axis of the root. Subsequently, this nodule primordium



gives rise to an organized meristem consisting of a mass of small cells

dividing in all planes.

The location of a nodule primordium in root cortex depends on the

type of nodule formed by a particular plant (Newcomb, 1981). In general,

in temperate legumes such as pea, vetch and alfalfa, the primordium is

formed from the cells in the inner cortex (Libbenga and Harkes, 1973;

Dudley et al., 1987). These legumes form indeterminate cylindrical nodules

and have a persistent apical meristem (Newcomb, 1976). This persistent

activity of the meristem ensures nodule elongation since new cells are

constantly added to the distal end of the nodule (Vasse et al., 1990). While

meristem is active, rhizobia are released from the infection threads into

the nodule cell cytoplasm. In indeterminate nodules, the nodule growth

and functioning occur simultaneously therefore and all developmental zones

during differentiation can be observed in a single longitudinal section of

nodule (Fig.l). On the other hand, in Phaseolus and Lotus, cortical cell

divisions occur just beneath the epidermis (Mathews et al., 1989). These

cells are invaded by rhizobia before they become meristematic (Rolfe and

Gresshoff, 1988), and therefore rhizobia can spread by dividing within the

cytoplasm of host cells, which are themselves dividing. Thus the nodule

meristem involves a mixture of infected and uninfected cells derived from

the root cortex, together with uninfected cells derived from root pericycle.

This form of nodule development results in the formation of spherical

(determinate) nodules in which meristematic activity is only a transient

phase.
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Fig. 1. Differentiation ofcell types from the apical (uninfected) meristem ofpea nodule. In the longitudinal axis of
the nodule, the central mass of tissue shows successive stages of host cell invasion and differentiation by
Rhizobium (after Brewin, 1991).



2.1 A Nodule invasion

2.1.4.1 Role of the bacteria! surface in early infection events

Cellulose fibrils produced by rhizobia may help to entangle the bacteria

in the surface mucigel of the plant root and this binding may be enhanced by

calcium-dependent proteins produced by rhizobia (Smit et al., 1989). Thus

Rhizobium-derived polysaccharides and proteins may be important in the

extracellular environment.

The synthesis of cyclic p-(l-»2) glucans by Rhizobium is also important

for infection thread development, although in Bradyrhizobium spp. it appears

that a p-(l-»3), (l->6) glucan replaces the p-(l->2) glucan (Miller et al., 1990).

These periplasmic oligosaccharides may function in bacterial attachment or

in osmotic adaptation (Dylan et al., 1990a), but their exact role remains

obscure (Dylan et al., 1990b).

Mutants that lack extracellular polysaccharide (EPS) induce little or no

invasion in indeterminate nodules. In R. meliioti eps mutants that fail to

synthesize the normal acidic heteropolysaccharide (EPS I) can be comple

mented by an entirely different acidic heteropolysaccharide, termed EPS II

(Glazebrook and Walker, 1989). Alternatively, a particular form of

lipopolysaccharide specified by the IpsZ gene can substitute for the absence

of EPS I and restore a symbiotically wild type phenotye (Williams et al.,

1990).

It is interesting that the symbiotic phenotype of extracellular

polysaccharide-defective Rhizobium mutants differs, depending on whether

the host plant gives rise to nodules with determinate or indeterminate

morphology. On Pisum, Medicago and Leucaena, which all produce

indeterminate nodules, Rhizobium eps mutants induce no nodule (Nod) or



empty nodules (Inf). The same or similar mutations do not, however,

interfere with the development of determinate nodules on Phaseolus,

Glycine and Lotus (Hotter and Scott, 1991). On the other hand lipopoly-

saccharide-defective mutants lacking O-antigen have a severe Inf

phenotype on Phaseolus and Glycine, which produce determinate nodules

(Puvanesarajah et al., 1987), but show impaired bacteroid release in peas

(Brewin et al., 1990) and no observed phenotype in alfalfa (Clover et al.,

1989), both of which produce indeterminate nodules. These differences

probably reflect the fact that extracellular polysaccharide is more important

for infection thread development and that the precise structure of

lipopolysaccharide is more important for endocytosis and bacteroid

differentiation.

2.1.4.2 Strategies of infections

In legume-Rhizobium symbiosis, there are three essential types of

infection processes, i.e.,

(i) Infection thread entry via root hairs

(ii) Crack entry with no infection thread formation

(iii) Crack entry with infection thread formation

In the first type, bacteria gain access to the plant cortex via the infection

thread which is made by the plant in response to rhizobia. During the initiation

of an infection thread, the normal process of apical cell wall growth in the

root hair seems to be turned inside out, so that an outwardly growing cell wall

cylinder is converted into an inwardly growing tunnel that follows the nucleus



towards the base of the root hair cell. Cytological examination of the

apical growing tip of the uninfected root hair has revealed cytoskcletal

connections between the nucleus and the growing root hair tip (Lloyd et

al., 1987). This infection thread grows between root cells and bacteria

grow and multiply within its lumen. An extension of the plasmamembrane

surrounds the infection thread. Therefore, the bacteria within the infection

thread can still be considered to be topologically outside the plant cell

though they are embedded in an extracellular matrix that contains plant

made glycoproteins. This type of infection is observed in alfalfa, peas,

soybean, etc.

In crack entry cases Rhizobium cells are thought to enter the plant tissue

between cells at the base of multicellular root hairs which occur on emerging

lateral roots. Although the details of actual infection process are not known,

masses of bacteria enter the cortical cells of lateral roots and both the host

cells as well as the membrane enveloped bacteria divide repeatedly to form

nodules (Chandler et al., 1982).

Third type of infection occurs in some rhizobia which invade certain

plants of the non-legume group of Parasponia. Infection threads in this case

ramify between and within plant cells setting up an extensive network of

invaded tissue. Furthermore, these nodules are formed at the point of

emergence of lateral roots.

2.1.4.3 Bacterial release and their differentiation to bacteroids

As infection thread approaches the region of the newly dividing nodule

meristematic cells it branches and bifurcates, carrying the bacteria into many

cells in developing nodules. Vesicles are then blebbed off into the plant

9
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cell cytoplasm; each vesicle contains one bacterium surrounded by plant

membrane. The bacteria are taken up into the cytoplasm by a process called

phagocytosis. The bacteria, for sometime after release continue to divide and

sometimes the growth is vigorous enough that multiple bacteria are seen

bounded by a single peribacteroid membrane. The bacteria undergo important

transformations and are known as bacteroids (Hennelke, 1990). The host

cells greatly increase their volumes to accommodate many bacteroids and the

host plant also supplies nutrients to rapidly increasing number of bacteroids.

The plant cell organelles like mitochondria, amyloplasts are pushed to the

periphery.

2.1.5 Nitrogen fixation

The genes involved in nitrogen fixation are designated as nif and fix. nif

genes are structural genes {nifHDKE) that encode nitrogenase enzyme

and fix genes are those which do not have any homologous parts in

Klebsiella pneumoniae but are important in symbiotic nitrogen fixation.

In R. meliioti, two extremely large megaplasmids of about 1,400 kb {pSym

a or megaplasmid 1) and 17,000 kb {pSym b or megaplasmid 2) are present

(Banfalvi et al., 1981; Hynes et al., 1981; Rosenberg et al., 1981;

Burkhardt et al., 1987; Sorbal et al., 1991; Honeycutt et al., 1993). The

nif and fix genes of R. meliioti are organised in two distinct clusters

whose structures and genomic locations are species specific; both cluster I

{nifHDKE, nif N, fixABCX, nifA, nifB) and cluster II (fixLJ, fixF, fixNOQP,

fixGHIS) are located on megaplasmid 1 (David et al., 1987).

The fixed nitrogen produced in the bacteroids passes across the

peribacteroid membrane, through the host cytoplasm and across the

K)



plasmodesmata to the cytoplasm of adjacent uninfected cells. The fixed

nitrogen enters the peroxisomes of these cells. Ureides, the form of nitrogen

circulated in soybean (Newcomb and Kowal, 1985; Blevins, 1989) are

synthesized and released into the cytoplasm. The ureides or asparagine

(Blevins, 1989) can pass through successive uninfected cells and reach(es)

vascular bundles at the periphery of the nodules, from where they can be

circulated throughout the plant.

2.2 Metabolism of Rhizobium versus symbiosis

2.2.1 C4-dicarboxylates transport mutants

Evidence uniquely implicating C4-dicarboxylates (succinate, malate, etc.)

as principle carbon and energy substrates provided by the plant to the mature

bacteroids has come from the studies carried out on dicarboxylic acid transport

(dct) mutants (Ronson et al., 1981; Watson et al., 1988; Engelke et al.,

1989; Jiang et al., 1989; Wang et al., 1989; Watson, 1990). The fact that

the dct genes are present on one of the megaplasmids of R. meliioti (Engelke

et al., 1987; Finan et al., 1988; Watson et al., 1988) and are controlled by

ntrA sigma factor (Ronson et al., 1987) supports that these genes are essential

for nitrogen fixation. R. meliioti mutants that are unable to grow on aspartate

are symbiotically ineffective (Rastogi and Watson, 1991). It has been proposed

that aspartate (also a dicarboxylate and requiring dctA functions for its uptake)

rather than other dicarboxylates is the carbon and energy source to the bacteria

in planta.

2.2.2 Auxotrophic mutants

The physiology of the symbiotic interactions between Rhizobium and

the host legume was probed using auxotrophic mutants. Particularly, studies

11



on possible roles of specific bacteroid metabolites at various stages of

symbiotic interaction were helped by the auxotrophic mutants and their

prototrophic revertants.

Perhaps purine auxotrophs are the most affected in symbiosis. Purine

auxotrophs of most species of Rhizobium are defective in symbiosis with

their normal hosts (Scherrer and Denarie, 1971; Pankhurst and Schwinghamer,

1974; Federov and Zaretskaya, 1979; Kerppola and Kahn, 1988; Kim et

al., 1988; Swamynathan and Singh, 1992). Externally supplemented adenine

restored nodulation in some ade mutants of R. leguminosarum (Pankhurst

and Schwinghamer, 1974) but addition of only an intermediate of adenine,

i.e., 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) restored

nodulation in R. etli (Newman et al., 1994). In absence of AICAR usually

pseudonodules resulted but addition of AICAR lead to proper nodulation,

particularly infection process.

Auxotrophs of R. meliioti and R. fredii requiring both isoleucine and

valine are nodulation defective (Denarie et a/., 1975; Kim et al., 1988; Aguilar

and Grasso, 1991). It has been found that the promoter of the common

nodulation genes nodABC was not activated by luteolin in R. meliioti ilvC

mutant (Aguilar and Grasso, 1991). Nodulation was not observed on

supplementation of either isoleucine and valine or the intermediates. It was

reasoned that the cellular concentrations of acetolactate in this ilvC mutant

reaches levels that inhibit the expression of nodulation genes or antagonize

the inducing effect of luteolin. An alternative hypothesis proposed by the

same workers was that the product of ilvC gene also recognizes substrates

other than those in the isoleucine-valine pathway and that the product of its

conversion is required for the expression of nodulation genes.

