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ABSTRACT 

Pseudomonas putida. a potential biocontrol agent, is 

being investigated for its effects on the beneficial soil 

bacterium Rhizobium phaseoli. A random block field plot 

design was used with treatments consisting of no 

bacteria, P. putida. R. phaseoli. and combinations of 

these. R. phaseoli was applied directly to the soil. 

P. putida inoculation was performed by soaking seeds for 

15 minutes in a dH^O-suspension. Statistical analysis 

of the first year's field data indicates that P. putida 

is able to stimulate R. phaseoli nodulation approximately 

150% over the Rhizobium controls. P. putida seems to 

have no effect on yield in the common bean. In 

conclusion, P. putida is not detrimental to Rhizobium 

phaseoli nodulation of the common bean, and may be 

very stimulatory and beneficial. 
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CHAPTER I 

INTRODUCTION 

Pseudomonas putida (Trevisan) Migula has been known 

to inhibit other microorganisms under in vitro conditions 

and thereby has potential as a biocontrol agent. Although 

in vitro antibiosis often yields variable success under 

field conditions, P. putida shows promise in a number of 

crop plants including wheat, potatoes, squash, and 

cucumbers. 

P. flourescens and P. putida also have been 

investigated for their growth promoting effects on potatoes, 

sugar beets, and radishes. In most cases, they seem to 

both increase yield and control some disease problems. 

If P. putida is to be utilized as a biocontrol agent 

in the field, it is also necessary to obtain basic 

information on the effects of P. putida against beneficial 

soil microorganisms. This study was undertaken to 

provide such information with three major objectives in 

mind: 1) to determine the impact of P. putida on field 

and greenhouse nodulation in the common bean, Phaseolus 

vulgaris L. Burk.; 2) to determine the yield potential 

of beans utilizing various P. putida treatments; and 3) 

to obtain insight into the mechanism of the impact of 

P. putida on nodulation. 
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CHAPTER II 

LITERATURE REVIEW 

The nodulation of leguminous plants by species of 

Rhizobium is an extremely important biological phenomenon. 

It is important not only from a biological point of view, 

but also because of economic and agronomic interests. 

Current estimates of the amount of dinitrogen fixation 

place it between 100 and 200 million metric tons of nit¬ 

rogen fixed each year by nitrogen fixing organisms (2). 

In many of the developed countries of the world, 

agriculture is becoming increasingly dependent on energy. 

This energy is invested not only in highly mechanized farm 

operations, but also in the production of fertilizers and 

other agricultural chemicals. These energy costs 

constitute an ever-increasing burden for the farmer and 

undoubtedly will be augmented as fossil fuel supplies 

are depleted. In this larger context, the importance of 

understanding nitrogen fixation, and discovering ways to 

improve upon it, becomes clear. 

The nodule is the center of all interactions between 

the rhizobia and the plant. Hence, it is only natural 

. that the nodule has received intensive study. Certain 

well defined developmental stages are recognized. During 

infection and nodule genesis, rhizobia are the aggressors, 

as shown by the mode of their entry, dissemination, 
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multiplication, and incitation of tissue proliferation 

(33,51). 

The first step towards establishing a nodule is for 

the plant host to recognize the symbiont cell (12,33,52). 

Subsequent to this initial recognition, the host plant 

responds by synthesizing several nodule-specific peptides, 

termed nodulins, that are thought to be the first lines of 

communication between the rhizobia and the legume host (63). 

Entry of rhizobia into leguminous roots occurs through 

infection of root hairs, broken epidermal and cortical 

cells, and ruptured tissue at the site of lateral root 

emergence (2,9,13,20,40,75). Although the exact mechanism 

of entry remains a mystery, the aforementioned nodulins are 

thought to play a role (63). The number of rhizobia 

functioning in the infection process is not proportional 

to the size of the initial inoculum. Only about four to 

five percent of the root hairs are normally infected (2, 

10,17,51)• 

Infection of the root hair is followed immediately 

by an alignment of the rhizobia within a thread which 

proceeds to grow directly to the basal cell. Migration 

of the rhizobia from the site of the infection to the 

inner wall of the epidermal cell requires between 18 and 

48 hours (2). 

In order for rhizobia to induce proliferation of the 



4 

root cortical cells, they must be liberated from the 

infection threads. Release of the rhizobia is generally 

thought to occur through breakage of the threads during 

cell enlargement and division. After the rhizobia are 

released, they begin to multiply and secrete hormones, 

primarily & -indole acetic acid, which stimulate the host 

cells to enlarge and divide, thus forming the nodule (44, 

47,64). 

Many methods have been employed to study nodulation 

including sterile and unsterile soil, sand, and isolated 

root segments on agar (8,17,18,20,21,25,26,39,54,73,79). 

