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ABSTRACT

The association of root colonizing bacteria (rhizobacteria) with winter wheat

(Triticum aestivum L. cv. Norstar) was investigated in a series of laboratory, growth

chamber and field studies. In an initial screening, 111 bacteria were tested for their effects

on the growth and development of winter wheat. Nine pseudomonad isolates significantly

(P<O.OI) increased plant height, root and shoot biomass, and number of tillers of plants

grown in a Gray Luvisol (Choiceland) in a growth chamber. In an Orthic Black

Chernozem (Laird), some of these pseudomonads significantly increased seedling

emergence rates. Identification of the nine rhizobacteria was made using standard

biochemical tests and API 20E and API rapid strips. Three of the isolates were tentatively

classified as Pseudomonas aeruginosa, and two each as Pseudomonas cepacia,

Pseudomonasfluorescens and Pseudomonas putida. In vitro interaction studies on potato

dextrose agar and King's B agar plates revealed an antagonistic ability of these

rhizobacteria against the plant pathogenic fungi Rhizoctonia solani and Leptosphaeria

maculans.

Three possible mechanisms of plant growth promotion were assessed: (i) antibiosis

towards phytopathogenic fungi (i.e., biocontrol), (ii) production of hormones such as IAA,

and (iii) stimulation of nutrient uptake by winter wheat plants inoculated with wild-type

parents and their antibiotic-resistant (RifT Nall) counterparts.

Seed inoculation of winter wheat with P. cepacia R55, P. cepacia R85, or P. putida

R104, antagonists towards plant pathogenic fungi in vitro, significantly increased plant

growth in soil infested with Rhizoctonia solani isolates AG-1, AG 2-1, and AG-3.

Compared to nontreated seeds grown in the infested soil, inoculation with P. cepacia R55

and P. putida RI04 significantly (P<O.05) increased plant biomass (shoot, root, and plant
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total weight). Inoculation with P. cepacia R85, significantly (P<0.05) increased shoot

biomass only. Although these increases ranged from 17 to 215%, total dry matter yields

were only 63% of that obtained in the absence of the pathogens. Each of these three

pseudomonads produced fluorescent pigments when cultured in 10w-Fe3+ medium. This

suggests that one possible explanation for the antibiosis towards fungi was the production

of a siderophore-like substance. In fact, all nine pseudomonad isolates produced water

soluble fluorescent pigments with absorbance peaks between 320 and 480 nm when

cultured in low-Fe3+ medium. P. cepacia R55 and R85, P. aeruginosa R61 and R75, and

P. fluorescens Rill produced compounds with similar absorbance peaks near 320 nm,

whereas P. aeruginosa R80, Pi fluorescens R92 and P. putida R104 produced compounds

with absorbance peaks in the range of 380 to 420 nm.

In vitro production of IAA-like substances was studied in a bacterial culture

medium amended with tryptophan, and in the rhizosphere of wheat plants grown in

Leonard jars under gnotobiotic conditions. Isolates P. cepacia R55 and R8S, P. aeruginosa

R7S, P. putida RI04 and RlOS and their antibiotic-resistant (i.e., RifT Nal") counterparts

produced IAA-like compounds in amounts ranging from 0.005 to 0.07 umol-mlr! of cell

free medium extract. The RifT Nal" strain P. cepacia MR55, however, failed to produce

detectable levels of IAA. In the rhizosphere of winter wheat (i.e., plant growth medium),

the isolates P. aeruginosa R7S and MR7S, P. cepacia R85 and MR85, and P. putida RI04

and RI05 produced IAA at levels greater than 0.02Ilmol.plant-1. Isolates P. cepacia R55

and MRS5, P. putida MRI04 and MR105 produced IAA at levels less than 0.021lmol

-planr+,

Nutrient uptake by inoculated winter wheat was studied under simulated winter

conditions ti.e., a four-month vernalization period at SOC) using two soils in two growth

chamber experiments. Survival of the pseudomonad inoculants in soil was also assessed in
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these experiments. The RifT Nal" strains became established and survived in the wheat

rhizosphere during the simulated winter conditions. Pseudomonas aeruginosa MR75, P.

putida MRI04 and MR105, and Pi fluorescens MR92 and MRlll strains significantly

(P<O.O 1) increased shoot or root weights at the early stage of plant growth. The Rif" Nal"

strains P. cepacia MR85, P. putida MR104 and MR105, and P.fluorescens MRll1,

significantly (P<O.05) increased wheat grain yield by 46-75% in a Black Chernozem soil,

whereas these strains significantly (P<O.Ol or P<O.05) increased total-N content of winter

wheat plants grown in a low-fertility Dark Brown Chemozemic soil. Shoot material of

inoculated plants contained significantly more total-P and/or total-Fe content; however,

these stimulatory effects were transient as no significant differences were observed between

inoculated and control plants at harvest. Six (three wild-type and three mutants) of the

eight inoculants significantly (P<O.05) lowered the amount of nitrogen derived from the

fertilizer (%Ndft) indicating that some nitrogen source, other than the fertilizer, was

contributing to the N pool in the inoculated plants. These results suggest that plant growth

response to pseudomonad inoculants may be dependant on soil-type and, pseudomonad

RifT Nal" mutants should be compared with wild-type parents before being used as

monitors in ecological studies.

The true test of a microbial inoculant is its effectiveness under field conditions.

Thus, ecological studies were required to properly assess the usefulness of plant growth

promoting rhizobacteria (PGPR). A two-year field study was conducted to evaluate the

survival and the effects of pseudomonad isolates on the growth of winter wheat at two

different field locations (i.e., Kernen and Hagen). Inoculation was accomplished either by

soaking the seeds in the appropriate bacterial suspension prior to planting or by injecting

the bacterial suspensions into the wheat rhizosphere of field-grown plants in the spring.

Bacterial populations in the wheat rhizosphere were monitored biweekly throughout the
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growing season. Antibiotic resistant mutants rapidly colonized emerging wheat roots and

survived in the rhizosphere with populations up to 108 cfu'g-l of roots in both field

studies. When injected into the rhizosphere, introduced bacteria failed to produce

significant increases in plant yields. However, some RifT Nal" isolates (e.g., MR85),

consistently stimulated tillering and increased seed yield by 53 - 108% at the Kernen and

Hagen sites. In contrast, when inoculum was applied to the seeds prior to planting, two

wild-types and two antibiotic-resistant isolates stimulated wheat grain yield by 6 to 11 %

(significant at P<O.IO) at the two field sites.

The possibility of developing a tissue culture technique which could be used to

study bacterial-root interactions was investigated Axenic root tissue cultures were

inoculated with P. cepacia strain R55 and strain R85. Azospirillum brasiiense ATCC 29729

or Azotobacter chroococcum ATCC 9043 and incubated at 250C on a rotary shaker (150

rpm) for up to 3 weeks. At various intervals, root morphology, root hair development,

bacterial colonization of root surfaces and nitrogenase activity were determined. As

determined by plate counting techniques. bacterial attachment to the roots varied from 7.5 x

1()4 to 3.2 x 107 cfu-crrr l. Scanning electron microscopy of inoculated roots revealed that

some rhizobacteria (e.g., P. cepacia R85) significantly enhanced root hair development.

and others (e.g .• P. cepacia R55) specifically colonized root exudation sites. Nitrogenase

activity of roots inoculated with either A. brasilense ATCC 29729 or A. chroococcum

ATCe 9043 was stimulated if the inorganic nitrogen sources in the medium were replaced

with 300 mg glutamine-L-1. The combined results of these experiments demonstrate that

the winter wheat root tissue culture system could be used to rapidly screen potential PGPR

for root growth enhancement. Furthermore, the root tissue culture system provided for

detailed bacteria-root interactions, which will facilitate evaluation of plant growth

promoting mechanisms.
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Interaction studies using the P. syringae R25 and P. putida R105 isolates and two

rhizobia species (i.e., R. leguminosarum, biovar phaseoli or R. leguminosarum, biovar

viceae) were assessed in growth pouches, under gnotobiotic conditions, and in potted soil.

The isolate P. syringae R25 was not an effective PGPR and thus not selected for

subsequent growth chamber or field studies, whereas P. putida R105 was one of the best

pseudomonad PGPR for winter wheat. Co-inoculation of pea (Pisum sativum L.) seeds

with R.leguminosarum or the pseudomonads significantly (P<O.OI) increased shoot, root,

and total plant weight in growth pouches, but had no effect in soil. Co-inoculation of field

beans (Phaseolus vulgaris L.) with R. leguminosarum, biovar phaseoli and P. putida RI05

had no effects on plant biomass in growth pouches or in soil, but the number of nodules

and nitrogenase activity-ARA was significantly (P<O.01) increased over that of plants

grown in soil. In contrast, co-inoculation with rhizobia and P. syringae R25 had severe,

deleterious effects on seedling emergence, plant biomass, and nodulation in soil and

growth pouches. Isolate R25 was responsible for the deleterious effects observed. These

results demonstrate the importance of screening plant growth-promoting rhizobacteria of

one crop for potential hazardous effects as inoculants on other crops before using them.

Results from the growth chamber and field studies demonstrated the beneficial

effects of pseudomonad PGPR isolates on winter wheat in various Saskatchewan soils.

Several mechanisms may be involved in the bacteria-induced plant stimulation. Biological

control of plant pathogenic fungi; production of phytohormones (i.e., IAA-like substances)

in the rhizosphere; and stimulation of nutrient uptake by the rhizobacteria were the major

mechanisms promoting plant growth. Thus, these results demonstrate the enormous

potential of using plant-growth promoting rhizobacteria as inoculants for winter wheat.
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1. INTRODUCTION

Bacterial effects on plant growth may be neutral, deleterious or beneficial (Schroth

and Hancock 1982). Bacteria which produce beneficial effects and can be used as

inoculants for agriculture include: Rhizobium sp, biocontrol agents (i.e., free-living

bacteria which can reduce phytopathogenic microorganisms), and a group of bacteria

known as plant growth-promoting rhizobacteria (pGPR). Rhizobacteria are natural

inhabitants of the plant's rhizosphere or the rhizoplane. Plant roots continuously exude

essential nutrients for microbial growth into the rhizosphere, and thus support extensive

microbial growth in this area. One key aspect of rhizobacteria is that they can colonize

roots.

Descriptions of bacterial genera such as Pseudomonas, which dominate the

rhizosphere, stimulated an increase in research in the area of rhizosphere ecology. Studies

involving inoculation of crops with root-competent rhizobacteria (such as pseudomonads)

were initiated in the late 70's. Specific strains of P.fluorescens and P. putida were shown

to rapidly colonize roots of potatoes, sugar-beet and radish, and significantly increased

plant yield (up to 144 per cent) under field conditions (Kloepper et al. 1980a).

A large bacterial culture collection is critical for root colonization studies.

Therefore, many procedures have been developed to obtain such culture collections. The

most commonly used procedure is to isolate bacteria from the rhizospheres of crop plants.

Isolation procedures usually include selective culture media to obtain specific groups of

microorganisms. Each bacterial isolate is treated as a separate individual strain and further

tested for plant growth stimulation. However, one recurrent question is whether or not

bacteria used as inoculants reach the root system and become part of the rhizoplane

rhizosphere population over the growing season. The use of genetic markers such as

antibiotic resistance allows the fate of an introduced microorganism in soil to be monitored.
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One of the real challenges of PGPR research is to unravel the mechanisms of

bacterial-mediated plant growth enhancement In general, beneficial effects of PGPR

inoculants are divided into two main categories i.e., direct (plant promotion) and indirect

effects (plant disease suppression). Growth promotion is seen as increased seedling

emergence, vigor, seedling biomass, root system development and grain yields (Kloepper

et al. 1988a). Some PGPR strains have been successfully tested as biological control

agents (BCAs), reducing crop damage by major plant pathogens such as soil-borne

pathogenic fungi (Schippers 1988, Weller 1988). Rhizobacteria have been reported to

stimulate plant growth by one of several mechanisms. These include: (i) symbiotic and

asymbiotic nitrogen fixation, (ii) hormonal effects on plant root morphology, (iit) enhanced

nutrient uptake, and (iv) antibiosis against plant-root pathogens. The common feature of all

these mechanisms is that the PGPR has to colonize the root system. Thus root colonization

is a critical attribute for PGPR to be successful.

World demand for wheat has expanded considerably in the last 10 years, resulting

in an increased volume of trade by wheat exporting countries such as Canada. Wheat is

Canada's major agricultural export, at times approaching 50% of the value of Canadian

agricultural exports. During the past 10 years, Canada exported wheat to at least 78

different countries, averaging 12.4 million tonnes per year (Austenson 1986).

The development of research into breeding and management of winter wheat

generated wheat varieties with high cold-hardiness. As a result, there has been a growing

interest by farmers into the possibilities of expanding winter wheat production. The area

cultivated to winter wheat in the western Canadian prairies has experienced a dramatic

expansion over the last 15 years. For example, during 1971-72 only 1000 ha of land were

devoted to winter wheat cultivation. In 1984-85 this area increased to 480,000 ha

(Austenson 1986), and the area devoted to winter wheat is expected to be substantially

increased by the end of this decade. Currently, of the licensed winter wheat cultivars,
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Norstar is the most cold tolerant cultivar suitable for the Canadian prairies (Slinkard and

Fowler 1986). However, little information is available on PGPR for this cultivar. The

objective of this thesis research was to determine the potential of rhizobacteria isolated from

the winter wheat rhizosphere to stimulate winter wheat growth. To achieve this objective

the following studies were undertaken:

(i) the development of an isolation protocol and screening procedure for rhizobacteria

associated with winter wheat.

(it) assessment of the effects of rhizobacterial inoculants on the growth of winter wheat

under growth chamber and field conditions.

(iii) investigations of possible mechanisms of rhizobacteria-induced plant growth

promotion.

(iv) assessment of the ecological impact of PGPR in soil i.e., their effects on other crops

such as bean and pea.

(v) the development of a root tissue culture technique for in vitro studies on bacteria-plant

root interactions.
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2. LITERATURE REVIEW

2.1 The rhizosphere

The term rhizosphere has been defined in many ways. Hiltner (1904) defmed the

rhizosphere as the region around the roots of legumes in which microbial growth is

stimulated by the release of nitrogen compounds from the nodules. He suggested that this

intense development of microorganisms could influence plant growth. Nowadays, this

defmition has been extended to the zone of the soil where microbial activity is affected by

root exudation of organic substrates (Lynch 1982). In a non-sterile system, 30 to 40% of

wheat and barley photosynthates have been reported to be released into the soil, via the

roots (Whipps and Lynch 1983). The rhizosphere also contains recalcitrant components

such as suberized roots and root cells. The presence of these compounds in the

rhizosphere stimulates the development of the microbial community and offers the potential

for microbe-plant interactions in this area (Elliott and Frederickson 1987). Microbial

colonization across the regions of the soil-root interface (rhizosphere to rhizoplane to

epidermis-cortex) is often difficult to distinguish, and there is some controversy on the

terminology used to describe these regions. For example, the toot epidermis-cortex

region, when colonized by soil microorganisms, is termed endorhizosphere (Balandreau

and Knowles 1978), and the region of microbial colonization outside the root surface as

ectorhizosphere (Lynch 1981; 1982). While the rhizosphere includes the soil zone at a

distance of approximately 3000 IJ.m from the roots, it is likely that the majority of the

intrinsic plant-microbe interactions occur at the zone where microorganisms attach to the

root surface (rhizoplane), including both endorhizosphere and ectorhizosphere (Foster

1986). Figure 2.1 illustrates the various regions of the root that influence microbial

colonization.
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Figure 2.1 Sites for microbial colonization of plant roots, including the endo- and

ectorhizosphere (Adapted from Lynch 1983).

Organic materials, such as exudates, leaking from living roots into the rhizosphere

may take various forms (Lynch 1983). These include a) secretions, which are compounds

of high and low molecular weight that may be actively pumped out of the root cells as a

result of metabolic processes, b) lysates, which are compounds passively released from

roots during autolysis of older epidermal cells when the plasmalema fails, c) mucigel, the

gelatinous material at the surface of the roots which arises mainly from plant mucilage and

is produced from epidermal and root cap-cells. Plant mucilage is mainly from four

sources, (i) originating from the root cap, (ii) hydrolysis of the primary cell wall, (iii)

secreted by epidermal cells, and (iv) produced by bacterial degradation of outer
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multilamellate primary cell walls of old, dead epidermal cells (Rovira et al. 1979). In

addition, the development of microbial populations in the root region able to utilize

exudates, secretions and sloughed cells as substrates, leads to the formation of microbial

mucilage which is also a component of mucigel. Examples of compounds found in root

exudates are listed in Table 2.1.

Table 2.1 Organic compounds released by plant roots (Adapted from Rovira 1965).

arabinose, fructose, glucose, maltose, raffinose, rhamnose, sucrose, xylose

a-alanine, p-alanine, y-aminobutyric acid, arginine, asparagine, aspartic acid, cysteine/cystine,

glutamic acid, glutamine, glycine, homoserine, leucine/isoleucine, lysine, methionine,

phenylanine, proline serine, threonine, tryptophane, tyrosine, valine

p-arninobenzoic acid, biotin, choline, inositol, n-methylnicorirdc acid, niacin, pantothenate,

pyridoxine, thiamin

Organic acids acetic, butyric, citric, fumaric, glycolic, malic, propionic, oxalic succinic, tartaric, valerie

Sugars

Amino acids

Vitamins

Nucleotides adenine, guanine, uridine/cytidine

Enzymes amylase, invertase, phosphatases, polygalacturonase, proteases

Miscellaneous auxins, flavonone, glycosides, saponin, scopolotin (6-methoxy 7-hydroxycoumarin)

The rhizosphere effect involves a quantitative and qualitative shift in the microbial

community. The stimulation of microbial activity is due to excretions of organic substances

and the sloughing off of root hairs and epidermal cells (Rovira 1956a). Under normal soil

conditions, the rhizosphere community does not decompose more resistant organic matter.
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Rather, it breaks down more readily decomposable substances like amino acids and glucose

which commonly occur in detritus, exudates and freshly added organic matter (Rovira

1956b). The diversity in rhizosphere populations is partially due to the different

constituents found in exudates. Generally, bacteria are stimulated by root exudates to a

greater extent than fungi or actinomycetes (Clark 1949). There is a greater incidence of

motile, chromogenous, protein liquifying, Gram negative bacteria, which are able to

decompose glucose and require amino acids for optimum growth in the rhizosphere

(Lochhead 1940; Lochhead and Thexton 1947; Lochhead and Rouatt 1955). Significantly

more microorganisms are found in rhizosphere soils compared to non-rhizosphere soils

(Balandreau et al. 1978; Grayston and Germida 1990). Katznelson (1946) proposed the

concept of the R/S index, where R represents the numbers of microorganisms in

rhizosphere soil and S the numbers in non-rhizosphere soil. Balandreau et al. (1978)

calculated R/S indices for a number of crops, and reported values in the range of 1 to 20;

none were greater than 100. Rouatt and Katznelson (1961) attempted to isolate total

bacteria from the root surface and from the rhizosphere soil of various crop species.

Results of this study (Table 2.2) demonstrate the typical rhizosphere effect on the bacterial

population. The authors reported that for all plant species studied, the bacterial population

was higher in the rhizosphere soil than in non-rhizosphere (control) soil and the R/S values

ranged from 3 to 24.

Patriquin and McClung (1978) reported RlS values of 7100 and 380, respectively

for facultative anaerobes and microaerophiles in Spartina altemiflora, compared with an

RlS value of 2.6 for the total heterotrophic population. This illustrates the preferential

enrichment of diazotrophs in some plant rhizospheres, and the direct effect of the

rhizosphere on microbial populations. Similarly, Dobereiner (1961) reported a preferential

enrichment of the bacterium Beijerinckia sp. in the rhizosphere of sugarcane.
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Table 2.2 Bacterial population (cfu) in the rhizosphere and root-free soil of different

crop species (Adapted from Rouatt and Katznelson 1961).

cfu (xl()6 g-l soil)

Crop species R/S

Rhizosphere soil Non-rhizosphere soil

Red clover 3255 134 24

Oats 1090 184 6

Aax 1015 184 5

Wheat 710 120 6

Maize 614 184 3

Barley 505 140 3

Canolas 42 28 1.5

aarayston and Germida (1990).

According to Patriquin et al. (1983) the preferential enrichment of diazotrophic

bacteria in the rhizosphere may be related to three main factors, i.e., (l) competitive

advantage in a carbon-rich, N-poor environment, (ii) provision by the plant of essential

vitamins such as biotin, or (iil) aerostactic attraction of some bacteria to reduced pD2 in the

root region. They also suggested that the preferential colonization of N2-fixing bacteria at

the surface and inside the roots, in comparison with rhizosphere soil, could be due to these

factors, and/(or) involvement of "attachment factors" or a specialized ability to penetrate the

roots.