12



Involvement of tryptophan biosynthetic pathway in nodulation and

nitrogen fixation processes was demonstrated by Kummer and Kuykendall,

1989 and Barsomian et al., 1992. Except tryptophan synthase mutants all

other tryptophan auxotrophs of B. japonicum were found to be Nod. It seems

that the bacterial synthesis of indole glycerol phosphate is necessary for

nodulation in Bradyrhizobium (Kummer and Kuykendall, 1989). In

R. me/i/ori-alfalfa symbiosis the picture is altogether different. All

tryptophan auxotrophs (except trpE) of R. meliioti have been reported to

be Nod+, Fix+; though trpE mutants were Nod+, the nodules induced by

them showed unusual defects in their histology and fixed no or less nitrogen

(Barsomian et al., 1992). During bacteroid transformation there is an

increasing demand of iron. Anthranilic acid which can act as a siderophore

may be coming to bacterial rescue in procuring iron for their transformation

to bacteroids. Expression of trpE in wild type nodules confirmed this

hypothesis (Barsomian-et al., 1992). Another interesting observation made

on tryptophan pathway is that prototrophic revertants of a Nod- tryptophan

auxotroph of B. japonicum showed enhanced nodulation and nitrogen

fixation (Hunter and Kuykendall, 1990). The physiological basis for this

increase in nodulation is not known, but enhanced tryptophan catabolism

does not appear to be involved.

It appears that normal flux of metabolites through the aromatic

biosynthesis pathway is essential for bacteroid development (Jelesko et al.,

1993). R. meliioti mutants isolated by these workers showed decreased deoxy

arabino-heptonic acid-7-phosphate synthase (DAHP synthase) activity and

formed ineffective nodules. Histology of nodules induced by these mutants

showed extended invasion zones like the nodules induced by trpE mutants.
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Interesting features of arginine biosynthetic pathway involvement in

symbiosis was investigated by Kerppola and Kahn, 1988. Auxotrophs of

R. meliioti blocked either in ornithine transcarbamylase or argino-succinate

synthase are effective but mutants blocked in early part of arginine

biosynthetic pathway that leads to ornithine are ineffective. It was proposed

that ornithine is a precursor for polyamino synthesis and lack of polyamines

directly lead to the symbiotic defect.

Leucine auxotrophs of Rhizobium are symbiotically ineffective (Truchet

et al., 1980; Kerppola and Kahn, 1988). The release of bacteria into

nodule cells was not observed in these mutants. However, supply of leucine

to the root environment restored symbiotic defectiveness (Truchet et al.,

1980).

Schwinghamer, 1970 and Pankhurst et al., 1971 demonstrated the

requirement of riboflavin for bacteroid development. The riboflavin

requiring auxotroph failed to transform to bacteroids and thereby nodules

were ineffective. When the plant growth medium was supplied with riboflavin

bacteroid transformation occurred and even the removal of riboflavin later

from the plant medium did not affect symbiosis.

Histidine auxotrophs of B. japonicum failed to induce nodules on

their respective host plants (Sadowsky et al., 1986; So et al., 1987).

Possibility of involvement of histidine biosynthetic pathway in nodulation

has been proposed by Sadowsky et al., 1986 as symbiotically competent

as well as Nod" histidine auxotrophs were obtained. However, in these

Nod histidine auxotrophs external supplementation of histidine could

restore nodulation.
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2.3 Genetics of Rhizobium

2.3.1 Mutagenesis

To understand the complex set of interactions involved in the

symbiosis, symbiotic mutants were generated through one or more of the

following methods and studied.

2.3.1.1 Chemical mutagenesis

Mutagens like nitrous acid, ethyl methane sulphonate (EMS), N-methyl-

N'-nitro-N-nitrosoguanidine (NTG), etc. have been employed to generate

auxotrophs and symbiotically defective rhizobial strains (Noel et al., 1982;

Singh et al., 1984; Cava et al., 1989; Kummer and Kuykendall, 1989;

Mclver et al., 1989).

2.3.1.2 Random transposon mutagenesis

Suicidal plasmids carrying transposon Tn5 have been constructed by

Beringer et al., 1978; Selvaraj and Iyer, 1983 (Fig. 2); Simon et al, 1983,

which were subsequently used for random transposon mutagenesis of

Rhizobium (Meade et al., 1981 and 1982; Forrai et al., 1983; Sadowsky

et al., 1986; Barsomian et al., 1992). In this, the mutagenesis was carried

out by transferring a suicidal plasmid carrying transposon from E. coli to

Rhizobium (Fig. 3). Transposon insertion into a gene leads to loss of its

function (e.g. symbiotic function) and confers new phenotype to the mutant

(antibiotic resistance) which makes its selection easy. Moreover, the

transposon can be physically identified, either by restriction analysis or by

DNA-DNA heteroduplexing. Many genes of symbiotic importance have

been identified and studied (Noel et al, 1982; Meade et al., 1982; Forrai

et al., 1983; Hirsch et al., 1984; Horn et al, 1984; Leigh et al, 1987).
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Fig. 3. Diagiamatic representation of transposon Tn5 mutagenesis



2.3.1.3 Site directed mutagenesis

Ruvkun and Ausubcl, 1981 extended the Tn5 mutagenesis methodology

for Rhizobium by developing a general method for site-directed Tn5

mutagenesis. This involves the cloning of Rhizobium genes (nif, nod or fix)

into multicopy plasmids, followed by Tn5 mutagenesis in E. coli, reintroduction

of the Tn5-mutated sequences into Rhizobium and forced gene-replacement

of the corresponding Rhizobium wild type sequences with the Tn5-mutated

counterparts. Such analysis has made possible the combined physical and

genetic characterization of additional nod and nif genes in a variety of

Rhizobium species (Ausubel, 1982; Corbin et al., 1983).

2.3.2 Mapping studies

Genetic studies of Rhizobium have been severely hampered by the lack

of an indigenous conjugation system. Chromosomal transfer by conjugation

allows rapid genetic mapping. The PI incompatibility group of R plasmids

have been shown to promote chromosome mobilisation in a number of gram-

negative bacteria (Beringer and Hopwood, 1976; Kondorosi et al, 1977;

Meade and Signer, 1977). These plasmids generally do not promote

transfer from single, distinct origins (Hass and Holloway, 1976; Meade

and Signer, 1977) necessiating a measure of coinheritance frequencies

(Kondorosi et al., 1977; Beringer et al., 1978a). Such a method has allowed

the establishment of circular linkage maps of four nitrogen fixing Rhizobium

strains. In all cases plasmids of the PI incompatibility group were used for

the mobilisation of the chromosome; plasmid RP4 for R. meliioti strain

2011 (Meade and Signer, 1977) and R68.45 for R. meliioti 41 (Kondorosi

et al., 1977), R. meliioti strain GR4 (Casadesus and Olivares, 1979) and
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for R. leguminosarum 300 (Beringer and Hopwood, 1976; Beringer et

al., 1978b). Linkage maps of R. meliioti 2011, R. meliioti 41 (Fig. 4) and

R. leguminosarum were compared using mapping function and by

suppression tests of mutations (Kondorosi et al., 1980).

A great deal of attention has been focussed on the two megaplasmids

since they carry many of the genes required for symbiosis. For example,

pRmeSU47a carries the nod genes required for nodule induction and the

nif and fix genes which are required for nitrogen fixation (Batut et al.,

1985) while pRmeSU47b carries genes required for exopolysaccharide

biosynthesis, dicarboxylic acid transport and bacteroid development

(Charles and Finan, 1990). Both genetic and physical maps of the regions

of pRmeSU47a carrying the nod, nif and fix loci have been published

(Julliot et al., 1984; Batut et al., 1985; Swason et al., 1987). A circular

linkage map of pRmeSU47b (Charles and Finan, 1990), genetic and

physical maps of the regions of the megaplasmid required for

exopolysaccharide biosynthesis (Long et al., 1988; Glazebrook and Walker,

1989) have been prepared.

With the advent of pulse field gel electrophoresis (PFGE), which is

ideal for the separation of very large DNA restriction fragments on agarose

gels, the physical mapping of bacterial genomes became much easier.

Because of the strict correlation of physical and genetic maps of bacteria,

physical maps aid in mapping new markers. A correlated physical and

genetic map of the single, circular B. japonicum 110 chromosome was

constructed (Kundig et al., 1993). A total of 63 genes were placed precisely

on this map by using genetically applicable mutagenesis techniques. The

physical map of a 500 kb symbiotic plasmid from Rhizobium spp. strain
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NGR234 has been established (Perret et al, 1991). Physical map of the

genome of R. melilotilQ21 including chromosome and two megaplasmids

pRmel021a and pRmel021b were given by Honeycutt et al, 1993.

Recently complete sequencing of Rhizobium megaplasmid was done by

Freiberg et al, 1997.
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3.1 Materials

3.1.1 Bacterial strains

The bacterial strains and plasmid constructs used in this study are listed

in Table 1.

3.1.2 Plant cultivar

Alfalfa (Medicago satiua cv. T9) seeds obtained from National Seeds

Corporation, New Delhi were used for plant tests.

3.1.3 Growth media

3.1.3.1 Media for R. meliioti

3.1.3.1.1 Tryptone yeast extract medium (TY)

(Sikka and Kumar, 1984)

Constituent Amount/litre

Tryptone 5g

Yeast extract 3g

CaCl2. 2H20 0.02 g

Water to make 1 litre volume

The phi of the medium was adjusted to 7.0 with 0.1 N NaOH and to

make solid medium 15 g of agar was added before autoclaving.



Table 1. Bacterial strains and plasmids used in this study

Strains/Plasmids Relevant characteristics Source / Reference

Rhizobium meliioti

AK631 Nod+, Fix+, compact colony Adam Kondorosi

variant of wild type <>train Rm41

Rmd201 Spontaneous Strr derivative Khanuja and Kumar, 1988

of AK631 (Nod*, Fix ')

PP631 Rm41 (pJB3JI) Peter Putnoky

ZB555 Rm41 cys-46 phe-15 rif-1 str-1 -do-

ZB556 Rm41 gly-1 met-2 a

rif-1

de-4 str-1 -do-

ZB557 Rm41 phe-15 leu-4 rif-1 str-1 -do-

ZB205 Rm41 ade-15 narB rif-1 5 fu' -do-

VK1 Rmd201 trpE: :Tn5 This study

VK15 Rmd201 trp-. :Tn5 -do-

VK18 Rmd201 aro::Tn5 -do-

VK28 Rmd201 trp: :Tn5 -do-

VK30 Rmd201 trp::Tn5 -do-

H4 Rmd201 trpE: :Tn5 Raad Hassani (This lab)

H5 Rmd201 aro: :Tn5 -do-

H6 Rmd201 trpE: :Tn5 -do-

H38 Rmd201 phe: :Tn5 -do-

Rl Rmd201 tyr: :Tn5 Ruma Gupta (This lab)

VK11 VK1 (pJB3JI) This study

VK151 VK15 (pJB3JI) -do-

VK181 VK18 (pJB3JI) -do-

VK281 VK28 (pJB3JI) -do-

VK301 VK30 (pJB3JI) -do-

H41 H4 (PJB3JI) -do-

H51 H5 (PJB3JI) -do-

H61 H6 (PJB3JI) -do-

H381 H38 (pJB3JI) -do-

Rll Rl (pJB3JI) -do-

Escherichia coli

WA803 (pGS9) Met Thi Cm' Km' Selvaraj and Iyer, 1983

Plasmids

pGS9 Inc N, rep P15A, C -nr, Km' Selvaraj and Iyer, 1983

pJB3JI Km* derivative of pR68.45
capable of mobilising
genomic segments of its host,

Tc' Cb' Nal'

Brewin et al, 1980
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3.1.3.1.2 Mannitol salts yeast extract medium (M5Y)

(Khanuja and Kumar, 1989)

Constituent Amount/litre

Mannitol 10 g

Yeast extract ig.

