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Abstract Outer-membrane characteristics may determine

the survivability of rhizobia under diverse abiotic and

biotic stresses. Therefore, the role of lipopolysaccharides

(LPS) and membrane proteins of two stem-nodulating

bacteria of Sesbania rostrata (Azorhizobium caulinodans

ORS571 and Rhizobium sp. WE7) in determining tolerance

towards abiotic and biotic stresses (hydrophobics and

phages) was investigated. Outer-membrane characteristics

(LPS and membrane–protein profiles) of ORS571, WE7

and thirteen standard strains were distinct. ORS571 and

WE7 also showed susceptibility towards morphologically

distinct phages, i.e., ACSR16 (short-tailed) and WESR29

(long-tailed), respectively. ORS571 and WE7 were tolerant

to hydrophobic compounds (triton X-100, rifampicin,

crystal violet and deoxycholate). To ascertain the role of

outer membrane characteristics in stress tolerance, phage-

resistant transconjugant mutants of ORS571 (ORS571-M8

and ORS571-M20) and WE7 (WE7-M9) were developed.

LPS- and membrane–protein profiles of mutants differed

from that of respective wild types (ORS571 and WE7). In

in vitro assay, phages got adsorbed onto purified LPS-

membrane protein fractions of wild types. Phages did not

adsorb onto membrane fraction of mutants and standard

strains. Mutant with reduced expression of LPS (ORS571-

M20 and WE7-M9) showed reduced tolerance towards

hydrophobics. However, the tolerance was unaffected in

mutant (ORS571-M8) where expression of LPS was not

reduced but pattern was different. The tolerance level of

mutants towards hydrophobics varied with the expression

of LPS, whereas the specificity towards phages is corre-

lated with the specific LPS pattern.

Introduction

The ecological success of legume-nodulating bacteria is

determined by their ability to tolerate stresses (abiotic and

biotic) and maintain minimum rhizobial density required to

develop effective nodulation and efficient nitrogen fixation

[12, 28]. The cell surface (lipopolysaccharides (LPS), outer

membrane protein and LPS-protein complexes) of Gram-

negative bacteria protects the cell from harmful toxic

substances and also helps in communication with legume

host [1, 15]. Lipopolysaccharide (LPS) has been exten-

sively studied by rhizobiologists, but outer membrane

proteins (OMPs) are relatively uncharacterized [7, 18, 22].

Sesbania rostrata can colonize ecologically diverse

habitats, shows promiscuity and forms nodules (root and

stem) with diverse bacterial taxa (Azorhizobium caulino-

dans, Sinorhizobium teranga, S. saheli, Rhizobium sp. and

Methylobacterium sp.) [14, 19, 21]. Stem-nodulation

(besides root-nodulation) makes it an extremely efficient

legume green manure crop and a key resource for soil ame-

lioration programme. The role of outer membrane charac-

teristics in the development of stem-nodules in two bacterial

strains, ORS571 (A. caulinodans) and WE7 (Rhizobium sp.),

have been investigated [16]. Soil-borne bacteriophages and
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man-made hydrophobic compounds pose threats for cellular

integrity, viability and effective density of rhizobia, which

affect the symbiotic efficiency and effectiveness. Little is

known about the involvement of LPS and membrane pro-

teins in rhizobial ability to combat different biotic and abiotic

stresses [7, 18]. In fact, their role in stress tolerance in stem-

nodulating bacteria has not been investigated. Therefore, in

this study, involvement of outer membrane LPS and protein

in tolerance to hydrophobic compounds and rhizobiophage

susceptibility in two stem-nodulating bacteria (ORS571 and

WE7) of S. rostrata were tested. Such studies are important

to understand the factors affecting the efficacy of rhizobial

inoculation technologies under stress environment and

selection of appropriate inoculants.

Materials and Methods

Bacterial and Phage Isolates

ORS571 (Azorhizobium caulinodans) and WE7 (Rhizobium

sp.) were isolated from West Africa and India, respectively.