All of these techniques have inadequacies and consequently 

there is no entirely adequate method to study the inter¬ 

action of soil microorganisms in relation to nodulation 

(25,56,58). In spite of these barriers, many workers have 

utilized greenhouse and field methods to illuminate various 

aspects of the interaction between rhizobia and other 

microorganisms (1,3,4,5,7,16,20,23,27,28,29,30»37»39,6o, 

61,68,76). 

An extremely interesting interaction being studied is 

between rhizobia and vesicular-arbuscular (VA) mycorrhizae 

fungi. These fungi have been known to stimulate plant 

growth. The mechanism for this stimulation appears to 

lie in the ability of these fungi to solubilize soil 

phosphate and transport it directly into the plant (68, 



5 

71,76). 

Several workers have reported that plants inoculated 

with both VA mycorrhizae and Rhizobium will stimulate 

nodulation over Rhizobium and VA mycorrhizae controls (5, 

27,28,68). This stimulation of nodulation also is believed 

to be related to the ability of VA mycorrhizae fungi to 

solubilize soil phosphate. Proper nutrition of the legume 

is very important for nodulation and an ample supply of 

phosphate is a prerequisite for adequate nodulation (28, 

40,43,81). Consequently, the VA mycorrhizae stimulate 

nodulation by increasing the level of phosphate in the 

plant (28,40). 

Some bacteria, especially Bacillus and Pseudomonas 

species, have the ability to solubilize soil phosphate 

which can alter the nutritional status of the plant and 

the chemistry of the rhizosphere (3,6,16,22,31,34,36,61), 

although this phenomenon has not been studied as exten¬ 

sively as the VA mycorrhizae effect. Furthermore, several 

workers have reported a stimulation of nodulation by 

various soil bacteria, usually pseudomonads (1,3,60,74). 

This stimulation of nodulation is attributed to hormones 

produced by the added bacteria although no data is 

presented to support this conclusion (5,16,18,24,46,53,57, 

64,65). 
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Pseudomonads, besides their ability to solubilize soil 

phosphates, also are being investigated for use as bio¬ 

control agents. Many of the pseudomonad species produce 

antibiotics which may play a role in their ability to 

antagonize other microorganisms (7,13,15,50,83). Pseudo¬ 

monas putida. in particular, has been under investigation 

in many laboratories due to its ability to both stimulate 

plant growth and inhibit various plant pathogenic micro¬ 

organisms (7,22,49,55,56,57,58,59,60,83). The in vitro 

production of antibiotics by pseudomonads and the anti¬ 

biosis directed toward other organisms is well documented 

(7,13,^5,49,56,59,83). It is important to realize that 

in vitro production of an antibiotic does not mean that 

the antibiotic will be synthesized under field conditions. 

Furthermore, assuming the antibiotic is synthesized and 

released, there is a large body of literature which 

suggests that it will form a molecular complex with var¬ 

ious soil components, thus rendering the antibiotic 

ineffective (14,15,69,70,72,75,77,78). Kloepper and 

Schroth, however, recently have published a report in 

which they claim that "the ability to produce antibiotics 

in vitro is directly related to the capacity of rhizo- 

bacteria to significantly increase plant growth" (59). 

This implies that the antibiotics produced in vitro by 

their bacteria, many of them pseudomonads, are synthesized 



in the soil and are functionally active in the soil 

environment. Kloepper and Schroth arrived at these con¬ 

clusions by using several in vitro antibiotic producing 

bacterial strains and 16 mutants which lacked in vitro 

antibiotic production, and compared the ability of these 

two groups to displace other rhizosphere organisms (59)• 

The importance and extent of antibiotic involvement in th 

soil ecosystem needs further study before any definitive 

conclusions can be made. 

With the role of the antibiotic undetermined, there 

is a gap in the understanding of the mechanism of 

antibiosis. Some authors feel that the control of 

diseases observed is because of competition between the 

introduced agent and existing microflora (7,13,66,67), 

while others suspect that the mechanism may be a more 

sophisticated chemical mechanism such as siderophore 

activity (57,58). Although these are both plausible 

explanations, no conclusive work has been completed. 



CHAPTER III 

MATERIALS AND METHODS 

Bacteria and Culture Conditions 

Bacterial Strains. Rhizobium phaseoli Dangeaard (ATCC 

14482) was obtained initially from the American Type 

Culture Collection and was generously provided by W. J. 

Manning, University of Massachusetts Department of Plant 

Pathology. A second R. phaseoli culture (K80) was obtained 

from Winston Brill, University of Wisconsin Department of 

Bacteriology, for use during the second season of field 

work. 

Pseudomonas putida (Trevisan) Migula M17 was isolated 

from over-ripe tomato fruit by Richard Mytkowicz in the 

laboratory of M. S. Mount, University of Massachusetts 

Department of Plant Pathology. This strain was selected 

for its ability to inhibit Erwinia carotovora subsp. 

carotovora Dye (isolate EC14) in vitro. A mutant of M17» 

Ml74, was obtained from P. D. Colyer, University of 

Massachusetts Department of Plant Pathology. P. putida 

M174 was isolated from a nitrosoguanidine mutagenized 

culture of M17. 