K2HP04 0.2 g

KH2P04 0.2 g

MgS04. 7H20 0.8 mM

CaCl2. 2H20 0.4 mM

Water to make 1 litre volume

The pH of the medium was adjusted to 6.8 with 0.1 NNaOH. To make

solid medium 15 g of agar was added and autoclaved.

3.1.3.1.3 Rhizobium minimal medium (RMM)

(Khanuja and Kumar, 1989)

Constituent Amount/litre

Na2HP04. 12HzO 0.45 g

(NH4)2S04 2.0 g

FeCl3 2.0 mg

MgS04.7H20 0.1 g

CaCl2.2H20 0.04 g

Water 990 ml

20% glucose solution was prepared, filter sterilized and 10 ml from it

was added to the autoclaved medium. The pH of the medium was adjusted

to 7.0 with 0.01 N NaOH.
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3.1.3.2 Medium for E. coli

Luria Bertani medium (LB) (Sambrook et al, 1989)

Constituent

Bactotryptone

Yeast extract

Sodium chloride

Water

Amount/litre

10 g

5g

10 g

to make 1 litre volume

pH of the medium was adjusted to 7.0 with 0.01 N NaOH.

All growth media were autoclaved at 15 psi for 20 min. Wherever

solid medium was used agar @ 15 g/litre was added before autoclaving.

3.1.3.3 Nitrogen free plant growth medium

The nitrogen free plant growth medium developed by Engelke et al,

1987 was used for carrying out plant assays. Twelve stocks of following

composition were prepared :

Solution Salt Amount of salt Volume of water

used (g) used (ml)

A K2HP04 2.0902 10

B KH2P04 0.544 10

C CaCl2 7.351 10

D C6H507 Fe.3H20 0.335 10

E MgS04 6.162 10

F K2S04 4.3562 10

G MnS04 0.034 20

Contd...
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H H3BO3 0.026 20

I ZnSO, 0.03 20

J CuS04 0.002 20

K CaS04 0.006 20

L NaMo04 0.006 20

These stock solutions were autoclaved separately. To make one litre of

plant growth medium, 10 g of agar was dissolved in one litre of water and
autoclaved. One ml from each stock solution was added to this autoclaved

agar solution and pH was adjusted to 6.8 with 0.1 NNaOH or 0.1 NHC1.

The resulting medium was then used to prepare slants.

3.1.4 Supplements to media

3.1.4.1 Antibiotics

Antibiotics were dissolved as follows: Streptomycin sulphate (Himedia)

and kanamycin acid sulphate (Sigma) in water; rifampicin (Sigma) in dimethyl

sulphoxide, and tetracycline hydrochloride (Himedia) in 50% ethanol. The
final concentrations of different antibiotics used in the media were as follows:

Tetracycline (15 ug/ml ), streptomycin (100 ug/ml), kanamycin (50 ug/ml
for E. coli and 400 ug/ml for R. meliioti) and rifampicin (30 ug/ml).

3.1.4.2 Amino acids, nitrogenous bases and vitamins

Stock solutions of amino acids, nitrogenous bases and vitamins were

made in distilled water and autoclaved. The final concentrations used for

amino acids, nitrogenous bases and vitamins were 50 ug/ml, 20 ug/ml
and 5 ug/ml, respectively. Required volumes from the stock were added

to the autoclaved media.
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To identify the nature of auxotrophy, Holliday pools (Holliday, 1956)

with few modifications were used. The compositions of different pools

were as follows:

Pool 1: Adenine, histidine, phenylalanine, glutamine, thymine and

pantothenic acid.

Pool 2: Guanine, leucine, tyrosine, asparagine, serine and riboflavin.

Pool 3: Cysteine, isoleucine, tryptophan, uracil, glutamate and biotin.

Pool 4: Methionine, lysine, threonine, aspartic acid, alanine and

cobalamine.

Pool 5: Thiamine, valine, proline, arginine and glycine.

Pool 6: Adenine, guanine, cysteine, methionine and thiamine.

Pool 7: Histidine, leucine, isoleucine, lysine and valine.

Pool 8: Phenylalanine, tyrosine, tryptophan, threonine and proline.

Pool 9: Glutamine, asparagine, uracil, aspartic acid and arginine.

Pool 10: Thymine, serine, glutamate, alanine and glycine.

Pool 11: Pantothenic acid, riboflavin, biotin and cobalamine.

3.1.4.3 Dicarboxylic acids

Maleic acid (Himedia) and sodium succinate (Himedia) were directly added

to the medium @ 2 g/Iitre before autoclaving.

3.1.4.4 Intermediates

Anthranilic acid (Himedia), indole (Sisco) and shikimic acid (Sigma)

were dissolved in water or dimethyl sulphoxide and added to the medium

before plating.

•
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3.1.4.5 Dyes

Calcofluor white (Sigma) and congo red (hlimcdia) were added to the

medium at the rate of 0.02% before autoclaving. 0.01% methylene blue was

used to stain infection threads in root hairs and 1% toluidine blue prepared

in 1% borax was used for staining semithin sections for optical microscopy.

3.1.5 Reagents for intermediate accumulation studies

3.1.5.1 p-dimethyl amino benzaldehyde reagent (Snell and Snell, 1967)

6 g of p-aminobenzaldehyde was dissolved in 10 ml of water. Concen

trated H2S04 was added slowly to this mixture to make 100 ml volume.

3.1.5.2 Ferric chloride reagent (Yanofsky and Smith, 1962)

This reagent with the following composition was prepared and stored at

room temperature in dark bottles.

1 ml of 0.5 M FeCl3

50 ml of water

30 ml of Cone. H2S04

3.1.6 Composition of solutions for light and electron microscopy of

nodules of alfalfa

3.1.6.1 Preparation of blocks

(a) Karnovsky fixative (Karnovsky, 1965)

12.5 ml 8% paraformaldehyde (Sigma)

5.0 ml 12.5% glutaraldehyde (Sigma)

25.0 ml phosphate buffer

7.5 ml distilled water
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(b) 0.2 M phosphate buffer

NaH2P04 6.41 g

Na2HP04.7 H20 - 41.3 g

or

Na2HP04.12H20 - 55.2 g

Double distilled water to make 1 litre.

(c) Post fixative (2% Os04)

A stock solution of 2% Os04 was prepared by dissoh/ing 1 g in 50 ml of

double distilled water. The solution was stored at 4°C in a tightly stoppered

brown coloured bottle.

(d) Araldite resin

Araldite Cy 212 embedding medium of the following concentration was

used for embedding.

Araldite Cy 212 - 10 ml

Hardener (Dodecenyl succinic

anhydrite, DDSA; HY 964) - 10 ml

Accelerator (Tridimethyl-amino-

methyl phenol, DMP30; DY064)- 0.4 ml

Plasticizer (Dibutylphthalate) - 1.0 ml

The ingredients were stirred vigorously to mix.
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3.1.6.2 Solutions for staining ultrathin sections

(a) Uranyl acetate

Asaturated solution of uranyl acetate was prepared by adding excess of

uranyl acetate to 10 ml of filtered 50% ethanol in a 15 ml centrifuge tube.

The solution was shaken vigorously for 2 min., spun down at 10,000 rpm

to allow the excess of uranyl acetate to settle down, stoppered and stored at

4°C.

(b) Lead citrate

To 12 ml of double distilled water in a 15 ml centrifuge tube one and half

pellet of NaOH was added. After proper dissolution of NaOH, 50 mg of lead
citrate was added, shaken well to assist in dissolution and centrifuged at 10,000

rpm for 2 min. The solution was stored at 4°C.

3.2 Methods

3.2.1 General bacteriological procedures

3.2.1.1 Culturing of bacteria

Aloopful of the bacterial culture was inoculated in 10 ml of TY (for
R. meliioti) or LB (for E. coli) broth and the inoculated broth was kept in

an orbital incubator shaker operating at 120 rpm. The temperatures set

for R. meliioti and E. coli were 30°C and 37°C, respectively. 0.1 ml from

the overnight grown culture was transferred to 10 ml of fresh broth and
incubated for 8-10 hrs. for reculturing.

3.2.1.2 Serial dilutions

Physiological saline (0.9% NaCl) was used for carrying out serial dilu
tions. 0.1 ml from neat culture was added to 0.9 ml of saline for 10"1 dilution.
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0.1 ml from 10'1 dilution was added to another tube containing 0.9 ml of

saline to obtain 102 dilution. Similarly, further dilutions were made ac

cording to the need of the experiment.

t

3.2.2 Transposon mutagenesis

Log phase cultures of R. meliioti Rmd201 and E. coli WA803 were

mixed in 2:1 ratio and 0.1 ml of this mixture was spread over half of the TY

plate. The remaining half plate was divided into two parts, and 0.05 ml of

Rmd201 culture into first part and 0.05 ml of WA803 culture into second

part were spread as controls. Several such plates were prepared and incu

bated for 16-24 hrs. at 30°C. The growth obtained after incubation was

scrapped and suspended in 1 ml of saline containing Tween 20 (0.02%). The

suspension was thoroughly mixed with the help of a cyclomixer and 0.1 ml of

suspension from each cross was spread on TY plates containing streptomycin

(100 ug/ml) and kanamycin (400 ug/ml). In all matings, the donor and recipi

ent suspensions were also spread on selective plates as controls. These plates

were incubated for 3 to 5 days at 30°C. Transconjugants obtained after 3

to 5 days were streaked on TY medium containing streptomycin (100 ug/

ml) and kanamycin (400 ug/ml). These streak purified Tn5 derivatives

were screened for the auxotrophs.

3.2.3 Screening for auxotrophs

Transconjugants obtained by transposon Tn5 mutagenesis were patched

on RMM and TY plates and incubated at 30°C for 2 to 3 days. Growth pat

terns were observed after every 6 hrs. to ensure the identification of all

auxotrophs including the leaky ones. Mutants not growing on RMM plates

were picked up as auxotrophs and saved for further characterization.
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3.2.4 Determination of the nature of auxotrophy

To determine the nature of auxotrophic lesions, auxotrophs were streaked

on nutritional pools and their growth patterns were observed over a period of

5 days at 30°C. Once an idea about the nature of auxotrophy was obtained,

auxotrophs were streaked on minimal medium plates supplemented with sus

pected nutrients for confirmation.

3.2.5 Biochemical characterization of aromatic amino acid

auxotrophs

3.2.5.1 Intermediate feeding studies

The tryptophan auxotrophs were streaked on RMM plates supplemented

with anthranilic acid, indole or tryptophan (50 ug/ml each) and incubated at

30°C for 4-5 days.

RMM + shikimic acid (50 ug/ml) plates were used for streaking aro mu

tants which required all three aromatic amino acids, viz., tryptophan, tyrosine

and phenylalanine. The growth on these plates was observed after an incuba

tion period of 4-5 days at 30°C.

3.2.5.2 Intermediate accumulation studies

For intermediate accumulation studies a tryptophan auxotroph was grown

in TY broth and the bacterial culture was centrifuged at 8,000 rpm for 10

min. The bacterial cells were washed twice with RMM, suspended in 10 ml

of RMM and incubated. After an incubation period of 48 hrs. at 30°C the

culture was centrifuged for 10 min. at 10,000 rpm. The supernatant was
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a) Anthranilic acid and indole estimations

To 5 ml of supernatant 1 ml of p-dimethyl-aminobenzaldehyde reagent

was added. The mixture was left undisturbed for 20 min. and then read at

420 nm for anthranilic acid and 550 nm for indole.

b) Indole glycerol phosphate

1.5 ml of ferric chloride reagent was added to 1 ml of sample and left for

5-10 min. The mixture was observed for appearance of pink to red colour.