Umali-Garcia et al. (1980) reported that the preferential enrichment of some

rhizobacteria on the rhizoplane may be related to the differences in binding of bacteria to the

roots. For example, Rhizobium spp. exhibit polar attachment to roots of rice and wheat.
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This bacterial attachment seems to be associated with the numbers of viable bacterial cells in

the medium. It is time dependent, follows a slow time-dependent dissociation, and tends to

occur in a monolayer (Shimschick and Herbert 1979). These authors also calculated the

numbers of colony-forming units (cfu) as 8x109 cfu g-l of root for both wheat and rice

plants.

The diverse growth requirements of the different physiological groups of organisms

makes assessment of the total bacterial population in the rhizosphere very difficult (Curl

and Truelove 1986). Bacterial populations in the rhizosphere are usually estimated using

direct counts by microscopy or from plate counts. However, large discrepancies between

these two methods may hamper an accurate estimation of bacterial populations. For

example, Rovira et al. (1974) estimated the bacterial population in the rhizosphere of eight

plant species. They reported that direct counts were at least ten times greater than plate

counts. Problems associated with direct count methods include, (i) requirement of long

periods of observation, (il) bacterial aggregates which are unevenly distributed over the

root surface, and (iii) dead bacterial cells are counted (Asanuma et al. 1979). In contrast,

the main problems associated with the plate count method include; (i) only viable cells will

be counted and aggregates of cells will appear as single colonies, (il) viable cells may be

killed in the dilution medium, and (iil) spores or resting cells fail to germinate. In addition,

in a mixed population, the medium or incubation conditions may be more selective for

some bacterial species than for others.

Bacterial colonization on the roots is often examined by light microscopy, usually

after staining with aniline blue. The bacteria usually occur as distinct colonies on the plant

root, and are often concentrated at the junctions between epidermal cells (Bennett and

Lynch 1981b). Distribution of bacteria on the rhizoplane of field-grown plants has been

analyzed using (i) light microscope techniques, in which europium chelate or tetrazoliums

have been used as microbial stains (Johnen 1978), (ii) scanning electron microscopy
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(SEM) and transmission electron microscopy (TEM), which have been used to study the

rhizoplanes of field-grown plants (Elliott et al. 1984), or (iii) mathematically using

statistical analysis based on Greig-Smith's pattern analysis technique (Greig-Smith 1961;

Newman and Bowen 1974). However, a precise assessment of the population size is

largely dependant on the ability of the bacteria to adhere on the root surface, which in turn

varies greatly between bacterial species (Lynch 1983).

2.2 Bacterial chemotaxis

Motility and chemotaxis are common traits of many soil bacteria. These traits are

important for bacterial detection of available nutrients in natural environments, and may

represent a competitive advantage for certain bacterial species in the early colonization of

the seed and radicle (Scher et ale 1985). Germinating seeds exude a wide range of amino

acids, carbohydrates and organic acids which attract bacteria (Lynch 1983). However, the

surface polysaccharides of root tissue are believed to be important for symbiotic partners to

selectively recognize the host plant (Albersheim and Anderson-Prouty 1975). After

colonization, microorganisms can form close associations with roots or within the root

tissue itself, on the rhizoplane, and within the rhizosphere. Decomposition of cast-off root

cap cells, and active secretion of materials by living plant cells, provide organic substrates

which are used by the newly established microbial community (Barlow 1975).

2.3 Microbial effects on root morphology

The ability of roots to absorb nutrients is governed by the density and surface area

of the root system, and the volume of soil occupied by roots and root hairs (Curl and

Truelove 1986). These features are related to the type and age of plant, soil type, moisture,

and fertilization. Rhizosphere microorganisms may affect root morphology, and thus

enhance or reduce nutrient absorption. For example, pea plants inoculated with a

Pseudomonas sp. isolated from the rhizosphere of Timothy grass lacked root-hair
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development, and in some cases exhibited damaged epidermal and cortical cells (Darbyshire

and Greaves 1970). In another study, Williamson and Jones (1973) used 86Rb as a tracer

to study potassium (K) uptake in com under gnotobiotic conditions. They reported that

inoculation with Bacillus subtilis or a mixture of rhizobacteria induced marked

morphological and metabolic changes in seedlings due to abnormal root development.

However, K (86Rb) uptake and translocation were significantly enhanced in the presence of

rhizobacteria. These results suggest that nutrient absorption may also be related to some

action of specific rhizobacteria rather than strictly to modified root morphology.

Other rhizobacteria such as azospirilla are known to be associated with a large

variety of grasses. One of the benefits which the plant may obtain from these associated

rhizobacteria includes enhancement of root development, which in turn increases nutrient

uptake. Kapulnik et al. (1983) reported that inoculation with a mixture of Azospirillum sp.

significantly increased the root surface area and uptake of N03
-

of spring wheat seedlings

cultivated in a hydroponic system containing N03-. Results obtained from field

experiments by Kapulnik et al. (1985b) suggest that spring wheat plants inoculated with

Azospirillum sp. use N-fertilizer more efficiently at early plant development stages. Using

15N-isotope techniques, these authors reported that inoculated plants accumulated 20%

more 15N than did the uninoculated controls. In addition, they concluded that the potential

contribution of biological N2 fixation to spring wheat under their conditions was very low.

Similarly, Smith et al. (1984) inoculated sorghum and pearl millet with A. brasilense and

observed increases of 11 to 24% and 9 to 39% in dry matter and total nitrogen,

respectively. However, no differences in nitrogenase activity were observed between the

inoculated and noninoculated plants.

Field studies conducted by Mubyana and Germida (1989) suggest that the soil-N

status may influence the extent to which rhizosphere bacteria affect nutrient uptake. For

example, inoculation of Azospirillum spp. or a mixture of pseudomonad-PGPR increased
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shoot and cob weights of maize grown under two N-Ievels (unfertilized and fertilized with

35 kg N·ha-l). Shoot material from inoculated plants had significantly more total N, P, S,

and Fe than did the uninoculated controls at both N-Ievels. At higher the N-Ievel,

inoculation also increased K, Ca, Mg, Cu, and Zn contents. Inoculation with the

AzospirilIum spp. did not increase nitrogenase activity of the maize roots, thus nitrogen

fixation was ruled out as the major mechanism of plant growth enhancement

2.4 Mechanisms of plant growth enhancement by PGPR

2.4.1 Nitrogen fixation

Probably the most successful and efficient microbial inoculant for agricultural crops

is that based on Rhizobium spp. These rhizobacteria form symbiotic associations with

legumes which results in the process known as biological nitrogen fixation (BNF). It has

been estimated that there are 250x1Q6 ha of legumes in the world, providing about 140 kg

N ha-year'! (Hardy et al. 1973). Different Rhizobium species nodulate specific hosts

(Table 2.3).

Many free-living microorganisms are capable of BNF (diazotrophs) and fix N2 in

the rhizosphere of many plants (Curl and Truelove 1986). The most common species of

diazotrophs occurring in the rhizosphere are: Azotobacter, Bacillus, Azospirillum,

Pseudomonas, Klebsiella and Clostridium. The N2-fixing process is similar for all

species, and demands a high supply of ATP (i.e., high energy requirement) and a source of

electrons which are furnished to the nitrogenase system through a reductant such as

ferredoxin (Burris 1969). The product of N2 fixation is ammonia, which is then

incorporated into amino acids and proteins.
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Table 2.3 Host specificity of root-nodule bacteria (Adapted from Lynch 1983; Krieg

1984).

Host Common name Rhizobium spp.

Medicago sativa Alfalfa Rhizobium meliloti

Trifolium spp. Clover R.leguminosarum, biovar trifolii

Pisum sativum Pea R. leguminosarum, biovar viceae

Phaseolus vulgaris Bean R. leguminosarum, biovar phaseo/i

Lupinus spp. Lupin Bradyrhizobium sp. (Lupinus)

Glycine max Soybean B. japonicum

The following equation (Atkins and Rainbird 1982) illustrates the process of BNF

carried out by diazotrophs:

Studies on associative nitrogen fixation in grasses have become increasingly popular in the

last few years due to the possibility of saving nitrogen inputs to the soil. This is important

because of the increasing cost of N-fertilizer and petroleum-derived energy. Many reports

describing the effects of inoculating plants with associative nitrogen-fixing microorganisms

have been published (Ruschel and Vose 1983). From these results, several conclusions

have been drawn concerning the effectiveness of these inoculants i.e., (i) direct

improvement of nitrogen nutrition through fixation is possible; (ii) bacteria which affect

plant growth produce hormones; and (iii) other rhizosphere microorganisms such as minor

pathogens may be inhibited. A summary of the main associative N2-fixing systems is
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shown in Table 2.4, indicating that a large number of microorganisms can play an

important role in nitrogen fixation (Ruschel and Vose 1983). Many of these

microorganisms can be located at sites other than the rhizosphere; for example, inside the

stalks and on the phyllosphere of sugarcane and maize (Costa and Ruschel1981; Ruschel

and Silva 1981; Rennie et al. 1982; Graciolli et al. 1983).

Enrichment procedures permit isolation of putative N2-flXers, which are tested for

N2-fixing ability using the acetylene reduction technique (Hardy et al. 1973). However, in

some cases it is not clear which microorganisms are involved in the diazotrophic association

with plants. Isolations are usually made with culture media selective for some species of

bacteria, but these might also select against some N2-fixing microorganisms which are slow

growing. Alternatively, some media are not selective enough. For example, in sugarcane, if

enumeration and isolation of rhizosphere microorganisms is performed using an N-free

glucose and malate semi-solid medium, Azotobacter, Derxia, Clostridium, Vibrio, and

Bacillus are detected in great numbers (Ruschel et al. 1978; Ruschel1982; Rennie et al.

1983). In this case, it is difficult to determine the dominant N2 fixing bacteria. In addition,

Graciolli and Ruschel (1978) reported a higher nitrogenase activity when N2-fixing bacteria

were cultured together with non-Nj-fixing bacteria. These observations indicate that a

mutual benefit occurs when species are cultured together i.e., commensalism may exist in

such mixed populations (Dart and Subba Rao 1981).

The plant itself seems to affect the N2-fixing population in the rhizosphere

(Dobereiner 1966; Dobereiner and Day 1974). In sugarcane there is evidence that some

varieties support more nitrogenase activity than others, and this character is inherited

(Ruschel and RuscheI1981). A wide variation in nitrogenase activity of a large number of

field grown sorghum lines was reported by Dart and Subba Rao (1981). Of 334 sorghum

lines tested, 15 consistently exhibited higher activity than others over three seasons. At

present, it is not clear which plant factors affect N2 fixation.
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Table 2.4 The major associative N2-flxing systems. (Adapted from Ruschel and Vose

1983).

Plant species Main microorganism(s) Reference(s)

Forage grasses

Paspalum notatum, Azotobacterpaspali,

Panicum sp., Cynodon sp., Azospirillum lipoferum,

Digitaria decumbens,

Spartina alterniflora

Campylobacter sp.

Dobereiner (1966); Dobereiner and

Day (1974); Bouton and Zuberer,

(1979); Patriquin etal. (1981)

Triticum spp. Bacillus polymyxa

Bacillus spp.

Nelson et al. (1976); Larson and Neal

(1978); Rennie and Larson (1979);

Chanway et al. (1988)

Oryza sativa Achromobacter sp.,

Enterobacter sp.,

Azospirillum brasilense

Balandreau et al. (1975);

Watanabe and Barraquio (1979)

Sugarcane

Saccharum spp. Azotobacter sp., Beijerinckia sp., Ruschel (1982),

Bacillus sp., Klebsiella sp., Derxia sp., Rennie et al. (1982),

Vibrio sp., Azospirillum sp. Rennie et al. (1983)

Pearl millet

and sorghum Azotobacter sp., Bacillus sp.,

Klebsiella sp., Azotobacter sp.,

Derxia sp., Enterobacter sp.

Dart and SubbaRao (1981)

Maize

Zea mays Azospirillum lipoferum,

Azotobacter vinelandii

Boddey and Dobereiner (1982),

Alexander and Zuberer (1989)

Pseudomonas sp. Lifshitz et al. (1986)
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2.4.1.1 Factors affecting nitrogen fixation

Nitrogen fixation in associative bacteria-plant systems, is limited by the same

factors which limit symbiotic systems (Paul and Clark 1989). Dinitrogen-fixing bacteria

need a source of energy, and the anaerobic nitrogen-fixing mechanism should be protected

from oxygen since there is no specific site (such as nodules) for N2 fixation. Another

unsolved question is how fixed nitrogen is transferred to the plant. If fixation occurs

around roots, either bacterial decay or exudation produces mineralized nitrogen, which is

taken up by the plant in the usual fashion. Alternatively, fixation may occur inside the

roots or stalks, but at present there is no method available that can unequivocally prove this

premise. For example, studies using 15N2-enriched atmosphere to evaluate nitrogen

fixation in sugarcane under field conditions, indicate 15N-enrichment in the rhizosphere soil

around the roots and in stems of young plants, but no enrichment was observed in the

leaves (Matsui et al. 1981). These results suggest that fixed nitrogen is not always

immediately transferred to or within the plant

N2-fixing bacteria seem to be host specific i.e
.•

there is a preference for bacteria to

establish in one specific host. For example, Saito and Graciolli (1981) isolated several

Azospirillum strains from maize, sand grass, and sugarcane. Using serological methods,

the authors reported a positive interaction of azospirilla isolated from sand grass with

azospirilla from sugarcane. However, no interactions were observed with those isolated

from maize. These observations suggest that azospirilla isolated from sand grass are

related to azospirilla from sugarcane, but not to strains from maize. However, the plants

themselves may also affect the ability of bacteria to form beneficial associations. The

ability of a plant to support and benefit from associated N2 fixation has been defined as nis

(nitrogen fixation support) (Rennie 1981 a). The phenotypic expression of nis in spring

wheat has been studied with disomic chromosome substitution lines (DCSL) between

cultivars 'Rescue' and Cadet (Rennie and Larson 1979; 1981). These studies indicate that
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several chromosomes are involved in the expression of nis in wheat. Ruschel and Ruschel

(1981) reported nitrogenase activity in the rhizosphere of two crosses of sugarcane (one

with high and other with low potential to express nitrogenase activity). They observed

substantial variability in the N2 fixation ability of the progenies and concluded that N2

fixation may be a heritable character in sugarcane, potentially permitting the screening of

varieties with improved nis traits. However, nis has never been used as a basis of selection

during breeding of wheat, and so the characteristic may have been diluted or lost through

breeding under high fertility conditions (Rennie and Thomas 1987).

2.4.1. 2 Root exudation and utilization of exudates by nitrogen fixing
bacteria

The release of a wide range of organic substances into the rhizosphere can support

the growth ofrhizosphere microorganisms including Nj-fixers (Lee and Gaskins 1982).

In some cases the resulting bacterial growth stimulates plant growth, either by fixing N2 or

by other mechanisms (Hubbell and Gaskins 1984). Nutrients leaking from roots and cell

debris constitute the main sources of substrate for microbial growth in the rhizosphere. For

example, Barber and Martin (1976) reported that the sum of exudates and deposits

corresponded to nearly 25% of the weight increments in wheat and barley seedlings.

Moreover, Griffm et al. (1976) reported that approximately 0.15% of root carbon and

nitrogen of peanut plants were lost per week. This material would remain closely

associated with the roots and serve as a substrate for microbial growth. Gonzalez-Lopez et

al. (1983), demonstrated that there may be a relationship between root exudates and

bacterial activity in the rhizosphere zone. They reported that Azotobacter vinelandii

produced amino acids and vitamins when cultivated in a chemically defined medium, and

concluded that lysine and panthothenic acid were the main compounds utilized. However,

a recurring question which has not been satisfactorily answered, is whether energy
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substrates in the rhizosphere are sufficient to support significant levels of growth and N2

fixation by associative bacteria (Hubbell and Gaskins 1984).

The majority of the free-living nitrogen fixers cannot utilize cellulose, hemicellulose

or lignin directly, and depend on their degradation to more acceptable substrates by other

rhizosphere microorganisms (Brown 1982). The natural substrates for soil N2 fixing

bacteria are likely to be ethanol, butanol, phenols, acetate, butyrate and similar products

arising from incomplete degradation of plant residues and from anaerobic fermentation by

bacteria such as Clostridium butyricum (Brown 1982). Usually these substrates do not

support rapid bacterial growth as well as sugars (LaRue 1976).

Tracer experiments with 14C-Iabelled compounds have demonstrated that

production of lysates or exudates is directly proportional to plant growth rates (Hubbell and

Gaskins 1984). For example, plants with the Ca-dicarboxylic acid pathway of

photosynthesis form more photosynthates and root excretions than plants with C3 pathway

(Ehleringer 1978) and exhibit significantly higher N2 fixation rates in the rhizosphere. Day

and Dobereiner (1976) reported that malate, a metabolite of the C4 pathway, was readily

used by the associative N2-fixers Azospirillum brasilense or Azotobacterpaspali. On the

other hand, other compounds such as combined nitrogen or nitrogenous substrates

supplied by root exudates may also affect nitrogenase activity. Readily available

ammonium generally represses nitrogenase activity, but small amounts of ammonium or

amino acids may stimulate growth of N2-fixing rhizobacteria and thus N2 fixation. In this

regard, LaRue (1976) reported that aspartic acid, asparagine, and glutamic acid, which

constitute the largest amino acid fraction in the root exudates, were the only amino acids

that stimulated growth ofAzotobacter chroococcum.
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2.4.2 Hormonal production in the rhizosphere

Many rhizobacteria produce a wide range of phytohormones (auxins, gibberellins

and cytokinins) in the plant rhizosphere. For example, Azotobacter (Brown 1976),

Rhizobium (Dart 1974), plant pathogenic fungi (Pegg 1976), various PGPR and other soil

bacteria (Brown 1974) produce plant hormones or plant hormone-like materials.

Pseudomonads are also reported to produce indole 3-acetic acid (lAA) and to increase the

amounts of IAA in plants (Brown 1972). For example, Loper et al. (1982) reported that

some deleterious rhizosphere pseudomonads which caused root deformity and decreased

elongation in sugarbeets produced IAA. Morris (1986) reported that Pseudomonas

syringae biovar savastanoi metabolizes the plant'S tryptophan to IAA, and excretes it into

the plant. Recently. Cutler (1988) reported that Pseudomonas syringae biovar savastanoi

produced cytokinin compounds such as trans-zeatin and trans-zeatin ribose.

Barea and Brown (1974) reported that inoculation of a variety of dicotyledons and

monocotyledons with Azotobacter paspali produced significant increases in plant biomass.

For example, the stem length of tomatoes increased 145%, and the numbers of leaves of

the sand grass Paspalum notatum increased 18%, when inoculated plants were compared

to the uninoculated controls. In another experiment, Brown (1976) analyzed the culture

supernatant from cultures ofA. paspali for the presence of phytohormones. She reported

that supernatants contained at least three types of plant growth regulators (auxins,

gibberellins, and cytokinins) in amounts that were previously shown to influence the

growth of Paspalum notatum plants (Barea and Brown 1974). Similarly, Taller and Wong

(1989) analyzed cell-free cultures of Azotobacter vinelandii OP for cytokinin contents.

They reported that three cytokinin-active fractions were detected and tentatively identified as

trans-zeatin, isopentenyladenosine, and isopentenyladenine. Although the biological

significance of cytokinin production by Azotobacter spp. is not well known, the growth-
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promoting activity of this organism is commonly attributed to its production of plant

hormones.

2.4.2.1 Hormonal effect on root morphology

Phytohormones, such as auxins, gibberellins, and cytokinins, essential to plant

growth and development may be produced by various soil microorganisms living in

association with plant roots (Barea and Brown 1974). Soil bacteria such as Azotobacter,

Rhizobium, Azospirillum and various PGPR (Brown 1974) produce plant hormones or

plant hormone-like materials. In pure culture, Azotobacter paspali (Barea and Brown

1974) and Azospirillum brasilense (Tien et al. 1979; Hartmann et al. 1983) produce

gibberellin- and cytokinin-like substances, and produce auxin from tryptophan. Tien et al.