Maintenance of Bacteria. Unless otherwise specified, P. 

putida isolates M17 and M174 were stored on nutrient agar 
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(NA,Difco) slants (1.5%) at 30 C. 

R. phaseoli was grown and stored on yeast mannitol 

agar (YEM: 0.05$ K^HPO^; 0.02% MgSO^-7^0; 0.01$ NaCl; 

1.0$ mannitol; 0.04$ Difco yeast extract; 1.5$ agar) 

slants at 30 C. 

Overlay Procedure 

The ability of P. putida Ml7 to inhibit R. phaseoli 

was screened using an overlay technique (82). A bottom 

layer of 25 ml of solid medium in a 100 x 15 mm petri 

plate was spotted in the center with a drop from an over¬ 

night culture of Ml? or Ml74. The plates were incubated 

for 48 h at 24 C after which time they were exposed to 

chloroform vapor for 1 h to kill the test bacteria. 

Chloroforming the plates consisted of inverting the 

bottom of each plate over a glass petri plate containing 

a chloroform saturated 5*5 cm round Whatman ffl filter 

paper. Plates were then left standing for 30 min under 

a sterile hood to allow excess chloroform vapors to 

dissapate. One-tenth of 1 ml of an overnight culture of 

R. phaseoli was added to tubes of 3-0 ml soft-agar (0.5$ 

water agar) after the agar had been molten and then 

cooled to approximately 43 to 50 0. The inoculated soft 

agar then was poured over the chloroformed Ml7 and the 

plates were incubated for 24 h at 30 C. Inhibition by 
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Ml7 or M174 was determined by measuring the clear zone in 

the R. phaseoli lawn. 

Field and Greenhouse Experiments 

Greenhouse Experiments. Greenhouse experiments were 

performed to facilitate the understanding of field results. 

One litre each of R. phaseoli, P. putida M17 and M174 

were grown in YEM and NB, respectfully, for 48 h. Cells 

were pelleted by centrifugation at 8,000 x g for 20 min. 

The pellets were washed in sterile dH^O and recentrifuged. 

The resulting pellets were combined and diluted to 800 ml 

with sterile dH^O, such that there were three cultures of 

800 ml each. 

Seeds were sterilized by rinsing 3x in dH^O, lx in 

98^ ethanol, and finally soaked for 10 min in 20^ chlorox. 

Seeds with intact seed coats were plated onto water agar 

(3$). The petri plates were stored in a styrofoam cooler 

(for darkness) at room temperature for 72-96 h. Only 

seeds which had no brown discoleration of the roots were 

selected for further experimentation. 

Two types of soil were used for these experiments; 

a greenhouse mix (soil:sand:peat in a ratio of 2:1:1) 

which had been electrically sterilized and non-sterilized 

field soil taken from the same field as the field 

experiments. Each soil type received the following six 
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treatments: 

1) j6 Control - germinated seeds planted after soaking for 

30 min an sterile dH^O 

2) Rhizobium Control - germinated seeds planted and 8 ml 

of R. phaseoli placed into the hole with the seed and 

root 

3) P. putida M17 - seeds planted after soaking for 30 

in a suspension of Ml7 

4) P. putida M174 - same as #3 but with M174 

5) Rhizobium + M17 - seeds soaked in Ml7 for 3° min and 

then planted. R. phaseoli (8 ml) placed into hole 

with the seed and root 

6) Rhizobium + M174 - same as #5 but with M174. 

Plants were placed into two growth chambers 

(Percival) with a 12 h photoperiod and a 12 h day/night 

cycle with 80 F day and 70 F night temperature cycles. 

The plants were watered everyday for one month. After 

this time, the plants were removed from their pots .and 

the root nodules counted. 

Field Experiments. The field was previously cropped to 

corn and the soil texture was very sandy (Montague farm; 

pH 4.5). 

1980. A random block design was used with four 

blocks, each containing 13 plots. Six treatments were 

employed, with a disproportionate number of each treat- 
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ment in the blocks. Phaseolus vulgaris (var. Provider) 

seeds were obtained from Agway, Inc. in 8 oz. bags. 

10 
Bacteria were grown for 72 h (c.a. 10 cells/ml). 

A total of 12 L of Rhizobium phaseoli (YEM) and P. putida 

(Ml7 and Ml74) were grown, 4 L for each bacterial type. 

Cells were pelleted by centrifugation at 8,000 x g for 

20 min. Cells were resuspended to 3 1 in sterile dH^O. 

Individual treatments were performed in the following 

manner: 

1) 0 Control - seeds soaked in sterile dH^O for 60 min 

and then planted directly in the soil 

2) Rhizobium Control - 50 lb. of peat humus (Agway, Inc.) 

was mixed with 3 L of suspended R. phaseoli. Peat 

was applied to the furrows of each Rhizobium-receiving 

plot (40 altogether; Rhizobium control, R. phaseoli + 

M17, and R. phaseoli + M174). Seeds were planted 

after they had been soaked in sterile dH20 for 60 min. 