3.2.5.3 Cross-feeding assays

Different combinations of tryptophan auxotrophs, two at a time were

streaked on RMM medium containing limiting amounts of tryptophan (2 |tig/

ml) and incubated for 4-5 days at 30°C. It was observed that the strain

that was being cross-fed showed growth nearer to the streak of the strain

which was cross-feeding it.

3.2.6 Genetic experiments

3.2.6.1 Construction of donors

For checking linkage of Tn5 insertions to auxotrophy as well as for map

ping experiments a donor strain was constructed for each auxotroph by in

troducing genome mobilising plasmid pJB3JI into it as follows: late log

phase cultures of auxotroph and AK631 harbouring pJB3JI were taken,

mixed in 1:1 ratio and spread on TY plate, and incubated at 30°C. After

18-24 hrs., growth was scrapped and suspended in 1 ml of saline. Serial

dilutions were made upto 10 2 dilution. 0.1 ml from neat as well as from

10"1 and 10 2 dilutions were spread on TY plates containing kanamycin

(400 ug/ml) and tetracycline (15 ug/ml) and incubated for 4 days at 30°C.
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Out of several transconjugants obtained chromosome mobilising ability of

five transconjugants was tested as described in the next section. The

transconjugant showing maximum chromosome mobilising ability was used

as a donor in the subsequent experiments. The donor strains constructed

in this study are given in the Table 1.

3.2.6.2 Linkage of Tn5 insertions to auxotrophies

The donor strain of each auxotroph was conjugated on TY plates with

the recipient R. meliioti strain ZB555. The mating mixture collected after a

conjugation period of 24 hrs. at 30°C was plated on TY plates containing

kanamycin (400 ug/ml) and rifampicin (40 ug/ml). The kanamycin resistant

transconjugants obtained after 4-5 days of incubation period at 30°C were

checked for donor's auxotrophy as described earlier. c

3.2.6.3 Mapping experiments

The donor strain constructed for each auxotroph was conjugated with

four R. meliioti recipient strains (ZB555, ZB556, ZB557 and ZB205) on TY

medium for 24 hrs. at 30°C. The mating mixture was spread on TY plates

containing kanamycin (400 ug/ml) and rifampicin (40 ug/ml). The

coinheritance frequency or linkage of selected marker (Kmr phenotype) with

different unselected markers was calculated and the distance between them

was determined using the following formula:

c = (1-d)3

where

c = linkage frequency of two markers

d = distance between them
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3.2.7 Pleiotropic effects of Tn5 insertions

3.2.7.1 Dicarboxylic acid utilization

Auxotrophs were streaked on minimal medium supplemented with their

nutritional requirements as well as maleic acid or sodium succinate as a

sole carbon source. The plates were then incubated at 30°C. The growth

was observed after 4-5 days of incubation period.

3.2.7.2 Production of cell surface molecules

(a) Test for the production of lipopolysaccharides (LPS)

The bacterial strains to be tested were streaked on TY plates containing

sodium deoxycholate (1 mg/ml) and then incubated at 30°C for 2 to 3 days.

Strains which showed growth on these plates were considered to be LPS

producing.

(b) Test for production of cellulose fibrils and acidic exopoly-

saccharides

The production of cellulose fibrils and acidic exopolysaccharides in

Rhizobium can be tested with dyes like congo red (Kneen and LaRue, 1983)

and calcofluor white (Leigh et al, 1987), respectively. Strains which

produce cellulose fibrils form red colonies on congo red containing medium

and fluoresce under long ultra violet light on calcofluor containing medium.

MSY plates with congo red (0.02%) and with calcofluor white (0.02%) were

prepared and the strains were streaked on these plates and incubated for

4 days at 30°C. Calcofluor plates were observed under long wave length

ultra violet light whereas congo red plates were observed in normal light.
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(c) Test for J3-(l-»2) glucans production

Motility of bacteria in swarm plates can be attributed to |V-(l->2) glucans

production (Geremia et al, 1987). To test the production of p-(l->2) glucans

in the aromatic amino acid auxotrophs, a drop of bacterial culture was

spotted on a TY swarm plate (containing 0.3% agar) and incubated at 30°C

for 2 days. Swarming of the bacterial strains was determined by the spread of

the bacterial growth.

3.2.8 Methodology for plant experiments

3.2.8.1 Plant inoculation tests

For nodulation assays plant growth medium slants were prepared in 20

cm x 2.5 cm glass tubes. Alfalfa seeds were surface sterilized with 0.1%

HgCl2 for one minute followed by treatment with absolute alcohol for 30

seconds. The seeds were then rinsed four times with sterile distilled water

and spread on 1% agar plates for germination. These plates were covered

with black paper and incubated in dark at 25°C. Two days old seedlings

were transferred to slants so that each tube received two seedlings.

Parental strain Rmd201 and aromatic amino acid auxotrophic strains of

R. meliioti were cultured to log phase in 10 ml of TY broth. The culture was

centrifuged at 5,000 rpm for 10 min. to obtain a pellet which, after washing

with sterile distilled water, was suspended in 5 ml of sterile water. 0.5 ml of

the suspension was dispensed into each tube containing two seedlings. Then

tubes containing seedlings were kept under 2000 lux light with the roots of

seedlings protected from direct exposure to light. A light period of 16

hrs., a dark period of 8 hrs. and 25°C temperature were maintained. The

plants were collected after 6 weeks and data on mean shoot dry weight
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and nodule characteristics were recorded. For determining mean shoot

dry weight, plant top was harvested and dried in an oven at 65°C for 72

hrs. and then weighed.

3.2.8.2 Nodule occupancy tests

Nodule occupancy by the various strains was tested by reisolating rhizobia

from the nodules and testing their auxotrophic and antibiotic markers. All

the nodules from a plant were collected, surface sterilized, crushed in a

drop of saline. The bacterial suspension thus obtained was diluted to obtain

101 and 102 dilutions. 0.1 ml from neat as well as each of the two dilutions

was spread on RMM medium supplemented with respective auxotrophic

requirement(s) and incubation was done at 30°C for 2-3 days. The colonies

obtained were patched on RMM and RMM medium supplemented with

kanamycin (400 ug/ml) and incubation was done as above at 30°C. The

colonies which grew on RMM and did not grow on kanamycin supplemented

medium were considered to be prototrophic revertants.

3.2.8.3 Light microscopy (LM) for observing infection thread formation

Six days after inoculation the root portions of plants to be examined

were cut, stained in 0.01% methylene blue for 15 min., thoroughly washed

in sterile water and placed on a clean slide. These slides were examined

at 40x magnification under optical microscope (Leica DM LB).

3.2.8.4 Histology of nodules

3.2.8.4.1 Fixation

Nodules from plants inoculated with the parental strain and auxotrophs

were excised and washed quickly in 2 to 3 changes of sterile distilled water
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and dipped in Karnovsky fixative in 5 ml glass vials. Bigger nodules were

cut longitudinally to 1 to 2 mm thickness and then placed in the fixative.

To facilitate penetration additives like acrolein (at 0.1% final concentration)

was added to the fixative. The vials were placed in vacuum chamber to

prevent the material from floating on the surface. The fixation was carried

at 4°C for 2 to 24 hrs.

3.2.8.4.2 Specimen block preparation for light and transmission

electron microscopic studies

(a) Washing

Following fixation the nodules were washed twice in 0.1 Mphosphate

buffer and then left in the same buffer overnight at 4°C. Final trimming of the

nodules to appropriate size was done when these were in the buffer.

(b) Post fixation

The nodules after fixation were taken out and placed in 1% Os04 for

2 hrs. at 4°C.

(c) Dehydration

Dry acetone was used as adehydrating agent. The samples were passed

through the following dehydration series at 4°C:

30% acetone - 2 changes of 15 min. each

50% acetone - - do -

70% acetone - - do -

80% acetone - - do -

90% acetone - - do -
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95% acetone - - do -

Dry acetone - 15 min.

The following step was carried at room temperature

Dry acetone - 2 changes of 30 min. each

(d) Clearing the tissues off acetone

Though acetone is easily miscible with the resin it is advantageous to

clear it off with a clearing agent to facilitate infiltration. The samples were

placed in toluene at room temperature for 60 min. to clear off acetone.

(e) Infiltration and embedding

The following infiltration mixtures were prepared from the embedding

medium.

a. 1 part of embedding medium and 3 parts of toluene

b. 2 parts of embedding medium and 2 parts of toluene

c. 3 parts of embedding medium and 1 part of toluene

The samples were taken out of toluene, placed in the mixture V and

left overnight. These were then transferred to mixture 'b' for 1 hr. and

then to mixture V for 1 hr. under vacuum. Finally two changes of pure

embedding medium for 1 hr. each were given at 50°C.

Embedding of the samples was carried out in araldite embedding medium

using gelatine or beam capsules. Flat embedding was done where orientation

of specimens for sectioning was required. The embedded blocks were kept at

50°C in a special oven for 12 to 24 hr. The temperature of the oven was then

raised to 60°C and the embedded tissues were kept for 24 to 48 hrs. for

complete polymerization of the embedding medium.
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3.2.8.4.3 Preparation of semithin sections for optical microscopy

The resin blocks containing specimens were trimmed using a trimmer

and were fitted in the specimen block holder. The block holder was attached

to Ultracut E microtome (C. Reichert, austria OmU3). Semithin sections (0.5

to 2.0 urn thick) were cut with glass knife. Thin sections floating in water

filled in the metallic trough fitted closely around the knife were lifted with a

glass-rod or a thin brush and placed on a clean glass slide. The slide was

placed on a hot plate (at about 80°C) for drying. The sections were then

stained in 1% toluidine blue for 30 seconds. Later the sections were washed

with distilled water. These slides were then observed under optical microscope

(Leica DM LB) and areas of interest were photographed.

3.2.8.4.4 Preparation of ultrathin sections

After scanning the sections under the optical microscope, the area to be

examined under TEM was selected and the blocks were further hand trimmed.

Ultrathin sections (60-90 nm thick) were cut using Ultracut E microtome

(C.Reichert, austria). The silver coloured sections were lifted onto 200 mesh

size copper grids. The grids were coated with 3% formvar (Polyvenyl

formaldehyde) in ethylene dichloride and carbon by a process of evaporation

under vacuum. After double coating, the formvar was dissolved either with

ethylene dichloride or chloroform leaving behind the carbon film. To obtain a

good contrast a double staining method using uranyl acetate and lead citrate

was adopted. The grids carrying the sections were placed in uranyl acetate

solution in a clean watch glass. A wooden or card-board cover was placed

over the watch glass as the staining is effective when carried out in dark. The

staining process was continued for 10 to 15 min. Then the grids were
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washed in 2 lots of 50% ethanol and 2 lots of double distilled water with

continuous agitation. The grids were then dried carefully on a filter paper

and then stained with lead citrate for 5 to 10 min. After this, these were

washed briefly in 0.1 N NaOH and then in 2 lots of double distilled water

and dried. The dried grids were stored in grid holder at room temperature

and viewed under TEM (Philips EM 300) and the areas of interest were

photographed.

3.2.9 Statistical analysis

All the values were expressed as mean ± SEM (Standard error of the

mean). Significance between controls vs experimental values was ascertained

using student Y test.
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Random transposon Tn5 mutagenesis of Rhizobium meliioti strain

Rmd201 (Strr derivative of AK631 which inturn is a compact colony variant

of wild type strain Rm41) was carried out to generate auxotrophs. Out of

thirty different auxotrophs generated aromatic amino acid auxotrophs were

selected for further studies. Biochemical and genetic characterization of these

auxotrophs was done and their symbiotic properties were studied in detail,

the results of which are presented here.

