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ABSTRACT 

The growth of selected isolates of fluorescent 

pseudomonads in the rhizosphere of tomato (Lycopersicon 

esculentum cv. Earlypak) and cucumber (Cucumis sativus cv. 

straight 8) seedlings was determined under soil atmospheres 

containing 02:C02 concentrations of 21:0.03 (ambient), 18:3, 

15:6, and 12: 9 9., o. While growth varied depending on the 

isolate, plant, and the composition of the soil atmosphere, it 

was generally greater under atmospheres containing lower-than-

ambient levels of 02 and higher-than-ambient levels of CO2• 

The average percent growth increases, relative to control (the 

ambient atmosphere), for the most sensi ti ve isolate were 16.5, 

51.9, and 116.6, under 02:C02 concentrations of 18:3,15:6, and 

12:9 %, respectively. 

The effect of soil atmospheric composition on disease 

mitigating activity of two fluorescent pseudomonad isolates 

was also studied in the tomato-Pseudomonas solanacearum 

combination. Significant (p=0.05) decreases in disease 

mitigating activity were observed when roots were placed under 

modified atmospheres containing lower-than-ambient levels of 

02 and higher-than-ambient levels of CO2, compared to those 

placed under an ambient atmosphere. Modification of soil 

gaseous composition did not cause significant (p=O. 05) changes 

in the incidence of disease in plants inoculated with P. 
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solanacearum alone. 



CHAPTER 1 

INTRODUCTION 

12 

The inconsistent performance of greenhouse-efficient 

biocontrol microorganisms in the field is most likely due to 

the sensitivity of these microorganisms to fluctuating soil 

factors (Howie at e1. 1987, Kim and Misaghi 1992, Misaghi at 

e1.1988). In order to obtain a more consistent performance 

of these microorganisms, researchers require a better 

understanding of the dynamics of microbial communities in the 

rhizosphere and the environmental forces that regulate their 

development. Such knowledge is not only required for a large 

scale application of biocontrol measures, it is also a 

prerequisite for the application of recombinant DNA technology 

to improve performance efficiency of biocontrol-active 

microorganisms (National Research Council Staff 1989). 

Soil atmospheric composition (the concentrations of 02' 

CO2 , and N2 ) is one of the factors which can potentially affect 

the establishment and the activity of biocontrol-active 

microorganisms in the soil and rhizosphere. 

concentrations vary from field to field, from site to site 

within the same field, and even spatially and temporally along 

roots of one plant, depending on temperature and moisture 

(Miller and Johnson 1964, Yamaguchi at e1. 1967), organic 
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matter content (Abrosimova and Revut 1964), soil genesis 

(Yugakov and Popova 1968), and the type of crops (Abrosimova 

and Revut 1964, Buyanovsky and Wagner 1983). Soil atmospheric 

composition in the top few centimeters of dry soil is somewhat 

close to that of the ambient atmosphere which consists of 79% 

N2I 21% 02' and 0.03% CO2• However, the CO2 concentration may 

increase to 10 % and the 02 concentration may decrease to 

below 10 % in deep, heavy, or wet soil (Buyanovsky and Wagner 

1983, Yamaguchi at el. 1967). This is primarily due to the 

respiration of soil fauna, flora, roots, and microorganisms 

(Wood at el. 1993), and to the slow rate of exchange of gases 

between the soil and the atmosphere. Declines in soil 02 

concentrations correspond with increases in cO2 concentrations 

so that the sum of the two gases approximates 21% (Griffin 

1963, Fig. 6). 

Plants (Bergman 1959, Geisler 1967, Grable and Danielson 

1965, Grineva 1961, Rittenhouse and Hale 1971, Tackett and 

Pearson 1964), fungi (Burges and Fenton 1953, Cook and Baker 

1983, Durbin 1959, Gardner and Hendirx 1973, Imolehin and 

Grogan 1980, Ioannou at el. 1977, Lyda and Burnet 1975, 

Macauley and Griffin 1969, Mauk and Misaghi 1985, Stolzy and 

Van Gundy 1968), and bacteria (Enfors and Molin 1980, Gill and 

Tan 1979, Harrison and Pirt 1967, Ibe 1983, Wells 1974), as 

well as interactions of microorganisms with plant roots 
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(Louvet and Bulit 1964, Lundegardh 1923) are sensitive to 

changes in 02 and CO2 concentrations. The sensi ti vi ty of soil 

microorganisms to soil gaseous composition and other variable 

soil parameters may explain why many microorganisms possess 

specific ecological niches in the soil (Durbin 1959, Morrison 

1979). 