3) Ml7 - seeds were soaked for 4 h in a 3 L suspension of 

Ml7 and planted 

4) M174 - same as #3 but with M174 

5) Rhizobium + M17 - seeds soaked for 4 h in M17 and 

planted on top of the R. phaseoli inoculated peat. 

6) Rhizobium + M174 - same as #5 but with M174. 

After all seeds were planted, the rows were covered with 

approximately i inch of soil. The entire field was 
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immediately watered to insure survival of the bacteria. 

Watering was continued, virtually every day, throughout 

the summer due to drought conditions. 

Harvesting of the plants was performed by loosening 

the soil with a spade about one foot on each side of the 

beans. Plants were removed carefully and loose soil 

shaken from the roots. Ten plants from each block were 

harvested and a fresh weight obtained. Each individual 

plant was carefully washed and the root nodules counted 

and scored. A total of 5^0 bean plants were analyzed. 

1981. The same field was used as in 1980 except that 

an extra portion was added. This added portion previously 

was uncropped and only turf was grown. cThe entire field 

received 5-10-10 fertilizer at a rate of 1 ton/acre. A 

random block design was used with three .blocks consisting 

of 18 plots per block. Three replicates of each of six 

treatments were performed in each block. 

The same six treatments used in 1980 again were 

utilized with the only differences in protocol being the 

Rhizobium inoculation of the soil and seed soaking (for 

Ml7 and Ml7*0 time reduced to 3° min. Dry peat humus was 

applied to all rows of the field. R. phaseoli was applied 

to the appropiate plots by means of a backpack sprayer 

(Solo). Bacteria were grown and diluted in the same manner 

as those experiments during 1980. The entire field was 
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watered immediately after planting and thereafter as 

needed. 

Harvesting was performed by loosening the soil around 

the beans and carefully lifting plants out. The plants 

from each row (30/plot) were placed into large paper bags 

and returned to the laboratory. All bags were weighed 

and fresh weight recorded. The number of nodules on each 

plant was subsequently counted and recorded. A total 

of 1620 plants were analyzed. 

Data analysis for both years was performed within 

the Statistical Package for the Social Sciences (SPSS) 

and included Anova, Breakdown, Condescriptive, Crosstabs, 

and other statistical tests. Duncan's Multiple Range 

test was used to delimit treatment differences. 

Agglutinin Isolation and Bioassay 

Agglutinin Isolation. Eight 15 cm diameter plastic pots 

were filled with sterilized greenhouse soil max and four 

Phaseolus vulgaris (var. Provider; Agway, Inc.) seeds were 

planted in each pot. Plants were grown for three weeks in 

the greenhouse. The roots were collected and washed 

carefully. The agglutinating compound was isolated via 

the protocol outlined in Figure 1. 

Agglutinin Bioassay. Bacteria (R. phaseoli, Ml7, and Ml74) 

to be assayed were harvested from 100 ml cultures grown to 
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Figure 

agglutinin 

1. Purification scheme for isolation of 

from the roots of P. vulgaris. 
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lOOgm root plus 100ml sterile dH20 blended for | min in 

Waring blender at 4 °C 

filter homogenate through cheesecloth 

centrifuge homogenate at I2,000g for 20min 

supernatent (crude extract) discard pellet 

mix supernatent with DEAE - Sephadex A-5CM20 and shake for 20 min 

(30ml hydrated resin/IOOml extract) 

filter slurry through Buchner funnel (save filtrate) 

add DEAE filtrate to CM-Sephadex C- 50-120 (30ml hydrated resin/ 

100 ml extract) and shake for 20min 

♦ 
filter slurry and save filtrate 

mix filtrate with 3 volumes cold 95% EtOH and incubate at 4 C 

for 18-24 h 

collect precipitate by centrifuging at I2,000g for lOmin 

resuspend pellet in 100ml sterile dH20 

homogenize in blender for 30 sec 

* 
add 150>• I octanol 

recentrifuge at I2,000g for 10 min 

collect supernat ent 

dialyze against dH20 for 6 h 
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late log phase in nutrient broth (NB,Difco) on a gyratory 

shaker at room temperature. Cells were harvested by cen¬ 

trifugation at 12,000 x g for 10 min at 4 C. The pelleted 

cells were washed twice by suspension in sterile distilleo 

water (SDW) followed by recentrifugation. The washed 

bacterial cells were resuspended in SDW to yield a sus- 

1 n 
pension of about 10 cells/ml. 

The agglutination of bacterial cells in suspension was 

used to determine agglutinin activity. The assay consisted 

of adding 50 ja! of various dilutions of test solution 

containing 150 JaL of ImM MgClg. Control was 50 1 H20 

rather than agglutinin. The assay tubes were placed on a 

wrist-arm shaker for 15 min and then read visually for the 

presence of precipitated bacterial cells. The degree of 

precipitation in the tubes was scored from ++++ for 

complete precipitation of all cells to a single +, which 

indicated a fine granular appearence. 