4.1 Transposon mutagenesis and isolation of auxotrophs

The suicide plasmid vector pGS9 used in this study successfully

delivered the transposon Tn5 into R. meliioti Rmd201 genome and

generated kanamycin resistant transconjugants at a frequency of 2 * 105

per recipient whereas the spontaneous kanamycin resistance in Rmd201

was < 10 8. From 45 crosses six thousand transconjugants were collected

and streak purified on TY medium containing streptomycin (100 ug/ml)

and kanamycin (400 ug/ml). A loopful of cells from each streak was

suspended in a drop of sterile saline and the cell suspension thus obtained

was patched on minimal medium RMM and TY complete medium with

sterile toothpicks. The bacterial growth was observed after 2 days of

incubation at 30°C.

Thirty transconjugants which did not grow on RMM but grew on TY

were selected as auxotrophs. Out of these thirty auxotrophs two were leaky

as they grew slowly on RMM in comparison to the parental strain.

[/

4.2 Nutritional requirements of auxotrophs

Holliday pools (Holliday, 1956) helped in determining the nutritional
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requirements of auxotrophs. Out of thirty auxotrophs, three (VK4, VK5 and

VK44) were auxotrophic for isoleucine and valine, eight (VK6, VK10, VKl 3,

VK17, VK20, VK32, VK33 and VK42) for cysteine/methionine, five (VK21,

VK29, VK31, VK36 and VK39) for methionine, four (VKl, VK15, VK28 and

VK30) for tryptophan, one (VKl8) for tryptophan, tyrosine and phenylalanine,

four (VK27, VK37, VK38 and VK40) for adenine, one (VK41) for adenine

and thiamine and three (VKl2, VKl9 and VK43) for uracil; the nutritional

requirement(s) of one leaky mutant VK23 could not be determined. Tryptophan

auxotroph VK15 was slightly leaky.

Preliminary plant inoculation tests with all the isolated auxotrophs

showed interesting symbiotic properties of aromatic amino acid auxotrophs

requiring either tryptophan, phenylalanine or tyrosine or all these three

amino acids and hence these mutants were selected for further

investigations. Five aromatic amino acid auxotrophs isolated by other

workers in the lab were also included. Table 2 gives a list of aromatic

amino acid auxotrophs chosen for the present studies.

4.3 Location of block in the biosynthetic pathway in each aromatic

amino acid auxotroph

4.3.1 Intermediate feeding

The growth responses of tryptophan auxotrophs to supplementation of

minimum medium with different intermediates of tryptophan are given in

Table 3. Three tryptophan auxotrophs VKl, H4 and H6 grew on RMM

supplemented with anthranilic acid, indole or tryptophan. VKl5, which is a

slightly leaky mutant, grew on indole or tryptophan but not anthranilic acid



Table 2. List of aromatic amino acid auxotrophs used in this study

S.No. Strain Auxotrophy

1. VKl Tryptophan

2. VK15' Tryptophan

3. VK28 Tryptophan

4. VK30 Tryptophan

5. H4 Tryptophan

6. H6 Tryptophan

7. H38 Phenylalanine

8. Rl Tyrosine

9. VK18 Tryptophan+Tyrosine+Phenylalanine

10. H5 Tryptophan+Tyrosine+Phenylalanine

* = Leaky mutant
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supplementation whereas VK28 and VK30 grew only on RMM supplemented

with tryptophan.

Two mutants, viz., VKl8 and H5 which required the supplementation of

RMM with all three aromatic amino acids for growth were streaked on RMM

medium containing 50 ug/ml of shikimic acid and incubated for 4 days at

30°C. None of these two mutants could grow on this shikimic acid

supplemented RMM medium.

4.3.2 Intermediate accumulation studies

Tryptophan auxotrophs, viz., H4, H6 and VKl did not accumulate any

of the tryptophan intermediates tested whereas VK15, VK28 and VK30

accumulated more than 15 ug/ml of anthranilic acid in minimal medium.

VK28 and VK30 accumulated indole glycerol phosphate in addition to

anthranilic acid (Table 4).

4.3.3 Cross-feeding assays

Three tryptophan auxotrophs VKl, H4 and H6 which grew on anthranilic

acid supplemented RMM medium were cross-fed by VKl5, VK28 or VK30.

The mutants VK28 and VK30, which did not grow on indole supplemented

RMM, cross-fed VKl5. Cross-feeding among VKl, H4 and H6 and also among

VK28 and VK30 was not observed.

Based on intermediate feeding, intermediate accumulation and cross-

feeding studies the tryptophan auxotrophs were divided into three groups as

follows:

(i) trpE mutants (H4, H6 and VKl) which grew on anthranilic acid

supplemented RMM and did not accumulate anthranilic acid in RMM
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Table 3. Growth responses of tryptophan auxotrophs to

supplementation of anthranilic acid, indole and tryptophan in the

minimal medium RMM

Strain RMM RMM supplem
Anthranilic acid

ented with (50 |ig/ml) of
Indole Tryptophan

VKl + + +

H4 - + + +

H6 - + + +

VK15 -
-

+ +

VK28 -
-

-
+

VK30 -
-

-
+

Rmd201 + + + +

+ = Growth

- = No growth

Table 4. Intermediate(s) accumulated by tryptophan auxotrophs in

minimal medium RMM

Strain Tryptophan intermediate

Anthranilic acid Indole glycerol Indole
phosphate

VKl

H4

H6

VK15

VK28

VK30

Rmd201

+

+

+

+ = Accumulated

= Not accumulated
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(ii) VKl5 which grew on indole supplemented RMM and accumulated

anthranilic acid in RMM

(iii) Tryptophan synthase mutants VK28 and VK30 which grew only on

tryptophan supplemented RMM and accumulated anthranilic acid and

indole glycerol phosphate in RMM

Figure 5 shows the position of block in each of the aromatic amino acid

auxotrophs in the biosynthetic pathways of aromatic amino acids.

4.4 Symbiotic properties of aromatic amino acid auxotrophs

4.4.1 Plant inoculation tests

The plants inoculated with the parental strain Rmd201, tryptophan

synthase mutants VK28 and VK30 or tyrosine auxotroph Rl were healthy

with no signs of nitrogen starvation. On the other hand plants inoculated

with aro mutants H5 and VKl8, phe auxotroph H38 or rrpE mutants H4,

H6 and VKl appeared weak as compared to be parental strain inoculated

plants and became chlorotic six weeks after inoculation. The plants inoculated

with VKl5 showed no shoot elongation four weeks after inoculation as a

result of which they appeared stunted with shorter internodal regions

(Plate 1).

The mean shoot dry weight of the plants inoculated with the parental

strain or auxotrophic strains (except H38) was significantly more than the

mean shoot dry weight of the uninoculated plants. Mean shoot dry weight of

plants inoculated with VK28, VK30 or Rl did not differ significantly from the

mean shoot dry weight of plants inoculated with Rmd201 whereas mean shoot

dry weight of plants inoculated with trpE mutants VKl, H4 and H6, VKl5,

aro mutants H5 and VK18, and H38 were significantly less than the mean
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Plate 1. Morphological features of representative plants of alfalfa inoculated with Rhizobium

meliioti Rmd201 and its aromatic amino acid auxotrophic derivatives.

A. Rmd201 inoculated plant

B. tyr mutant Rl inoculated plant

C. phe mutant H38 inoculated plant

D. aro mutant inoculated plant

E. trpE mutant inoculated plant

F. VK15 inoculated plant

G. Tryptophan synthase mutant inoculated plant



shoot dry weight of plants inoculated with Rmd201. Mean shoot dry weight

of VKl 5 inoculated plants was significantly less than the mean shoot dry

weight of the parental strain inoculated plants but was significantly more than

the mean shoot dry weight of the plants inoculated with trpE (VKl, H4

and H6), aro (VK18 and H5) and H38 mutants (Table 5).

Pink and cylindrical nodules were observed on roots of plants inoculated

with Rmd201, tryptophan synthase mutants VK28 and VK30, or tyrosine

mutant Rl whereas white and irregular nodules were observed on plants

inoculated with phenylalanine auxotroph H38. Nodules on plants inoculated

with aro mutants and trpE mutants were cylindrical and white whereas VKl5

inoculated plants showed slightly pinkish and cylindrical nodules.

The nodules occupied by prototrophic revertants were always pink and

cylindrical and the plants on which they were found showed mean shoot dry

weight which did not differ significantly from the mean shoot dry weight of

the parental strain inoculated plants.

4.4.2 Nodule occupancy tests

After recording the data on mean shoot dry weight and nodule

characteristics of a particular plant bacteria were reisolated from nodules of

this plant to test their authenticity. If the nodules were found to be occupied

by the inoculated strain, the data on this plant was retained; in case

prototrophic revertants were obtained the data was rejected.

4.4.3 Infection thread formation

Shepherd's crooks and infection threads were observed in root hairs of

alfalfa plants inoculated with parental strain and aromatic amino acid

45



Table 5. Mean shoot dry weights and nodule characteristics of

plants inoculated with aromatic amino acid auxotrophs

Strain Mean shoot dry weight3

(mg)

Nodule characteristics

Shape Colour

Uninoculated control 6.2 ± 0.9 - —

Rmd201 33.6 ± 2.5 Cylindrical Pink

VK28 29.5 ± 3.2 Cylindrical Pink

VK30 31.0 ± 2.7 Cylindrical Pink

Rl 28.7 ± 4.0 Cylindrical Pink

VKl 11.8 ± 2.0* Cylindrical white

H4 12.9 ± 1.6 * Cylindrical White

H6 12.0 ± 1.4* Cylindrical White

VK15 20.8 ± 1.2* Cylindrical Slightly

pinkish

H5 11.2 ± 2.0* Cylindrical White

VK18 12.9 ± 1.9* Cylindrical White

H38 8.1 ± 1.5* t Irregular White

Significantly less than parental strain (P < 0.05)

t = No significant difference from uninoculated control

a = Each mean shoot dry weight value is a mean of eight plants
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auxotrophs strains whereas the root hairs were straight and devoid of infection

threads in case of uninoculated plants (Plate 2).

4.4.4 Histology of nodules

4.4.4.1 Light and electron microscopic studies of nodules induced

by the parental strain Rmd201

A longitudinal cross section of nodule induced by Rmd201 (Plate 3: A)

revealed four main zones: meristematic zone, infection zone, nitrogen fixation

zone and senescence zone. Apical meristematic zone contained uninfected

and constantly dividing plant cells. The infection zone lied just beneath

the meristematic zone and the plant cells in this region contained large

nucleus, many vacuoles and immature bacteroids (Plate 3: B). Few layers

next to this zone constituted the interzone. Here the plant cells started

getting filled with amyloplasts (Plate 3: C). The nitrogen fixation zone

which formed the bulk of the nodule contained plant cells filled with

mature bacteroids. The bacteroids in these plant cells were arranged

perpendicular to the central vacuole (Plate 4: A). The senescence zone

which occupied the basal portion of the nodule contained oldest nodule

cells (Plate 4: B).

Electron microscopic studies showed that the released bacteria in the

infection zone were electron dense (Plate 5: A). As a result of condensation

of nucleic material the cytoplasm of the bacteroids started getting heterogenic

in the infection region near to nitrogen fixation zone (Plate 5: B). The

mature bacteroids in the nitrogen fixation zone exhibited more

heterogeneous cytoplasm with electron dense and electron transparent

regions (Plate 5: C). The plant cell organelles in the empty cells as well as
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Plate 2. Root hair curling and infection thread formation in root hairs of alfalfa seedlings

inoculated with Rhizobium meliioti Rmd201 and its aromatic amino acid auxotrophs. A.