(1979) found that inoculation of nutrient solutions around roots of pearl millet with A.

brasilense resulted in increased shoot and root weight, an increased number of lateral roots,

and all lateral roots were densely covered with root hairs. They reported that supplying the

plants with combinations of lAA, gibberellin GA-3, and kinetin caused increased

production of lateral roots similar to that caused by azospirilla. Umali-Garcia et al. (1980)

also reported that pearl millet seedlings inoculated with A. brasilense developed larger

lateral roots and more root hairs than the uninoculated seedlings.

Lin et al. (1983) reported that root segments of maize inoculated with A. brasilense

exhibited 30-50% greater uptake of nitrate, phosphate, and potassium than root segments

from uninoculated plants (Table 2.5). The segments were taken from 3 to 4 day-old and 2-

week-old maize grown in solution culture with or without A. brasilense Cd or Sp7. No

major changes in root morphology were observed; however, they reported some alterations

in the cell arrangement, i.e., cross sections of roots revealed altered, more irregular

arrangements of cells in the outer four to five cell layers of the cortex. As a result of

inoculation, increases of shoot dry weight varied from 20 to 30% after 3 weeks, probably



21

due to enhancement of nutrient uptake. The authors suggest that Azospirillum "softens" the

middle lamellae through the action of pectinolytic enzymes, thus enhancing the mineral

absorption surface of cortex cells in a kind of "sponge" effect. Similarly, Kapulnik et al.

(1985a) inoculated spring wheat with A. brasilense Cd, Sp7 and isolate Cd-I. The authors

reported that inoculation with 105 to 106 cfu of azospirilla caused the largest root elongation

and total root surface area, whereas 108 to 109 cfu caused inhibition of root development.

Cross sections of inoculated roots showed conspicuous alterations of the cell arrangement

in the layers of the cortex. These inoculated roots also had more abundant and longer root

hairs as compared with control roots inoculated with dead cells. The authors suggested that

there is a critical number of sites on the roots for Azosplrillum spp. to colonize, which may

affect root development.

Table 2.5 Effect of A. brasilense on K+ and H2P04- uptake into corn root segments

(Adapted from Lin et al. 1983).

Seedlings and inoculum Uptake umol
'

g root· h

Potassium=

3-day-old etiolated seedlings

Control

A. brasilense Cd

A. brasilense Sp 7

2-week-old seedlings

Control

A. brasilense Cd

A. brasilense Sp 7

Pseudomonas-like soil isolate

2.30 ± 0.54 (lOO)b

3.63 ± 0.38 (158)

3.83 ± 0.44 (166)

0.89 ± 0.08 (100)

1.06 ± 0.06 (132)

1.07 ± 0.09 (134)

0.128 ± 0.015 (100) 0.098 ± 0.004 (100)

0.152 ± 0.009 (119) 0.145 ± 0.003 (150)

0.164 ± 0.011 (128) 0.131 ± 0.007 (134)

0.101 ± 0.010 (79) 0.083 ± 0.008 (84)

aPotassium absorption measured by 86Rb+
isotope technique

bNumbers within brackets represents percentage uptake related to the uninoculated

controls.
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Jain and Patriquin (1985) isolated a "branching substance" associated with five

strains of A. brasilense. This "branching substance" caused branching in root hairs of

wheat, and similar effects were induced by purified IAA. However, the susceptibility to

root hair branching induced by IAA was different for the four wheat cultivars studied. The

authors concluded that plant growth responses were related to the ability of some

Azospirillum strains to cause root branching. Okon et al. (1989) reported that inoculation

of maize seedlings with 107 cfu ofAzospirillum per plant significantly increased the root

surface area as compared to non-inoculated plants. Roots of inoculated seedlings were

found to have higher amounts of both free and bound IAA and indole-3 butyric acid (rnA)

as compared to the controls. The authors suggested that the yield increases of

Azospirillwn-inoculated maize plants were associated with the levels of free IAA and IBA

present in the maize rhizosphere.

2.4.3 Microbial effects on ion uptake by plant roots

Some important factors contributing to nutrient use efficiency in soils include (i)

root geometry, (ii) nutrient solubility in the rhizosphere, (Ui) partitioning of the nutrients in

the plant, and (iv) utilization efficiency (Lauchli 1987). Rhizobacteria have been shown to

affect root geometry, and to improve the nutrition of the host plant for nutrients that are

diffusion-limited, especially phosphorus (Tinker 1980).

Mineralization of organic matter in the root zone results in the liberation of nutrients

for plant growth (Giddens and Todd 1984). Soil microorganisms consume 02 and

produce C� and organic acids, thereby modifying the pH and Eh of the root environment

(Williamson and Jones 1973). These factors may control ionic activity in solution, and

thus availability of a number of nutrients such as Fe2+, Fe3+, H2P04- and Cu2+. For

example, Lifshitz et al. (1987) reported that inoculation of canola seeds with a rhizosphere

competent, N2-fixing strain of P. putida increased the uptake of 32P-Iabelled phosphate by
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canola seedlings. Inoculation also resulted in a significant increase in shoot elongation, and

levels of 32p in roots and shoots. Linear regression analysis indicated that levels of 32p

were significantly correlated with root length. Table 2.6 illustrates the effect of bacterial

inoculation on canola seedlings.

Table 2.6 Effect of inoculation on root length, 32p uptake by root, and 32p uptake by

shoots of canola seedlings in growth pouches (Adapted from Lifshitz et al.

1987).

Inoculation treatment Root length Shoot length 32p (cpm) in:

(mm) (mm)
roots shoots

Inoculated (P. putida) 64.3 31.6 980.4 648.2

Control 53.4 24.5 489.2 290.2

LSD (0.05) 9.7 5.9 455.7 234.1

(0.01) n.s. n.s. n.s. 314.7

n.s. Not significant.

Rhizobacteria may assimilate and change labile inorganic-P into nucleic acids as

carbon substrates in the rhizosphere are metabolized. This bacterial-P is then mineralized

and returned to the inorganic P-pool by bacteriophagous amoebae (Barber et al. 1968).

Gould et al. (1979) studied the contributions of various components of the soil microflora

and microfauna to rhizosphere phosphatase activity of a blue grama grass (Bouteloua

gracilis). The authors reported that the presence of pseudomonads or pseudomonads plus

amoebae (Acanthamoeba sp) increased the amount of acid phosphatase in solution and

roots (Table 2.7). Similarly, Barea et al. (1975) and Azcon et al. (1976) reported that

inoculation with Pseudomonas and Agrobacterium species able to dissolve P produced
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higher concentrations of total P in shoots and roots of lavender plants grown on two P

deficient soils. The authors suggested that these effects were due to organic acids produced

by rhizobacteria in the root system.

Table 2.7 Plant biomass and phosphatase activities in root culture solutions inoculated with

Pseudomonas sp. and/or Acanthamoeba sp. (initial phosphate-P concentration

4.87 ug/ml) (Adapted from Gould et al. 1979).

Treatment Plant weight Total activity (nmol of pNpll hydrolized / plant· h)

(mg)
Alkaline phosphatase Acid phosphatase

Plants only 79.0 0 193

Plants plus bacteria 76.4 0 413**

Plants plus bacteria 75.4 0 475**

plus amoebae

ap-nitrophenol

**Significantly different from the uninoculated control (plants only) at P<D.Ol.

Microorganisms at the root interface can affect the availability and uptake of ions

other than phosphate (Curl and Truelove 1986). For example, Timonin (1946) reported

that oat varieties which were susceptible to Mn deficiency had more Mn-oxidizing bacteria

colonizing the roots than oat varieties which were not susceptible to Mn deficiencies. In the

former case, these rhizobacteria oxidized Mn to the insoluble form, which probably caused

Mn deficiency. Similarly, Tan and Loutit (1977) reported that rhizosphere polysaccharides

are able to bind Mo in such a way that less Mo is able to enter the plant. They suggest that

extracellular polysaccharides present in the rhizosphere are able to bind certain
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micronutrients making them less available for plants. The polysaccharides of a variety of

bacteria contain uronic acids which appear to be responsible for binding Mo. Conversely,

Rovira and Davey (1974) reported that root exudates released in the rhizosphere may be

capable of chelation and therefore may improve the availability of micronutrients such as

Zn.

2.4.4 Enhanced plant growth by siderophores from PGPR

One of the mechanisms by which rhizobacteria may indirectly promote plant growth

is by depriving certain members of the natural microflora of iron (Lynch 1983). Some

rhizobacteria excrete low molecular weight, high affinity ferric-chelating siderophores

(microbial iron cofactors) which specifically enhance their acquisition of iron by binding to

membrane bound siderophore receptors. Normally, these siderophores occur in a wide

range of soils and their concentration is correlated with percent organic matter, iron

concentration in the soil solution and soil pH (Scher and Baker 1980; Powell et al. 1980).

Kloepper et al. (1988b) state that the siderophore mechanism is supported by the

following fmdings: (1) purified siderophores extracted from some bacterial strains have

inhibitory effects on certain plant pathogens in vitro, and also are able to promote plant

growth under soil conditions; (ii) additions of dissolved Fe3+ to the growth medium

prevents the in vitro inhibition of pathogens, and also nullifies the bacterium-induced plant

growth promotion; and (iit) inoculation of a siderophore-producing pseudomonad PGPR

(WC358) to potatoes consistently enhanced growth of this crop in the field, whereas no

enhancement was observed with a siderophore-negative mutant (Bakker et al. 1987).

One of the siderophores produced by some pseudomonad PGPR is known as

pseudobactin and inhibits the growth of the pathogen Erwinia carotovora (which causes the

soft-rot of potato) in vitro (Kloepper et al. 1980b). Additions of pseudobactin to the

growth medium prevented E. carotovora infection, and also reduced the number of
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pathogenic fungi in the potato root region by 74%. In addition to these effects, a

significant increase (i.e., more than doubling) in the weight of potato plants was observed.

In another experiment carried out by Kloepper et al. (1980a), inoculation of potato with

two Pseudomonas spp. increased the yield of potato by up to 500% in the growth chamber

and up to 17% in the field. The authors aIso speculated on the possibility that these

pseudomonad inoculants of potatoes colonized roots of other plant species, and thus

suppressed other plant diseases.

Bakker et aI. (1987) developed a bioassay for studying the role of siderophores in

potato growth stimulation by siderophore-producing pseudomonads. Inoculation with

Pseudomonas fluorescens or P. putida increased root development in short potato-rotation

soil, whereas inoculation with a siderophore-negative Tn5 transposon mutant ofP. putida

had no effect The authors suggest that the failure of this siderophore-negative mutant to

induce growth stimulation demonstrates that siderophore production by rhizobacteria may

be a prerequisite for growth stimulation in short potato-rotation soil.

Since water-soluble siderophores are produced only in environments of low iron

levels, the concentration of iron in the soil solution may be a factor limiting siderophore

production. Iron concentration in the soil solution is a function of pH. For example, at

low pH (pH < 5) iron availability increases in soil solution, whereas at pH > 5 iron is

chemically oxidized to Fe3+ which in turn is precipitated (paul and Clark 1989). Hence,

the effectiveness of siderophores is usually affected by the soil pH (Scher and Baker

1980). Simeoni et aI. (1987) determined the criticaI level of iron necessary for the

suppression of the plant pathogenic fungi Fusarium oxysporum by a siderophore

producing P. putida strain. The fungus was inhibited by the bacteria only at Fe3+ levels

lower than 1O-19M, and the best inhibition occurred at Fe3+ levels between 1O-22M and

1O-27M.
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2.4.5 Enhanced plant growth by biological control

The use of intensive monoculture in agriculture may hamper crop yields due to root

diseases. One of the reasons for the spread of disease is an increase in the population of

fungal and bacterial phytopathogens specific to the continuous crop (Curl and Truelove

1986). The use of chemical pesticides to control some root diseases can be expensive and

may have implications in environmental pollution, such as soil and underground water

contamination. In addition, only a few resistant crop varieties have been developed. Thus,

use of biological control agents to combat such diseases are becoming increasingly

important Some of the most common phytopathogenic fungi associated with plant

diseases are shown on Table 2.8.

Fluorescent pseudomonads have received increasing attention in the last few years

for their ability to reduce crop damages by biological control of major plant pathogens

(Weller 1983). Biological control of most soil borne diseases may be achieved by using

other soil organisms which produce siderophores or antibiotics, and/or organisms that

aggressively colonize the rhizoplane resulting in the displacement or exclusion of

deleterious microflora (Elliott and Fredrickson 1987). Thus, the ability of a microorganism

to colonize the root system of the host plant is an important criterion in selecting

microorganisms as biocontrol agents for soil-borne root diseases.

Biocontrol is largely based on plant-mediated interactions that occur between

pathogens and roots, or between pathogens and antagonistic microorganisms in the

rhizosphere and rhizoplane (Cook and Baker 1983). The fundamental principles for

biocontrol rely on the antagonistic ability of the biocontrol agent and include: competition,

antibiosis, lysis, hyperparasitism, and predation. However, cultural practices and soil

amendments which affect vigor and development of crops may also influence biocontrol.

In fact, Simon and Sivasithamparam (1989) reported that the expression of plant disease

depends primarily on the interactions between: (i) the pathogen, (ii) the host plant, (iii) and



28

the environment. Biological suppression of the pathogen may be influenced by a number

of factors such as host plant, environment, or both. The soil itself may be naturally

suppressive (i.e., pathogen suppressive soils). Naturally suppressive soils, are those in

which pathogens are able to become established but fail to produce disease, or where

established pathogens cause disease at first, but the disease is minimized with continued

crop cultivation (Baker and Cook 1974).

Table 2.8 Common phytopathogenic microorganisms implicated in plant diseases and their

hosts (Adapted from Davidson 1988).

Phytopathogen Disease Host range

Fungi

Fusarium solani spp. Root rot, vascular wilt, pea wilt Bean, pea, cotton

Gaeumannomyces graminis Take-all Wheat, barley

Phytophthora spp. Damping-off, feeder root disease, Conifers, soybeans, orchards, ornamentals

root rot

Rhizoctonia solani Seed decay, damping-off, root rot Sugar beet, potatoes, other plant spp.

Thielaviopsis basicola Black root rot Tobacco, cotton, bean, other plant spp.

Verticillium dahliae Wilt Cotton, other plant spp.

Ceratocystis ulmi Dutch elm disease Elm trees

Pythium spp. Seed decay, damping-off, crown rot, Sugar beet, potatoes, other plant spp.

feeder root disease

Bacteria

Agrobacterium tumefaciens Crown gall

Corynebacterium sp. Wilt, leaf blight, potato tuber rot

Erwinia carotovora Soft rot

Peach, apple, cherry, grape, nut, rose trees

Alfalfa, corn, wheat, beat, other plant spp.

Potatoes, tomatoes, carrot, other plant spp.

Beans, tobacco, other plant spp.Pseudomonas syringae Halo blight, wildfire disease
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Methods of biological control are divided into categories such as direct or indirect

(Curl and Truelove 1986). The direct procedure consists of inoculation of parasitized plant

parts or soil with antagonistic microorganisms via: (0 seed inoculation with bacterial

suspensions, (ii) treatment of vegetative structures (roots and cuttings or transplants) by

dipping in suspensions of biocontrol agents, and (Ut) direct application of bacterial

suspensions (biocontrol agent) to soils. Indirect procedures include: (0 agricultural

practices using organic amendments, fertilization, crop rotation procedures, and pesticides

to enhance biological control, and (U) plant breeding programs developed to produce

resistant crops.

Plant growth-promoting rhizobacteria have been tested against root and seedling

diseases of a variety of crops in the growth chamber and field studies, and biological

control has been demonstrated in many of these cases (Weller 1983). For example, Burr et

al. (1978) reported that Pifluorescens and P. putida exhibited antibiosis against Erwinia

carotovora in vitro. These pseudomonads rapidly colonized roots of potato seed pieces and

increased crop yield in field trials.

Howell and Stipanovic (1979) isolated an antibiotic-producing strain of P.

fluorescens antagonistic to R. solani from the rhizosphere of cotton seedlings. The

antibiotic inhibited the in vitro growth ofR. solani, and was identified as pyrrolnitrin.

Subsequently, the antibiotic was shown to inhibit the growth of other fungi associated with

cotton seedling diseases including Thielaviopsis basicola, Alternaria sp., and Verticillium

dahliae. When cotton seeds treated with P.fluorescens or pyrrolnitrin were cultivated in a

R. solani-infested soil, seedling survival increased from 30 to 79% and from 13 to 70%,

respectively (Howell and Stipanovic 1979).

In another study carried out by Kaiser et al. (1989), strains of fluorescent

·pseudomonads exhibited the ability to suppress seed rot and pre-emergence damping-off of

chick-peas caused by Pythium ultimum in two naturally-infested field soils. Data obtained
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from field trials indicate that inoculation of seeds with each of two Pseudomonas

fluorescens strains increased emergence and yields of chick-peas, as compared to the

uninoculated controls. In addition, these seed treatments were equivalent to the fungicides

captan, metalaxyl, or the biocontrol agent Penicillium oxalicum treatments.

Bacteria other than pseudomonads are also reported to exhibit biocontrol activity.

For example, inoculation of potato with some isolates ofAzotobacter chroococcum reduced

the infestation ofRhizoctonia solani in potato plants. Furthermore, growth chamber

studies indicated that potato yield was significantly increased over the uninoculated controls

(Meshram 1984). Podile and Dube (1988) inoculated seeds of cotton, cucumber, pigeon

pea, tomato and egg plant with an antibiotic-producing strain ofBacillus subtilis AFl.

Inoculation produced significant increases in seed germination, root length, shoot height

and dry weight of the test seedlings, presumably due to suppression of indigenous soil

pathogens.

2.4.6 Effect of PGPR on nodulation

Numerous rhizobacteria are able to produce a vast array of phytohormones (auxins,

gibberellins and cytokinins) and enzymes, such as pectinase, that are involved in the

infection process of symbiotic plant-microbe associations. For example, A. brasilense

produces both lAA and pectinase which can stimulate or reduce nodulation by Rhizobium

spp. (Okon and Hadar 1987).

Inoculation of leguminous plants with mixed cultures ofAzospirillum spp. and

Rhizobium spp. at a 1:1 ratio increased nodule number and grain yields (Rai 1983). For

example, Singh and" Subba Rao (1979) reported that inoculation of soybean with mixed

cultures of Azospirillum and Bradyrhizobium increased nodule number, N2 fixation, and

led to substantial increases in shoot biomass. Similarly, Yahalom et al. (1987), reported

that inoculation of Medicago polymorpha and Macroptilium atropurpureum with A.
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brasilense (applied 24 hours prior to Rhizobium) increased nodule formation more than two

fold in seedlings, compared with the Rhizobium treatment alone. In addition, acetylene

reduction of root-nodules after inoculation with the Azospirillum-Rhizobium combination

was markedly increased. The authors speculate that Azospirillum may stimulate the

formation of a larger number of epidermal cells which differentiate into infectable roots,

thus increasing their susceptibility to Rhizobium infection.

Inoculation of clover with mixed cultures ofAzospirillum and Rhizobium in

different ratios seems to have a negative effect on nodulation. Plazinski and Rolfe (1985)

reported that ratios ofRhizobium-AzospirilIum (R:A) of 1 : 200 to 1 : 2500 caused an

inhibition of nodulation in white clover. They concluded that a combined inoculation

improved the growth of plants without stimulation in nodule formation, thus beneficial

effects were not due to enhanced biological N2 fixation.

In the early 1940's, Krasil'nikov and Korenyako (1944) reported that inoculation

of clover seeds with some rhizobacteria enhanced nodulation, N2 fixation, and yield of

clover by Rhizobium trifolii. They termed these rhizobacteria as "activating" bacteria.

More recently, Polonenko et al. (1987) studied the effects of 18 strains of soybean root

colonizing rhizobacteria on nodulation of soybeans by Bradyrhizobium japonicum in the

field. The strains tested were mostly pseudomonads, and they were reported to increase

plant shoot, root, and nodule dry weight. Similarly, Hicks and Loynachan (1989) reported

that some soybean root-colonizing bacteria produced both inhibitory and stimulatory effects

on the growth of a B. japonicum strain USDA 123 in vitro. Co-inoculation of some

rhizobacteria with Bradyrhizobium on soybean plants grown in sterilized soil produced a

significant increase in nodulation. However, inoculation produced no effects when plants

were grown in non-sterile soil. Fuhrmann and Wollum II (1989) reported that soybean

root-colonizing Pseudomonas spp. inhibited the growth ofB. japonicum in vitro.

Additional tests indicated that the inhibitory effects of pseudomonads on bradyrhizobia
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were caused by siderophore-induced iron deprivation. These results suggest that

inoculants combining selected root-colonizing bacteria and (brady) rhizobia may enhance

the ability of Bi japonicum to form nodules in soybean. However, the effects of bacterial

inoculation on plant development seems to be dependent on the method of study and the

growth medium used for the bacterial-plant interaction study.