Paper Chromatography of 2-Ketogluconic Acid 

Five milliliters of an overnight NB culture of P. 

putida Ml7 was inoculated into a 1 L culture of glucose- 

yeast extract medium (4$ glucose; 0.002% yeast extract) 

and allowed to grow for 10 days on a reciprocating water 

bath shaker at 30 C (34,35). Cells were pelleted by 

centrifugation at 12,000 x g for 20 min. The supernatent 
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was millipore-filtered through a 0.45 micron filter. 

250/4L drops of sterile supernatent and a control of 

2-ketogluconic acid (barium salt; Sigma Co., St. Louis, MO) 

were spotted onto the paper (Whatman #1) and allowed to dry. 

The paper was subjected to chromatography in a 1-butanol: 

acetic acid:distilled wated (4:1:5) solvent system. 

Approximately five hours were required to properly develop 

the chromatogram. After the run, the chromatogram was 

air-dried for 30 min. It then was sprayed with aniline 

hydrogen phthalate dissolved in aH^O-saturated butanol to 

yield a 0.1 M solution. Aniline hydrogen phthalate will 

react colorimetrically with only ketogluconic acids. 

After spraying, the chromatogram was dried in a 105 C oven 

for 10 min to allow visualization of the spots,(45). 

Reddish spots indicated 2-ketogluconic acid while brown 

spots represented 5-ketogluconic acid. 



CHAPTER IV 

RESULTS 

Data obtained from the P. putida Ml7 versus R. 

phaseoli overlays indicated that Ml7 was inhibitory to 

R. phaseoli. Figure 2 shows that Ml7 demonstrated an 

extremely strong antibiosis towards R. phaseoli as 

indicated by the clear zone surrounding the M17 colony. 

These results were first observed by M. Hinteregger while 

elucidating the biospectrum of Ml7 (49), and later con¬ 

firmed against different strains of R. phaseoli. 

The in vitro observations seem to indicate that 

M17, via direct, antibiosis, would suppress nodulation 

simply by decreasing the population levels of R. phaseoli 

in the soil. Upon testing this hypothesis in the field, 

it was demonstrated that Ml7 stimulated nodulation. 

Figure 3 and Table 1 show the increase in nodulation 

caused by M17 and its antibiotic deficient mutant, M174, 

over the residual Rhizobium populations. Inoculation of 

seeds with Ml7 and M174 stimulated nodulation to 

approximately the same level as artificial Rhizobium 

nodulation. Furthermore, combination treatments of R. 

phaseoli + M17 and R, phaseoli + M174 stimulated 

nodulation over the Rhizobium control. Table 2 represents 

a summary of 1980 and 1981 field data. 

19 



Figure 2. Antibiosis of R. phaseoli by P. putida Ml?. 
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Figure 3* Graphical representation of field nodulation 

results. 
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TABLE 1 

Nodulation Field Results 

Mean Number of Nodules 

Treatment 1980 1981 

0 Control 19 a 3 a 

Rhizobium Control 46 b 12 b 

Ml 7 34 b 12 b 

M174 41 b 11 b 

Rhizobium + M17 53 c 23 c 

Rhizobium + M174 53 c 14 c 

Means in each column followed by the same letter 

are not significantly different at the p=0.05 level 

using Duncan's multiple range test. 



TABLE 2 

Summary of Nodulation Field Results 

1980 

Treatment Treatment °7o Increase 

ft Control Ml 7 100 

Rhizobium Control Rhizobium + M* 16 

ft Control Rhizobium Control 137 

1981 

Treatment Treatment % Increase 

ft Control M17 229 

Rhizobium Control Rhizobium + M 54 

ft Control Rhizobium Control 270 

*The "M" represents an average of the P. putida 

Ml7 and Ml 74 treatment means. 
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A statistical analysis of the field data indicated 

high significance with F values for 1980 treatment equal 

to 22.7 and 1981 treatment equal to 34.6. Duncan's 

multiple range test at p=0.05 was performed on the field 

data and yielded three internal homogenous subsets; 

subset A = jZf Control, subset B = R. phaseoli, M17, and 

Ml74 treatments, and subset C = R. phaseoli + Ml7 and 

R. phaseoli + M174. These three homogenous subsets were 

identical in both 1980 and 1981. 

Several other statistical tests and analyses were 

performed looking for more subtle effects from the various 

treatments. An interesting effect was observed for the 

three treatments R. phaseoli control, M17, and M174. 