Rhizobiophages of ORS571 (ACSR16) and WE7

(WESR29) were isolated from rhizosphere soil of S. ro-

strata by broth-enrichment method [21]. The standard

legume-nodulating bacteria used in all the experiments

include Sinorhizobium meliloti (2011, USDA1002, L5-30)

S. teranga USDA4894, S. fredii USDA205, Rhizobium

galegae (HAMBI 1143, HAMBI 1141 and HAMBI 540),

R. leguminosarum biovar trifolii (ANU794, ANU1117

and ANU843), biovar viciae VF39 and Agrobacterium

tumefaciens.

Plaque Characteristics, Electronmicroscopy, Host

Range and Physico–Chemical Tolerance of Phages

The plaque characteristics of phages were determined on the

indicator bacterium as previously described [21]. Phage

isolates were concentrated by differential centrifugation and

negatively stained with 1% PTA (phosphotungstic acid) for

examining under transmission electron microscope (Philips

300, 80 kV). Phage suspensions (2 9 106 PFU/ml) incu-

bated at different temperatures (25–65�C for 1 h with an

increment of 5�C) and at different pH (4–11 with an incre-

ment of 0.5) were tested for titre value (after every 10 min)

by plaque assay [3]. Phage titre in suspensions prepared in

different storage media (sterile distilled water, 100 times

diluted YM/YL medium, 10 mM Tris–HCl, pH 8.0, saline

solution: 0.1 M NaCl and 0.001 M MgCl2) were determined

on every tenth day till 60 days.

Isolation of Phage-resistant Mutants and their

Sensitivity to Hydrophobic Compounds, (Crystal

Violet, Deoxycholate, Rifampicin and Triton X-100)

Mutants of ORS571 (ORS571-M8 and ORS571-M20) and

WE7 (WE7-M9) were developed using transposon Tn5-b-

glucuronidase (GusA) fusion assay system [7]. Wild types

(ORS571 and WE7), three mutants (ORS571-M8,

ORS571-M20 and WE7-M9) and 13 standard strains of

Rhizobium and related species were tested for their sus-

ceptibility to ACSR16 and WESR29 phage isolates. Wild-

type and mutant strains were also tested for their sensitivity

to hydrophobic compounds (deoxycholate, triton X-100,

rifampicin and crystal violet dye), and minimum inhibitory

concentrations were determined [7].

Detection of Lipopolysaccharides (LPS) and Membrane

Proteins of Wild Types, Mutants and Rhizobial

Standard Strains

The LPS and membrane protein fractions of the wild types,

mutants and standard strains were purified [6, 22]. For

preparation of cell envelope fractions, bacterial cells were

grown in YM/YL broth. Bacterial cells harvested at late-

log phase were washed with phosphate buffer saline

(10 mM NaH2PO4–Na2HPO4, 0.9% NaCl and pH 7.4) and

suspended in 50 mM Tris–HCl, pH 8.5. The cell suspen-

sion was subjected to six bursts of 30 s of sonication (heat

system ultrasonics, model W-3851) with an intermittent

cooling of 2 min. Unbroken cells and large wall fragments

were removed by centrifuging at 1,0009g for 20 min.

Supernatant was treated with lysozyme (0.2 mg/ml) for

30 min at RT followed by the addition of KCl (2 M) to a

final concentration of 0.2 M. The cell envelope was pellet

down by centrifugation at 12,0009g for 60 min at 4�C and

thoroughly washed with sterile distilled water. The mem-

brane pellet was resuspended in appropriate volume of

2 mM Tris–HCl, pH 7.8. For LPS, the membrane was

treated with proteinase K (0.2 mg/ml) at 60�C for 60 min

and appropriately diluted with sample buffer (10 mM Tris–

HCl, pH 8.0, 1 mM EDTA, 4% SDS and 30% sucrose). For

protein, the membrane pellet was treated with sample

buffer (62.5 mM Tris–HCl, pH 6.8, 2% SDS, 10% glyc-

erol, 0.001% bromophenol blue and 5% 2-mercap-

toethanol). Equal amounts of purified samples were

subjected to sodium dodecyl sulphate (SDS)-polyacryl-

amide gel electrophoresis (PAGE), and the gels were

preferentially silver stained for LPS and membrane pro-

teins [13, 22].
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Phage Adsorption Abilities of Purified

