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Capsular development and soybean lectin binding properties of Rhizobium japnicum 31 1 B110 
were examined by the glutaraldehyde/ruthenium red/uranyl acetate method permitting 
observation of whole bacteria and their polar capsules by transmission electron microscopy. 
Ultrastructurally, the polar capsule consisted of (i) an electron-dense aggregated material in 
close contact with the cell surface which stained with ruthenium red and intensively bound 
soybean lectin, and (ii) a less electron-dense fibrillar material at the periphery of the capsule 
which stained with ruthenium red but did not bind soybean lectin. The latter material 
interconnected with the aggregated capsular material at the cell surface. As the culture 
advanced into stationary phase, these acidic capsular materials were shed into the culture 
medium where they kept their respective lectin-binding activity. The cells correspondingly 
decreased in their lectin-binding activity and encapsulation with culture age. However, the 
remaining encapsulated cells in late stationary phase were still able to bind the lectin in a 
hapten-specific way. 

INTRODUCTION 

According to the lectin-recognition hypothesis (Bohlool& Schmidt, 1974), the specificity in a 
Rhizobium-legume symbiosis involves the interaction between host lectins and bacterial poly- 
saccharides. Soybean lectin (SBL) binds specifically to the majority of R. japnicum strains 
grown in broth (Bal et al., 1978; Bhuvaneswari & Bauer, 1978; Bhuvaneswari et al., 1977; 
Bohlool8r Schmidt, 1974; Kamberger, 1979; Shantharam et af., 1980; Stacey et af. ,  1980; Tsien 
& Schmidt, 1981)- but also binds to several heterologous strains of the cowpea miscellany group 
(Bhuvancswari & Bauer, 1978; Brethauer & Paxton, 1977; Pueppke et al., 1980). Transmission 
and scanning electron microscopy suggested that R. japonicum interacted specifically with root 
hairs of its soybean host through SBL-binding surface polysaccharides (Bal et al., 1978; Stacey et 
af . ,  1980). Polysaccharide receptors for SBL have been described as 0-antigen-containing l i p  
polysaccharides (Wolpert 8r Albersheim, 1976), capsular polysaccharides (Bal et al., 1978 ; Mort 
& Bauer, 1980; Tsien &Schmidt, 1980,1981), and exocellular diffusible material (Bhuvaneswari 
et al., 1977; Brethauer & Paxton, 1977; Kamberger, 1979; Mort & Bauer, 1980, 1982; Pueppke 
et al., 1980; Tsien & Schmidt, 1980, 1981). The degree of binding of SBL to R.  jupnicurn also 
varied among strains (Bhuvaneswari & Bauer, 1978; Bhuvaneswari et a/., 1977; Bohlool & 
Schmidt, 1974; Calvert et al., 1978), and cells of some strains bound SBL only when cultured in 

~~ ~ 

AMreviurionr: G/RR/UA, glutaraldehydc/ruthcnium rtd/uranyl acetate; PBS, phosphate buffered saline 
containing 10 mw-KH,PO+/K2HP0,, 145 mw-NaCI. 1 mM-MgSO,, pH 7-0; SBL, soybean lcctin; TEM. trans- 
mission electron microscopy. 
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the root environment (Bhuvaneswari & Bauer, 1978) or during certain phases of growth 
(Bhuvaneswari et ul., 1977; Mort & Bauer, 1980). For two reference strains of R .  jupnicum 
(311B1 IOand 311B138), the growth phasedependent variations have been attributed tochanges 
in the composition of capsular and extracellular polysaccharides and to the loss of encapsulation 
during batch culture (Mort & Bauer, 1980). Other studies of R. jupnictun 3IlB138 growing in 
broth reported that SBL-binding material was not restricted to certain stages of growth, but 
rather was synthesized in synchrony with cell division throughout the growth cycle (Tsien & 
Schmidt, 1980, 198 1). 