In an attempt to determine the potential impact of soil 

atmospheric composition on the performance of biocontrol

active bacteria, I measured the range of 02 and CO2 

concentration in a bare soil and a soil planted to ryegrass. 

No technology is yet available for measurement of 02 and CO2 

levels around roots. However, the high density of ryegrass 

roots provide a realistic picture of the degree to which roots 

can affect soil atmospheric composition. 

I studied the growth of four isolates of biocontrol

active fluorescent pseudomonads (FP) in tomato (Lycopersicon 

esculentum cv. Earlypak) and cucumber (Cucumis sativus cv. 

straight 8) rhizosphere using 02 and CO2 concentrations 

corresponding to those that occur in the field. I studied the 

effect of 02 and CO2 concentrations on the growth of these 

bacteria in the rhizosphere because their potential to promote 

plant growth and to protect plant against disease depends 

largely on their ability to grow in the rhizosphere. I have 

chosen to study FP because these bacteria are commonly 
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regarded as the most acti ve among soil microorganisms in 

protecting plants against disease (Cook and Baker 1983, Elad 

and Misaghi 1985, Schroth and Hancock 1981, Weller 1988) and 

promoting plant growth (Kloepper at el. 1980, Suslow and 

Schroth 1982, Weller 1988). 

I also studied the impact of changes in soil atmospheric 

composi tion on the disease mitigating acti vi ty of two FP 

isolates in the tomato-Pseudomonas solanacearum combination. 

P. solanacearum causes wilting in many species of the 

Solanaceae and other families in tropical and sub-tropical 

countries. 
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CHAPTER 2 

THE IMPACT OF CHANGES IN SOIL ATMOSPHERIC COMPOSITION ON THE 

GROWTH OF FLUORESCENT PSEUDOMONADS. 

As pointed out earlier, soil 02 and CO2 concentrations 

vary from field to field, from site to site in one field, and 

even spatially and temporally along the roots of one plant, 

depending on temperature, moisture, organic matter content, 

soil genesis, and the type of crop. 

Plants, fungi, and bacteria, as well as interactions of 

microorganisms with plant roots, are known to be sensitive to 

fluctuations in O2 and CO2 concentrations. The behavior of 

plants and microorganisms can potentially be influenced by 

changes in soil atmospheric composition (Bergman 1959, Durbin 

1959, Gardner and Hendirx 1973, Geisler 1967). While the 

sensitivity of plant pathogens to fluctuations in soil gaseous 

composition has been studied (Durbin 1959, Morrison 1976), to 

my knowledge no attempt has been made to elucidate the impact 

of changes in 02 and CO2 concentrations on biocontrol-active 

bacteria. 

The objective of this study was to determine whether or 

not changes in soil atmospheric composition affect the growth 

of fluorescent pseudomonads (FP) in the rhizosphere. 
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Materials and Methods 

Bacterial isolates 

The four bacterial isolates used in this study were 

isolated from roots of field-grown tomato plants and were 

selected for their ability to colonize roots of tomato plants 

(Misaghi 1990). Isolate M25, M29, and M34 were identified as 

Pseudomonas fluorescens and isolate M39 was identified as P. 

putida on the basis of their reactions in standard biochemical 

tests (Misaghi and Grogan 1969) and API diagnostic tests (API 

Analytical Products, Plainview, NY). Rifampicin resistant 

derivatives were obtained on KB agar supplemented with 100 

ugjml rif. stability of rie mutants was confirmed by 

repeated cUlturing on KB without rife The mutants were not 

impaired in their ability to grow in the rhizosphere. 

concentrations of 02 and CO2 in the 

To determine a realistic range 

concentrations to be used in this study, 

soil atmosphere 

of 02 and CO2 

the 02 and CO2 

concentrations were determined in a ryegrass patch at the 

Campbell Ave. Farm, University of Arizona, according to the 

following procedure: The stem of a plastic 4-cm-diameter 

funnel was connected to a rigid plastic tubing and the free 

end of the tube was connected to a surgical tube which was 
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sealed at the open end. Funnels were placed, upside down, in 

10-cm-deep holes made by a 5-cm-diameter auger allowing only 

the surgical tubing to protrude above the soil line. The 

spaces above the funnels were then filled with soil. The air 

inside each funnel was collected by placing a syringe needle 

through the Rurgical tubing and the 02 and CO2 concentrations 

in the gas samples were measured at various intervals over a 

5-month period starting February 1993. Concentrations of 02' 