Although these three treatments constitute the same Duncan's 

homogenous subset, the distribution of nodulation 

was different between the R. phaseoli control and the Ml7 
> 

and M174 treatments. Table 3 represents an interval 

grouping histogram of nodulation by treatment. This 

table shows that the R. phaseoli control has a greater 

number of plants with a low number of nodules as compared 

to the P. putida treatments which have more plants with 

a high number of nodules . ( c. a. 4.5^ of the plants having 

60 nodules per plant). putida appeared to be shifting 

the profile of nodulation upwards. 
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The same six bacterial treatments were performed in 

growth chambers using two soil types, a sterile greenhouse 

mix and unsterilized field soil. Results from these 

experiments are shown in Table 4. The resulus are compar¬ 

able to the field results with the basic trends manifesting 

themselves again. One exception was in the sterile soil 

where Ml7 and M174 failed to increase nodulation. This 

was interpreted to be due to the sterilization process 

which eliminated the residual population of Rhizobium. 

Shoot and bean fresh weight was determined in 1980 

and 1981 and 1981, respectfully (Figures 4 and 5)- For 

both of these yield parameters, there were no significant 

differences between treatments, with one exception. In 

1980, Ml7 increased shoot fresh weight significantly. 

This increase is an isolated event, since Ml7 failed to 

increase shoot or bean fresh weight in 1981. 

In an attempt to elucidate the mechanism for the 

observed stimulation of nodulation, twro experiments were 

performed. First, an extracellular preparation was obtained 

from M17 and subjected to paper chromatography. After the 

chromatogram had been removed from the solvent system, it 

was sprayed with aniline hydrogen pthalate which detects 

colorimetrically the presence of 2-ketogluconic acid. A 

sketch of the resulting chromatogram appears in Figure 6. 

Upon analysis of the chromatogram it was evid.ent that 
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TABLE 4 

Greenhouse Nodulation Results 

Mean Number of Nodules 

Treatment Sterile £ Soil Field Soil 

0 Control 0.125 a 19.125 a 

Rhizobium Control 10.625 b 23.5 ab 

Ml 7 1.0 a 26.125 ab 

Ml 74 1.125 a 32.375 b 

Rhizobium + M17 19.625 c 46.0 c 

Rhizobium + M174 20.375 c 45.375 C 

Means in each column followed by the same letter are 

not significantly different at the p=0.05 level using 

Duncan’s multiple range test. 
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Figure 4. Graphical representation of shoot fresh 

weight. 
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Figure 5. Graphical representation of bean fresh weight. 
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2-ketogluconic was produced by M17 as evidenced by the 

color of the spot and an identical Rf value of 0.707 for 

both the 2-ketogluconic acid control and the 2-ketogluconic 

acid found in M17. Furthermore, based on the size of the 

spots, M17 was considered to be an abundant producer of 

2-ketogluconic acid. 

The second experiment was an attempt to isolate an 

agglutination compound from the roots of P. vulgaris, with 

activity towards P_. putida. Table 5 reports the results 

of the bioassay of the isolated agglutination compound. 

P. vulgaris had a compound present in its roots that 

agglutinated P. putida Ml7 cellsp 



36 

Figure 6. Sketch of the chromatogram showing the 

presence of 2-ketogluconic acid in the supernatent of 

P. putida M17. Control is 2-ketogluconic acid (barium 

salt; Sigma, Co.). Rf value for both the control and 

Ml7 supernatent was 0.707. 
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CHAPTER V 

DISCUSSION 

P. putida Ml7 was strongly antagonistic towards R. 

phaseoli as indicated by _in vitro antagonism studies. The 

observed antagonism resulted from an antibiotic produced 

by Ml7 (49). This finding has practical agricultural 

ramifications since Ml7 has been examined for its biocon¬ 

trol potential (58,59,83). For example, Vrany (83) has 

examined a strain of P. putida for its biocontrol potential 

on wheat and Gaeumannomyces and has found promising 

results. Since wheat, and perhaps other crops which may 

be protected by P. putida. is often rotated with 

leguminous crops there is the possibility of a detrimental 

effect on nodulation of the legume. This would prove 

disadvantageous to the farmer who rotates with legumes 

in order to raise the nitrogen content of the soil. 

Under field conditions, however, it was observed that 

M17 stimulated nodulation rather than suppressed it. Ml7 

by itself, with only residual Rhizobium populations present, 

significantly increased nodulation to approximately the 

same level as the Rhizobium control. Combination 

treatments of Rhizobium and P. putida significantly 

increased nodulation over the Rhizobium control level. 

These results forced a dramatic modification of the 

39 
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original hypothesis. Furthermore, it was necessary to 

develop mechanistic possibilities to explain the results 

obtained. 

Five possibilities to explain the increase in nodulation 

were developed from both the existing literature and 

further research. The first explanation suggests a 

displacement of rhizosphere organisms by the introduced 

bacteria, thus altering the rhizosphere constituents. 