In the studies which examined the binding of SBL to broth-grown R. jupnictlm by electron 
microscopy (Bal et al., 1978; Calvert et ui., 1978; Shantharam et oi., 1980; Stacey et ui.* 1980; 
Tsien & Schmidt, 198 I), the cells were subjected to centrifugation, which may have introduced 
artifacts by shearing the capsular polysaccharides, Therefore, we have re-examined the develop- 
ment and lectin-binding properties of the capsule of R. juponicum 311B110 using a new method 
of specimen preparation for transmission electron microscopy (TEM) (Mutaftschiev et al., 
1982). Using this method, cells were not centrifuged or dehydrated. In this way, the develop- 
ment of capsules and lectin-binding sites could be more accurately assessed. A preliminary 
report of this work was presented at the 82nd Annual Meeting of the American Society for 
Microbiology (Truchet et ul., 1982). 

METHODS 

Bocferjol culrure. Rhirobiwn j a p o n i m  3IlBI 10, from Dr D. Webcr, USDA, BeItsville, Md., USA, was grown 
aerobically in shaken cultures of YMS broth (Tsien & Schmidt, 1980) at 30 "C. Cells in midcxponential phase 
were used as the inoculum (1 ml of a suspension of OD,2, = 1 .O per I 0 0  ml broth). Culture growth was measured 
by optical density at 620 nm through a 1 cm cuvcttc. When necessary, samples were diluted with sterile broth to 
leas than 0-3 OD unit. 

Lpcrins. SBL isolated by affinity chromatography from Glycine max (L.) MCK. cv. Portage 8466s was a gift of 
S. G. Pueppke, University of Florida, USA. In addition, SBL and Lens lentil lcctin were purchased from Milts 
Laboratories, Elkhart, Ind., USA. 

Conjugdon of SBL to cdloidal gold. Colloidal gold was prepared according to Frens (1973) from an aqueous 
solution of trichloroauric acid (Polysciences Inc., Wamngton, Pa., USA). The average diameter of the gold 
particles was 16 nm. The lowest concentration of SBL required to stabilize the colloidal gold was determined 
visually (Horisbcrger ef ul., 1975). The stabilized gold colloid was free of aggregates as judged by TEM (figure not 
shown). SBL was conjugated with colloidal gold (Horisbcrgerer ul., 1975)except that the SBL and freshly prepared 
colloidal gold suspension were mixed for I5 min with constant stimng before centrifugation for 45 min at 300006. 
The pellet from 10 ml of the conjugated colloid was resuspended gently on ice in 2 ml 1 % (w/v) polyethylene glycol 
(av. mol. wt 20000) in PBS (pH 7.0), preserved with sodium azide (0.02%, w/v final concentration), and stored at 
4 "C. 

TEM of whole bocferiu. To localize exocellular acidic polysaccharides, cells in broth culture were examined 
directly by the glutaraldchyde/ruthenium rcd/uranyl acetate (G/RR/UA) method (Mutaftschiev el al., 1982). 
Briefly, this involved deposition of 3 pl of an uncentrifuged bacterial suspension onto a carbon-coated Formvar 
grid, adsorption of the cells for 3 min, and subsequent removal of the freestanding suspension by blotting with 
filter paper. Adsorbed cells were stained with a mixture of glutaraldehydt and ruthenium red, and then contrasted 
with uranyl acetate. In some cases, 3 pl broth culture was deposited on grids and evaporated at room temperature 
before staining. Grids were then examined by TEM with a Hitachi H600 electron microscope at 75 kV. 