Uninoculated B. Rmd201 inoculated C. tyr mutant inoculated D. phe mutant inoculated E. aro

mutant inoculated F. trpE mutant inoculated G. VK15 inoculated H. Tryptophan synthase mutant

inoculated

Abbreviations: sc, shepherd's crook; it, infection thread; rh, root hair. Bar, 100 urn (*100).



Plate 3. Light microscopic studies of semithin sections of a nodule induced by Rhizobium
meliioti Rmd201. A. Longitudinal section of the whole nodule showing infection zone (I), nitrogen

fixation zone (NZ), senescence zone (S) and peripheral vascular bundles (VB). Bar, 100 [im (*100).
B. Infection zone showing cells containing infection threads (it), vacuoles (v) and prominent nucleus

(n). Bar, 25 uin (*400). C. Zone between infection and nitrogen fixation zones. The cells in this

zone are packed with amyloplasts (a). Bar, 25 iim (*400).



Plate 4. Light microscopic studies of semithin sections of a nodule induced by Rhizobium meliioti
Rmd201. A. Nitrogen fixation zone showing cells filled with mature bacteroids (be) and empty cells

(ec). Bar, 25 um (x400). B. Senescence zone showing in degenerated condition (indicated by arrows).

Bar, 25 um (*400).



Plate 5. TEM studies of ultrathin sections of a nodule induced by Rhizobium meliioti Rmd201.

A. Depicts freshly released rhizobia (r) which are electron dense and contain poly-p-hydroxybutyrate

(phb) granules. Bar, 1 nm (*2,900). B. Anodule cell from zone between infection and nitrogen
fixation zones showing bacteroids (be) with less heterogeneous cytoplasm. Bar, 1 um (*4,100). C. A

nodule cell from nitrogen fixation zone containing mature bacteroids. The cytoplasm in these elongated

bacteroids is heterogeneous. Cell organelles like mitochondria (m), amyloplasts (a) containing starch

granules (s), endoplasmic reticulae (er) are displaced to the periphery, near to the cell wall (cw). Bar,
1 um (*2,300). D. Degenerating bacteroids from senescence zone (indicated by arrows). The cytoplasm

of these bacteroids is electron transparent and the peribacteroid membrane (pbm) is broken. Bar, 1

um(*5,800).



in the cells filled with bacteroids took the peripheral position near to the

cell wall. Degenerated bacteroids with transparent cytoplasm and broken

peribacteroid membranes were seen in the senescence zone (Plate 5: D).

4.4.4.2 Light and electron microscopic studies of nodules induced

by aromatic amino acid auxotrophs

(a) trpE mutants

The longitudinal section of nodule induced by a trpE mutant (Plate 6: A)

deviated significantly from that of the nodule induced by parental strain. The

plant cells in the infection zone, however, were morphologically similar in

these both types of nodules as is evident from the comparison under high

magnification (Plate 6: B); each of these cells contained a darkly staining

nucleus, many large vacuoles and a few immature bacteroids. But unlike the

parental strain induced nodules in which the infection zone was only a few

layers thick, the infection zone in case of nodules induced by trpE mutants

was very extensive encompassing almost half of the nodule. Afew plant cells

in the extended infection zone were filled with mature bacteroids. The nitrogen

fixation zone was poorly developed; it was represented by very few plant

cells filled with mature bacteroids which were surrounded by many infected

cells containing immature bacteroids (Plate 6: C).

Electron microscopic picture (Plate 7: A) of a plant cell from the early

infection zone showed an infection droplet containing bacteria with poly-p-

hydroxybutyrate granules (phb). In the extended infection zone the bacteroids
containing plant cells were devoid of electron dense material and the cytoplasm

of bacteroids in this zone was not heterogeneous (Plate 7: B&C). In each

uninfected plant cell the nucleus and mitochondria took the peripheral
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Plate 6. Light microscopic studies of semithin sections of anodule induced by a trpE mutant of
Rhizobium meliioti Rmd201. A. Longitudinal section of the whole nodule revealing an extensive
Infection zone (I) and a poorly developed nitrogen fixation zone (NZ), which is confined to the base of
the nodule. Bar, 100 um (xlOO). B. Infection zone showing cells containing infection threads (it),
prominent nucleus (n) and immature bacteroids. Bar, 25 um (*400). C. Nodule cells from nitrogen
fixation zone with a central vacuole (v) and properly arranged bacteroids (be). Bar, 25 nm (*400).
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Plate 7. TEM studies of ultrathin sections of a nodule induced by a trpE mutant of Rhizobium

meliioti Rmd201. A. A nodule cell of early infection zone showing the infection droplet containing

rhizobia (r). These bacteria contain poly-p-hydroxybutyrate (phb) granules. Bar, 1mm (x8,400). B.
Bacteroids (be) in a nodule cell from infection zone. Bar, 1 nm (*2,300). C. Higher magnification
of same bacteroids showing that these are elongated and covered by peribacteroid membrane
(pbm). The bacteroid cytoplasm is homogeneous. Bar, 1 um (x8,400). D. An empty cell from the
nitrogen fixation zone showing peripherally placed organelles like mitochondria (m) and nucleus
(n). Intercellular spaces (is) and cell wall (cw) are clearly seen. Bar, 1 um (*2,900).
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Plate 8. TEM studies of ultrathin sections of a nodule induced by a trpE mutant of Rhizobium

meliioti Rmd201. A. A nodule cell from the zone near to the nitrogen fixation zone showing

bacteroids (be), numerous vesicles (vc) and endoplasmic reticulae (er). Bar, 1 nm (x2,900). B.

Higher magnification of bacteroids from the same cell showing homogeneous nature of cytopla.sm of
the bacteroids. Bar, 1 um (x8,400). C. Two nodule cells from nitrogen fixation zone containing

polymorphic and mature bacteroids (be) that are arranged around the central vacuole (v). Bar, 1
um (x2,900). D. Higher magnification of mature bacteroids from nitrogen fixation zone showing

heterogeneous cytoplasm. Bar, 1 um (x8,400).



Plate 9. Light microscopic studies of semithin sections of a nodule induced by strain VK15, a

tryptophan auxotroph of Rhizobium meliioti Rmd201. A. Longitudinal section of the whole
nodule showing apical meristem (M), infection zone (I), nitrogen fixation zone (NZ) and senescence

zone (S). Bar, 100 um (xlOO). B. Infection zone at x400 magnification. Numerous vacuoles (v)

and prominent nucleus (n) are seen in the infected cells. Bar, 25 nm. C. Nodule cells from nitrogen

fixation zone containing mature bacteroids (be). Bar, 25 um (x400).



position, near to the cell wall (Plate 7: D). The bacteroids in the zone
between infection and nitrogen fixation zones did not show heterogeneous

cytoplasm unlike the bacteroids from the same zone in case of nodule
induced by the parental strain Rmd201. Even initiation of nuclear

condensation was not observed in these bacteroids. (Plate 8: A & B). Very

few plant cells filled with bacteroids contained fully mature bacteroids
showing electron dense and electron transparent regions (Plate 8: C&D).

(b) VKl5

Well formed meristematic, infection and nitrogen fixation zones were

seen in longitudinal section of nodules induced by VK15 (Plate 9: A). The
arrangement of these zones was exactly like that of nodule induced by the
parental strain. The plant cells in the infection zone contained many vacuoles
and enlarged nucleus (Plate 9: B). The nitrogen fixing region resembled

the wild type in all aspects (Plate 9: C).

The released bacteria were rod shaped and each bacterium (bacteroid)

was surrounded by a wavy peribacteroid membrane. An electron dense material

was seen in bacteroids containing plant cells as well as in the intercellular

spaces (Plate 10: A&B). The newly infected cells contained many mitochondria
and endoplasmic reticulae (Plate 10: C). The bacteroids from the zone

between infection zone and nitrogen fixation zone exhibited electron dense

and electron transparent regions (Plate 10: D). In the nitrogen fixation

region the bacteroids were fully mature exhibiting electron dense and
electron transparent regions. The cytoplasm of these bacteroids was more

heterogeneous and the peribacteroid membrane was straight (Plate 11:

A&B).
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Plate 10. TEM studies of ultrathin sections of a nodule induced by strain VK15, a tryptophan

auxotroph of Rhizobium meliioti Rmd201. A. A nodule cell from early infection zone showing

released bacteria enclosed by a wavy peribacteroid membrane (pbm). Bar, 1 um (x3,600). B.

Intercellular space filled with electron dense material (edm). Bar, 1 um (x5,470). C. Anodule cell

from early infection zone displaying many mitochondria (m), endoplasmic reticulae (er), enlarged
nucleus (n) and released rhizobia (r) covered with peribacteroid membrane (pbm). Bar, 1 um (x3,600).

D. A nodule cell from zone near to the nitrogen fixation zone showing bacteroids in transforming

state. The cytoplasm is heterogeneous in these bacteroids as a result of nuclear condensation. Bar,

1 um (x8,400).
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Plate 11. TEM studies of ultrathin sections of a nodule induced by strain VK15, a tryptophan

auxotroph of Rhizobium meliioti Rmd201. A. A nodule cell from the nitrogen fixation zone
displaying bacteroids in different shapes arranged around the central vacuole. Bar, 1 um (x4,100).

B. Mature bacteroids displaying heterogeneous cytoplasm and regular peribacteroid membrane

(pbm). Bar, 1 nm (x 10,800).



(c) Tryptophan synthase mutants

The histology of nodules induced by tryptophan synthase mutants

(Plate 12: A) resembled the parental strain induced nodule's histology in

having apical meristem, short infection zone and an extensive nitrogen

fixing zone. Higher magnification of infection zone under light microscope

showed prominent nucleus and many vacuoles in infected plant cells (Plate

12: B). Next to the infection zone and just before nitrogen fixation zone

the plant cells started getting packed with amyloplasts (Plate 12: B). The

bacteroids filled plant cells in the nitrogen fixing region were arranged

radially with empty cells in between (Plate 12: C). Each of these bacteroids

filled cells had a large central vacuole and perpendicularly arranged

bacteroids.

The bacteroids containing plant cells in the infection zone contained many

endoplasmic reticulae, vacuoles, prominent nucleus and electron dense

material (Plate 13: A&B). In the empty plant cells the cytoplasm was

restricted to the periphery of the cells and the cell organelles were seen

very near to the cell wall. The bacteroids of the nitrogen fixation region

resembled the nitrogen fixing bacteroids of the parental strain in all aspects

(Plate 13: C&D).

(d) aro mutants

Striking similarities were seen in the histology of nodules induced by aro

mutants and trpE mutants (Plate 14: A). The infection zone was many layers

thick and the plant cells in this zone contained enlarged nucleus and

immature bacteroids (Plate 14: B). The interzone between the poorly

developed nitrogen fixation zone and infection zone contained plant cells
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Plate 12. Light microscopic studies of semithin sections of a nodule induced by a tryptophan

synthase mutant of Rhizobium meliioti Rmd201. A. The whole nodule section showing

meristematic zone (M), infection zone (I), well developed nitrogen fixation zone (NZ) and senescence

zone (S). Bar, 100 um (*100). B. Infection zone cells containing enlarged nucleus (n) and many

vacuoles (v). Bar, 25 um (x400). C. Nitrogen fixation zone cells displaying large central vacuole (v)

and properly arranged bacteroids (be). Bar, 25 urn (x400).
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Plate 13. TEM studies of ultrathin sections of a nodule induced by a tryptophan synthase mutant

of Rhizobium meliioti Rmd201. A. A nodule cell from infection zone displaying enlarged,

prominent nucleus (n), vacuoles (v) and bacteroids (be). Bar, 1 um (x2,300). B. The same cell

under higher magnification. Initiation of heterogeneity of cytoplasm has started in the bacteroids

as a result of nuclear condensation. Bar, 1 um (x4,100). C. The empty nodule cells showing the

cytoplasm restricted to the periphery. All cell organelles are seen near to the cell wall. Bar, 1 um

(x4,100). D. The magnified image (* 10,800) of mature bacteroids from nitrogen fixation zone

showing distinct electron dense and electron transparent regions. Bar, 1 um.