CO2 and N2 in the samples were measured with a Carle 100 

Thermal conductivity gas chromatograph (Misaghi and Stowell 

1991) . The ryegrass field was irrigated, fertilized, and 

maintained according to commercial turf grass practices. 

preparation of modified atmospheres 

A modified atmosphere is defined as an atmosphere 

containing an 02 concentration lower than that present in the 

ambient atmosphere (21%) and a CO2 concentration higher than 

that present in the ambient atmosphere (0.03%). Atmospheres 

containing defined 02 and CO2 concentrations were prepared 

using a portable gas mixing device constructed in our 

laboratory (Misaghi and Stowell 1991, Fig. 7). The device uses 

adjustable flow control valves and a mass flow meter to mix 

and deliver precise, pre-determined quantities of any three 

gases in different combinations at a constant flow rate up to 
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15 L/h. The 02 and CO2 concentrations were varied by adjusting 

the flow rate from the source 02' CO2, and N2 cylinders. For 

all treatments, the N2 concentration was maintained at 78%. 

The actual concentration of each gas in the mixture was 

determined throughout the study with the gas chromatograph 

(Misaghi and Stowell 1991). 

Growth of bacteria in the rhizosphere under modified 

atmospheres 

The growth of bacteria in the rhizosphere under modified 

atmospheres was studied in root chambers (32x26x16 cm) 

constructed from stainless steel with aluminum tops similar to 

those used by Letey at. al.(1961, Fig. 8). The sealed root 

chambers enabled us to modify the gaseous environment in the 

rhizosphere by changing the soil atmosphere around the roots. 

To distribute the modified atmospheres uniformly within each 

chamber, each atmosphere was introduced into the bottom of a 

chamber beneath a perforated stainless steel platform through 

an inlet port. The outlet port was located at the top of the 

chamber to complete the circulation of the atmosphere. Each 

chamber accommodated up to ten 1- to 6-wk-old seedlings. 

Suspensions of test bacterial isolates were prepared 

using 24-h-old cultures grown on KB agar supplemented with 100 

~g/ml of rif. A suspension of each isolate was added to a 
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pasteurized planting mix (sandy loam soil:sand:peat moss, 

3:1:1, v/v/v) to give ca. 1X107 cfu/g dry planting mix. The 

water content of the planting mix was then adjusted to -3 KPa. 

The amount of water was high enough to provide adequate 

moisture for the seedlings during the course of the experiment 

and low enough to allow adequate gas exchange into the soil. 

Prior to transplanting, roots of either 4-wk-old tomato 

(cv. Earlypak) or cucumber (cv. Straight 8) seedlings were 

washed under running water for 30 min and 10 seedlings were 

transplanted each into one of the 10 containers ( 10-cm long, 

5-cm wide) constructed from 1-mm2-mesh nylon screening (Fig. 

8A). The seedlings were placed ,into the root chamber with 

stems protruding through 3-mm-dia holes in the lids (Fig. 8B). 

Root chambers were closed, leaks around stems were sealed with 

putty mix, and were placed in a controlled environmental 

chamber with daily cycle of 12 h at 25-26°C in the light (372 

E m-2 S-I) and 12 h at 21-22°C in the dark. Root chambers were 

flushed with 100% nitrogen until the 02 and CO2 concentrations 

in the air samples taken from the outlet tubes were near zero. 

Each chamber was connected to a tube carrying one of the four 

modified atmospheres. The gas flow was maintained at 10 L/h 

and gas concentrations in each chamber were monitored daily. 

Gas samples around roots in each chamber were collected with 

syringes from the top of a tubing which was inserted into the 



21 

root balls of one of the seedlings and analyzed with the gas 

chromatograph. To reduce the rate of moisture loss from the 

soil during the course of the experiment, the modified 

atmospheres were humidified by allowing them to flow through 

water before entering the root chambers. 

Two days after transplanting, roots were removed from the 

soil and gently shaken to remove most adhering soil. Root 

samples (ca. 200 mg wet weight) from each seedling were 

collected from a 1-cm section between 1 cm to 2 cm below the 

crown. Populations of the introduced riff isolates and the 

resident bacteria were determined by dilution plating on KB 

agar supplemented with rif and on KB agar, respectively, as 

described earlier (Misaghi at el. 1992). 