Chanway et al. (1989) assessed the potential of some PGPR strains to stimulate

yield and N2 fixation of lentil and pea in growth chamber and field studies. Bacterial

inoculation produced no beneficial or deleterious effects on pea. However, two P. putida

strains significantly increased seedling emergence, vigor, nodulation, nitrogenase activity,

and root weight of lentil (cv. Eston) grown in the field. Moreover, studies conducted in the

growth chamber using another lentil variety, (i.e., Laird) indicated that inoculation

produced increases in root and shoot dry weight, and nitrogenase activity compared to

uninoculated controls. They concluded that the beneficial effects caused by bacterial

inoculation were largely dependent on the plant cultivar and the cultivation system used. In

addition, they speculated that the growth response of cultivar Laird could be related to

phytohormonal or nutritional interactions between the rhizobacteria and the plant, and to a

lesser extent to enhanced biological N2 fixation.

2.5 Yield effects in field trials with PGPR

In many cases, inoculation of various crops with PGPR has produced no

significant yield increases under field conditions. Inoculation effects on plant development

result largely from the numerous interactions between the introduced rhizobacteria, the host

crops and the native soil microflora. Therefore, inoculant performance under field

conditions depends on multiple biological and environmental variables. Field variability

may be related to soil-type, soil moisture, nutrition and temperature, and to inadequate

colonization of roots by the introduced rhizobacteria (Kloepper et al. 1988a).
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Nevertheless, many PGPR inoculants have been reported to significantly increase crop

yield under diverse field conditions. For example, Kloepper et al. (1989) reported yield

responses ranging from -17% to 160% in a wide range of commercial crops inoculated

with rhizobacteria. Most crop yield increases, however, were observed for crops with a

relatively short growing season and a relatively restricted root volume, such as radish. In

addition, substantial plant growth enhancement caused by PGPR inoculations were more

obvious in soils with a history of high-cropping frequency of a particular crop (Okon and

Hadar 1987). A summary of several experiments showing the effects of PGPR inoculation

on the yield of commercial crops is presented on Table 2.9.

The establishment of the introduced bacterial strains in the plant rhizosphere is

important in order for them to be of benefit to crops. Introduced rhizobacteria must rapidly

colonize the newly formed roots in order to multiply and keep pace with root development.

Usually, seed inoculation is performed using aqueous bacterial suspensions. This may not

be the best method of inoculation because seeds are dried prior to planting and the

rhizobacteria may not survive (Suslow and Schroth 1982). Suslow and Schroth (1982)

reported that a more reliable method could be obtained by pelleting seeds with bacteria

mixed with preservatives and adhesive substances, such as methyl ethyl cellulose for wet

pelleting formulations and/or xanthan gum for dry powder formulations. Dosage-response

studies by Suslow (1982) indicate that the minimum number of viable cells needed for

uniform root colonization and plant growth promotion are 105 PGPR cells per seed or 107

cells per gram of inoculum.
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Table 2.9 Ranges of reported crop yield responses caused by PGPR inoculation in field

trials after 1974 (Adapted from Kloepper et al. 1989).

% yield difference from controls

Bacterium inoculant Crop
lowest highest

Azospirillum spp.

Maize 6.7 75.1

Millet -12.1 31.7

Mustard 16.0 128.0

Rice 4.9 15.5

Sorghum 12.0 18.5

Sorghum (and Millet) -4.0 24.0

Sorghum 20.5 30.5

Wheats -2.5 31.0

Bacillus spp.

Peanut -6.1 12.0

Potato -16.0 12.0

Sorghum 15.3 33.0

Wheat 0.0 114.0

Pseudomonas spp.

Canola 0.0 57.0

Potatoes -17.0 37.0

Radishes 0.0 100.0

Rice 3.0 160.0

Sugar beet -11.0 32.0

Wheat 1.9 26.3

aYalues shown are based on the data presented in one or more reports. No distinctions

were made between bacterial strains, plant cultivars, soil types, fertilizer regimes,

environmental conditions, or methods of inoculation.
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2.6 General conclusions

Management of plant-microbe interactions in the soil depends on understanding,

manipulation, and regulation of rhizosphere populations. For example, one of the most

important activities of soil microorganisms (including PGPR) is the provision of plant

nutrients by cycling of minerals. Thus, manipulation of these microbial processes, if

effectively exploited, could improve crop yields. It is clear that microorganisms can

produce substances which both stimulate and inhibit crop yields, either directly, or

indirectly by modifying the soil environment. Yet the nature of these substances and their

mode of action are not completely understood. Extensive data on PGPR have been

accumulated; however, most of these results are obtained from greenhouse studies which

often do not compare with results obtained from field studies. The coefficient of variation

in most field trials is often too high and (or) from a single year study, thus the benefits of

PGPR inoculants may be either underestimated or overestimated. It is clear that more basic

and applied research is needed to investigate mode of action exhibited by PGPR and their

practical use as inoculants. There are many factors to consider such as methods of

inoculation, potential interactions of PGPR with other microorganisms, effects of PGPR

on plant growth, etc. However, successful application of microbial inoculants can help to

improve modern agriculture by replacing chemicals with biological methods of pest control

and natural fertilizers. These applications could increase food production, particularly in

developing countries where the available net energy resources are limiting.
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3. EXPERIMENTAL

3.1 Isolation and screening of putative PGPR for winter wheat

3.1.1 Introduction

Bacteria may benefit plant growth by providing nutrients and growth factors, or by

producing antibiotics and siderophores which may inhibit pathogenic fungi and bacteria

(Davidson 1988). The effects of PGPR on crop growth have been evaluated under field

conditions by a number of workers (Burr et al. 1978; Kloepper 1978; Kloepper et al.

1980a; Suslow and Schroth 1982). In most cases, enhanced plant growth was observed

during the early stage of crop development For example, potato plants treated with PGPR

exhibited increased stolon lengths (Kloepper and Schroth 1981), and inoculation of sugar

beets with PGPR caused a significant increase in seedling dry weight (Suslow and Schroth

1982). Similarly, treatment of winter wheat seeds with fluorescent pseudomonads (which

protected against take-all in soils infested with Gaeumannomyces graminis) resulted in

yield increases of 27% in field trials (Weller and Cook 1986). More recently, inoculation

of potato, soybean and canola with fluorescent pseudomonads increased plant emergence

and plant growth in growth chamber trials (Kloepper 1983; Xu and Gross 1986). The

objective of this study was to determine the potential of rhizobacteria isolated from the

rhizosphere of winter wheat to stimulate growth of winter wheat.

3.1.2 Materials and methods

3.1.2.1 Isolation of bacteria

Bacteria were isolated from the rhizosphere of 9-month-old winter wheat (Triticum

aestivum L., cultivar Norstar) plants, growing in two different fields. These field plots

(part of a University of Saskatchewan research project), at Regina and Biggar, had been
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continuously cultivated to winter wheat for 5 and 2 years, respectively and had been

fertilized with N (80 kg ha+) and P (30 kg P205 ha-1) at seeding.

Four plants and most of the root material were harvested at three different sites from

each field by removing a 45 x 45-cm square block of soil to 30 em depth. All samples

from each field location were kept in plastic bags at ()OC for 12 h until processed in the

laboratory. Plant shoots, roots and soil were separated, and putative N2-fixers,

Enterobacteriaceae, Klebsiellae and total heterotrophic bacteria enumerated using selective

culture media (see below). Root samples (-20 g) were collected and divided into two sub

samples; one for isolation ofrhizoplane bacteria and the other for endorhizobacteria (i.e.,

bacteria colonizing the root interior) (Foster and Rovira 1976). Shoots (-20 g of young

stems and leaves) were obtained by cutting the plants close to the root system. Plant

material (shoots or roots) was soaked in sterile phosphate-buffered saline-PBS (pH 7.3)

for 10 min to equilibrate osmotic pressure, and chopped into small pieces (3 em). To

isolate endorhizobacteria, root samples were surface sterilized by soaking roots in 95%

(v/v) ethanol and 0.1 % (w/v) acidified HgClz for 1 min, respectively and then washing (10

x) with sterile tap water (Vincent 1970). Plant material (10 g) was suspended 1/10 (w/v) in

PBS, blended in a sterile Waring blender at high speed for 1 min and then serially diluted

1/10 in PBS. Aliquots (0.1 mL) of appropriate dilutions were spread-plated onto the

following media: i) Combined carbon (CC) plates (or inoculated into a 25-mL culture tube

containing 5 mL of semi-solid CC) for isolation of putative N2-fixers - CC contains 0.5%

(w/v) sucrose and mannitol, 0.05% (v/v) Na-lactate, vitamins and inorganic salts (Rennie

1981); ii) MacConkey's (MAC), and MacConkey's plus 100 ug mL-l carbenicillin

(MACC) to separate presumptive N2-fixing Enterobacteriaceae and non-Enterobacteriaceae

(Bagley and Seidler 1978; Rennie 1981); and iii) Trypticase soy agar (TSA) for

enumeration of total aerobic soil bacteria. All culture media (except CC) (Appendix 6.1)

were Difco products (Difco Laboratories, Inc., Detroit, MJ).
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Soil samples were also collected at a distance of 5 to 20 em from the center of the

wheat root systems and mixed; these samples were termed "rhizosphere soil". Samples

collected at distances beyond 20 cm were termed non-rhizosphere soil. Soil samples were

diluted and spread-plated on the same culture media as plant material.

Inoculated plates (4 replicates) were incubated at 28°C and bacterial colonies (cfu)

counted after 24, 48, and 72 h of incubation. Culture tubes were incubated for 24 h at

280C and then sealed with sterile serum stoppers. Nitrogenase activity (ARA) in the

culture tubes was determined (Postgate 1971). Acetylene was injected to give a 1 % (v/v)

atmosphere and, after 1 h, 0.25-cc samples were analyzed with a Hewlett Packard gas

chromatograph equipped with flame ionization detector and a stainless steel (1/8" O.D.)

Porapak R (80/100 mesh) column. The oven and detector temperatures were 450C and

50oC, respectively. The highest dilution exhibiting ARA was used as the extinction

dilution measure for the estimation of N2-fIxing bacteria (Okon et al. 1977).

Three hundred isolates were selected based on differences in colony morphology,

motility, and pigment production. Isolates were restreaked (2 x) on the original medium,

and checked for purity. Purified isolates were stored on solid media at 50C. Seventy-five

bacterial isolates from the winter wheat rhizosphere, representative of diverse

morphological types and able to grow on non-selective TSA medium, King's B medium

(KB) (King et al. 1954) and KB supplemented with antibiotics (5 mg chloramphenicol, 75

mg cycloheximide, 45 mg novobiocin, and 75,000 units penicillin G per liter) to make it

selective for fluorescent pseudomonads (Sands and Rovira 1970), were chosen for further

testing.

3.1.2.2 Bacteria x wheat screening

Seventy-five unidentified bacterial isolates (section 3.1.2.1), and 36 known bacteria

[Azospirillum brasilense ATCe 29145, 29710, 29711, 29729; A. lipoferum ATCC 29707,
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29708,29709.29731; Azotobacter chroococcum ATCC 480,9043; A. vinelandii ATCC

12837, UW 590a; Rhizobium meliloti ATCC 9930; Bacillus macerans ATCC 7069; B.

subtilis ATCC 6461; B. polymyxa ATCC 842, B501 (lab stock); Ensifer adhaerens (lab

stock); Enterobacter cloacae MFlO/1-1, R-66 (lab stock); E. agglomerans 339 (lab stock);

E. aerogenes; Pseudomonas putida ATCC 8209, 12633; P.fluorescens; P. synxantha; P.

syringae; P. stutzeri; P. ovalis; and Klebsiella oxytoca (lab stocks)], most of which are

reported to stimulate plant growth, were screened for growth promotion of winter wheat.

Bacteria were grown on TSA plates at 25DC for 48 h, scraped offplates with a sterile glass

rod, washed three times in PBS and re-suspended in sterile tap water.

The A horizon of a Dark Gray Luvisol (Typic Cryoboralt) Choiceland soil from the

Sylvania association was used for the bacterial screening (study 1). The nutrient levels of

this field soil were very low (Table 3.1.1). The soil was sieved «0.5 ern), 200 g was

added to 12-cm styrofoam pots (Figure 3.1.1) and then wetted with distilled water.

Preliminary germination tests indicated that a soil moisture level of 40% of water holding

capacity was adequate for seed gennination and plant growth. A flow chart of the

experimental steps used during the screening of PGPR for winter wheat is given in Figure

3.1.2.

Wheat seeds were inoculated by shaking in a bacterial suspension (sterile tap water)

on a rotary shaker (110 rpm) for 2 h at 10DC (Kloepper and Schroth 1981). This yielded

approximately 107 cfu per seed; determined by crushing three inoculated seeds in a sterile

mortar, and dilutions spread-plated on the appropriated medium. Five seeds were planted

in each of five replicate styrofoam pots. After germination, plants were thinned to two per

pot and the soil surface covered with a 2-cm layer of sterile polyethylene beads (Dupont

Inc., Mississauga, ON) to prevent cross contamination and excessive losses of moisture.

Wheat plants were allowed to grow for 30 days in a growth chamber (photosynthetic

irradiance of approximately 200-265 J..lE m-2 s+) at 240C under a 14 h light: 10 h dark



Table 3.1.1 General properties of soilst

----------- Soil type
-----------

Sit& Texture pH O.Mb. N03-N P K S04-S Cu Fe Zn Mn B

- (%) (Jlg g+)

Orthic Black chernozem

Laird Silty Clay 6.5 6.9 137.5 22.0 >450 >12.0 0.7 37.4 4.4 19.0 0.6

Dark Brown chernozem

�

0

Asquith Sandy Loam 7.4 1.3 6.0 11.0 325 2.0 0.2 12.6 1.0 4.0 0.2

Gray LuvisoI

Choiceland Sandy 7.9 0.6 5.0 12.0 205 1.4 0.2 13.1 2.6 7.7 <0.01

tSaskatchewan Soil Testing

"Field sites located near the Saskatchewan town listed

bOrganic matter
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SOURCE OF BACTERIA

300 isolates from winter wheat

* 75 selected based on the ability to grow

on TSA, KB, and KB plus anibiotics

* 36 known bacteria

+

SCREENINGS

Study 1

III bacteria (75 isolates and 36 known strains)

were tested in 6 trials using Choiceland soil

Study 2

14 bacteria (12 isolates and 2 strains) were tested

in the final trial using Choiceland and Asquith soils

t

BACfERIAL IDENTIFICATION

12 PGPR isolates tentatively classified

Figure 3.1.2 Schematic flow diagram showing the experimental steps used during the

screening of PGPR for winter wheat.
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cycle. Study 1 consisted of six trials, each trial containing 19 to 27 bacterial treatments and

a control. Each potential PGPR candidate which demonstrated a positive response i.e.,

increased plant height or biomass, was re-evaluated in subsequent trials of study 1 before

being selected for study 2 (i.e., final screening). The control consisted of wheat seeds

inoculated with an autoclaved suspension of isolate RIll. In a separate experiment nine

PGPR strains tested in study 2 (see below) were compared as "control i.e., autoclaved

inoculants" with a tap water control. There were no differences in growth response (Table

3.1.2). A. chroococcum ATCC 9043 andA. brasilense ATCC 29729 were tested in each

of the six trials of study 1 and in study 2 as "positive PGPR". Study 2 was a final

screening of all PGPR candidates identified in study 1. It was carried out using two soils

of different textures and nutrient levels (Table 3.1.1); the Choiceland soil and the Asquith

soil (a Dark Brown Chemozemic soil- Typic Haploboroll from the Asquith association).

The growth chamber experiments were carried out in a completely randomized

block design. The plants were harvested at 30 days, and plant height and number of tillers

recorded. Plant material (shoot and root) was dried at 65°C in a forced-air oven for 72 h.

Data were analyzed using the Systat statistic package for ANOVA (Systat Inc., Evanston,

ll). When a significant F value was detected, the least significance difference (Fischer

LSD) was used to separate treatment means from the control (Steel and Torrie 1960).

3.1.2.3 Bacterial identification

Isolates that significantly increased plant biomass were identified using procedures

outlined in Bergey's Manual ofSystematic Bacteriology (Krieg 1984). To separate

Enterobacteriaceae and Klebsiellae, isolates were grown in the following media: (i)

MacConkey; and (ii) MacConkey's medium plus carbenicillin-MACC (Bagley and Seidler

1978). Additional tests included reaction profiles on API 20E and API Rapid strips

(Analytab Products, Plainview, NY). Azospirillum brasilense ATCC 29145; Bacillus
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polymyxa ATCC 842; Pseudomonas fluorescens (lab stock); Pseudomonas putida ATCC

8209 and ATCC 12633 were used as reference strains.

Table 3.1.2 Comparison of autoclaved PGPR and water inoculants for effects on growth

of winter wheat at 30 days in the growth chamber. Data are averages of 5

replications.

Treatment" Plant height Dry weight (mg-plI)
(em)

Shoots Roots Total

Water control 28.6 279.5 188.4 467.9

R55A 27.0 302.9 195.6 498.5

R61A 27.8 292.9 193.4 486.3

R75A 27.2 270.0 185.9 455.9

R80A 28.0 283.8 194.0 477.9

R85A 26.0 251.0 174.0 425.1

R92A 26.5 274.4 154.6 429.1

RI04A 28.3 303.0 199.8 502.9

R105A 26.8 288.6 184.1 472.7

RIllA 27.2 303.1 183.6 486.8

LSD (5%) n.s. n.s. n.s. n.s.

tBacteria autoclaved for 20 min before inoculation onto the wheat seeds.

3.1.2.3.1 API 20E microtube identification system

The API 20E (Analytab Products, Plainview, NY) strip was initially designed for the

identification of Enterobacteriaceae. Each API system contains tests for the various

biochemical characteristics of these bacteria. Isolated colonies from KB medium were

suspended in 5 mL of 0.85% NaCI, pH 7.0, and the API strips were inoculated according
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to the manufacturer's instructions. Strips were incubated at 300C for 24-48 h. Bacterial

identification was based on the "analytical profile index" (API 1988). For the identification

of rhizobacteria nine additional morphological and physiological tests were included; i.e.,

oxidation-fermentation of glucose (Hugh and Leifson 1953); Gram staining; oxidase

reaction; starch hydrolysis; gelatin liquefaction; catalase reaction (Finegold and Baron

1986); motility; growth and fluorescence on KB medium; growth at 40C and 41 °C.

3.1.2.3.2 Nitrogenase activity of the isolates in culture media

Nitrogenase activity (acetylene reduction assay -ARA) of the isolates was assessed

on combined carbon (CC) medium (Rennie 1981). Individual colonies were picked from

the KB plates and transferred to separate vials containing 20 mL of semi-solid CC medium

i.e., CC containing 0.75% (w/v) agar. After incubation on a rotary shaker (110 rpm) for

24 h at 30oC, the vials were sealed with a sterile latex seal and the ARA was performed as

described in section 3.l.2.

3.1.3 Results

3.1.3.1 Isolation of bacteria

The numbers of rhizosphere, non-rhizosphere and phyUoplane (shoots and leaves)

bacteria associated with field grown winter wheat plants are shown in Table 3.1.3. A

significant number of bacteria were detected inside the roots (endorhizobacteria).

Pseudomonads and Enterobacteriaceae comprised more than 80% to 90% of the bacteria

detected on roots and in the rhizosphere. Over 300 isolates were randomly selected from

roots (ecto- and endorhizosphere) of winter wheat plants. Of these, 75 isolates grew on

TSA, KB and KB plus antibiotics medium (e.g., putative pseudomonads), and some

exhibited nitrogenase activity when grown in pure culture. These 75 isolates were tested

for plant growth promotion.



Table 3.1.3 Survey and distribution of bacterial populations associated with shoots, roots and soil of field

grown winter wheat (var. Norstar, 250 days old).