Plate 14. Light microscopic studies of semithin sections of a nodule induced by an aro mutant of

Rhizobium meliioti Rmd201. A. The whole nodule section. The infection zone (I) is extensive and

the nitrogen fixation zone (NZ) is poorly developed. Bar, 100 um (xlOO). B. The infection zone cells

containing prominent nucleus (n), numerous vacuoles (v) and immature bacteroids (be). Bar, 25 nm

(x400). C. Interzone cells filled with amyloplasts (a). Bar, 25 um (x400). D. The poorly developed
nitrogen fixation zone containing very few cells filled with bacteroids. Most of the cells in this

region are empty. Bar, 25 nm (x400).



Plate 15. TEM studies of ultrathin sections of a nodule induced by an aro mutant of Rhizobium

meliioti Rmd201. A. A nodule cell from the zone between infection and nitrogen fixation zones

Initiation of nuclear condensation is not seen in these bacteroids and as a result they exhibited

homogeneous cytoplasm. Senescent bacteroids are also seen along with these immature bacteroids
(sb). Bar, 1 nm (*5,800). B. Bacteroids from nitrogen fixation zone. These bacteroids are set for
lysis as their cytoplasm become more homogeneous and electron transparent. Bar, 1nm (x8,400).
C. Lysing bacteroids from the so called nitrogen fixation zone. The peribacteroid membrane (pbm) is
dissolved in some bacteroids. Bar, 1 nm (* 10,800). D. Mitochondria (m), endoplasmic reticulae (er)

and nucleus (n) are seen near to the cell wall (cw) in empty cells. Bar, 1 nm (*5,800).



packed with many amyloplasts (Plate 14: C). The nitrogen fixation region
was confined to the base of the nodule and was poorly deve.oped (Plate
14: D).

Nuclear condensation did not start in the bacteroids of the infection zone
as aresult of which they exhibited homogeneous cytoplasm (Plate 15: A).
Most of the bacteroids from the nitrogen fixing zone were seen in
degenerating condition. These bacteroids were not elongated and their
peribacteroid membranes were broken. The cytoplasm of these bacteroids
was more electron transparent like in the degenerating bacteroids (Plate
15: B&C). In uninfected and infected nodule cells the cell organelles were
restricted to the periphery (Plate 15: D).

(e) Tyrosine mutant

(yr mutant Rl which was Fix* formed nodules whose histology (Plate
16: A) matched with that of the nodule induced by the parental strain. The
infection zone was short and the plant cells in this zone contained vacuoles
and prominent nucleus (Plate 16: B). The nitrogen fixing zone was well
formed with radially arranged bacteroids filled cells (Plate 16: C).

Electron microscopic studies on bacteroids of different zones showed all
stages of bacteroidal development (Plate 17: A-D).

(f) phe mutant

The ineffective nodules induced by phe mutant H38 showed two zones:
an extensive infection zone with aprofuse network of infection threads and a
zone of plant cells flooded with amyloplasts (Plate 18: A). In the infection
zone the plant cells contained large nucleus and few immature bacteroids.
Ramifications of infection threads were seen all through the nodule. Most
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Plate 16. Light microscopic studies of semithin sections of anodule induced by tyr mutant of
Rhizobium meliioti Rmd201. A. Longitudinal section of the whole nodule displaying infection (I),
nitrogen fixation (NZ) and senescence zones (S). Bar, 100 nm <*100>. B. Cells from infection zone
with enlarged nucleus (n), immature bacteroids (be, and infection threads (it,. Bar, 25 nm (-400).
C. Nitrogen fixation zone exhibiting empty cells (ec) and mature bacteroids filled cells. The
amyloplasts (a) in the filled cells are pushed to the periphery. Bar, 25 nm (*400).



Plate 17. TEM studies of ultrathin sections of a nodule induced by tyr mutant of Rhizobium
meliioti Rmd201. A. The released bacteria with peribacteroid membrane (pbm). Bar, 1nm (x8,400)
B. Anodule cell from the infection zone showing bacteroids. These bacteroids started showing
heterogeneous cytoplasm. The amyloplasts are seen at the periphery. Bar, 1n"i (x4,100). C. A
nodule cell from nitrogen fixation zone containing mature bacteroids. Bar, 1 nm (*2,300). D.
Pleiomorphic bacteroids from nitrogen fixation zone. Please note the heterogeneity of cytoplasm
of bacteroids. Bar, 1 nm (*9,800).
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Plate 18. Light microscopic studies of a nodule induced by phe mutant of Rhizobium meliioti
Rmd201. A. The whole nodule section revealing infection zone (I) and cells filled with amyloplasts
(a). Nitrogen fixation zone is absent. Bar, 100 pm (xlOO). B. Infection zone showing cells filled
with immature bacteroids. The cells also contain prominent nucleus (n) and many vacuoles (v). Bar,
25 nm (x400). C. The nodule cells from the late infection zone exhibiting many amyloplasts (a) and
infection threads (it). Bar, 25 nm <*400). D. The nodules cells studded with many amyloplasts (a)
are found next to the infection zone. Bar, 25 nm (*400).
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Plate 19. TEM studies of a nodule induced by phe mutant of Rhizobium meliioti Rmd201. A.

The released bach-ria (b) with peribacteroid membrane (pbm) in the infected cells of the early
infection zone. Bar, 1 nm (x4,100). B. The degenerating bacteroids in the nodule cells from infection
zone. Please note the rupture of peribacteroid membrane. Bar, 1 nm (x5,800).



of the plant cells were filled with many amyloplasts, a situation seen in
case of ineffective nodules. Nitrogen fixation zone was not observed (Plate

18: B-D).

Proper release of bacteria occurred (Plate 19: A) but the bacteroids were

seen in degenerated condition soon after their release (Plate 19: B).

4.5 Genetic studies on aromatic amino acid auxotrophs

4.5.1 Linkage of Tn5 insertion to auxotrophy

IncP group plasmid pJB3JI, which codes for tetracycline resistance,

has the ability to mobilise the segments of rhizobial genome from donor
cells to suitable recipient cells; integration of the mobilized donor DNA
occurs in the recipient genome. This plasmid was introduced into each

auxotroph by conjugation using its tetracycline resistance marker. The
resulting strain was mated as a donor with the recipient strain ZB555 and
40 kanamycin resistant transconjugants were selected and tested for the
presence of the donor's auxotrophic marker(s). In all crosses, all kanamycin
resistant transconjugants showed respective donor's auxotrophy confirming

100% linkage of Tn5 insertion to auxotrophy.

4.5.2 Location of transposon Tn5 by plasmid-mediated mapping

method

Donor strains of the auxotrophs constructed by the introduction of plasmid

pJB3JI were also used to locate the position of transposon Tn5. Each donor
was conjugated with four R. meliioti recipient strains ZB555, ZB556, ZB557
and ZB205, the markers of which cover most of the chromosome. In all
crosses selection was made for the transfer of kanamycin resistance marker,
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Table 6. Mapping oftransposon Tn5 in Rhizobium meliioti auxotrophic strain VKl 5

Donor

strain

VK151

VK151

VK151

VK151

Recipient
strain

ZB555

ZB556

ZB557

ZB205

Selected

marker

Unselected No. of Km'

marker transconju
gants

Km' cys*

{trp') phe+

Km' giy+
(trp-) ade*

met+

Km' phe"
(trp-) leu+

Km'

{trp)
ade+

analysed

48

48

132

132

132

45

45

20"

No. of Km' trans

conjugants
showing unsel
ected marker

transfer

41

31

18

Linkage

(c)~
Distance

(d)

0.31 0.32

0.24 0.38

0.14 0.44

Abbreviations: Km', kanamycn resistance; giy, glycine prototrophy; trp-, tryptophan auxotrophy; cys* cysteine prototrophy
phe , phenylalanine prototroply; ade+, adenine prototrophy; met+, methionine prototrophy; leu% leucine prototrophy.

^not"be ohbetaTn°erdChr0mOSOme n°blHSing abiHty of Plasmid P^3-" available with us higher number of Km'transconjugants could



which is encoded by Tn5. The cotransfer of other unselected markers was

determined by patching the transconjugants on appropriate plates. In VK15

strain kanamycin resistance showed 31% cotransfer with gly-1, 24% with
ade-4 and 18% with met-2. The distances calculated based on linkage

frequencies are given in the Table 6 and the possible position of trp marker

of VKl5 on the chromosome is given in Fig.6.

Because of poor chromosomal mobilisation ability of pJB3JI available in

our lab mapping the position of Tn5 in other auxotrophs was not possible,

however, the presence of Tn5 in some regions of the chromosome could be

ruled out.

4.6 Pleiotropic effects of Tn5 insertions

4.6.1 Production of cell surface molecules

All aromatic amino acid auxotrophs and the parental strain Rmd201

took up the dye in congo red medium, grew in presence of sodium
deoxycholate, showed motility in swarm medium and fluoresced in presence

of calcofluor white under ultra violet light, indicating the normal production

of cellulose fibrils, lipopolysaccharides, p-(l->2) glucans and

exopolysaccharides. These results showed that the cell surface molecules in

auxotrophs were like those of the parental strain.

4.6.2 Dicarboxylates uptake

Like the parental strain Rmd201 all auxotrophs showed growth on
the minimal medium containing malate or succinate indicating that they

could use either of these dicarboxylic acids as a sole carbon source.
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aro-38.43
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1,2-29
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pyr
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rif-1,2,10
nov-
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nar-240(nar D)
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trp-15,30

tyr-l

giy-i
lys-12,15
pur-4
fix-2
glt-41
his-210

met-1.2,5,31

Fig.6. Chromosomal map of Rhizobium meliioti strain Rm41 showing the
position of Tn5 insertion in auxotrophic strain VKl5
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Six thousand kanamycin resistant transconjugants were generated by

random transposon Tn5 mutagenesis of R. meliioti strain Rmd201 (Nod*,

Fix\ Strr and compact colony morphology derivative of the wild type strain

Rm41). The transposition frequency obtained was 2><10 5 which was far

above the frequency of spontaneous resistance to 400 ug/ml of kanamycin

in R. meliioti (<108). Similar Tn5 transposition frequencies have been

reported in Rhizobium by other workers (Meade et al, 1982; Kim et al,
1988). The screening of the Tn5-derivatives yielded 30 auxotrophs, the

frequency of the isolation of auxotrophs being 0.5% which is the same

as reported by Meade et al, 1982. Isolation of auxotrophs requiring

different amino acids/nitrogenous bases/vitamins indicated near

randomness of Tn5 insertions. The high frequency of cysteine/methionine

auxotrophy among the isolated auxotrophs may be due to the presence

of a large number of genes involved in sulfur metabolism or preferential

insertion of Tn5 into these genes. Similar observations were made by

Meade et al, 1982.