In the first set of experiments, we tested a range of 02 

and CO2 concentrations from ambient levels to the low 02 

concentrations and the high CO2 concentrations. The 

atmosphere used contained the following 02:C02 concentrations 

: 21:0.03, 18:3, 15:6, and 12:9 %. The concentrations of 02 

and CO2 selected are within the range present in cultivated 

field soil. Each bacterial isolate was tested separately. 

For each strain, we measured bacterial population sizes on 10 

plants at each gas treatment and each experiment was repeated 

3 times. The variances of the 3 replicates were tested for 

homogeneity; since all the variances were homogeneous, 
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replicates were subsequently pooled. For each isolate, 

differences in the population size in the rhizosphere between 

treatment (modified atmosphere) and control (ambient 

atmosphere) were tested using analysis of variance and 

protected LSD tests (p=O.05) using Minitab (Minitab Inc. 3081 

Enterprise Drive, state College, PA 16801). 

In the second set of experiments, the concentration of 

either 02 or CO2 was modified. This was done to determine 

whether the sensitivity of bacterial growth in the rhizosphere 

to changes in soil atmospheric composition was due to changes 

in concentrations of either 02 or CO2, or both. The ambient 

atmosphere and modified atmospheres containing the following 

02:C02 concentrations were used: 21:9, 12:0.03, and 12:9 %. 

For each strain, differences in bacterial population between 

each modified atmosphere treatment and control (ambient 

atmosphere) were compared using a two-way factorial analysis 

of variance, Duncan's multiple range test, and protected LSD 

(p=0.05) tests. 
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RESULTS 

Under field condition, the 02 and CO2 concentrations 

changed drastically in soil at 10 cm depth in the presence of 

ryegrass roots. The range of the 02 concentration was from 9 

to 18.9 %, and that of CO2 concentration was from 4.9 to 10 % 

(Fig. 6). 

The growth of four bacterial isolates in tomato and 

cucumber rhizospheres was greater under atmospheres in which 

the 02 and CO2 concentrations were below and above the ambient 

levels, respectively (Fig. 1). The magnitude of growth change 

in tomato and cucumber rhizospheres varied among isolates. 

The growth of M25 in tomato rhizosphere significantly (p=O. 05) 

increased by 61, 138, and 137% under atmospheres containing 

02:C02 concentrations of 18:3, 15:6, and 12:9 %, respectively, 

compared to growth under the ambient atmosphere. The growth 

of M29 in tomato rhizosphere significantly (p=0.05) increased 

by 44 % under an atmosphere containing 15% 02 and 6% CO2, and 

by 72 % under an atmosphere containing 12% 02 and 9% CO2, The 

corresponding significant (p=0.05) increases in the growth for 

M34 were 51% and 116%, respectively (Table 1). 

The pattern of growth responses of M29, M34, and M39 in 

the cucumber rhizosphere to changes in soil atmospheric 

composi tion was different from that in tomato rhizosphere 
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(Fig. 1). For example, although the growth of M39 in tomato 

rhizosphere did not change significantly under the modified 

atmospheres tested, it did so in cucumber rhizosphere exposed 

to 15% 02 and 6% CO2 , Changes in the growth of M29 and M34 in 

the cucumber rhizosphere under the modified atmospheres 

tested were not significant (p=O.05). 

The pattern of growth response of indigenous FP in both 

tomato and cucumber rhizospheres under the modified 

atmospheres tested was similar to that of the introduced 

isolates (Fig. 2A). In contrast, the growth of indigenous 

non-fluorescent bacteria in tomato rhizosphere decreased under 

the modified atmospheres tested (Fig. 2B). 

A two-way analysis of data, obtained in the experiment 

where inoculated tomato roots were exposed to atmospheres in 

which the concentration of either 02 or CO2 was modified, 

showed that the effect of 02 and CO2 are independent of each 

other. For M25 the effect of modification of soil 

atmospheric composition was significant only when a drop in 

the 02 concentration was accompanied by a corresponding 

increase in the 02 concentration. However, the growth of M29 

was significantly greater under atmospheres in which an 

increase in CO2 either was or was not accompanied by a drop in 

02 (Fig. 3). 
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DISCUSSION 

Results of the study show that the growth of the test 

isolates in the rhizosphere of both tomato and cucumber is 

sensitive to changes in soil atmospheric composition. with 

all four isolates, significant increases in growth occurred 

mainly when an increases in the CO2 concentration was 

associated with a decrease in the 02 concentration. From my 

data, increases in the CO2 concentration in field soil 

atmosphere are generally associated with decreases in the 02 

concentration (Fig. 6). 