Root Soil

Population
1 Shoot

Surface sterilized Nonsterilized Rhizosphere Nonrhizosphere

log cfu s'

Total heterotrophs 5.73 6.77 8.13 7.22 6.89

MPN showing ARA 1.00 4.00 5.00 4.00 0.01
�

0\

% Heterotrophic population composed of:

Enterobacteriaceae 0.09 54.5 51.2 16.2 4.5

Putative N2-fixers <0.01 14.8 5.2 11.2 0.0

Pseudomonads 99.90 30.7 43.6 72.6 95.5

ITotal heterotrophs determined on: TSA; Enterobacteriaceae, McConkey; Putative NrflXers, CC; and Pseudomonads, King's B

medium.
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3.1.3.2 Bacteria x wheat screening

Thirty-six known bacteria and the 75 soil isolates were screened (study 1) for

winter wheat growth promotion in the Choiceland soil (Tables 3.1.4 to 3.1.9). Of the 36

known strains, only A. chroococcum ATCC 9043 and A. brasilense ATCC 29729

stimulated growth of winter wheat in two, out of six trials. Based on these results and the

reported (Mishustin and Naumova 1962; Okon et al. 1977) beneficial effects of these

bacteria on plant growth and development, these two bacteria were used as "positive

PGPR" controls. Thus A. chroococcum ATCC 9043 and A. brasilense ATCC 29729 were

tested in each trial along with the 75 soil isolates, and any beneficial effects of bacterial

inoculation on wheat growth were equal or superior to effects produced by these two

diazotrophs. Of the 75 isolates tested, 53 were neutral or inhibitory to winter wheat growth

and development, and only 12 isolates significantly (P<O.Ol) increased shoot, root, or total

plant biomass (Tables 3.1.4 to 3.1.9).

None of the isolates tested during the second trial (Table 3.1.5) produced

significant weight increases. The low plant yields observed during the first (Table 3.1.4)

and second trials (Table 3.1.5), may be related to a malfunction which occurred in the

growth chamber where the plants were growing. At the 20th and 22nd days of the first

and second trials respectively, the temperature inside the growth-chamber increased to

approximately 450C overnight, thus the plants were exposed to extreme stress conditions.

Different isolates stimulated growth of different plant parts (e.g., roots, shoots).

For example, three isolates (R55, R75, and R80) produced increases in plant height, shoot,

and root dry weight. Five other isolates (R85, R92, R104, R105, and RIll) produced

increases in plant height, shoot, and/or total plant weight.
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Table 3.1.4 Screening of putative PGPR for winter wheat grown in Choiceland soil (Trial I).

Treatments Plant height Dry weight (mg-pl+)

(em) Shoot Root Total

Control 19.4 56.1 82.8 138.9

A. brasilense ATCC 29729 21.5* 74.2 123.1 197.3

A. chroococcum ATCC 480 19.3 60.3 101.1 161.4

A. chroococcum ATCC 9043 21.4* 100.4** 146.2 246.6**

A. vinelandii UW 590a 19.4 59.3 96.3 155.5

Actinomycete (Lab JJG) 18.5 52.9 87.1 140.0

B. macerans ATCC 7069 18.7 69.7 118.4 188.1

B. polymyxa (B501 LN) 19.5 69.7 94.4 164.1

B. polymyxa (Lab JIG) 19.0 60.8 101.1 161.8

E. aerogenes (Lab JJG) 17.3 45.8 100.1 145.9

E. aglomerans (339+ RJR) 19.1 64.1 125.3 189.4

E. cloacae (MF 10/1.1) 18.1 63.8 111.4 175.2

E. cloacae (pBI LN) 19.4 63.4 99.7 163.0

E. cloacae (pBI LN) 19.9 64.6 112.0 176.6

Isolate R13 (wheat roots) 18.3 72.0 130.3 202.3*

Isolate R15 (wheat roots) 17.5 53.8 86.5 140.2

Isolate R16 (wheat roots) 18.8 64.5 111.0 175.5

Isolate R17 (wheat roots) 17.6 60.6 99.6 160.2

Isolate R18 (wheat roots) 19.5 73.3 107.4 180.7

Isolate R19 (wheat roots) 18.7 57.9 77.4 135.3

Isolate R25 (wheat roots) 17.1 71.5 126.9 198.4

Isolate R61 (wheat roots) 20.7 76.3 145.7 222.0**

Isolate R62 (grass & beach sand) 19.0 59.4 109.5 168.9

Isolate R63 (grass & beach sand) 18.5 62.5 111.8 174.2

Isolate R64 (grass & beach sand) 19.2 65.1 109.3 174.4

P.fluorescens (Lab JJG) 19.5 67.3 125.7 192.9

R. melilotii 9930 18.6 69.0 103.4 172.4

LSD (1%) n.s. 27.3 n.s. 78.1

(5%) 1.9 20.6 n.s. 58.7

*,
** Denotes statistical significance from the controls at P<0.05 and P<O.Ol, respectively.

n.s. Not statistically significant according to LSD test.
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Table 3.1.5 Screening of putative PGPR for winter wheat grown in Choiceland soil (Trial 2).

Treatments Plant height Dry weight (mg-plJ)

(em) Shoot Root Total

Control 23.0 72.9 75.9 148.8

A. brasilense ATCe 29145 22.2 79.5 84.7 164.2

A. brasilense ATCe 29729 22.9 70.5 105.6 176.1

A. chroococcum ATCC 9043 22.4 71.7 83.9 155.7

Bacillus subtilis ATCe 6461 23.6 67.9 102.2 170.1

Isolate R22 wheat roots) 22.4 62.3 84.1 146.3

Isolate R23 (wheat roots) 24.1 67.8 87.7 155.5

Isolate R24 (wheat roots) 22.9 74.7 72.2 146.9

Isolate R25 (wheat roots) 22.3 75.4 77.6 152.9

Isolate R26 (wheat roots) 22.7 79.5 71.7 151.3

Isolate R27 (wheat roots) 21.6 78.3 62.1 140.5

Isolate R28 (wheat roots) 21.3 68.0 78.2 146.3

Isolate R29 (wheat roots) 22.1 70.8 80.2 150.9

Isolate R30 (wheat roots) 23.1 64.3 88.1 152.4

Isolate R31 (wheat roots) 21.9 61.5 67.8 129.3

Isolate R64 (wheat roots) 21.7 70.1 68.5 138.6

Isolate R66 (wheat rhizosphere) 22.8 72.2 88.2 160.4

Isolate R67 (wheat rhizosphere) 21.7 70.0 54.6 124.7

Isolate R77 (wheat roots) 21.4 68.7 81.4 150.0

K.oxytoca 22.6 73.1 79.5 152.6

P. aeruginosa (Lab JJO) 21.6 68.2 61.2 129.5

P.fluorescens (Lab JJO) 21.9 72.6 69.9 142.5

P.fluorescens (Lab JJO) 22.6 71.1 73.6 144.7

P. ovalis (Lab JJO) 22.1 66.8 61.8 128.7

P. stutzerii (Lab JJO) 22.2 66.8 81.9 148.7

P. synxantha (Lab JJO) 21.8 74.9 60.9 135.9

LSD (1%) n.s. n.s. n.s. n.s.

(5%) n.s. n.s. n.s. n.s.

n.s. Not statistically significant according to LSD test.
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Table 3.1.6 Screening of putative PGPR for winter wheat grown in Choiceland soil (Trial 3).

Treatments Plant height Dry weight (mg-pl+)

(em) Shoot Root Total

Control 21.7 110.4 116.9 227.3

A. brasilense ATCC 29729 22.3 111.4 118.9 230.3

A. chroococcum ATCC 9043 21.9 95.7 113.7 209.4

Isolate R20 (wheat roots) 21.9 101.9 109.7 211.6

Isolate R36 (wheat roots) 20.8 107.9 116.2 224.1

Isolate R37 (wheat roots) 22.1 111.3 132.9 244.3

Isolate R38 (wheat roots) 21.5 107.2 117.3 224.5

Isolate R39 (wheat roots) 21.5 110.4 116.6 227.0

Isolate R40 (wheat roots) 21.3 111.9 107.9 219.8

Isolate R41 (wheat roots) 21.7 117.8 125.8 243.6

Isolate R42 (wheat roots) 21.3 106.3 129.3 235.6

Isolate R43 (wheat roots) 22.0 106.2 115.8 222.0

Isolate R44 (wheat roots) 22.4 96.9 117.0 213.9

Isolate R45 (wheat roots) 20.7 96.1 111.2 207.4

Isolate R47 (wheat roots) 21.9 108.8 132.9 240.9

Isolate R48 (wheat roots) 21.4 102.0 121.0 223.1

Isolate R49 (wheat roots) 21.8 101.5 108.3 209.8

Isolate R50 (wheat roots) 20.8 93.9 87.5 181.5

Isolate R51 (wheat roots) 21.8 115.9 130.2 246.1

Isolate R52 (wheat roots) 21.1 110.0 82.8 192.8

Isolate R53 (wheat roots) 21.6 110.9 123.7 234.6

Isolate R85 (wheat roots) 23.9** 125.2* 133.5 258.7*

LSD (1%) 1.8 n.s. n.s. n.s.

(5%) 1.3 11.6 n.s. 31.2

*,
** Denotes statistical significance from the controls at P<O.05 and P<O.Ol, respectively.

n.s. Not statistically significant according to LSD test.
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Table 3.1.7 Screening of putative PGPR for winter wheat grown in Choiceland soil (Trial 4).

Treatments Plant height Dry weight (mg-pl+)

(em) Shoot Root Total

Control 21.6 101.0 101.0 203.3

A. brasilense ATCC 29729 20.0 112.9* 101.4 214.3

A. chroococcwn ATCe 9043 21.4 111.2* 99.5 210.7

E. adhaerens (Lab JJG) 21.0 97.8 88.8 186.6

Isolate R13 (wheat roots) 22.1 121.0** 94.7 215.8

Isolate R55 (wheat roots) 22.2 119.5** 91.4 210.9

Isolate R57 (wheat roots) 21.7 103.6 76.6 180.2

Isolate R58 (wheat roots) 23.2 117.8** 92.1 209.9

Isolate R59 (wheat roots) 22.0 111.5* 104.0 215.6

Isolate R60 (wheat roots) 22.2 109.5 86.6 196.1

Isolate R61 (wheat roots) 22.9 122.3** 108.8 231.1 *

Isolate R69 (wheat roots) 22.4 113.2* 97.0 210.2

Isolate R72 (wheat roots) 22.7 112.3** 81.8 194.1

Isolate R73 (wheat roots) 21.7 114.2** 98.0 212.3

Isolate R74 (wheat roots) 2l.9 117.6** 89.5 207.0

Isolate R75 (wheat roots) 23.3 117.1** 97.7 214.7

Isolate R76 (wheat roots) 21.7 102.2 82.6 184.7

Isolate R80 (wheat roots) 23.4 125.8** 103.8 229.6*

Isolate R82 (wheat rhizosphere) 22.2 116.1 ** 93.5 209.6

Isolate R83 (wheat rhizosphere) 21.3 107.4 102.5 209.8

Isolate R86 (wheat seeds) 22.5 114.4** 108.1 222.5

Isolate R87 (wheat seeds) 22.8 114.4** 99.9 214.3

LSD (1%) n.s. 13.0 n.s. n.s.

(5%) n.s. 9.8 n.s. 23.0

*,
** Denotes statistical significance from the controls at P<O.05 and P<O.Ol, respectively.

n.s. Not statistically significant according to LSD test.
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Table 3.1.8 Screening of putative PGPR for winter wheat grown in Choiceland soil (Trial 5).

Treatments Plant height Dry weight (mg-pl+)

(em) Shoot Root Total

Control 22.0 119.9 106.9 226.8

A. brasilense ATCC 29729 22.1 110.5 81.9 192.5

A. chroococcum ATCC 9043 22.0 112.4 86.4 198.8

A. vinelandii ATCC 12837 22.8 125.7 95.2 220.9

B. macerans ATCC 7069 21.5 108.2 87.0 195.2

B. polymyxa (B501 LN) 22.1 94.9 75.7 170.7

B. polymyxa (Lab JJG) 22.4 110.4 96.9 207.4

Isolate R33 (wheat roots) 22.4 95.6 73.9 169.5

Isolate R34 (wheat roots) 21.8 94.0 75.0 169.0

Isolate R35 (wheat roots) 23.2 110.9 79.7 190.6

Isolate R46 (wheat roots) 21.7 110.9 97.6 208.6

Isolate R56 (wheat roots) 22.4 107.9 87.9 195.9

Isolate R67 (wheat roots) 23.1 102.8 85.2 188.0

Isolate R70 (wheat roots) 21.2 95.3 86.0 181.3

Isolate R71 (wheat roots) 22.3 ll5.5 107.8 223.3

Isolate R75 (wheat roots) 23.5 114.7 121.0 235.7

Isolate R76 (wheat roots) 21.9 110.7 96.1 206.8

Isolate R85 (wheat roots) 22.9 113.9 109.1 223.0

Isolate R88 (wheat seeds) 21.9 98.6 80.9 179.5

Isolate R89 (wheat seeds) 20.9 85.7 73.6 159.2

Isolate R90 (wheat seeds) 20.7 93.3 73.3 166.6

Isolate R91 (wheat roots) 21.7 93.3 92.2 185.5

LSD (1%) n.s. n.s. n.s. n.s.

(5%) n.s. n.s. n.s. n.s.

n.s. Not statistically significant according to LSD test.
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Table 3.1.9 Screening of putative PGPR for winter wheat grown in Choiceland soil (Trial 6).

Treannents Plant height Dry weight (mg-plJ)

(ern) Shoot Root Total

Control 21.2 123.6 95.4 218.9

A. brasilense ATCC 29145 20.0 117.4 72.2 189.6

A. brasilense ATCC 29711 20.7 129.9 88.5 218.4

A. brasilense ATCC 29729 21.1 109.9 73.4 183.3

Ai lipoferum ATCC 29707 19.6 118.5 81.9 200.5

A. lipoferum ATCC 29708 19.9 125.8 87.5 213.3

A. lipoferum ATCC 29709 20.7 113.3 81.3 194.6

A. lipoferum ATCC 29731 19.8 137.9 92.1 230.0

A. chroococcum ATCC 9043 20.4 115.4 98.3 213.7

B. polymyxa ATCC 842 20.1 119.3 82.0 201.3

Isolate R13 (wheat roots) 22.2 146.1 * 95.9 242.0

Isolate R26 (wheat roots) 20.7 133.6 96.8 230.4

Isolate R55 (wheat roots) 22.9** 160.4** 113.5 273.9**

Isolate R75 (wheat roots) 24.4** 202.9** 133.4* 336.3**

Isolate R80 (wheat roots) 21.9 -152.3** 94.2 246.6

Isolate R92 (wheat rhizosphere) 23.1 ** 164.0** 108.9 272.9**

Isolate R104 (wheat rhizosphere) 22.8* 174.4** 100.8 275.1 **

Isolate R105 (wheat rhizosphere) 22.1 165.6** 107.8 273.4**

Isolate RIll (wheat rhizosphere) 22.9* 159.8** 122.6 282.3**

P. synxantha (Lab JJG) 21.1 150.4** 105.7 256.1

LSD (1%) 1.6 22.8 n.s. 51.1

(5%) 1.2 17.1 28.3 38.3

*,
** Denotes statistical significance from the controls at P<O.05 and P<O.OI, respectively.

n.s. Not statisticaly significant according to LSD test.

Based on the results obtained in the above six trials (study 1), 12 isolates were

selected for further testing. These isolates were retested using the Choiceland and Asquith

soils (study 2). All isolates enhanced some plant growth parameter in both soils (Table
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3.1.10 and 3.1.11). In the less fertile Choiceland soil, inoculation stimulated (P<O.O 1)

plant height when compared to the controls (Table 3.1.10). In the Asquith soil, however,

only isolates R85 and R105 stimulated plant height (Table 3.1.11). Inoculation with A.

chroococcum and nine isolates (R13, R26, R55, R61, R75, R80, R92, R105, and RIll)

significantly increased the number of tillers per plant in the Asquith soil. In contrast,

inoculation had no effects on tillering of plants grown in the Choiceland soil (Table

3.1.10).

All bacterial inoculation treatments produced significant increases in plant shoot and

total dry weight in both soils. Although statistically significant (P<0.05), inoculation with

A. brasilense and A. chroococcum did not enhance shoot weights as well as rhizobacteria

isolates when tested in the Asquith soil. All inoculation treatments, with the exception of

isolate Rl3 (P<0.05), significantly (P<O.OI) enhanced root development in the Choiceland

soil. In the Asquith soil, however, only the isolates R55, R75, R80, R85, R92, R104,

RI05 and RIll caused significant increases in root growth. Interestingly, the effect of

bacterial inoculation on root weight was only observed during study 2.

3.1.3.3 Bacterial identification

The rhizobacteria that significantly increased plant height, shoot, root or total plant

dry weight during the trials were: A. chroococcum ATCC 9043; A. brasilense ATCC

29729; isolates R13, R25, R26, R55, R61, R75, R80, R85 and RIll (isolated from

winter wheat roots); and isolates R92, RI04 and RI05 (isolated from winter wheat

rhizosphere soil). With the exception of isolate R13 and R26, all these bacteria formed

colonies on KB medium (supplemented with antibiotics) after 48 h at 50C and 250C.

Bacterial colonies growing at 25°C were approximately 3.0 mm in diameter, circular,

raised and mucoid. All isolates were motile, obligately aerobic, glucose oxidative, catalase

positive and rod-shaped, with the exception of R55 which was coccoid.
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Table 3.1.10 Final screening of putative PGPR for winter wheat grown in Choiceland

soil.

Treatment Plant height Tillers Dry weight (mg-pll)

(em) (no ..pl-I) Shoots Roots Total

Control= 21.4 1.0 125.0 84.4 209.5

A. brasilense ATCC 29729 24.2** 1.0 153.4** 125.0** 278.4**

A. chroococcum ATCC 9043 23.8** 1.0 146.9** 112.6** 259.6**

Isolate R13 24.5** 1.0 149.7** 105.1 * 254.9**

Isolate R25 25.3** 1.0 157.5** 124.6** 282.1**

Isolate R26 25.0** 1.0 152.2** 129.1 ** 281.4**

Isolate R55 24.6** 1.0 163.0** 132.4** 295.5**

Isolate R61 23.5* 1.0 143.3** 128.7** 272.0**

Isolate R75 24.2** 1.0 167.2** 131.0** 298.3**

Isolate R80 25.2** 1.0 160.2** 127.3** 287.5**

Isolate R85 25.6** 1.0 174.5** 136.8** 311.3**

Isolate R92 24.9** 1.0 151.3** 129.7** 281.1**

Isolate R104 26.1 ** 1.0 165.3** 133.2** 298.5**

Isolate R105 24.2** 1.0 157.4** 136.3** 293.7**

Isolate RIll 24.8** 1.0 155.1 ** 139.1 ** 294.2**

LSD (1%) 2.3 n.s. 16.8 25.7 28.2

(5%) 1.7 n.s. 12.7 19.3 21.2

alnoculated with an autoclaved suspension of isolate RIll.

*,** Denotes statistical significance from the controls atP<0.05 andP<O.OI, respectively.

n.s. Not statistically significant according to LSD test.
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Table 3.1.11 Final screening of putative PGPR for winter wheat grown in Asquith soil.

Treatment Plant height Tillers Dry weight (mg-pl+)

(em) (no ..pl+) Shoots Roots Total

Controls 23.8 1.0 167.7 145.2 313.0

A. brasilense ATCC 29729 25.0 1.0 184.7* 168.4 353.1 **

A. chroococcum ATCC 9043 24.5 1.4** 187.4* 167.6 355.0**

Isolate R13 23.5 1.5** 195.8** 156.6 352.5*

Isolate R25 25.1 1.2 195.8** 171.3 367.2**

Isolate R26 24.7 1.3* 199.8** 166.8 366.5**

Isolate R55 24.4 1.6** 195.5** 195.0** 390.5**

Isolate R61 24.2 1.4** 194.7** 166.0 360.7**

Isolate R75 24.2 1.6** 202.7** 183.0** 385.7**

Isolate R80 24.0 1.7** 201.2** 202.4** 403.6**

Isolate R85 25.5* 1.0 190.6** 199.4** 390.1**

Isolate R92 24.3 1.3* 191.4** 197.2** 388.6**

Isolate R104 25.1 1.2 193.1 ** 207.9** 401.0**

Isolate R105 26.3** 1.4** 199.8** 175.9* 375.8**

Isolate RIll 24.8 1.7** 220.8** 175.9* 396.7**

LSD (1%) 1.9 0.3 22.4 37.6 39.9

(5%) 1.4 0.2 16.9 28.3 30.0

aInoculated with an autoclaved suspension of isolate RIll.

*,** Denotes statistical significance from the controls at P<0.05 and P<O.Ol, respectively.
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Biochemical tests, as determined by the API 20E and API Rapid strips, indicated

differences between the isolates (Tables 3.1.12 and 3.1.13). Ten of the 12 isolates

produced fluorescent pigment on KB medium. Five isolates were positive for gelatin

liquefaction and 7 were arginine dehydrolase positive. The isolates R26, R104 and R105

were tryptophan deaminase positive. Only isolate R55 was lysine and/or ornithine

decarboxylase positive; this isolate was also the only one to utilize the carbohydrates

mannitol, inositol and sorbitol. None of the isolates produced hydrogen sulfide from

thiosulfate or nitrogen gas from nitrate, nor did they utilize the carbohydrates rhamnose and

melibiose.