To localize anionic sites by cationized ferritin, the labelling procedure described by Schrcvel er ul. (1981) was 
adapted to study whole bacteria. Equal volumes of bacterial broth culture and 0.5% (v/v) glutaraldehydc in 0.2 M- 
sodium cacodylatc buffer (PH 7.2) were mixed. Two pl of this mixed solution was deposited on a Formvaruiated 
grid and gently dried under a stream of sterile air. The dried grid was floatad on a drop of sterile cationized ferritin 
(85 pg ml-l) in sodium veronal buffer (0.1 Y, pH 7.2). After incubation for 1 min, the remaining solution was 
blotted with filter paper. Non-spccific binding of cationized ferritin was removed by five washes of Verona1 buffer 
for 10 min each without blotting between each wash. After the last rinse, the grid was blotted with filter paper and 
completely dried under sterile air. Controls were incubated with a sterile solution of native femtin (Sigma) under 
the same conditions. 
To localize SBL-binding sites, bacteria adsorbed to grids were treated under sterile conditions at mom 

temperature with SBL-dloidal gold for 10 min in a humid chamber. After blotting of€ the exmu SBL-gold, the 
adsorbed cells were washed with PBS for 10 min and finally stained by the G/RR/UA method. Other grids were 
incubated with SBL-gold and then washed three times with PBS without staining by G/RR/UA. For controls. 
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bacteria on grids were incubated with the same stock of unconjugated colloidal gold or with a lentil Icctin-gold 
complex prepared as described above. Cells were then stained by the C/RR/UA method. 

To study hapten reversibility of lectin binding. cells on grids which had been treated with lectin-gold complexes 
were incubated for 3 min in humid air at room temperature with 10,ZS and 50 mM solutions of either N-acetyl-m 
galactosamine (Lis er ol., 1970). N-acetyl-o-glucosamine or t-deoxy-u-glucosc. Afterwards, cells were stained by 
the G/RR/UA method. 

To examine bacterial agglutination, 5p1 of a broth culture were incubated with 5pl  SBL-gold in sterile 
conditions at room temperature. After 15 min, 2 pI of the mixture were deposited on Formvarcoated grids. 
blotted, and the cells stained by the GIRRIUA method. Controls included bacteria treated with PBS or uncoupled 
colloidal gold in place of SBL-gold, followed by staining by the G/RR/WA method. 

RESULTS 

The morphology and size of the capsule on R. juponicum 311B110 changed gradually with 
culture age. In early exponential phase, the capsule began to develop at one cell pole as a very 
compact structure which became electron-dense following ruthenium red staining (Fig. 1 a, b). 
At rnid-exponential phase, the capsule was a well-developed structure and extended as far as 
3 pm from the cell wall (Fig. 1 c, d) .  In late exponential and early stationary phases, the capsule 
had lessdefined borders and dispersed into the culture medium, showing a typical 'radiating' 
appearance on the Formvar surface (Fig. le,f). The shedding of polymers in stationary phase 
was accompanied by a progressive decrease of capsule size. However, capsules were still 
detected at one pole of some cells after 16 d incubation. At all growth phases, the capsule was 
exclusively located at one cell pole regardless of how the cells were treated on the grids, i.e. after 
blotting with filter paper or drying with a gentle stream of air. This result indicated that blotting 
the specimen on the grid did not affect the distribution of capsular material associated with the 
cells. 

In early exponential phase, the capsule was composed of aggregated, electron-dense and 
ruthenium red-positive material in close contact with the cell surface (Fig. 16). In older cultures, 
this aggregated material extended further out from the pole and was interconnected with an 
ultrastructurally different fibrillar material which also reacted with ruthenium red (Fig. 1 d).  The 
acidic nature of these two polymers, as suggested by their affinity for ruthenium red (Fig. 1 b-f), 
was confirmed at all growth phases by the extensive binding of cationic ferritin to the polar 
capsule (Fig. 2a, b). 

During early exponential phase, the uncentrifuged cell-free culture medium was typically 
devoid of electron-dense material (Fig. 1 a). Beginning in mid-exponential phase, extracellular 
amorphous aggregates and loose fibrils were found concurrently with the dispersion of the 
capsule (Fig. 1 e, n. These extracellular materials resembled the polymers of the capsule and 
were particularly abundant in the medium of stationary phase cultures. 

The percentage of polarly encapsulated cells changed with culture age (Fig. 3). The highest 
percentage (68%) of encapsulated cells as exemplified in Fig. 1 (b, d) occurred at day 3 in an 
exponential phase which lasted from day 2 to day 5 .  Later, this percentage declined to 20% at 
day 12 in late stationary phase (Fig. 3). 