Lipopolysaccharide (LPS)-Membrane Protein Fractions

of Wild Types, Mutants and Standard Bacterial Strains

For in vitro phage adsorption assay, purified LPS-mem-

brane protein fractions of wild types (ORS571 and WE7),

mutants (ORS571-M8, ORS571-M20 and WE7-M9), and

13 standard strains (2.5–50 lg) were suspended in 100 ll

of assay solution (50 mM Tris–HCl, 100 lM CaCl2 and pH

7.5) and incubated with both the phage isolates (105 PFU),

separately [17]. The phage particles adsorbed onto LPS-

membrane protein fraction were pelleted down by centri-

fugation at 12,0009g for 10 min at 4�C. The unadsorbed

phage particles in the supernatant were titred by plaque

assay and designated as percent survival. In vitro phage

adsorption ability of LPS-membrane protein fraction was

expressed as % PFU loss.

Results and Discussion

Characterization of Phages of Stem-nodulating Bacteria

(Azorhizobium caulinodans-ORS571, Rhizobium

sp.-WE7)

Rhizobiophage of ORS571 (ACSR16) possessed a very

short (18 nm) and rigid tail with small thick spikes

(Podoviridae member) and formed semi-clear plaque with

halo formation (Fig. 1). In contrast to RS2 phage of

ORS571 from Senegal, the tail of ACSR16 phage (Indian

isolate) was distinct. WESR29 phage isolate possessed a

long tail (118 nm) with contractile sheath and distinct neck

region (Myoviridae member) and formed clear plaque

(Fig. 1). Another phage of ORS571 (RS1) belonging to

Myoviridae family has also been reported from Senegal [5].

The range of pH where phage titre remained unchanged in

short-tailed phage (ACSR16) (pH 6.0–9.0) was broader

than that of the long-tailed phage (WESR29) (pH 6.5–8.0).

The cut-off pH value where no effective phage particles

were detected was also in extreme in ACSR16 (pH

4.0–11.0) than that of WESR29 (pH 4.5–10.5). This is in

contrast to the relatively high pH stability reported for the

long-tailed phage of cowpea Rhizobium [23]. For ACSR16,

the loss of titre showed a linear relationship at 45�C, but it

showed two component inactivation curves at 50�C

(Fig. 1). In diluted YM/YL broth, the titre for both the

phages remained unchanged (after 60 days). In sterile

distilled water, the titre loss was pronounced in ACSR16

(16.0%) than WESR26 (2.0%), whereas it was reversed in

saline (WESR29: 90%; ACSR16: 66.0%). Such variations

in phage titre in different storage media appear to be

associated with the role of divalent cations (Ca2? and

Mg2?) and carbon source on infectivity of phages. Similar

observations have also been reported for other Rhizobium

phages [23]. Interestingly, the long-tailed phage isolate of

Sesbania Rhizobium (WESR29) showed high thermosta-

bility (T50: 50�C, 40 min) than that of the short-tailed

phage (ACSR16) isolate (T50: 45�C, 40 min) (Fig. 1).

However, in a recent study, the temperature tolerance of

phages specific to Lens culinaris rhizobia had no correla-

tion with the tail length [10]. An inverse correlation has

also been reported in phages of cowpea rhizobia [23].

Susceptibility to Phages and Variations in Outer-

membrane Characteristics of Wild Types and Mutants

Both ACSR16 and WESR29 phages showed high host

specificity and they failed to infect any of the thirteen

standard strains suggesting their significance as a stable

biological marker [11, 20]. Phage specificity has been

suggested due to wall-associated factor(s) (lipopolysaccha-

rides, membrane proteins, lipoproteins, etc.) of host bac-

terium. In SDS-PAGE, LPS of rhizobia generally displays

two regions [22]: (i) LPS I: lower mobility band- complete

LPS molecules with lipid A, core-oligosaccharide and

O-antigenic polysaccharide); and (ii) LPS II: higher

mobility band- incomplete LPS molecules with lipid A and

core region only). ORS571 showed a ladder like LPS

pattern which is characteristic of A. caulinodans and

Bradyrhizobia, whereas WE7 showed two distinct and

widely separated bands (Fig. 1), common among Sinorhi-

zobia [21]. LPS profiles of different strains of S. meliloti

(2011 and L5-30) and R. leguminosarum bv trifolii

(ANU794, ANU1117, ANU843) showed variations in

O-antigen. Membrane protein profiles of ORS571, WE7

were different from each other and that of the standard

strains (Fig. 1). Membrane proteins have been recom-

mended as one of the markers for discriminating different

bacterial taxa [4].