Based on the above, it was determined that 10 of the isolates belonged to the genus

Pseudomonas (Table 3.1.14). According to the API 20E and API Rapid profiles the

isolates were tentatively classified as: P. syringae, R25; P. cepacia, R55 and R85; P.

aeruginosa, R61, R75 and R80; P.fluorescens, R92 and RIll; P. putida, R104 and

R105. Isolates R13 and R26, which grew poorly on KB agar, were tentatively classified

as Agrobacterium spp. (good identification i.e., % identification � 90) (API 1988). This

identification was confirmed by growth of these two isolates on the selective medium for

Agrobacterium described by Schroth et aI. (1964).
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Table 3.1.12 Physiological characteristics of rhizobacteria according to the API 20E and

API Rapid Systems.

Isolates

Test codet R13 R25 R26 R55 R61 R75 R80 R85 R92 R104 R105 R111

ONPG + + + +

ADH + + + + + + +

LDC +

ODC +

CIT + + + + + + + + + + +

H2S

URE + ± + + + + + + + +

IDA + + +

IND

VP + + + + + + + + + +

GEL + + + + +

GLU + + + + + + +

MAN +

INO +

SOR +

RHA

SAC ± +

MEL

AMY + +

ARA + + + + + + +

GLY + + + + + + + + +

OXY + + + ± + + + +

CAT + + + + + + + + + + + +

NAT + + + +

NIT + +

MAC + + + + + + + + + +

MOT + + + + + + + + + + +

ARAssay
GRAM

MOR SR· LR SR C LR SR SR SR LR SR LR LR

SPOR

OFF +

KB'S + + + + + + + + + +

PIGM + + + + + ± + + + +

GROW

4°C + + + + + + w + +

41°C + + + +

tExplanation of test codes is given in Table 3.1.13.

*Small rod «0.45�m); LR, large rod (>0.45 urn); C, cocci.

±Variable.

wWeak.
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Table 3.1.13 Summary of the biochemical reactions used for bacterial identification.

ONPG: hydrolysis of O-nitrophenyl B-galactosidade

LDC: lysine decarboxylase

H2S: hydrogen sulfide production from thiosulfate

IND: indole formation from tryptophane (Tryptophanase)

VP: acetoin production from Na-pyruvate (Voges-Proskauer)

GEL: liquefaction of gelatin (proteolytic enzymes)

MAN: mannitol utilization

SOR: sorbitol utilization

SAC: sucrose utilization

AMY: amygdalin utilization

GLY: glycerol utilization

CAT: catalase

NIT: nitrite reductase

MOT: motility

GRAM: Gram stain reaction

SPOR: spore formation

KB'S: growth on KB'S medium

GROW: growth at 4°C or 41°C

ADH: arginine dihydrolase

ODC: ornithine decarboxylase

CIT: citrate utilization (Simmons)

TDA: tryptophane deaminase

URE: urease activity

GLU: glucose utilization

IN0: inositol utilization

RHA: rhamnose utilization

MEL: melibiose utilization

ARA: (L+) arabinose utilization

OXY: cytochrome utilization

NAT: nitrate reductase

MAC: growth on MacConkey's medium

ARAssay: acetylene-reducing activity

MOR: morphology

OFF: oxidation-fermentation of glucose

PIGM: fluorescent pigments
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Table 3.1.14 API profiles and tentative identification of rhizobacteria according to the API

20E and Rapid Systems.

PGPR strain API profiles Identification

20E Rapid

R13 121300002 0677743 Agrobacterium sp.

R25 020200243 0657451 Pseudomonas syringae

R26 103500602 0667746 Agrobacterium sp.

R55 530772357 5476753 Pseudomonas cepacia

R61 221100443 4347575 Pseudomonas aeruginosa

R75 221500653 1747777 Pseudomonas aeruginosa

R80 221300453 1757555 Pseudomonas aeruginosa

R85 120300003 0472343 Pseudomonas cepacia

R92 221500443 4347555 Pseudomonasj1uorescens

RI04 223500443 4434045 Pseudomonas putida

R105 223500463 4340457 Pseudomonas putida

RIll 221400453 4747557 Pseudonlonasj1uorescens

3.1.4 Discussion

In this study, 12 Gram-negative bacteria associated with winter wheat plants were

identified as potential PGPR inoculants. When used as seed inoculants, these bacterial

isolates increased height, root and shoot biomass of wheat plants in a growth chamber

screening assay. Elliott Juhnke et al. (1987) isolated and identified rhizosphere-competent

microorganisms associated with spring wheat. These organisms belonged to three genera:

Bacillus, Pseudomonas, and Streptomyces. However, in the case of winter wheat, the
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PGPR identified belonged to the genera Agrobacterium and Pseudomonas. Beneficial

bacteria are not the only rhizobacteria associated with winter wheat. Results from the

screenings indicated that a diverse group of rhizobacteria (i.e., 53 of the 75 isolates) were

deleterious to winter wheat seedlings. Deleterious bacteria associated with the wheat

rhizosphere have been reported previously (Elliott and Lynch 1984; Stroo et aI. 1988), and

in some cases were identified as deleterious pseudomonads (Elliott and Lynch 1984).

The results show that plant-growth-promoting effects of 12 PGPR were similar in

two soils of different fertility levels, except that in the Asquith soil, inoculation also

increased the number of tillers. A number of factors inherent to these different soil types

may have influenced root colonization, and thus the degree of stimulation by the introduced

rhizobacteria. Accordingly, Mishustin and Naumova (1962) reported that increases in crop

production due to seed bacterization were mainly observed in soils of high fertility. In this

regard, the Asquith soil had a different texture and was slightly more fertile than the

Choiceland soil.

Ten Pseudomonas strains, and two Agrobacterium strains stimulated growth of

winter wheat under growth chamber conditions. However, studies to investigate the

usefulness of these rhizobacteria for field grown winter wheat and to assess the nature of

wheat responses to inoculation are needed. Isolation of PGPR strains which effectively

stimulate plant growth under different environmental conditions is essential for

development of winter wheat inoculants.

3.1.5 Summary

The association of winter wheat (Triticum aestivum L. cv. Norstar) with root

colonizing bacteria (rhizobacteria) was studied in experiments using potted soil in the

growth chamber. Thirty-six known bacteria, some of which have been reported to
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stimulate plant growth, and 75 isolates obtained from the rhizosphere of winter wheat were

tested for their effects on plant growth and development in two different soils. Two known

bacteria and 12 isolates stimulated growth of winter wheat. Of these, the most effective

were nine isolates that significantly (P<O.Ol) increased plant height, root and shoot

biomass, and number of tillers. The plant growth promoting effects of isolates were

different in the two soils. Three of these strains were tentatively classified as Pseudomonas

aeruginosa, and two each as Pseudomonas cepacia, Pseudomonasfluorescens and

Pseudomonas putida. These results demonstrate the potential use of plant growth

promoting rhizobacteria as inoculants for winter wheat.
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3.2 PRELIMINARY STUDIES ON MODE-OF-ACTION: Wheat emergence and

in vitro fungal antibiosis assays

3.2.1 Introduction

Some pseudomonads promote seedling emergence and are called emergence-

promoting rhizobacteria (EPR) (Kloepper et ale 1986). Although the mode-of-action of

EPRs is not well understood, some pseudomonads are able to grow on seed exudates at

low temperatures, and therefore may reduce the total carbohydrates in the spermosphere

available for growth of seedling pathogens (Kloepper et a1. 1986).

Other pseudomonad species have been evaluated extensively as biological control

agents against seed and root-rotting pathogens of wheat (Howell and Stipanovic 1979;

Weller 1984). Weller and Cook (1986) reported that inoculation of winter wheat with

fluorescent pseudomonads produced significant increases in stand, plant height, number of

heads and grain yield of winter wheat planted in a field infested with Pythium spp. In a

growth chamber study, addition of the fungicide metalaxyl resulted in increased seedling

height equivalent to that obtained with the bacterial inoculation. They concluded that the

enhancement in wheat growth was probably due to the protection of inoculated plants

against damages caused by Pythium spp.

In a previous study (section 3.1), I reported the isolation of 12 potential PGPR for

winter wheat. From these 12 isolates, two strains were identified as Agrobacterium spp.

and one as P. syringae. Because some strains of these rhizobacteria cause plant diseases,

these three strains were eliminated from subsequent studies. The objective of this study

was to conduct preliminary investigations into the mode-of-action of the nine pseudomonad

isolates which stimulate winter wheat growth. One experiment assessed these PGPR as

emergence-promoting rhizobacteria for winter wheat under suboptimal temperature

conditions in the growth chamber, and a second evaluated in vitro antibiosis towards plant

pathogenic fungi.
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3.2.2 Materials and methods

3.2.2.1 Emergence assay

Nine pseudomonad strains (R55, R61, R75, R80, R85, R92, RI04, RI05, and

RIll) selected from the screenings (i.e., study 2, section 3.1) as being superior PGPR

were tested for emergence promotion. Bacteria were grown for 48 h on KB plates at 200C

and scraped into 20 mL sterile tap water. One hundred wheat seeds were added to each

bacterial suspension and agitated on a rotary shaker (110 rpm) for 2 h at lODC. This

yielded approximately 107 cfu per seed. Ten wheat seeds were planted in each of 10

replicate styrofoam pots (250 cm3). The control consisted of winter wheat seeds inoculated

with an autoclaved isolate. Seeds were planted 2 cm deep in a Choiceland soil and a Laird

soil (Udic HaploboroU from the Laird association - Table 3.1.1). Pots were incubated at

90C and seedling emergence was evaluated at 5, 10, 15, and 20 days after planting.

3.2.2.2 In vitro antibiosis assay

The antibiosis activity of the nine pseudomonad isolates against some plant

pathogenic fungi was assessed on agar plates as described by Weller and Cook (1986), and

Wong and Baker (1984). Fungal strains tested were Rhizoctonia so/ani Kuhn AG1, AG2-

1, AG3, and AG4 and Leptosphaeria maculans "Unity" and "Leroy". Fungal isolates

maintained on potato dextrose agar (PDA) were transferred to Petri dishes containing fresh

PDA or KB medium to produce fungal mycelium plugs. Each bacterial isolate was

streaked at opposite ends ofKB or PDA agar plates near the edge, and incubated at 27°C

for 48 h. KB and PDA media were used for the production of siderophores and

antibiotics, respectively (Schroth and Hancock 1981). An agar plug (5mm diam)

containing fungal mycelium was placed in the center of these pre-inoculated plates, which

were reincubated at 27°C. Fungal inhibition was evaluated by measuring radial growth of

fungi towards the bacterial colony after 2 and 10 days.
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3.2.3 Results

3.2.3.1 Emergence assay

Seven out of nine PGPR isolates significantly (P<0.05) inhibited wheat emergence

in the Choiceland soil (Table 3.2.1). Of these, isolate R75 inhibited emergence but only

until 10 days after seeding and thereafter no effects on seed emergence were observed.

Isolates R80, R85, R92, R104, R105 and RIll inhibited seed emergence throughout the

experimental period. In contrast, isolates R55 and R61 had no effects on seed emergence

in the Choiceland soil.

Table 3.2.1 Winter wheat emergence assay of selected PGPR in Choiceland and Laird soils.

Number emerged per 10 seeds-replicate+

Treatment Choiceland soil Laird soil

5 10 15 20 days 5 10 15 20 days

Controls 3.9 7.2 7.7 7.8 3.7 5.9 6.5 6.5

R55 4.0 7.1 8.3 8.3 4.3 8.0 8.4 8.6

R61 3.2 6.9 7.9 8.0 4.3 8.3 8.3 8.5

R75 2.4 5.5 6.2 6.3 1.3 5.6 6.7 7.0

RSO O.S 3.9 4.8 4.S 3.3 7.2 7.4 7.5

RS5 1.0 3.8 4.8 5.2 3.3 5.9 6.2 6.4

R92 1.7 5.2 5.8 5.8 2.2 6.9 7.2 7.4

R104 0.9 3.4 4.5 4.5 1.9 6.7 7.3 7.7

R105 0.9 3.6 4.4 4.5 1.5 5.4 6.9 7.0

R111 1.2 4.3 5.0 5.1 1.1 3.7 5.7 5.S

LSD (1%) 1.40 1.98 2.03 2.02 1.70 2.02 1.91 1.90

(5%) 1.05 1.49 1.53 1.52 1.28 1.52 1.44 1.43

ainoculated with an autoclaved suspension of isolate RIll.
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Surprisingly, these two isolates R55 (P. cepacia) and R61 (P. aeruginosa)

increased (P<O.05) plant emergence when assayed in the more fertile Laird soil. Isolates

R92, RI04, and RI05 inhibited seed emergence during the initial 5 days and RIll was

inhibitory up to 10 days in the Laird soil. These inhibitory effects, however, were transient

and all plants recovered.

3.2.3.2 Antibiosis

In vitro antibiosis tests indicated that all nine superior PGPR isolates were

antagonistic to at least one of the six plant pathogenic fungi tested (Table 3.2.2). For

example, isolate R55 inhibited growth ofR. solani strains AG2-1 and AG3 in either PDA

or KB medium. However, this isolate was inhibitory to L. maculans "Unity" only when

tested on PDA. The isolate R61 was inhibitory to both strains of L. maculans tested and

similar inhibition zones were observed on both media (Fig. 3.2.1). The isolate R75,

identified as P. aeruginosa, was the most effective fungal inhibitor. This isolate inhibited

the radial growth of all fungi in either medium, indicating both siderophore and antibiotic

production. Isolate R104 (P. putida) inhibited radial growth of all fungi when tested on

KB medium.

3.2.4 Discussion

Inoculation of winter wheat with P. cepacia R55 and P. aeruginosa R61 increased

seedling emergence on Laird soil. Similar effects have been observed with other plant

species and PGPR. For example, Kloepper et al. (1986) observed increased seedling

emergence offield grown soybean (Glycine max L.) and canola tBrassica napus L.)

inoculated with pseudomonads. They termed these organisms emergence-promoting

rhizobacteria (EPR). In greenhouse studies, Kloepper (1983) and Xu and Gross (1986)

found that inoculation of potatoes with pseudomonads increased both seedling emergence



Table 3.2.2 Antibiosis of PGPR isolates against some plant pathogenic fungi on Potato dextrose agar

(PDA) and King's B (KB) agar medium.

Fungal isolate R55 R61 R75 R80 R85 R92 R104 R105 Rll1

PGPR Isolate

PDA KB PDA KB PDA KB PDA KB PDA KB PDA KB PDA KB PDA KB PDA KB

R. solani AGI 00 00 •• 00 00 00 00 00 00

R. solani AG2-1 00 00 •• 00 00 00 00 00 00
0\
-...l

R. solani AG3 •• 00 .0 00 00 00 00 00 00

R. solani AG4 00 00 00 00 00 00 00 00 00

L. maculans "Unity" 00 e@ eo oe ee GO 00 00 00

L. maculans "Leroy" 00 Of) Qe oe 00 00 00 00 00

• = Fungal inhibition zone at 6-10 rom from the bacterial colony

() = Fungal inhibition zone at 6 rom from the bacterial colony

0= No fungal inhibition
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inoculation seems to have inhibited seedling emergence. Although the reasons for this are

unclear, soil conditions such as compaction, moisture and temperature, may enhance seed

and root exudation (Hayman 1969; Burke at al. 1972; Nair et al. 1976) and these factors

may have led to the development of deleterious microorganisms and thus influenced the

assay results in this soil.

Results of the emergence assay demonstrated the potential of 9 pseudomonads to

exhibit antibiosis against some plant pathogenic fungal isolates in vitro. The biocontrol

capacity which microorganisms express in vitro may not be effectively expressed under soil

conditions (Burr et al. 1978). Weller and Cook (1986), however, reported significant

increases in stand, plant height, number of heads, or grain yield of field-grown winter

wheat inoculated with fluorescent pseudomonads. The authors suggest that pythium

control was a major factor in the increased growth response of winter wheat. However, it

can only be speculated that a possible mechanism of the plant growth enhancement in the

present study was the consequence of such antibiosis. It is possible that the PGPR

suppressed the growth of some deleterious rhizobacteria. Alternatively, microbially

produced plant growth regulators may play an important role in plant growth responses

(Brown 1974). The growth-promoting activities of the "two known controls" are also

attributed to their production of plant growth substances. There is firm evidence that

Azospirillum brasilense strains and Azotobacter spp. are able to produce indole-3 acetic

acid, gibberellin-like substances and cytokinins in bacterial cultures and in the rhizosphere

of plant crops (Brown 1972; Tien et al. 1979; Jain and Patriquin 1984; Taller and Wong

1989). However, in the present study, culture or root filtrates were not analyzed for the

presence of plant growth substances, and thus the observed effects on plant growth cannot

be attributed to the production of such hormones. Most of the mechanisms by which

PGPR enhance plant growth and development remain to be elucidated.
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3.2.S Summary

Nine fluorescent pseudomonad strains were studied for their ability to promote

emergence of winter wheat seedling in two different agricultural soils, and to inhibit the in

vitro growth ofRhizoctonia solani KUhn AGI, AG2-1, AG3, and AG4 and Leptosphaeria

maculans "Unity" and "Leroy" on Potato Dextrose Agar and/or KB medium. Seed

inoculation with Pseudomonas cepacia R55, and P. aeruginosa R61 significantly (P<O.05)

increased seedling emergence in the Laird soil. In the less fertile Choiceland soil,

inoculation with these two pseudomonads had no effects on seedling emergence rates

compared to nontreated controls. Furthermore, the isolates P. aeruginosa R80, P. cepacia

R85, P.fluorescens R92, and P. putida R104, RI05, or RIll significantly (P<0.05)

inhibited wheat emergence in the Choiceland soil throughout the experimental period. All

nine pseudomonads demonstrated antagonistic activity in vitro against at least one of the six

plant pathogenic fungi tested. This was an indication of in vitro siderophore and antibiotic

production by the rhizobacteria. For example, P. cepacia R55 inhibited R. solani strains

AG2-1 and AG3 in eitherPDA orKB medium, whereas P. aeruginosa R61 inhibited both

strains of L. maculans. P. aeruginosa R75 however, inhibited the growth of all pathogenic

fungi in either medium. Thus, these pseudomonads may stimulate plant growth by

antagonistic effects against pathogenic fungi. Additional studies are needed to verify this

hypothesis under soil conditions.

\
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3.3 MECHANISMS OF GROWTH PROMOTION

3.3.1 Antibiosis: Bacterial inhibition of fungal growth in situ

3.3.1.1 Introduction

Intensive monoculture of crops is a common agricultural practice worldwide. This

practice may affect crop yields, however, as losses caused by root diseases may occur.

One of the reasons for the increased incidence of diseases is stimulation of phytopathogenic

fungal and bacterial populations specific to the continuous crop (Curl and Truelove 1986).

The use of chemical pesticides to control root diseases can be expensive, and may be

implicated in environmental pollution of soil and ground water. In addition, few crop

varieties resistant to common plant diseases have been developed. Thus, the use of

biological control agents to combat such diseases is becoming more important

Biocontrol is largely based on plant-mediated interactions that occur between

pathogens and roots, or between pathogens and antagonistic microorganisms in the

rhizosphere and rhizoplane (Cook and Baker 1983). Suppression of plant disease by

rhizobacteria may involve secretion of siderophores or antibiotics, and/or aggressive root

colonization by organisms which displace or exclude deleterious rhizosphere

microorganisms (Elliott and Fredrickson 1987). Thus, the ability of a microorganism to

colonize the root system of a host plant is an important criterion in selecting

microorganisms as biocontrol agents for soil-borne root diseases.