Low-speed centrifugation (3000g for 30 min) separated broth cultures into a hard pellet, an 
overlying soft pellet and a clear supernatant. The volume of these three fractions changed with 
culture age. Examination of these fractions by the G/RR/UA method revealed that the hard 
pellet contained predominantly non-encapsulated cells (Fig. 4a), the soft pellet contained pre- 
dominantly polarly encapsulated cells (Fig. 4b), and the supernatant contained both capsular 
polymers which were more abundant in older cultures (Fig. 4 4 .  

The polar aggregated material on uncentrifuged cells in early exponential phase intensively 
bound SBL-colloidal gold (Fig. 5a). Later, in mid- and late exponential phases, SBL receptors 
exclusively matched the location of the enlarged polar capsule (Fig. 5b). However, the SBL- 
colloidal gold did not bind to the naked cell surface, the flagellum, or the fibrillar material of the 
outer capsule, regardless of the growth phase (Fig. 5a-c). 

As the percentage of encapsulation decreased with culture age (Fig. 3), there was a progressive 
increase of SBL-binding material in the surrounding medium, indicating that shedding had 
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Fig. I .  Mizobium jupnicwn 3118110 stained by G/RR/UA showing the progressive steps of 
encapsulation. (a, 6) Early exponential phase: (a) the beginning of the capsule; (6) the nascent capsule 
(arrows) is seen as an aggregated material in close contact with one pole of the cell. (c, d) Mid- 
exponential phase: (c) wclldcvelopcd capsule; (d) detail of a polar capsule showing the aggregated 
(single arrows) and the fibrillar (double arrows) components. (e, f) Late stationary phase: ( P )  

accumulation of material in the medium concurrent with the shedding of the capsule; (f) both the 
aggregated (single arrows) and the fibrillar (double arrows) components of the capsule wen shed into 
the medium. In all these and subsequent micrographs, bar markers represent 1 pm. 

occurred (Fig. 5c, d). Consistent with the above results, the cell-free SBL receptors were 
associated with the aggregated rather than the fibrillar type polymer (Fig. 5e). 
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Fig. 2. Localization of anionic sites by cationic ferritin. (a) Early exponential phase: cationic femtin is 
densely accumulated at one pole of the cell. (b) Mid-cxponcntial phase: the distribution of ferritin 
particles matches the spatial distribution of the capsule. The dense deposition of ferritin probably cor- 
responds to the aggregated capsular component (arrows). 

5 10 
Time (d )  

Fig. 3. ktin-binding activity and encapsulation of R. joponinun 311 BI 10 during the first I2 d of 
growth in Y MS broth. a+ Growth curve (ODeto); 0, percentage of lectin-binding cells. At each day of 
growth. the total percentage of encapsulated cells included both the percentage of cclls with a well- 
developed (& and nascent (& capsule. 
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Fig. 4. Different centrifuged fractions of a May-old culture stained with G/RR/UA. (0) Hard pellet 
containing the majority of unencapsulatcd cells; (6) soft pellet enriched with polarly encapnulated cells; 
(c) supernatant containing both aggregated (single arrows) and fibrillar (double arrows) components. 

Several controls established the biochemical specificity of the interaction of SBL-colloidal 
gold with the cell-bound and cell-free aggregated polymer. N-Acctyl-Pgalactosaminc, a specific 
hapten of SBL, reversed the interaction at a concentration of 10 mbi (Fig. 6a, b). No hapten 
reversal was obtained with the non-inhibitory analogues N-acetyl-Dglucosamine or 2-deoxy-~- 
glucose at even 50 m~ (Fig. 6c). Uncoupled colloidal gold or lentil lectin-gold complex did not 
bind to the bacteria or extracellular materials (figures not shown). Cells incubated with SBL- 
colloidal gold without further treatment had lectin bound predominantly to one pole, 
presumably where the aggregated polymers of the capsule were located (Fig. 7a, b). The few 
SBL-gold particles on the opposite pole of the cell (Fig. 70) were easily removed by subsequent 
washing with PBS or treatment by the G/RR/UA method, indicating that they were not bound 
to the cell surface in a biochemically specific manner. This control also indicated that treatment 
of cells by the G/RR/UA method did not redistribute the SBL-binding receptors on the capsule. 
The same treatment showed that the cell-free aggregated polymer, but not the cell-free fibrillar 
polymer, was able to bind the SBL-gold complex (Fig. 7c). 