In the experiment where 02 concentration or cO2 

concentration was modified independently in a factorial test, 

the growth of M29 but not M25 was significantly increased when 

the CO2 concentration was increased to 9% and the 02 

concentration was kept at the ambient level. However, no 

significant change in the growth of M25 and M29 was observed 

under an atmosphere in which the 02 concentration was lowered 

to 12% and the CO2 concentration was kept at the ambient level 

(Fig. 3). These results show that the growth increases in 

response to the modified atmospheres for some FP isolates 

might be due to increases in the CO2 concentration and not due 

to decreases in 02 concentration. This conclusion is 

supported by the results of a two-way analysis which showed 
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that the effect of 02 and the CO2 are independent of each 

other. 

I reported earlier that the growth of four isolates of FP 

is reduced in cultures grown under atmospheres containing 

lower-than-ambient level of 02 and higher-than-ambient level 

of CO2 (Kim and Misaghi 1992). I have observed similar 

responses with a number of other FP isolates, including those 

used in the present study. It is not clear why the growth of 

FP isolates under the modified atmospheres increases in the 

rhizosphere and decreases in vitro. The negative effect of 

the modified atmosphere on growth may be over-compensated in 

the rhizosphere by 02- and/ or cO2-induced changes in the 

quality and/or the quantity of root exudate. Exudation of 

sugars from root surfaces is known to be increased under 

anaerobic conditions (Grineva 1961, Rittenhouse and Hale 

1971). Root growth is also known to be increased in the 

presence of higher-than-ambient levels of CO2 (Grable and 

Danielson 1965). In our studies no visible change in the 

morphology and growth of tomato and cucumber roots were 

observed after 48 h of exposure to the modified atmospheres. 

The result of the study may have practical application. 

For example, if the growth of an antagonistic bacterium in the 

rhizosphere was found to be favored by atmospheres containing 

lower-than-ambient level of 02 and higher-than-ambient level 
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of CO2 , it may then be possible to encourage the development 

of the bacterium in the rhizosphere in the field by 

implementing measures which help to generate such atmospheres. 

Soil atmospheric composition may be partially manipulated by 

the type and the frequency of irrigation, addition of organic 

matter, mulching, etc. Mulching may help to increase 

temperature, to maintain moisture level, and to reduce gas 

exchange with the atmosphere ; all these can potentially cause 

increases in the CO2 concentration and decreases in the ~ 

concentration. As far as we can determine, no attempt has 

been made to encourage bacterial growth in the rhizosphere 

using the above parameters. 

The growth of FP isolates in the rhizosphere was found to 

be differentially sensitive to fluctuations in the 02 and CO2 

concentrations in the soil atmosphere. It may, therefore, be 

possible to select an antagonistic bacterium which thrives 

under atmospheres prevailing in the field where the isolate is 

to be introduced. The selected isolate would be expected to 

perform better in the field than randomly chosen isolates. 

The sensitivity of bacterial isolates used in this study to 

changes in the 02 and CO2 concentrations in the soil atmosphere 

and the host specificity of the response might be at least 

partially responsible for the observed inconsistent 

performance of biocontrol-active FP isolates in the field 
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(Schroth and Hancock 1981, Weller 1988). 
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CHAPTER 3 

THE IMPACT OF CHANGES IN SOIL ATMOSPHERIC COMPOSITION ON THE 

DISEASE MITIGATING ACTIVITY OF FLUORESCENT PSEUDOMONADS 

The success of antagonistic bacteria, following their 

release into the field, depends on their ability to compete 

with the resident microflora for an ecological niche. This is 

not always possible due to the complexity and variability of 

environmental parameters in the field and the sensitivity of 

biocontrol microorganisms to changes in these parameters. 

Some greenhouse-efficient biocontrol-active bacteria may be 

made to function in the field if we find the reasons for their 

failure and then find ways to overcome the problems. The 

achievement of this goal requires a good knowledge of the 

dynamics of communities of these bacteria in the rhizosphere 

and the environmental forces that regulate their development. 

The objective of this study was to determine the 

potential influence of changes in soil atmospheric composition 

on the disease mitigating activity of two fluorescent 

pseudomonad (FP) isolates in a tomato-Pseudomonas solanacearum 

combination. A preliminary report has been published (Kim and 

Misaghi 1983). 
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MATERIALS and METHODS 

Bacteria1 iso1ates 

An isolates of Pseudomonas solanacearum was obtained from 

Robert E. Stall, University of Florida and tested for 

pathogenicity in the greenhouse. To preserve virulence, the 

culture was inoculated onto tomato seedlings and re-isolated 

periodically. 