Phage-resistant mutants of ORS571 showed two colony

morphotypes: (i) semi-mucoid colony (ORS571-M8); and

(ii) wrinkled dry colony (ORS571-M20). In case of WE7,

the mutant showed only a dry wrinkled colony morphotype

(WE7-M9). Except ORS571-M8, the growth rates of

mutants were slower than the respective wild types. Similar

changes in LPS mutants of other rhizobial species have

also been reported [2, 27]. The LPS pattern of ORS571-M8

was marginally altered, but O-antigen was maintained. In

membrane protein profile, it showed loss of high molecular

weight polypeptides with an altered pattern of low

molecular weight polypeptides. In ORS571-M20, the

smooth ladder- like LPS profile was lost (Fig. 1). The

drastically altered mutant phenotype indicates pleiotropic

effect, which needs to be substantiated through future,

detailed biochemical investigations and growth kinetics. Its

membrane protein profile also showed differences with
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Fig. 1 Phenotypic characteristics of stem-nodulating bacteria of

Sesbania rostrata and its phages. Photomicrographs of plaques of

ACSR16 (semi-clear with halo formation) (a), and WESR29 (clear)

(b). Electronmicrographs of 1% PTA-stained rhizobiophages,

ACSR16 (Podoviridae short, non-contractile tail) (c), and WESR29

(Myoviridae a long contractile tail with a distinct neck region)

(d) (both the virion particles are non-enveloped and possessed

icosahedral head (WESR29: head size 110-nm length, 106-nm

diameter; ACSR16: 76-nm length, 76-nm diameter). Thermal inac-

tivation pattern of ACSR16 (e), and WESR29 (f) phage isolates.

Variations in SDS-PAGE profiles of outer membrane characteristics

(LPS and proteins). LPS profiles of wild type and their transconju-

gants: (g) Salmonella (reference) (lane M), ORS571 (A. caulinodans)

(lane 1), ORS571-M8 (lane 2), ORS571-M20 (lane 3), WE7

(Rhizobium sp.) (lane 4) and WE7-M9 (lane 5); and standard strains

of Rhizobium and its allies: (h) S. meliloti 2011 (lane 1), S. teranga

USDA4894 (lane 2), S. meliloti USDA1002 (lane 3), S. fredii
USDA205 (lane 4), R. galegae HAMBI 1143 (lane 5), R. galegae
HAMBI 1141 (lane 6), R. galegae HAMBI 540 (lane 7), S. meliloti
L5-30 (lane 8), A. tumefaciens (lane 9), R. leguminosarum biovar

trifolii ANU794 (lane 10), R. leguminosarum biovar viciae VF39

(lane 11), R. leguminosarum biovar trifolii ANU1117 (lane 12) and R.
leguminosarum biovar trifolii ANU843 (lane 13). Membrane protein

profiles of wild type and their transconjugants: (i) ORS571 (lane 1),

ORS571-M8 (lane 2), ORS571-M20 (lane 3), WE7 (Rhizobium sp.)

(lane 4) and WE7-M9 (lane 5) and standard strains (j) S. meliloti 2011

(lane 1), S. meliloti L5-30 (lane 2), R. leguminosarum biovar trifolii
ANU843 (lane 3), R. leguminosarum biovar trifolii ANU794 (lane 4),

R. leguminosarum biovar trifolii ANU1117 (lane 5), R. galegae
HAMBI 540 (lane 6), R. galegae HAMBI 1141 (lane 7), R.
leguminosarum biovar viciae VF39 (lane 8) and molecular weight

marker (lane M)
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respect to the intensity and number of polypeptides. In

WE7-M9, the mobility and thickness of high molecular

weight LPS band was altered (Fig. 1). Similarly, in mem-

brane proteins, the expression of high molecular weight

polypeptides was reduced, and certain low molecular

weight polypeptides were lost. These observations indicate

that the phage resistance in mutants might have correlation

with altered wall characteristics (LPS and membrane pro-

tein) of ORS571 and WE7. Differences observed in the

LPS profiles of ORS571-M8, WE7-M9 and their wild types

might be due to variation in the degree of polymerization

of O-antigen. Similar changes in the LPS of A. caulinodans

mutant ORS571-oac have been attributed to a non-polar

mutation in the oac2 gene that encodes thymidine 50-
diphosphate (dTDP)-L-rhamnose synthase [8].