The percentage of cells which bound SBL was maximal at day 3 and then progressively 
decreased during growth (Fig. 3). At each growth phase, the percentage of SBL-binding cells 
changed in parallel with the percentage of encapsulated cells (Fig. 3). Encapsulated cells in late 
stationary phase (up to day 16) were still able to bind SBL in a hapten-reversible way (Fig. 8). 

Consistent with previous studies (Truchet ef al., 1983). the G/RR/UA method revealed that 
R. japnicum could be agglutinated by SBL-gold (Fig. 9). Bacteria incubated with PBS or 
uncoupled colloidal gold did not agglutinate (figures not shown). 

DISCUSSION 

The G/RR/UA method has been applied here to study the capsule development and the 
lectin-binding properties of R. jupnicum 311 91 10. The capsule of this slow-growing strain 
developed at one pole and remained exclusively at this cellular location regardless of the phase of 
growth. Ultrastructurally, it consisted of two materials which stained with ruthenium red and 
bound cationic ferritin, but differed in electron density, morphology, location within the 
capsule, and reactivity with soybean lectin. The electron-dense aggregated material bound SBL 
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Fig. 5. Treatment of cells with SBL-colloidal gold followed by staining with G/RR/UA. SBL-colloidal 
gold bound to the capsule of bacteria collected in early (a). mid- (6)  and late (c, d )  exponential phase. 
SBL-colloidal gold bound to the aggregated materials {arrows) of well-developed (b) or diffusing (c, d) 
capsules, but not to the naked cell surface (a-6)or to the flagellum (a. !I+). (e) Extracellular material of a 
6-daysld culture (early stationary phase), SBL-colloidal gold was exclusively bound to the aggregated 
component (single arrows). The double arrows indicate the fibrillar component which did not bind 
SBL-gold . 

in a biochemically specific manner and represented the capsular material retained at the 
'cytoplasmic and nuclear pole' of thin-sectioned and freeze-etched bacteria (Calvert et of., 1978; 
Tsien & Schmidt, 1977), and the 'very high molecular weight form' of the capsule which was 
isolated by ultracentrifugation at 1OOOOOg (Tsien & Schmidt, 1981). In contrast, the fibrillar 
material which did not bind SBL-gold was probably lost during specimen preparation in other 
studies as suspected (Tsien & Schmidt, 1981). Both of these capsular polymers were shed into the 
culture medium as the culture aged and retained their differential hapten-specific reactivity with 
SBL. A relationship between the capsular polysaccharide and exocellular acidic polysaccharides 
was also suggested by their chemical similarity (Mort & Bauer, 1980, 1982), although exopoly- 
saccharides tended to be more polydisperse in molecular weight (Tsien & Schmidt, 1981 ; I. 
Sutherland, personal communication). 

The polar capsule as described here seemed to be a general feature of most slow-growing 
rhizobia which develop capsules (Vasse, 1982; 1. M. Vasse & G. L. Truchet, unpublished 
observations). The appearance of a capsule completely surrounding the R. japnicum cell in thin 
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Fig. 6. Reversion of the SBL-colloidal gold binding to the capsular (0) or the extracellular (b) 
materials with 10 mu-N-acetyl-  gal act mine. No reversion was observed with 50 mrr-N-acetyl-r) 
glucosamine (c). 