This possibility has been discussed in the literature by 

several workers (7,13,37,50,5^,58,83). In particular, 

Vrany (83) has reported that inoculation of wheat seeds by 

P. nutida results in an increase in pseudomonads in the 

rhizosphere and a decrease in other bacteria, namely 

Agrobacterium, and various soil fungi. Similiarly, Ml7 

may have been able to effectively colonize the rhizosphere 

in beans; thus displacing some microorganisms that are 

effective competitors with Rhizobium. Having displaced 

the Rhizobium competitors, perhaps Ml7 has facilitated 

the colonization of roots by Rhizobium spp., thus 

increasing nodulation. 

Direct bacterial stimulation of R. phaseoli by Ml7 

constitutes the second possibility. Malcolm (66) has 

established several types of possible interactions 

between organisms, and he differentiated between when the 

interaction was "on" or "off." The interactions termed 
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"commensalism" and "unnamed #2" best apply to ohe 

Rhizobium - Ml7 interaction. Ml7 could be producing a 

nutrient or vitamin which stimulates rhizobial glow oh, 

thus producing a positive effect in Rhizobium wioh Ml7 

receiving neither a beneficial nor detrimental eifeco. 

With the interaction off, commensalism would require M17 

to exert a negative effect on Rhizobium. Since this is 

not likely, unnamed #2 offers the best possibility for 

categorizing the interaction between rhizobia and M17 • 

In unnamed #2 , there are no effects between the inter¬ 

acting organisms when the interaction is off. Krasil* 

Nikov (60) initially projected this concept towards 

rhizobia nodulation. He also observed an increase in 

nodulation after inoculating with "soil bacteria" which 

in all liklihood were largely pseudomonads. In his 

report, he suggested that the soil bacteria can alter the 

virulence and activity of rhizobia by producing 

"stimulatory compounds." 

The third possibility concerns the production of 

hormones by pseudomonads. Many workers have reported that 

various soil bacteria produce hormones which stimulate 

plant growth (3,19,47,53,64). Azcon-Aguilar (3) has 

demonstrated that certain strains of pseudomonads produce 

hormones of the same type and amount as Rhizobium spp. 

He also has investigated the relationship between 



Rhizqbium nodulation and various soil bacteria as well as 

VA mycorrhizal fungi (3,^,5)• From his results, he has 

proposed that soil bacteria, largely pseudomonads, stim¬ 

ulate nodulation by supplying hormones in addition to thos 

already produced by rhizobia (3)* To confirm his 

hypothesis, he obtained an extracellular preparation of 

soil "phosphobacteria," distributed it onto pot-grown 

Medicago. and observed an increase in nodulation which he 

attributed to hormones present in the extracellular 

preparation. Unfortunately, no attempt was made to use 

isolated hormones for this experiment, thus placing his 

conclusions in doubt. 

The fourth proposed mechanism is that Ml7 may be able 

to solubilize insoluble soil phosphate and make it 

available to the plant. This increase in phosphate level 

would cause an increase in nodulation. The importance of 

adequate phosphate supply to nodulation is well documented 

(5127$ 28129,30,68,81), Van Schreven (81) has reported 

that incremental increases in soil phosphate levels 

resulted in concurrent increases in nodulation. In 

addition, inoculation of plants with both VA mycorrhizal 

fungi and Rhizobium has yielded more nodules than 

inoculation with Rhizobium alone. This increase has been 

shown to occur because of the increased phosphorous made 

available by the VA mycorrhizal fungi (5,27,28,29,30,68 ) 
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Several aspects of this fourth possibility need to be 

discussed. Duff and Webley (35) have reported that 

various soil bacteria, including some pseudomonads, pro¬ 

duce 2-ketogluconic acid v/hich served as a natural 

chelating agent of soil phosphorous. The presence of 2- 

ketogluconic acid in Ml7 has been confirmed. 

Azcon-Aguilar (3), however, has investigated the 

effect of inoculation with "phosphobacteria" on nodulation. 

Although he has observed an increase in nodulation, he 

dismissed the phosphorous hypothesis primarily for one 

reason. Upon performing an assay of the soil phosphate 

levels before and after inoculation with phosphobacteria, 

he found no significant changes. From this he concluded 

that even though the bacteria have the ability to chelate 

soil phosphorous, they are nevertheless unable to solubilize 

enough phosphorous to modify the nodulation process. 

Therefore he attributed the increase in nodulation to 

hormones produced by these phosphobacteria (3). A 

subtle, yex crucial, criticism of his phosphorous-assaying 

methodology needs to be made. He performed the assay from 

a soil sample taken from the soil surface. The plant, 

however, does not obtain its phosphorous from this region 

of the soil; rather, the phosphorous is extracted from the 

rhizosphere and immediately surrounding areas. Small 

changes in the phosphate level of the rhizosphere may 
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have been undetected, but still could be sufficient oo 

stimulate nodulation. In contrast to Azcon-Aguilar's 

findings, Raj et. al. (7^) used Bacillus as a soil 

phosphate chelator and observed that the phosphorous 

levels do increase from 12 to 65 days after soil inoc¬ 

ulation with this bacterium. These data suggest that the 

possibility of Ml7 stimulating nodulation via chelating 

soil phosphorous remains a viable hypothesis. 