Recently, fluorescent pseudomonads have received attention for their ability to

control major plant pathogens (Weller 1983). For example, Burr et al. (1978) reported that

P.fluorescens and P. puiida exhibited antibiosis in vitro against Erwinia carotovora. These

rhizobacteria rapidly colonized roots of potato seed pieces and increased crop yield in field

trials. Kloepper et aI. (1980a) inoculated potato seed pieces with two antibiotic-resistant
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pseudomonads using bacterial suspensions. Introduced rhizobacteria colonized the entire

rhizosphere of treated plants, including developing daughter tubers and the apical roots of

adjacent untreated plants. Inoculation increased the growth of potato plants by up to 500%

in the growth chamber and significant yield increases (up to 17%) were obtained in field

experiments. Weller and Cook (1983) reported that a strain of P.fluorescens used as a

seed treatment protected wheat against take-all in field tests. In another study by Kaiser et

al. (1989), strains of fluorescent pseudomonads exhibited ability to suppress seed rot and

pre-emergence damping-off of chick-peas caused by Pythium ultimum in two naturally

infested field soils. Field trials indicated that bacterial inoculation increased emergence and

yields of chick-peas as compared to the uninoculated controls. These increases were

equivalent to those observed when the fungicides captan or metalaxyl, or the fungus

Penicillium oxalicum were the treatments. In many cases the mode-of-action of plant

growth effects reported for fluorescent pseudomonads is related to the secretion of

siderophores which chelate Fe3+, thus making this element less available for pathogenic

microorganisms in the rhizosphere.

This study examined the antagonistic activity of fluorescent pseudomonad PGPR

towards plant pathogenic fungi of winter wheat grown in the presence of the pathogen.

3.3.1.2 Material and methods

3.3.1.2.1 Bacterial growth

Pseudomonas cepacia R55 and R85, and P. putida RI04 were used in this study.

These bacteria were chosen because they (0 stimulate growth and yield of winter wheat in

the growth chamber and field studies (sections 3.1 and 3.4.3, respectively) and (ii) they

exhibit in vitro antibiosis activity against various plant pathogenic fungi (section 3.2).

Bacteria were grown in 50-mL (in 125-mL erlenmeyer flasks) liquid King's B (KB)
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medium (King et al. 1954) on a rotary shaker (100 rpm) at 28°C for 48 h. Bacterial

suspensions were concentrated by centrifugation (15 min at 5000 x g), washed three times

in PBS, and re-suspended in 10 mL of sterile tap water. Seeds were surface sterilized by

soaking in ethanol (95% v/v) for 30 s and sodium hypochlorite (1.2% w/v) for 3 min,

followed by 10 rinses in sterile tap water (Vincent 1970). "Surface sterilized" seeds were

placed in the bacterial suspension for 4 h, allowing the bacteria to penetrate into the "seed

ruptures" to ensure colonization during seed germination. Inoculated seeds were placed in

plastic bags containing 3 mL of sterile 1 % (w/v) methylcellulose; Sigma Chemical Co., St.

Louis, MO) and mixed with 15 g of talc. These 'seed pellets' were air dried overnight.

This procedure yielded 106-107 cfu per seed.

3.3.1.2.2 Fungal growth

Rhizoctonia solani AG-l, Rhizoctonia solani AG 2-1, Rhizoctonia solani AG-3,

and Fusarium solani were obtained from Agriculture Canada Research Station, Saskatoon.

Fungi were stored at 5°C on Difco Potato Dextrose agar (FDA) medium (Difco

Laboratories, Inc., Detroit, MI). Fungi were grown on PDA plates incubated at 25°C for 4

days. One PDA plate of each fungal isolate was scraped to 500 mL of sterile PBS and

suspended using a sterile Waring blender (medium speed for 2 min). These suspensions

were used to inoculate 400 g of winter wheat kernels, which had been previously

moistened with distilled water and sterilized (4 x) in an autoclave at 120°C for 1 h. This

inoculated kernel mixture was incubated at 25°C for 7 days, air-dried and ground «1.0

mm) using a sterilized mortar and pestle. Fifty grams were mixed with 10.0 kg of air-dried

soil (0.5% w/w). The control soil was amended with an autoclaved kernel mixture. The

soil was a Dark Gray Luvisol (Typic Cryoboralf) Choiceland soil (characteristics listed in

Table 3.1.1), Bulk soil was air dried and sieved «2 mm). Inoculated soil was moistened

with distilled water to reach 60% of moisture holding capacity (0.33 kPa), and incubated at
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After germination the plants were thinned to two per pot and a 2-cm layer of sterile

polyethylene beads (Dupont Inc., Mississauga, ON) was laid at the soil surface to avoid

cross contamination and excessive losses of moisture. Wheat seedlings were grown in a

growth chamber (photosynthetic irradiance of -200-265 � m-2 s-1) at 24°C under a 14 h

light: 10 h dark cycle. Pots were arranged in a randomized complete block design with

five replications per treatment The plants were harvested at 50 days, and shoot and root

material was dried at 650C in a forced-air oven for 72 h.

3.3.1.2.4 Analyses of plant material

Nutrient content (total-N, -P, and -Fe) of shoot material was determined using

samples digested with H2S04-H202 (Thomas et al. 1967). Total-N, and -P in the extract

were determined using an Autoanalyzer IT Technicon
™

system (Technicon Industrial

Systems, Tarrytown, NY), and total-Fe was determined with a PYE UNICAM SP 190

Series Atomic Absorption spectrophotometer set at 248.3 nm.

Five bacterial inoculation treatments were imposed: (i) control i.e., wheat seeds

inoculated with an autoc1aved suspension of isolate RI04 and grown in soil without fungi,

(il) wheat seeds inoculated with an autoclaved suspension of isolate R104 and grown in the

fungal-infested soil, (iii) P. cepacia R55, (iv) P. cepacia R85, and (v) P. puiida R104. All

treatments were tested against the pathogenic fungi R. so/ani AG-I, AG 2-1, and AG-3,

and F. solani.

3.3.1.2.5 Statistical analyses

Statistical analyses were performed using the Systat statistic package for ANOVA

(Systat Inc., Evanston, 11) with Tukey's honest significant difference (HSD) (Steel and

Torrie 1960) used to separate treatment means.
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3.3.1.3 Results

3.3.1.3.1 Influence of fungal pathogen on wheat growth

Infestation of soil with R. solani AG-l or R. solani AG 2-1 significantly (P<O.OI)

reduced plant biomass, total-Ni-P, and -Fe (Tables 3.3.1 and 3.3.2). The deleterious

effects on root dry weight were more evident than non-infested soil. For example,

compared to the root dry weight of plants grown in the non-infested soil, R. solani AG-l

and AG 2-1 reduced root dry weight by 62% and 78%, respectively (Tables 3.3.1 and

3.3.2). Rhizoctonia solani AG-3 had no effect on plant biomass, but total-Fe content was

significantly affected. A decrease of 53% in the shoot Fe concentration was observed for

the plants grown in the infested soil (Table 3.3.3). F. solani had no effects on winter

wheat growth (Table 3.3.4)

3.3.1.3.2 Effect of bacterial inoculation on wheat growth in the presence

of fungal pathogens

All three pseudomonad inoculants significantly (P<O.OI) increased winter wheat

plant biomass at 50 days in the soil infested with R. solani AG-l (Table 3.3.1). For

example, inoculants increased the root dry weight by 92 to 128% and shoot dry weight by

28 to 48%. Although the bacterial inoculants protected plants against the fungal pathogens,

plant yields were still less than in the complete absence of disease. The P. cepacia R85

inoculant produced a significant increase in N (P<0.05) and P-uptake (P<O.OI) of wheat

shoots, whereas isolate P. putida R104 significantly increased the percentage (P<0.05)

and/or total-P uptake (P<O.OI). The shoot material of all plants inoculated with bacteria

also had significantly higher total-Fe contents than the uninoculated treatment in the AG-l

infested soil. Inoculation with P. cepacia R55 produced the highest (P<O.Ol) Fe

concentration in the shoots, but had no effect on Nand P uptake.



Seed Soil Shoot Root Total (%) (mg.pl·l) (%) (mg.pl·l) (ppm) (ug-pl+)

Table 3.3.1 Dry matter production, nitrogen, phosphorus and iron content of 50 day-old winter wheat (cv. Norstar)

inoculated with PGPR and cultivated in Choiceland soil infested with Rhizoctonia solani AG-l.

Treatment Dry weight (mg-plI) Total-N Total-P Total-Fe

-

1216.4 1003.6 2220.0 1.64 19.99 0.37 4.55 564.4 686.2

AG-l 650.0 378.0 1028.0 1.42 9.38 0.39 2.58 302.9 199.8
-.J

-.J

R55 AG-l 962.9 769.2 1732.1 1.56 15.02 0.34 3.31 573.6 556.8

R85 AG-l 895.0 729.0 1624.0 1.81 16.02 0.53 4.65 488.9 450.8

RI04 AG-l 837.0 865.0 1702.0 1.73 14.64 0.57 4.75 497.8 418.3

Tukey's HSD

(1%) 209.2 388.1 516.1 n.s. 8.22 0.19 1.60 211.9 266.8

(5%) 167.4 310.5 413.0 n.s. 6.58 0.16 1.23 169.6 213.5

-

n.s·Not significant
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The effects of bacterial inoculants on the plant yield were less evident in the soil

infested with R. solani AG 2-1 (Table 3.3.2). Inoculation with P. cepacia R55

significantly (P<0.05) increased plant biomass (shoot, root and total plant weight) and

shoot total-Fe, whereas P. putida R104 increased shoot and total plant weight and shoot

total-N (P<O.Ol). In general, bacterial inoculants increased root dry weight by 280% and

shoot dry weight by 290% compared to uninoculated plants (Table 3.3.2).

In contrast to R. solani AG-1 or R. solani AG 2-1, infestation of soil with R. solani

AG-3 (Table 3.3.3) or F. solani (Table 3.3.4) had little or no effects on wheat

development, respectively. However, inoculation with isolate P. cepacia R85 significantly

(P<0.05) increased wheat shoot biomass in the R. solani AG-3 infested soil (Table 3.3.3),

but in the F. solani infested soil, bacterial inoculation or the infestation of soil with the

fungi had no effects on plant development (Table 3.3.4).

3.3.1.4 Discussion

Three pseudomonad inoculants (i.e., P. cepacia R55 and R85 and P. putida R104)

produced beneficial effects on development of winter wheat seedlings grown in soil

infested with the phytopathogenic fungi R. solani. The ability of certain rhizobacteria to

exhibit antibiosis against disease-causing fungi has been widely reported (Weller 1983).

However, most reports only demonstrate in vitro antibiosis by rhizobacteria and in some

cases no correlation between in vitro and in vivo results are observed. In a previous study

(i.e., section 3.2), I found that the three pseudomonad isolates R55, R85, and R104

exhibited in vitro antibiosis against the four phytopathogenic fungi tested. The results of

the present in situ study show that pseudomonad inoculants produced positive effects on

development of wheat seedlings infected by phytopathogenic fungi.



Seed Soil Shoot Root Total (%) (mg-pl+) (%) (mg-pl-l) (ppm) (pg-pl+)

Table 3.3.2 Dry matter production, nitrogen, phosphorus and iron content of 50 day-old winter wheat (cv. Norstar)

inoculated with PGPR and cultivated in Choiceland soil infested with Rhizoctonia solani AG 2-1.

Treatment Dry weight (mg-pl+) Total-N Total-P Total-Fe

-

1216.4 1003.6 2220.0 1.64 19.99 0.37 4.55 564.4 686.2

AG2-1 357.3 218.3 575.6 2.60 9.16 0.43 1.55 396.9 142.4
-.J

\0

R55 AG2-1 1002.9 699.2 1702.1 1.72 17.00 0.36 3.66 595.5 597.2

R85 AG2-1 769.1 644.5 1413.6 1.92 14.62 0.36 2.81 257.2 196.8

R104 AG2-1 1060.0 650.9 1710.9 2.14 22.36 0.34 3.63 501.4 525.5

Tukey's HSD

(1%) 671.3 543.8 1166.8 n.s. 12.28 n.s. 2.99 n.s. n.s.

(5%) 537.4 435.1 993.6 n.s. 9.82 n.s. 2.39 n.s. 329.2

n.s·Not significant



Seed Soil Shoot Root Total (%) (mg-pl+) (%) (mg.pl-l) (ppm) (pg-pl+)

Table 3.3.3 Dry matter production, nitrogen, phosphorus and iron content of 50 day-old winter wheat (cv. Norstar)

inoculated with PGPR and cultivated in Choiceland soil infested with Rhizoctonia solani AG-3.

Treatment Dry weight (mg-pl+) Total-N Total-P Total-Fe

-

1216.4 1003.6 2220.0 1.64 19.99 0.37 4.55 564.4 686.2
00

0

AG-3 1148.0 1351.6 2499.6 1.68 19.42 0.46 5.27 272.8 317.7

R55 AG-3 1136.7 1285.3 2422.0 1.71 19.40 0.40 4.55 407.4 469.5

R85 AG-3 1350.5 1110.3 2460.8 1.67 22.54 0.38 5.15 292.4 397.2

R104 AG-3 1295.6 1484.2 2779.8 1.52 19.74 0.37 4.80 391.9 509.7

Tukey's HSD

(1%) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

(5%) 176.2 n.s. n.s. n.s. n.s. n.s. n.s. 241.4 325.1

-

n.s·Not significant



Seed Soil Shoot Root Total (%) (mg-pl+) (%) (mg-pl+) (ppm) (J.lg.pI-I)

Table 3.3.4 Dry matter production, nitrogen, phosphorus and iron content of 50 days winter wheat (cv. Norstar)

inoculated with PGPR and cultivated in Choiceland soil infested with Fusarium solani.

Treatment Dry weight (mg-pl+) Total-N Total-P Total-Fe
-

1216.4 1003.6 2220.0 1.64 19.99 0.37 4.55 564.4 686.2 00

-

F. solani 1295.2 968.2 2263.4 1.55 20.12 0.32 4.21 415.2 537.5

R55 F. solani 1256.2 1012.3 2268.5 1.67 21.07 0.33 4.12 287.2 362.6

R85 F. solani 1195.1 944.8 2139.9 1.89 22.55 0.35 4.15 288.5 351.2

R104 F. solani 1181.4 1019.0 2200.4 1.77 20.94 0.35 4.11 251.9 300.3

Tukey's HSD

(1%) n.s. n.s. n.s. n.s. n.s. n.s, n.s. n.s. n.s.

(5%) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

-

n.s·Not significant
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Although species of R. solani may not be major pathogens of winter wheat, they

are known to be a major causer of bare-patch condition in wheat fields, causing root rotting

and damping-off of wheat plants (Cook and Baker 1989). The presence of R. solani

species in soil significantly reduced winter wheat root development, which was confirmed

by a consistent decrease in root dry weights. Inoculation of wheat seeds with the

pseudomonads alleviated root damage and thus significantly increased root weight. A

significant increase in shoot weight was also obtained when P. eepacia R85-inoculated

wheat seeds were grown in soil infested with R. solani AG-3, indicating that this

rhizobacterium also had a stimulatory effect on plant growth.

In this study, bacterial inoculation was more effective against the pathogenic fungi

in the following order: R. solani AG-l, R. so/ani AG 2-1, R. solani AG-3, and F. solani.

The reasons for this ranking are not well understood; however, cultural practices and soil

amendments which affect vigor and development of crops may also influence the relative

pathogenicities of the pathogen (Simon and Sivasithamparam 1989). The fundamental

principle for the exploitation of biocontrol resides in the antagonistic ability of the

biocontrol agent, i.e., competition, antibiosis, lysis, hyperparasitism, and predation. The

suppression of the deleterious microorganisms by rhizobacteria appears to be mediated

through the production of fluorescent siderophores (Kloepper et al. 1980b; Schroth and

Hancock 1982). Reports showing the suppression of Fusarium wilt (Kloepper et al.

1980b; Scher and Baker 1982) and wheat take-all (Kloepper et al. 1980c; Weller and Cook

1983) by rhizobacteria implicated fluorescent siderophores in the disease suppression.

Howell and Stipanovic (1979) isolated an antibiotic-producing strain of P.fluorescens

antagonistic to R. solani from the rhizosphere of cotton plants. The antibiotic was

inhibitory to R. solani and was identified as pyrrolnitrin. Further tests indicated that

pyrrolnitrin was able to inhibit the growth of other fungi associated with the cotton seedling

diseases such as Thielaviopsis basieola, Alternaria sp., and Verticillium dahliae.

\
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Inoculation of cotton seeds with P.fluorescens or pyrrolnitrin increased seedling survival

from 30 to 79% and from 13 to 70%, respectively, in a soil infested with R. so/ani.

Similarly, Weller and Cook (1983) reported that seed inoculation with a P.fluorescens

strain increased winter wheat grain yield by 26% in a field infested with Pythium spp.

Results of this study indicated that P. cepacia R55 and R85 and P. putida R 104

exhibited biocontrol activity by alleviating the effects of phytopathogenic fungi. Thus, for

these three rhizobacteria biocontrol may be an important mechanism by which they enhance

winter wheat. Further studies were required to ascertain the nature of the biocontrol

activity exhibited by these and the other six pseudomonads, and also to explore other

possible mechanisms of plant growth promotion. Siderophore production is one way

rhizobacteria affect biocontrol and this is the topic of the next investigation.

3.3.1.5 Summary

Three fluorescent pseudomonads antagonistic towards plant pathogenic fungi, in

vitro, were applied as seed inoculants to winter wheat (cv. Norstar) grown in a growth

chamber in soil infested with an isolate of Fusarium solani or the Rhizoctonia solani

isolates AG-1, AG 2-1, or AG-3. Infestation of soil with R. solani AG-l and AG 2-1

reduced root dry weight of uninoculated plants by 62% and 78%, respectively, whereas R.

so/ani AG-3 or F. so/ani had no effect on plant biomass. In the soil infested with R. solani

AG-l, bacterial inoculants increased the root dry weight by 92 to 128% and shoot dry

weight by 28 to 48%. Inoculation with isolate P. cepacia R85 significantly (P<O.05)

increased wheat shoot biomass in the R. so/ani AG-3 infested soil.

The P. cepacia R85 inoculant produced a significant increase in N (P<O.05) and P

uptake (P<O.Ol) of wheat shoots, whereas P. putida R104 significantly increased the



84

percentage (P<O.05) and/or total-P uptake (P<O.Ol) in the soil infested with R. solani AG-

1. The shoot material of all plants inoculated with bacteria also had significantly higher

total-Fe contents than the uninoculated treatment in the AG-l infested soil. Inoculation

with P. cepacia R55 produced the highest (P<O.Ol) Fe concentration in the shoots, but had

no effect on N and P uptake. These results suggest an in situ antibiosis activity of three

pseudomonad isolates towards phytopathogenic fungi and suggest that the plant growth

response was probably due to protection against damage caused by Rhizoctonia spp.
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3.3.2 Production of ferric siderophores in liquid culture medium

3.3.2.1 Introduction

The mode-of-action of plant growth stimulation exhibited by pseudomonad paPR

has been associated with the ability of the rhizobacteria to produce extracellular

siderophores which chelate Fe3+ under iron-limiting conditions in the rhizosphere, thus

making this element less available for certain phytopathogenic microorganisms (Suslow

1982; Bakker et al. 1987). A common characteristic of fluorescent pseudomonads is the

ability to produce fluorescent pigments, some of which are siderophores. I have

previously shown (section 3.2) that nine fluorescent pseudomonad isolates inhibited, in

vitro, the growth of some plant pathogenic fungi. Some of these isolates also stimulated

growth of winter wheat cultivated in soil infested with Rhizoctonia spp. (section 3.3. I).

Thus, the purpose of this study was to determine the presence of fluorescent siderophores

(FS) in the bacterial culture medium.

3.3.2.2 Materials and methods

3.3.2.2.1 Bacteria and growth conditions

Nine pseudomonad isolates (i.e., R55, R61, R75, R80, R85, R92, R104, RI05,

and RIll) were grown in 50-mL (in 125-mL erlenmeyer flasks) of low-Fe (10 mg L-I

Fe3+) liquid rhizosphere medium (RSM) described by Buyer et al. (1989). The sucrose of

RSM medium was replaced with 6.0 mL glycerol L-l. Flasks were incubated on a rotary

shaker (100 rpm) at 28°C for 5 days, and bacterial cells removed from the medium by

centrifugation (10,000 x g for 15 min at 40C).

3.3.2.2.2 Siderophore assay

Ferric siderophores were determined in cell-free extracts of the culture medium.

Siderophores were extracted as described by Scher and Baker (1982). Cell-free

\
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supernatants (obtained by centrifugation) were filtered through 0.20-llm cellulose acetate

filters (Nalgene™, Nalge Co., Rochester, NY), and the pH adjusted to 5.5 with O.IN

HCI. Liquid RSM medium was similarly treated and used as a control blank. The

presence of putative siderophores in culture extracts was determined by absorbance at

wavelengths between 320 and 520 nm using a Beckman DB-G Grating spectrophotometer

and quartz glass cells (Hellma™, Fisher Scientific, Edmonton, AB) (Scher and Baker,

1982).