Fig. 7. Treatment by SBL-aIloidal gold without subsequent washings (a) or followed by washings with 
uranyl acetate (6) or PBS (c). (0) Cell in midexponential phase. The distribution of lectin receptors, 
particularly concentrated in certain places of the capsule (arrows), probably comsponds to the spatial 
distribution of the aggregated component. The few SBL-gold particles at the opposite pole cwld easily 
be removed by subsequent washings. (6) Cell in early exponential phase. SBL-colloidal gold intensively 
bound to the nascent polar capsule but not to the flagellum (arrow) or to the cell itself. (c) SBL- 
colloidat gold bound to the cxtraceHular aggregated material (arrows) of cells in early stationary phase. 
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Fig. 8 Fig. 9 

Fig. 8. Treatment of cells in late stationary phase ( IWay-old culture) with SBL-colloidal gold followed 
by staining with G/RR/UA. SBL-gold bound to the capsule (single arrows) and to the extracellular 
material (double arrows). 
Fig. 9. SBL~olloidal gold mediated agglutination of a 4 d a y d d  culture. 

sections (Bal eral., 1978; Calvert etal.,  1978; Shantharam etal.,  1980)or in negative stains using 
India ink (Mort & Bauer, 1980) may be due to the orientation of the thin-section which did not 
encompass the entire length of the cell or to a redistribution of capsular materials during 
centrifugation or other steps of specimen preparation. This hypothesis was supported by the 
observation that cells from 9-day-old uncentrifuged cultures had polar capsules when examined 
by the G/RR/UA method but were unencapsulated when processed for thin-sectioning (figure 
not shown), 

Our results are in general agreement with other studies showing that SBL receptors were 
located on the capsule and not on unencapsulated cell surfaces of R. japonicum growing in broth 
culture (Bal et al., 1978; Calvert et d., 1978; Mort & Bauer, 1980; Shantharam el a/. ,  1980; 
Stacey el a!., 1980; Tsien & Schmidt, 1981). In  addition, the results confirmed that the 
percentage of cell encapsulation and SBL-binding ability of broth cultures reached their maxima 
in mid-exponential phase and both declined thereafter. Thus, the overall agreement of our 
results with previous studies attested to the validity of this new method. Its main advantage in 
comparison with others is that it optimizes the relationship of encapsulation and binding of 
lectin with a minimum of loss due to specimen handling. This was illustrated by the failure of 
India ink exclusion techniques (Mort & Bauer, 1980) and fluorescence microscopy 
(Bhuvaneswari et ul.* 1977; Mort & Bauer, 1980; Truchet et al., 1983) to detect encapsulated 
cells of R.  japonicum 311B110 in late stationary phase which were still able to bind SBL 
specifically. This positive result obtained by the G/RR/UA method was not an artifact created 
by deposition of extracellular material on the grid since its location was exclusively polar rather 
than random on cells. The complication of accumulated extracellular material obscuring the 
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observations in older cultures was minimized by preventing the grids from drying until the entire 
sequence of steps of the G/RR/UA method was completed. 

The progressive increase of Iectin-binding material in the culture medium concurrent with the 
capsule dispersion explains why the culture as a whole retained its SBL-binding activity (Tsien 
& Schmidt, 1980). The methylation of galactose residues has been shown to result in a decrease 
in affinity of SBL for the bacterial polymer (Mort & Bauer, 1980). However, we were unable to 
detect a change in affinity of SBL-gold for the aggregated capsular material on cells or in the 
culture medium at all growth phases based on a differential inhibition by N-acetyl-D-galactos- 
amine within the concentration range of 1&50 mM. 

Schmidt & Bohlool (1981) suggested that different methods used in different laboratories 
could account for contradictory results and proposed the use of common procedures among 
workers. Because the G/RR/UA method is simple and allows the observation of entire bacteria 
by TEM, it could be of value to study mutant strains of rhizobia (Law et al., 1982; Rolfe er al., 
1981) and clarify the morphological basis of recognition events mediated by lectin-poly- 
saccharide interactions in this nitrogen-fixing symbiosis. 
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affhity-purified soybean lectin. and Estelle Hrabak and John Shcrwood for helpful suggestions. 