Phage susceptibility of the nodulating bacteria was

strongly correlated with phage adsorption ability of the

LPS-membrane protein fraction. In in vitro assay, purified

LPS-membrane protein fraction (4 lg) of ORS571 showed

100% adsorption of ACSR16 but failed to adsorb WESR29

phage even in a high dose (up to 50 lg). Similarly, purified

LPS-membrane protein fraction (6 lg) of WE7 showed

100% adsorption of WESR29 phage only. LPS-membrane

protein fraction (up to 50 lg) of the mutants (ORS571-M8,

ORS571-M20 and WE7-M9) and standard strains neither

adsorbed the ACSR16 nor the WESR29 phage isolate. These

observations indicate that the LPS-membrane protein com-

plex might be involved in phage susceptibility and speci-

ficity amongst different species of rhizobia. In a recent

study, a large variability in host strain susceptibility and

phage host range in Flavobacterium hosts has been attrib-

uted to variations in their LPS characteristics [9]. The wide

host range of P1 bacteriophage for enterobacteria has also

been suggested because of LPS core oligosaccharide [24].

Tolerance to Hydrophobics and Variations in Outer-

membrane Characteristics of Wild Types and Mutants

The wild types showed high tolerance towards various

hydrophobics tested (50 lg/ml rifampicin, 2.0% deoxy-

choloate, 2.5% triton X-100 and 1.0 ppm crystal violet).

The tolerance was significantly reduced in ORS571-M20

(2.0 lg/ml rifampicin, 0.2% deoxycholoate, 0.3% triton

X-100 and 0.05 ppm crystal violet) as compared to the

WE7-M9 (15 lg/ml rifampicin, 0.5% deoxycholoate, 0.6%

triton X-100 and 0.1 ppm crystal violet). However, the

tolerance was unaltered in ORS571-M8. The tolerance of

wild types and mutants to hydrophobic compounds was

positively correlated with the expression of O-antigen of

LPS. Mutations that lead to structural defects in the outer

membrane often increase outer membrane permeability and

sensitivity of cell to hydrophobic antimicrobials [15, 25].

The membrane proteins that have been shown to transport

hydrophobic compounds belong to the FadL transporter

family [26]. Recently, in R. leguminosarum bv. viciae

VF39SM, the involvement of RopB outer membrane pro-

tein in tolerance to hydrophobics has been suggested [7].

This protein imparts stability to outer membrane by inter-

acting with LPS. In stem-nodulating bacteria, LPS-protein

complexes seem to play an important role in determining

sensitivity towards hydrophobics. However, the presence

of O-antigen (altered or unaltered) is must which is in

contrast with the recent finding in root-nodulating bacteria,

where involvement of lipid A has been emphasized [27].

Maintenance of tolerance to hydrophobic compounds in

phage-resistant mutant ORS571-M8 suggests that phage

recognition needs a specific pattern of LPS-membrane

protein. To have a better understanding about these pro-

cesses and general underlying mechanisms of abiotic and

biotic stresses, other legume-nodulating bacteria need to be

further investigated. This study identifies a model system

for a detailed molecular investigation on rhizobial sensi-

tivity towards phages and hydrophobic compounds as they

form stem nodules and, in contrast to root nodulating

bacteria, their ecology is less understood.

In conclusion, variation in outer membrane character-

istics (LPS-protein complex) affects the ability of stem-

nodulating bacteria to tolerate biotic and abiotic stresses.

Unlike phage specificity, tolerance to hydrophobic com-

pounds does not require any specific pattern of LPS and has

a correlation with the expression of O-antigen. Such studies

form the basis to determine the factors responsible for

varying efficacy of rhizobial inoculation technologies

under stress environment.
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