The fifth mechanistic possibility can be viewed as an 

extension of the fourth. Simply stated, Ml7 may be 

agglutinated onto the roots of P. vulgaris thus placing 

2-ketogluconic acid in precisely the place where it would 

be most effective. It has been demonstrated that P. 

vulgaris roots contain a lectin-like compound that will 

agglutinate P. putida cells. If Ml7 is agglutinated, 

and thereby localized in the rhizosphere, the role of 

2-ketogluconic acid takes on added importance. At the 

very least, it becomes apparent that rhizosphere phos¬ 

phorous levels need to be carefully analyzed before the 

chelating agent hypothesis is rejected. 

It is clear that no thorough understanding of P. 

putida induced stimulation of nodulation is available. 

Besides the five mechanistic possibilities discussed, it 

is entirely possible that more than a single mechanism 

may be at work. Perhaps the mechanism involves a syn- 
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ergistic combination of the identified possibilities. 

On the other hand, there may be yet a sixth, uniden ui±ied, 

explanation. More work is necessary before any conclusive 

statements can be made. 

It was evident, though, that the antibiotic produced 

by Ml7 has little or no effect on nodulation. Two 

observations supported this statement. First, there were 

no significant differences in the number of nodules 

obtained from Ml7 versus its antibiotic-deficient mutant, 

Ml74. Secondly, if the antibiotic was active in the soil, 

then nodulation would be expected to decrease due to 

fewer numbers of rhizobia. 

There are many possibilities to explain why the 

antibiotic had no effect on field nodulation. For 

instance, it is possible that the antibiotic is not 

synthesized under field conditions. It may be synthesized 

and never released or it may be released and then 

rendered inactive by complexing with various soil com¬ 

ponents. There is a large body of literature which 

suggests that most antibiotics aren't effective in the 

soil because of soil component-antibiotic complexes 

(69,70,75,77,78). A recent article by Kloepper and 

Schroth, however, suggests that in vitro antibiotic 

production is related to rhizosphere colonization ability 

(59). This implies that the antibiotic is present and 
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active in the soil. More work needs to "be performed 

before the question of antibiotic effectiveness in the 

soil is answered. 

The impact of P. putida M17 on bean yield also was 

studied, but found to have no significant effect at p = 

0.05. Only one exception was observed; Ml7 in the 1980 

field trials significantly increased shoot fresh weight 

approximately 400 grams over other treatments. The 

1981 field data is very difficult to interpret due to 

significant amounts of virus in the field, infecting 25% 

of all plants. No attempt was made to identify or further 

quantitate the virus. Tu, et. al. (80) has demonstrated 

that virus infection will decrease soybean yield and 

nodulation. Since the virus was distributed randomly 

throughout the field with no significant differences 

between plots or treatments, it seems likely that yield 

was uniformly depressed. Computer analyses of the data 

failed to show any correlation "between yield loss and 

virus percent by treatment. It appeared, therefore, that 

_P. putida Ml7 had no effect on yield in P, vulgaris. 

It would be expected that the increase in nodulation 

would result in a concurrent yield increase, as has been 

reported in other systems (2,30). Why didn't the 

dramatic increase in nodulation observed in this study 

result in a yield increase? Although there are many 
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possibilities, perhaps the most likely answer revolves 

around the crop plant itself. P. vulgaris has an 

extremely short growing season, with plants reaching the 

harvest stage in 58 days. The nodules are not present 

long enough, or efficient enough, to result in appreciable 

yield differences. On another crop, soybeans for instance, 

the probability of observing a yield increase because of 

a nodulation increase would be somewhat higher. 

In summary, this work has demonstrated that P. putida 

M17 stimulated Rhizobium nodulation of P. vulgaris., even 

though Ml7 exhibited strong antibiosis against R. 

phaseoli in vitro. Although much work remains before 

field use becomes practical, one important consideration 

emerges with regard to the literature. Many laboratories 

across the world are interested in stimulating nodulation 

and have worked with VA mycorrhizal fungi inoculations 

to this end. YA mycorrhizal fungi do stimulate nodulation, 

due to an increase of phosphate availability (4,5,23,27, 

28,29,30,68,71,74). However, YA mycorrhizal fungi do not 

seem to show as much biocontrol potential as P. putida. 

Since inoculation with P. putida results in a comparable 

increase in nodulation to VA mycorrhizal fungi, it would 

seem that P. putida may be a more cost-efficient agent 

to use for stimulating nodulation because of its 

capability of serving as both a biocontrol agent and a 
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nodulation stimulator. Furthermore, it may prove 

especially useful in crop systems that are rotated, corn 

and soybeans for instance, where it would serve a dual 

purpose. This clearly distinguishes P. putida from VA 

mycorrhizal fungi apart from their similiar effects on 

nodulation. 
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