Fluorescent pseudomonad isolates were recovered from 

roots of field-grown tomato plants according to the procedures 

described previously (Misaghi 1990). The isolates (M29, M40) 

selected for this study were able to reduce P. solanacearum

induced wilting of tomato in the greenhouse. 

The impact of modified atmospheres on disease mitigating 

activity of fluorescent pseudomonads 

The impact of changes in the soil atmospheric composition 

on disease mitigating activity of FP isolates in P. 

solanacearum-tomato combination was studied in root chambers 

(Chapter 2) . 

of 02 and 

previously. 

Atmospheres containing different concentrations 

cO2 were prepared using procedures described 

Suspensions of P. solanacearum and FP isolates were 

prepared using overnight cultures grown in nutrient broth and 
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KB broth, respectively. A suspension of P. solanacearum was 

added to a pasteurized planting mix (sandy loam soil:sand:peat 

moss, 3:1:1, v/v) to give ca. 5x107 cfu/g dry soil. The water 

content of the planting mix was then adjusted to -3 KPa. The 

water content of the mix was high enough to provide adequate 

moisture for the seedlings during the course of the experiment 

and low enough to allow adequate gas exchange into the soil. 

Prior to transplanting, the entire root system of three

to four-week-old tomato seedlings was placed in a suspension 

(lx108 cfu/ml) of one of the FP isolates for 30 min. Each 

seedling was then transplanted into the P. solanacearum

infested soil in a 50-ml-perforated plastic beaker. 

Seedlings, with roots placed in sterile distilled water for 30 

min, served as controls. For each treatment, five seedlings 

were placed into one root chamber wi th stems protruding 

through 3-mm-dia holes in the lid. Root chambers were closed 

and leaks around stems were sealed with putty mix. Root 

chambers were placed in a controlled environmental chamber 

with daily cycle of 12 h at 30-32 C in the light (372 E m-2 S-I) 

and 12 h at 25-27 C in the dark. The chambers were connected 

to tubes carrying one of the modified atmospheres as described 

in the previous chapter. 

To minimize moisture loss from the soil around roots 

during the course of the experiment, the modified atmospheres 
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were humidified by allowing them to flow through water before 

entering the root chambers. The amount of water loss from the 

soil in each container was determined gravimetrically in a 

separate experiment. The water was replenished daily by 

adding appropriate amounts of water to each container with a 

sterile syringe by inserting the needle through the putty mix 

around seedling stems. 

The incidence of P. solanacearum-induced wilting (percent 

mortality) was calculated after 15 days in treatments with and 

without the antagonistic bacteria under the ambient and the 

modified atmospheres. The disease mitigating activity (the 

differences between disease incidence in seedlings inoculated 

with P. solanacearum alone and that in seedlings inoculated 

with P. solanacearum and with either M29 or M40) was 

calculated. The values were subjected to analysis of variance 

using Minitab (Minitab Inc. 3081 Enterprise Drive state 

College, PA 16801). All experiments were repeated at least 

five times with five replicates in each treatment. 

The impact of modified atmospheres on the interaction of P. 

solanacearum and fluorescent pseudomonad isolates in vitro 

Suspensions of FP isolates and P. solanacearum isolate, 

prepared as described above, were pelleted by centrifugation 

(10 g for 10 min) and re-suspended in sterile distilled water 
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twice. Three ul of a suspension (1 x 108 cfu/ml) of each FP 

isolate were placed in the center of a KB medium plate covered 

entirely by a cellophane membrane. Inoculated plates were 

placed inside 5-L glass jars and capped with lids. Two small 

openings on each lid served as inlet and outlet ports. Jars 

were placed at 27 C initially flushed with 5 L of N2 , and each 

was connected to a tube carrying one of the test modified 

atmospheres at a flow rate of 10 L/h. After 48 h of 

incubation, the outlines of the FP colonies on cellophane 

membrane were marked on the bottom of the petri plates. 

Cellophane membranes were removed aseptically, and the 

surfaces of the agar plates were spray inoculated with a 

suspension (lX10 cfu/ml) of P. solanacearum. After 48 h of 

incubation at 27 C under the ambient atmosphere, the 

inhibition zone (the distance between the edge of P. 

solanacearum lawn and the outer edge of the marked area where 

the FP colony was located) was measured at four locations and 

the average values were calculated. One hundred ul of 1 mM 

FeCl3 solution were added to a well inside the inhibition 

zone. Plates were incubated for 48 h at 27 C, and observed 

for the resumption of the growth of P. solanacearum. Ferric 

chloride was added to determine whether inhibition was caused 

by siderophore-mediated iron deprivation. 