When these auxotrophs were tested for their symbiotic properties on

alfalfa plants, quite interesting results were obtained from the auxotrophs
of tryptophan, phenylalanine, tyrosine and those requiring all these three
amino acids. It was found that out of six tryptophan auxotrophs two were

as effective as the parental strain, three were ineffective and one was

partially effective. The lone phenylalanine mutant and two aro mutants

were ineffective whereas the tyrosine mutant was effective. These aromatic

amino acid auxotrophs were chosen for biochemical characterization,

genetic studies and thorough investigation of their symbiotic properties.
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The location of block in the tryptophan biosynthetic pathway in each

tryptophan auxotroph was determined by intermediate feeding, intermediate

accumulation and cross-feeding assays. Three trp auxotrophs, viz., H4, H6

and VKl are anthranilate synthase mutants (trpE) as they grew on minimal

medium supplemented with anthranilic acid and did not accumulate

anthranilic acid in minimal medium. It has been reported by Bae et al, 1991

that in R. meliioti trpE and trpG are fused to form trpE(G). So these

mutants may represent trpE(G) class mutants. The mutant VKl5, which is

slightly leaky, has a block somewhere between anthranilic acid and indole

as it grew on minimal medium supplemented with indole and accumulated

anthranilic acid. Since the intermediates, viz., phosphoribosylanthranilic acid

(PRA) and l-(o-carboxyphenylamino)-l-deoxyribulose-5-phosphate (CDRP) are

not commercially available it was not possible to determine precisely the

gene(s) affected in this mutant by the techniques mentioned above; the

affected gene(s) could be trpF, trpC, trpD or trpCD cluster. Tryptophan

synthase mutants (VK28 and VK30) did not grow on indole supplemented

minimal medium and accumulated anthranilic acid and indole glycerol

phosphate but not indole. These mutants are expected to accumulate indole

as they did not grow on indole but indole was not detected in the minimal

medium in which they were grown. This could be due to too low

accumulation of indole which was not detected by the method used or might

be due to Tn5 insertion into trpFBA gene cluster in such a way that both

trpA and trpB functions were lost.

Cross-feeding assays further confirmed the position of blocks in the

tryptophan auxotrophs. VK15, VK28 and VK30 cross-fed the trpE(G)

mutants. As VKl5 secretes anthranilic acid and tryptophan synthase mutants

56



(VK28 and VK30) secrete anthranilic acid as well as indole glycerol
phosphate it is obvious that the trpE(G) mutants use them for growth. VK15
was cross-fed by tryptophan synthase mutants possibly with indole glycerol

phosphate. The absence of cross-feeding among trpE(G) mutants and also
among tryptophan synthase mutants reiterated that they belong to the same

group.

The two aro mutants which are expected to have block before chorismic

acid did not grow on shikimic acid. This may be due to occurrence of block

in between shikimic acid and chorismic acid or may simply be due to inability

of Rhizobium to transport and utilize shikimic acid.

If the biosynthetic pathways leading to phenylalanine and tyrosine are

assumed to be similar, then the affected gene in the phenylalanine

auxotroph H38 is pheA and that in tyrosine auxotroph Rl is tyrA; these

are the only genes whose disruption result in Phe and Tyr phenotypes,

respectively. A single mutation in other gene (tyrB) result in double

auxotrophic requirement for both phenylalanine and tyrosine. However, this

assumption could be wrong if these biosynthetic pathways in Rhizobium are

different from those of E. coli.

Tyrosine auxotroph showed normal symbiotic properties. This auxotroph

induced root hair curling and infection thread formation in root hairs of

alfalfa. The light and electron microscopic studies of nodules induced by this
auxotroph showed similarities with nodules induced by Rmd201 in all

aspects. The mean shoot dry weight of plants inoculated with this auxotroph
did not differ significantly from the mean shoot dry weight of plants

inoculated by the parental strain Rmd201 indicating the Fix+ phenotype of
this auxotroph. It seems that this auxotroph derives its amino acid
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requirement from the host plant and hence is not affected in symbiosis.

Studies on the symbiotic properties of tryptophan auxotrophic

mutants indicated the involvement of some trptophan biosynthetic

intermediates in symbiosis. The plants inoculated with trpE(G) mutants

were short and became chlorotic six weeks after inoculation. The mean

shoot dry weight of a rrp£ mutant inoculated plants was significantly less

than that of the plants inoculated with the parental strain but more than

that of uninoculated plants indicating that only trace amounts of nitrogen

fixation occurred in the plants inoculated with trpE mutant. The early

nodulation events in these auxotrophs proceeded quite well with induction

of root hair curling and infection thread formation but the nodules induced

by these mutants showed unusual defects. In these nodules the infection

zone was very long, extending upto half of the nodule and the poorly

developed nitrogen fixation zone occupied the basal part of the nodule;

these observations are consistent with an earlier report (Barsomian et

al, 1992). Electron microscopic studies showed that the bacteroids in the

extended infection zone were not mature and did not contain

heterogeneous cytoplasm. The bacteroids containing plant cells in this

zone were devoid of electron dense material, likely to be leghaemoglobin.

Even in the interzone between infection and nitrogen fixation zone nuclear

condensation in bacteroids did not occur and as a result they exhibited

homogeneous cytoplasm. There were very few nodule cells with mature

bacteroids in the so called nitrogen fixation zone which might be

responsible for traces of nitrogen fixation. Before explaining the reasons

for these unusual defects in these nodules we have to consider two facts.

First, the availability of tryptophan to the rhizobia from plant was
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established from the fact that tryptophan synthase mutants were

symbiotically effective; and second, VK15 and tryptophan synthase
mutants have blocks in their tryptophan biosynthetic pathway after

anthranilic acid and the nodules induced by them showed the histological

aspects like those of the parental strain induced nodules. Considering
these two facts and an earlier report about the ineffectiveness of trpE(G)

mutants of R. meliioti strain 1021 (Barsomian et al, 1992), it is possible

to conclude that anthranilic acid has a role in nodule development and

function at least in R. meliioti. To explain the role of anthranilic acid in

proper nodule development and function the factors needed for bacteroid
development and nitrogen fixation are to be considered. Iron requirement

during bacteroid transformation and nitrogen fixation is more as it is
needed for heme (thereby leghemoglobin synthesis) synthesis and

nitrogenase enzyme (that is required for nitrogen fixation) synthesis. Based

on the earlier reports (Rioux et al, 1986a & 1986b) on secretion of
anthranilic acid and its promoted iron uptake in R. leguminosarum

Barsomian et al, 1992 proposed that anthranilic acid may be acting as

in planta siderophore, promoting iron uptake needed for bacteroid
development and the absence of this factor may be leading to

undifferentiation of bacteroids. They also explained the occurrence of

nitrogen fixation zone at the base of the nodule by proposing that bacteria
are able to get plant supplied anthranilic acid at the base of the nodule.

We agree to this hypothesis as we have found out the bacteroids from
the infection zone and zone between infection and nitrogen fixation zones

did not show tendency towards maturation as initiation of nuclear

condensation in these bacteroids did not occur and as a result they exhibited
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homogeneous cytoplasm. Absence of electron dense material which is

presumably leghaemoglobin in the bacteroids filled cells of the extended

infection zone can be explained by this hypothesis.

Plants inoculated with VKl5 strain showed surprising defects. Though

these plants were not chlorotic but proper shoot elongation did not occur

and as a result they looked stunted. The mean shoot dry weight of these

plants were significantly less than the parental strain inoculated plants but

more than those of the plants inoculated with trpE(G) and aro mutants

thereby indicating reduced nitrogen fixation in these plants. Though the

histology of VKl5 induced nodules resembles that of the parental strain, it

seems that the nodules induced by VK15 mutant could not fix nitrogen

properly because of the non-availability of some tryptophan intermediate(s)

which may be PRA, CDRP or indole glycerol phosphate or a combination

of these. Indole acetic acid (IAA) production by Rhizobium has been

proposed to play a role in proper nodule function and the source(s) of IAA

production in R. meliioti are not fully understood. Though the indole-

pyruvate pathway has been proposed as a source of IAA production, the

possibility of IAA production in R. meliioti through another pathway can

not be ruled out. In this context it seems that the major contribution of

tryptophan biosynthetic pathway of Rhizobium is to provide compound(s)

containing indole ring which is/are needed for IAA production. Since VKl5

is a leaky mutant, the amount of indole compounds contributed by it may

not be sufficient enough to meet the requirements of plant for indole acetic

acid and it may be the reason for reduced nitrogen fixation and hence

stunted growth. Absence of anthranilic acid as well as other tryptophan

intermediates synthesis in rrpE and aro mutants would have severely
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hampered their symbiotic properties whereas partial symbiotic effectiveness

of VKl5 may be merely due to its leakiness which made available small

amounts of the required tryptophan biosynthetic intermediates.

The plants inoculated with aro mutants showed significantly less mean

shoot dry weight and the nodules induced by these mutants showed

similarities in their histology with the nodules induced by trpE(G) mutants.

These nodules had extended invasion zone and poorly developed nitrogen

fixing zone that too at the base of the nodule. The mean shoot dry weight

of plants were significantly lower than that of mean shoot dry weight of
plants inoculated with Rmd201. Absence of anthranilic acid production in

these mutants might have lead to extended infection zone and poorly

developed nitrogen fixation zones. R. meliioti mutants with decreased
deoxy arabino-heptonic acid-7-phosphate synthase (DAHP) activity

because of which the metabolite flow through aromatic pathway is low

induced nodules with extended infection zones (Jelesko et al, 1993). This

defect can be attributed to the decreased synthesis of anthranilic acid

because of the fact the host plant provides tyrosine (because tyr mutants

were symbiotically effective) and the nodules elicited by aro mutants

showed similarities with the nodules induced by trpE(G) mutants. It is

surprising to know how these mutants are able to manage phenylalanine
as the phe mutants have severely affected symbiotic properties and nodules

formed by them showed different histological defects from that of aro
mutants induced nodules. It may be that plant supplies intermediates of

phenylalanine and from them aro mutants synthesize phenylalanine to

meet their phenylalanine requirement.

Phenylalanine requiring mutants showed severely affected symbiotic
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properties. The nitrogen fixation zone was not observed in the nodules

elicited by them and the electron microscopic studies showed degeneration

of bacteria soon after release. In comparison to the defects in aro mutants

where bacteroid transformation did occur, the defect in phe mutant could

be merely due to unavailability of phenylalanine to the bacteria.

Cell surface molecules (cellulose fibrils, p-(l->2) glucans, lipopoly

saccharides, acidic exopolysaccharides, etc.) production and transport of

dicarboxylic acids by Rhizobium are important for successful symbiosis.

Production of cell surface molecules was normal in all aromatic amino

acid auxotrophs and they could transport and utilize dicarboxylates as

carbon source as well. From this it is clear that symbiotic defectiveness in

these auxotrophs is not due to absence of cell surface molecules

production or the inability of auxotrophs to transport dicarboxylates.

The position of Tn5 insertion in VKl5 was located to be at the trplS

locus mapped by Kondorosi et al, 1977. 100% linkage of auxotrophy to

Tn5 insertion was observed in all auxotrophs and all prototrophic

revertants showed kanamycin sensitiveness indicating the precise excision

of Tn5. These revertants showed normal symbiotic properties. The above

results indicated that in each mutant the same Tn5 insertion was

responsible for auxotrophy as well as the symbiotic defects.

Overall the present results represent an other example in which

R. meliioti utilizes the general metabolic pathways that are common to a

large number of bacteria for the active expression of specific symbiotic

functions.
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