R E F E R E N C E S  
BAL, A. K., SHANTHARAM, S. & RATNAM, S. (1978). 

Ultrastructure of Rhizobium japnicwn in relation to 
its attachment to root hairs. Journal of Bacteriology 

BHUVANBSWARI, T. V. & BAUER. W. D. ( 1978). The role 
of lectins in plant-microorganism interactions. 111. 
Influence of rhizosphere/rhizoplane culture condi- 
tions on the soybean lectin-binding properties of 
rhizobia. Plant Physiology 62, 7 1-74. 

W. D. (1977). Role of lectins in plant-micr* 
organism interactions. I. Binding of soybean lectin 
to rhizobia. PIunr Physiology 60, 486491. 

Botuoot, B. B. & SCHMIDT, E. 1. (1974). Lectins: a 
possible basis for specificity in the Rhizobium- 
legume root nodule symbiosis. Science 185. 269- 
271. 

BRETHAUER, T. S. & PAXTON, J .  D. (1977). The role of 
lectin in soybtan-Rhizobium juponirwn interactions. 
In CeIi Watt Biochemistry Related to Spci/iciry 
in Host-Planr Pathogen interactionr, pp. 38 1-387. 
Edited by B. Solheim & J. Raa. Oslo: 
U niversitctsforlaget . 

CALVERT, H. E., LALONDE, M.. BHUVANESWARI, T. V. 
& BAUER. W. D. (1978). Role of lectins in plant- 
microorganism interactions. IV. Ultrastructural 
localization of soybean ltctin binding sites on 
Rhizobium japonicwn. Canadian Journal of Micro- 

FREM, G. (1973). Controlled nucleation for the 
regulation of the particle size in monodispersed gold 
suspensions. Nature, b d o n  241, 2&22. 

Colloidal gold granules as markers for cell surface 
receptors in the scanning electron microscope. 
Expienria 31, I 147- 1 I 5 I .  

KAHBeRC3ER. W. (1979). An Ouchterlony double 
diffusion study on the interaction between legume 

133, 1 393- l 400. 

BHUVANESWARI, T. v., PUEPPKB, s. G .  & BAUER, 

biology 24, 785-793. 

HORlJ3BRQER, M.. Rmm, J .  & BAUER, H. (1975). 

lectins and rhizobial cell surface antigens. Architvs of 
Microbiology 121, 83-90. 

LAW, 1. J. ,  YAMAMOTO. Y.. MORT, A. J. & BAUER, 
W. D. (1982). Nodulation of soybean by Rhizobium 
japnicum mu tan ts with altered capsule synthesis. 
Planra 154, I C M b 1 0 9 .  

La. H., SELA, B., SACHS, L. & SHARON, N. (1970). 
Specific inhibition by N-acetyl-D-galactosamine of 
the interaction between soybean agglutinin and 
animal cell surfaces. Biochimica er biophysica act0 

MORT, A. J .  & BAUER, W. D. (1980). Composition of 
the capsular and extracellular plysaccharides of 
Rhizobium japonicum: changes with culture age and 
correlations with binding of soybean seed lectin to 
the bacteria. Plant Physiology 66, 158-163. 

MORT, A. J. & BAUER, W. D. (1982). Structure of the 
capsular and extracellular plysaccharides of Rhizo- 
bium japonicwn that bind soybean lectin. Journal of 
Biologicat Chemistry u7, 187&1875. 

M U T A ~ E V ,  S., VASE, J .  8t TRUCHET, G. L. (1982). 
Exostmctures of Rhizobiwn mclilori. FEMS Micro- 
biology Lerters 13, 171-175. 

FRIEDMAN, H. P. (1980). Interaction of ltctins from 
soybean and peanut with rhizobia that nodulate 
soybean. peanut, or both plants. Cunadbn Journal of 
Microbiology 26, 1489- 1497. 