This experiment was repeated twice with three replicates 
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For each FP isolate, inhibition zone 

values in each of the three mod,ified atmosphere treatments and 

in the control (ambient atmosphere) were tested by analysis of 

variance and protected LSD tests (p=O.05) using Minitab 

(Mini tab Inc. 3081 Enterprise Drive state College, PA 16801) . 

RESULTS 

The impact of modified atmospheres on the disease mitigating 

activity of fluorescent pseudomonads 

Modifications of soil atmospheric composition did not 

cause statistically significant (p=O.05) change in the 

incidence of disease in plants inoculated with P. solanacearum 

a lone (Fig. 4). Both M29, and M40 reduced the disease 

incidence at a statistically significant (p=O.05) level under 

the ambient atmosphere. However, the reduction in disease 

incidence provided by M29 was not significant (p=0.05) when 

the 02 concentration in the soil atmosphere was reduced to 18, 

15, or 12 % and the CO2 concentration was correspondingly 

increased to 3, 6, or 9 %, respectively. The reduction in 

disease incidence provided by M40 was also not significant 

(p=O.05) when the 02 concentration in the soil atmosphere was 

reduced to 15 or 12 % and the CO2 concentration was 

correspondingly increased to 6 or 9 %, respectively (Fig. 4). 
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The impact of modified atmospheres on the interaction of P. 

solanacearum and fluorescent pseudomonad isolates in vitro 

Both FP isolates produced fluorescent siderophores in the 

KB medium after 48 h of growth under both the ambient and the 

modified atmospheres. 

due to fluorescent 

However, the intensity of fluorescence, 

siderophores was greater in plates 

incubated under the ambient atmosphere than in those incubated 

under the modified atmospheres. This was expected, because we 

have shown earlier that siderophore production by some 

isolates of FP is reduced in the presence of a low 

concentration of 02' particularly when it is associated with 

a high concentration of CO2 (Kim and Misaghi, 1992). 

The growth of P. solanacearum was inhibited on petri 

plates inoculated with one of the FP isolates. The growth of 

P. solanacearum was restored around a well cut in the center 

of the inhibition zone within 24 h after addition of 100 ul of 

1 mM FeCl3 to the well, indicating that the inhibition was due 

to fluorescent siderophores-mediated iron deprivation. 

The antagonistic activity of both FP isolates against P. 

solanacearum, measured as the size of inhibition zones was, 

likewise, reduced in cultures exposed to atmospheres 

containing lower-than-ambient level of 02 and higher-than

ambient level of CO2 , compared to those grown under the 

ambient atmosphere. Most of the differences were significant 
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at the 5% level (Fig. 5). 

DISCUSSION 

Results of my study clearly show that the disease 

mitigating activity of the FP isolates is sensitive to changes 

in the levels of 02 and CO2 in the soil atmosphere. The 

complexi ty of the plant-pathogen-antagonist system used in the 

study makes it difficult to determine the mechanism 

responsible for the observed changes in the performance of the 

antagonistic bacteria under the modified atmospheres. The 

change is more likely due to the effect of 02 and CO2 on the FP 

isolates because modifications of the soil atmosphere did not 

cause a significant change in the incidence of the disease in 

plants inoculated with P. solanacearum alone. Moreover, the 

growth of FP isolates in culture and in the tomato rhizosphere 

was found earlier to be increased in the presence of the 

lower-than-ambient-level of 02 and higher-than-ambient-level 

of CO2 (Chapter 2). The observed decline in disease 

mitigating activity of the FP isolates, mediated by 

modifications of soil atmospheric composition, may also be due 

to changes in the quality and/or quantity of root exudate 

which can potentially influence microbial competition among 

rhizosphere residing microorganisms. 

It is tempting to suggest a role for the fluorescent 
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siderophores for the observed changes in disease mitigating 

activity of the FP isolates under the modified atmospheres on 

the basis of the following observations: 1) P. solanacearum 

is inhibited in vitro by both FP isolates through siderophore

mediated iron competition; 2) both siderophore production and 

siderophore-mediated inhibition are less pronounced in the 

presence of the lower-than-ambient-Ievel of 02 and higher

than-ambient-Ievel of CO2. Judging from these results, the 

observed decrease in disease mitigating activity of FP 

isolates may be due to the decline in siderophore production 

under the modified atmospheres. 

The results of the study may have practical application. 