ROLFE, B. G., DJORDJEVIC, M., Scan, K.  F., HUGHES, 

Y., DUDMAN, W. F., ZURKOWSKI, W. Bt SHINE, J. 
(1981). Anatysis of the nodule forming ability of fast- 
growing Rhizobium strains. In Current Persjwctiws in 
Nitrogen Fixufion, pp. 142-145. Edited by A. H. 
Gibson & W. E. Newton. Canberra: Australian 
Academy of Science. 

SCHMIDT, E. L. & B o ~ ~ o o r ,  B. B. (1981). The role of 
ltctins in symbiotic plant-microbe interactions. In 

211, 582-58s. 

PUBPPKE, S. G.,  FREUND, T. G. ,  SCHULTZ, B. C. & 

J .  E., BADENOCH-~ONES, J . ,  GRESSHOPF, P. M., CEN. 



Downloaded from www.microbiologyresearch.org by

IP:  35.10.220.74

On: Thu, 21 Jan 2016 14:20:40

Capsule development in Rhizobium japnicum 3047 

Encyclopedia of Plant Physiology, New Series, vol. 
138, pp. 658477. Edited by W. Tanner & F. A. 
Loewus. Berlin, Heidelberg : Springer-Vcrlag. 

m E V E L ,  J . ,  GRCS, D. & MONSIGNY, M. (1981). Cyte 
chemistry of cell glycoconjugates. In Progress in 
ffirtochemistry and Cytochemistry, vol. 14, 2,  pp. 79- 
87. Edited by W. Graumann, 2. Lojda. A. G. E. 
Pcanc & T. H. Schiebler. Stuttgart, New York: 
Gustav Fischer Verlag. 

SHANTHARAM, S., Gow, f .  A. & BAL, A. K. (1980). 
Fractionation and characterization of two morphe 
logically distinct types of cells in Rhizobiwn japni- 
cum broth culture. Canadhn Jouml of Microbiology 

STACEY, G., PMU. A. G. & BRILL, W. J .  (1980). Host 
recognition in the Rhizobium-soybean symbiosis. 
Plant Physiology 66, 609-614. 

TRUCHET. G .  L., VASSE, J .  M., DAZZO, F. B. & 
PUEPPYE, s. G .  (1982). Transient appearance of 
soybean lcctin receptors on Rhizobiwn jupnicurn 
31181 10. In Abstructs of the Annual Meeting of the 
American h k t y  for Microbiology, p. 149. Edited by 
R. A. Finkelstein & F. C. Neidhardt. Washington, 
DC : American Society for Microbiology. 

26, 107-114. 

TRUCHET, G. L., DAZZO. F. B. & VASSE. J. M. (1983). 
Amlutination of Rhizobiwn j a p o n i m  31 1 B110 by 
soybean Icctin. Plonr und Soil 75, 265-268. 

TSIEN. H. C. & SCHMIDT. E. L. (1977). Polarity in the 
exponential-phase Rhizobiwn jupninun cell. CUM- 
dian Journal of Microbiology 23, 1274-1284. 

TSIEN, H. C. & W r m ,  E. L. (1980). Accumulation of 
soybean-lectin binding plysaccharide during the 
growth of Rhizobium japnicum as determined by 
hemagglut ina t ion in hi bi t ion assay. Applied and 
Environmental Microbiology 39, I 100- 1 104. 

TSIEN, H. C. & SCHUIDT, E. L. (1981). Localization and 
partial characterization of soybean lectin binding 
plysaccharide of Rhizobiwn juponicwn. Journal of 
Bucterblogy I#. 1063-1074. 

VIISSE, J .  M. ( 1982). Etude des structures exocelhluires 
chez les hcteries du genre Rhizobiwn. These de 
spkcialite, Faculti des Sciences Marseille-Luminy, 
Marseille, France. 

WOLPERT, J. & ALBERSHEIM, P. (1976). Host-symbiont 
interactions. I. The ltctins of legumes interact with 
the 0-antigen-containing lipopolysaccharides of 
their symbiont rhizobia. Bkhemicul and Bidphysical 
Research Communicatbns 70, 729-737. 