For example, if the performance of a bacterium was found to be 

favored by a specific soil atmosphere composition, it may then 

be possible to increase performance in the field by 

implementing measures which help to generate such an 

atmosphere. Agricultural practices which can alter soil 

atmospheric composition have been discussed in the previous 

chapter. 

Biocontrol-active bacterial isolates are generally 

selected on the basis of their performance in the greenhouse 

experiments in pot cultures. The 02and CO2 concentrations in 

the small volume of soil in pots are probably close to those 

present in the ambient atmosphere due to accelerated gas 
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exchange. The difference in soil atmospheric composition and 

other parameters between field and greenhouse may be 

responsible for the inability of greenhouse-effective 

biocontrol agents to perform in the field and for their 

inconsistent performance. 
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The growth of four fluorescent pseudomonad isolates 
in the rhizosphere of tomato and cucumber under 
the ambient atmosphere (21% °21 0.03% CO2) and three 
modified atmospheres. Bacterial populations were 
measured 48 h after inoculation. Asterisks denote 
significant (p=0.05) differences between growth 
under the ambient atmosphere and that under one of 
the modified atmospheres. Vertical bars denote 
standard errors. 
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The growth of A) indigenous fluorescent 
pseudomonads in the rhizosphere of tomato and 
cucumber B) indigenous non-fluorescent pseudomonads 
in the tomato rhizosphere under the ambient 
atmosphere (21% 021 0.03% CO2 ) and three modified 
atmospheres. Bacterial populations were measured 
at 48 h after inoculation. Asterisks denote 
significant (p=0.05) differences between growth 
under the ambient atmosphere and that under one of 
the modified atmospheres. Vertical bars denote 
standard errors. 
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The growth of two fluorescent pseudomonad isolates 
(M25, M29) in the tomato rhizosphere under the 
ambient atmosphere (21% 02' 0.03% CO2) and modified 
atmospheres in which concentration of 02' CO2 or 
both 02 and CO2 was modified. Different letters 
indicate significant differences in growth 
according to Duncan's multiple range test (p=O.05). 
Vertical bars denote standard errors. 
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Percent mortality in tomato seedlings inoculated 
with Pseudomonas solanacearum alone and with P. 
solanacearum plus one of the antagonistic isolates 
(M29, M40) under the ambient atmosphere (21% 021 
0.03% CO2) and three modified atmospheres. 
Asterisks denote significant (p=0.05) differences 
between percent mortality in plants inoculated with 
P. solanacearum alone and that in plants inoculated 
with P. solanacearum plus one of the antagonists at 
each modified atmosphere tested. 
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Fig. 5. Mean values of zones of inhibition of Pseudomonas 
solanacearum around colonies of two antagonistic 
fluorescent pseudomonad isolates on KB medium 
incubated under ambient atmosphere (21% °21 0.03% 
CO2) and three modified atmospheres for 48 h. The 
inhibition zone is the distance between the edge of 
P. solanacearum lawn and the outer edge of the 
marked area where a fluorescent pseudomonad colony 
was grown on a cellophane membrane. Asterisks 
denote significant (p=0.05) differences between the 
zone of inhibition value obtained under the ambient 
atmosphere and that obtained under the one of the 
three modified atmospheres. 
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Oxygen and cO2 concentrations in a bare soil (open 
symbols) and in a soil planted to ryegrass (filled 
symbols) were measured at 10 cm depth at various 
intervals during a 5-month period in a field. 



Fig. 7. A device for preparing and delivering of gas 
mixtures. 
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Tomato seedlings were planted in nylon screening 
containers and placed into a root chamber (A) with 
stems protruding through 3-mm-dia holes in the lid 
(B) and leaks around stems were sealed with putty mix. 



47 

TABLE 1. Changes (%) in growth of four fluorescent pseudomonad 
isolates in the rhizospheres of tomato and cucumber under 3 
modified soil atmospheres 

M25 

M29 

M34 

M39 

Tomato 

Cucumber 

Tomato 

Cucumber 

Tomato 

Cucumber 

Tomato 

Cucumber 

18:3 

61.2 

10.4 

50.6 

16.5 

26.2 

-7.2 

-31. 7 

°2 : CO2 Levels 

15:6 

138.2 

44.1 

89.4 

51.9 

10.7 

-14.4 

119.9 

12:9 

137.5 

72.2 

-41 

116.6 

25.2 

22.8 

87.9 
Percent changes are calculated relative to control (roots 
exposed to the ambient atmosphere). 
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