3.3.2.3 Results

3.3.2.3.1 Siderophore production and characteristics

Addition of FeCl3 (25 � to the growth medium inhibited the production of

fluorescent pigments. However, when cultured in the low-Fe-" (traces of FeCI3) medium

all pseudomonad isolates produced water-soluble fluorescent pigments (Fig. 3.3.2.1).

These compounds each had a distinct absorbance curve similar to those described by Wong

and Baker (1984). For example, culture medium extracts of strains P. cepacia R55 and

R85, P. aeruginosa R75, and P.fluorescens RIll exhibited absorbance curves which

appeared to peak near 320 nm. The isolate P. aeruginosa R61 exhibited an absorbance

peak near 480 nm. Pseudomonas aeruginosa R80 and P. putida R104 had absorbance

peaks near 420 run, whereas P. putida R105 peaked at 360 run. The absorbance peaks of

P.fluorescens R92 was in the range of 360 to 420 nm.
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Figure 3.3.2.1 Absorbance curves of culture medium extracts for nine fluorescent

pseudomonads grown in a low-Fe medium for 5 days.
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3.3.2.4 Discussion

Fluorescent siderophores have been implicated in the suppression of fusarium wilt

(Kloepper et al. 1980b, Scher and Baker, 1982) and take-all of wheat (Kloepper et al.

1980c). In the current study, all nine pseudomonad PGPR for winter wheat produced

fluorescent pigments with absorbance peaks near 320-460 nm (Fig. 3.3.2.1). These

pigments are assumed to be siderophores because: (i) their synthesis was inhibited by

addition of 25 JlM FeCl3 to the growth medium, and (ii) their absorbance characteristics

were similar to those for siderophores (Scher and Baker 1982; Wong and Baker 1984).

Misaghi et al. (1988) reported that Fe deprivation mediated by fluorescent

siderophores may not be a consistent mechanism of disease suppression. Since production

and biological activity (Fe competition) of fluorescent siderophores (FS) are influenced by

pH value which varies from soil to soil, FS-mediated Fe competition under field conditions

may be limited to a few cases where pH and probably other factors are conducive not only

to production of siderophores but also to their activity. Thus, the disease suppression or

plant growth promotion mediated by fluorescent pseudomonads may be due to antibiosis

other than that caused by Fe deprivation (Howell and Stipanovic 1980). For example,

Buyer and Leong (1985) reported that antagonism between bacterial strains occurred even

in the presence of Fe3+, which implicates antibiotics or bacteriocins as a possible mode of

action. Loper and Schroth (1981) also suggested that the growth-inhibitory behavior of

certain beneficial fluorescent pseudomonads against deleterious microorganisms under

iron-sufficient conditions is due to the production of bacteriocins. Although the nine

fluorescent pseudomonads produced fluorescent pigments (Fig. 3.3.2.1), not all strains

inhibited all phytopathogenic fungi in vitro. Thus other mechanisms might be involved in

the plant growth promotion induced by the rhizobacteria.
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3.3.2.5 Summary

In vitro production of siderophore-like substances by nine fluorescent

pseudomonads was assessed in a low Fe3+ medium. All nine pseudomonad isolates

produced water-soluble fluorescent pigments with absorbance peaks between 320 and 480

nm when cultured in low-Fe3+ medium. Pseudomonas cepacia R55 and R85, P.

aeruginosa R6l and R75, and P.fluorescens RIll produced compounds with similar

absorbance peaks near 320 nm, whereas P. aeruginosa R80, P.fluorescens R92 and P.

putida RI04 produced compounds with absorbance peaks in the range of 380 to 420 nm.

Thus the ability of these pseudomonads to exhibit antibiosis towards phyptopathogenic

fungi may be associated with their ability to produce siderophores. Although these

fluorescent pigments have been associated with disease suppression, it is possible that

besides iron deprivation, other mechanisms could be involved in the plant growth

responses. Thus, production of a IAA-like substances by the pseudomonads will be

investigated next

\
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3.3.3 Production of Indole-3-Acetic Acid (lAA) in liquid culture and plant

rhizosphere

3.3.3.1 Introduction

Indole-3-acetic acid (lAA) is a physiologically-active auxin which can be produced

by plants and microorganisms. Brown (1972) reported that root morphology of wheat

inoculated with rhizobacteria, including a Pseudomonas sp., was different from

uninoculated plants. She attributed altered root morphology to bacterial production of plant

growth-regulating substances with the properties of IAA. Other rhizobacteria such as

Azotobacter paspa/i and Azospirillum brasilense also produce an IAA-like substance from

tryptophan in vitro (Hartman et al. 1983). Moreover, inoculation of pearl millet plants with

A. brasilense increased plant biomass and altered root morphology (i.e., increased number

of root hairs and lateral roots), but there was no change in root weight and the length of the

main root decreased (Tien et al. 1989). These effects could be mimicked by supplying a

combination of IAA, gibberellin GA-3, and kinetin. The purpose of this study was to

assess the production of IAA-like substances by five pseudomonad isolates and their

antibiotic-resistant counterparts in culture medium (in vitro) and in the nutrient solution of

winter wheat grown in Leonard jars under gnotobiotic conditions.

3.3.3.2 Materials and Methods

3.3.3.2.1 Bacteria and growth conditions

Isolates R55, R75, R85, RI04, and R105, and their respective RifT Nalr

counterparts (i.e., resistant to both rifampicin and nalidixic acid) were used in this study.

Spontaneously-arising, antibiotic-resistant mutants were obtained as described by

Kuykendall (1987). Wildtype strains were grown in 50-mL (in 125-mL erlenmeyer flasks)

liquid King's B (KB) medium (King et al. 1954) on a rotary shaker (100 ppm) for 48 h at

280C. Cultures (O.l-mL aliquots) were spread plated onto the surface of KB medium
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containing 25, 50, 75, or 100 ug mL-1 of nalidixic acid and rifampicin (Sigma Chemical

Co., St. Louis, MO); this antibiotic medium was called KB-RN. Inoculated plates were

incubated for 7 days at 28°C. Bacterial colonies were transferred sequentially on KB-RN

medium containing 25 ug antibiotics mL-1 through 100 ug mL-1, until they grew on the

KB-RN medium containing 100 Jlg mL-1 (i.e., KB-RN100). Colonies from these plates

were picked and streaked four times on KB-RN100 medium. All pseudomonad isolates

developed double resistance to the antibiotics and remained stable without loss of antibiotic-

resistance after more than 10 passages in KB medium. The antibiotic-resistant mutants

(RifT Nal") were coded with the prefix "MR", e.g., MR55.

Wildtype pseudomonad isolates were grown in 50-mL (in 125-mL erlenmeyer

flasks) KB medium supplemented with 100 ug mL-1 filter-sterilized L-tryptophan. RifT

Nal" mutants were grown in the same medium supplemented with 100 ppm of rifampicin

and nalidixic acid. Flasks were incubated on a rotary shaker (100 rpm) at 28°C for 10

days. Bacterial cells were removed from the medium by centrifugation (10,000 x g for 15

min at 4°C).

3.3.3.2.2 Determination of IAA produced in vitro in growth culture

medium

Bacterial cells were separated from the growth medium by centrifugation at 10,000

x g for 15 min at 40C. Free IAA-like substances in the growth medium were determined

using a modified procedure described by Hunter (1986). Each supernatant was acidified to

pH 2.5 with 12N HCI and sequentially extracted three times with 10 mL of ethyl acetate at

30 min intervals. The ethyl acetate fractions were evaporated to dryness at 40 to 45°C

under vacuum, and the residue redissolved in 2-mL absolute methanol. Total IAA-like

content in each sample was assayed colorimetricaly (Gordon and Webber 1951). Samples

were placed in a beaker, mixed with 2.0 mL of a Fe-HCI04 reagent (i.e., 1.0 mL of 0.5M

FeCl3 plus 50 mL 35% HCI04), and read after 25 min at 530 nm absorbance using a

\
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Beckman DB-G Grating spectrophotometer. Results were plotted against an IAA standard

curve and reported as Ilmoles of IAA per mL of growth medium.

3.3.3.2.3 Seed inoculation and plant growth conditions

The bacteria were grown as in section 3.3.3.2.1. Winter wheat seeds were surface

sterilized as in section 3.3.1. Bacterial inoculation was performed as described in section

3.2.2.1.

For in vivo production of IAA, winter wheat plants were grown under axenic

conditions using sterile Leonard Jar assemblies containing Turface (International Minerals

and Chemical Corp., Mundelein, IL). Exactly 700 mL of a complete Hoagland's liquid

nutrient solution (N-sources replaced by 50 ppm N as (Nl4hS04) was added into each jar

(Hoagland and Arnon 1938). The jars were individually wrapped with aluminum foil, held

at room temperature overnight (to allow the Turface to soak with nutrient solution), and

then sterilized at 12()oC for 1 h in the autoclave. Five inoculated seeds (described in section

3.3.1.2.1) were placed into each jar and allowed to germinate at 24°C. After germination,

seedlings were thinned to two per jar and the plants grown in a growth chamber (described

in section 3.1.2.2) using a completely randomized block design with five replications. The

level of nutrient solution in the jars was kept constant throughout the experiment by weekly

additions of sterile distilled water; this procedure was carried out under aseptic conditions

using a laminar-air flow hood to avoid contamination.

The plants were harvested at 48 days, and shoot and root material was dried at

65°C in a forced-air oven for 72 h. Nutrient content of shoot material was determined

using a H2S04-H202 digestion procedure (Thomas et al. 1967). Total-P in the extract was

determined using an Autoanalyzer II Technicon™ system (Technicon Industrial Systems,

Tarrytown, NY), and total-Fe was determined with a PYE UNICAM SP 190 Series

Atomic Absorption spectrophotometer at 248.3 nm. The remaining nutrient solution
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contained in the bottom part of Leonard jars was kept frozen until IAA determinations were

made.

3.3.3.2.4 IAA assay of plant rhizosphere medium

Wheat roots were placed in a sterile 2OO-mL Mason jar, mixed with 70% (v/v)

acetone and extracted for 30 min using a rotary shaker (250 rpm) at room temperature. The

homogenate was extracted by allowing the samples to stand for 24 h in the dark. After

extraction, solids were removed by centrifugation (15 min at tO,OOO x g), and acetone

removed by evaporation. The content of each replicate was pooled to make one sample,

and kept frozen at -2OOC. The nutrient solution recovered from the bottom part of each

Leonard jar during the harvest was pooled in one sample, mixed with root extracts and

concentrated to 10 mL using a freeze dryer (VirTis™, Gardiner, NY). Free IAA-like

substances were determined as described in section 3.3.3.2.2 and results reported as

umoles of IAA per plant.

Data were analyzed using the Systat statistic package for ANOVA (Systat, Inc.,

Evanston, IL). When a significant F value was detected, the least significant difference

(Fischer LSD) was used to separate treatment means from the uninoculated control (S teel

and Torrie 1960).

3.3.3.3 Results

3.3.3.3.1 IAA levels in the medium extracts

Free lAA-like substances were not detected in either KB medium or extracts of

medium from the PGPR isolate MR55 (Fig. 3.3.3.1). Traces of IAA (i.e., less than 0.005

umol mL-1) were observed in the isolates R55, MR75 and MR104 medium extracts. The

other six isolates R75, R85, MR85, R104, R105, and MR 105 produced amounts of IAA

ranging from 0.02 to 0.06 umol mL-1.
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Figure 3.3.3.1 Levels ofIAA in extracts of culture medium supernatants of

pseudomonads and in concentrated growth solutions of winter wheat

plants inoculated with pseudomonads.
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3.3.3.3.2 IAA levels in the plant rhizosphere

When rhizosphere extracts were analyzed for the presence of free IAA, traces of

this auxin were detected in the treatment control. Thus plant produced IAA was detected,

and only IAA concentrations higher than this background (0.02 umol IAA plant' 1) were

considered the consequence of bacterial inoculation. The highest amounts of IAA in the

wheat rhizosphere were observed in the plants inoculated with the isolates P. aeruginosa

R75 and MR75, P. cepacia R85 and MR85, or P. putida R105 (Fig. 3.3.3.1). In these

treatments (except R85 or RI05) inoculation also significantly increased root weight (Table

3.3.1) compared to the control. The levels of IAA in the wheat rhizosphere were higher

when wheat seeds were inoculated with the pseudomonads.

3.3.3.3.3 Influence of inoculation on wheat growth and nutrient content

Inoculation of winter wheat with pseudomonad isolates stimulated plant biomass,

and P uptake in the absence of plant disease. For example, inoculation with three. out of

four, RifT Nal" pseudomonads caused increase in shoot and root dry weight which resulted

in total plant yield increases (Table 3.3.3.1). In fact, in these treatments (except MR104)

high plant yields coincided with the high levels of IAA detected. The isolates P. cepacia

R55 and MR55, and P. putida RI05 and MRI05, produced no effects on plant biomass

(Table 3.3.3.1). Inoculation of wheat seeds with eight, out of ten, pseudomonad isolates

significantly (P<O.05) increased total-P levels in the shoots over the uninoculated controls.
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Table 3.3.3.1 Dry matter production, phosphorus and iron yield of 48-day-old winter

wheat plants inoculated with pseudomonads and cultivated under axenic

conditions.

Dry weight (g.pl�l) Total-P Total-Fe

Treatment

Shoot Root Total (mg-pl+) (ug-pl+)

Control 1.04 0.49 1.53 4.2 429,6

R55 1.21 * 0.59 1.80* 4.9** 506.7

MR55 1.15 0.54 1.69 4.7* 357.7

R75 1.29** 0.65** 1.94** 5.0** 330.3

MR75 1.37** 0.69** 2.06** 5.0** 356.4

R85 1.30** 0.59 1.89** 4.9** 382.0

:MR85 1.35** 0.69** 2.04** 5.0** 315.9

R104 1.29** 0.63* 1.92** 5.0** 323.8

:MR104 1.30** 0.70** 2.00** 4.8** 314.6

R105 1.15 0.58 1.73 5.1 ** 415.2

MR105 1.11 0.57 1.68 5.1** 293.7

LSD (1%) 0.22 0.16 0.35 0.6 n.s.

(5%) 0.17 0.12 0.26 0.5 n.s.

*,
** Denotes statistical significance from the control at P<0.05 and P<O.Ol, respectively.

n.s, Not significant.
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3.3.3.4 Discussion

Five pseudomonads and their RifT Nal" mutants produced 1AA-like substances in

vitro when growing on tryptophan in culture medium, and in the rhizosphere of wheat

plants grown under gnotobiotic conditions. Phytohormones such as IAA produced by

rhizobacteria have been implicated in the stimulation of plant growth. For example, Brown

(1974) states that IAA produced by certain soil rhizobacteria may constitute an effective

mechanism of plant growth promotion. In addition, Barea and Brown (1976) reported that

Azotobacter paspali produced plant growth hormones, including IAA, which promoted

plant growth. Thus, they proposed this as an alternative mechanism to explain plant

responses to bacterial inoculation.

Two RifT Naif isolates (i.e., MR55, and MR105) failed to stimulate winter wheat

growth in the Leonard jars. Moreover, these two isolates produced IAA-like substances at

lower levels than their wildtype parents. However, it was not clear if 1AA detected was

due to bacterial production or production by the roots in response to bacteria colonization.

IAA production in plant roots may be elicited by bacteria cell-surfaces components (Okon

and Kapulnik 1986). Although there is no direct evidence to support the claims that

hormonal processes occur in the soil, the traces of IAA found in the rhizosphere of wheat

plants inoculated with pseudomonads indicate that production of IAA took place in the

winter wheat rhizosphere. However, it seems that the concentration of IAA in this root

region should be very small and in a very narrow range to effectively promote plant

growth. Jain and Patriquin (1985) reported that 0.01 mg L-l ofIAA added to a plant

growth medium caused "tuning fork" deformations of root hairs of spring wheat similar to

those produced by inoculation with A. brasilense, whereas 0.01 to 0.05 mg L-l strongly

inhibited the root growth of wheat seedlings. However, these authors observed that

different cultivars responded differently to 1AA levels. Similarly, Tien et al. (1979)

reported that IAA concentrations between 0.005 to 0.05 ug mL-1 added to the plant growth
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medium had little or no effect on lateral root production and root weight, respectively, but

that O.Olllg mL-1 significantly increased shoot biomass. They also reported a significant

proliferation of lateral roots and root hairs when A. brasilense was used to inoculate plants.

In the present study, inoculated plants exhibited higher total-P contents than the

uninoculated controls. Although the exact mechanism of increased ion uptake by these

inoculated plants is not well understood, Lin et ale (1983) reported that inoculation of maize

with A. brasilense altered the cell arrangements of the cortex. This increased the root

surface activity involved in ion uptake. Similarly, Lifshitz et ale (1987) demonstrated that

inoculation of canola with an isolate of P. putida significantly increased the uptake of

labelled phosphorus (32p) of plants grown under gnotobiotic conditions. They proposed

that the bacterial-induced increase in P uptake by the plant could be caused by two possible

mechanisms i.e., (i) root elongation was stimulated by the newly-introduced bacteria via a

"hormonelike factor" and this resulted in an increased uptake of nutrients and water; (ii)

bacterial inoculation increased the P uptake capacity of the plant which then stimulated root

elongation, and subsequently increased the nutrient and water absorption capacity of the

plant Therefore. increased availability of nutrients may be the result of increased root

growth.

Results of this study indicate that production of hormone-like substances may be

implicated in the plant growth promotion activity exhibited by the pseudomonads. Further

work is required to ascertain the role of pseudomonad PGPR on nutrient uptake by winter

wheat grown in the soil.

3.3.3.5 Summary

The production of an IAA-like substances in a bacterial growth medium and the

plant rhizosphere under gnotobiotic conditions by five pseudomonad isolates and their RifT
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Nal" counterparts was examined, All but one of the bacterial cultures produced IAA-like

substances in amounts ranging from 0.005 to 0.065 umol mL-I of cell-free extract.

Production of these lAA-like substances varied according to the bacterial strain. The

wildtypes, P. aeruginosa R75, P. cepacia R85, P. putida R104 and R105, and the

antibiotic-resistant P. cepacia MR85 produced the most IAA (more than 0.05 umol mL-I)

in the presence of tryptophan. Isolate P. cepacia MR55 produced no detectable levels of

IAA, whereas isolates P. cepacia R55, P. aeruginosa MR75 and P. putida RI04 produced

levels oflAA less than 0.005 umol mL-i. Isolates P. aeruginosa R75 and MR75, P.

cepacia R85 and MR85, and P. putida RI04 and R105 produced IAA at levels higher than

0.02 umol pl-l in winter wheat rhizosphere, whereas isolates P. cepacia R55 and MR55,

P. putida MRI04 and MRI05 produced less than 0.02 umol pI-I. Under these

experimental conditions, inoculation of winter wheat with pseudomonad isolates

significantly increased plant biomass, total-P uptake, and production of a IAA-like

substances in the plant's rhizosphere.
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3.3.4 Effect of some fluorescent pseudomonads and their antibiotic

resistant counterparts on growth and nutrient uptake of winter

wheat.

3.3.4.1 Introduction

The use of pseudomonads as plant growth-promoting rhizobacteria (pGPR) for

commercial crops has been studied extensively (Kloepper et al. 1988b). Yield increases of

100% for radish (Kloepper and Schroth 1978).32% for sugar beet (Suslow and Schroth

1982). 17% for potato (Kloepper et al. (1980a). and 40% for winter wheat biomass (de

Freitas and Germida 1990) have been reported. Increased uptake of nutrients such as

nitrogen (Kapulnik et al. 1985). phosphorus (Lifshitz et al. 1987), and potassium

(Williamson and Jones 1973) has been suggested as one of the mechanisms by which

PGPR increase crop yield. However. other mechanisms such as biocontrol and hormone

production in the rhizosphere are also possible (Kloepper et aI. 1989).

Seed inoculation with PGPR does not always result in significantly increased

yields. Kloepper et al. (1988b) suggested that such inconsistency is related to variations in:

(i) soil-type i.e., very little is known about how soil type affects bacterial activity in the

plant rhizosphere, (ii) iron availability. and (iii) the nature of soil microflora. Thus.

elucidation of the factors which affect the fate of introduced PGPR in the rhizosphere is a

necessary first step in understanding the ecological relationships between PGPR and

plants. In this regard, spontaneous antibiotic-resistance is an effective method for

monitoring the population of introduced microorganisms in various ecosystems (Bromfield

and Jones 1979; Temple et al. 1980). However. Lewis et al. (1987) and Turco et al.

(1986) reponed that the plant growth promotion characteristics of antibiotic-resistant PGPR

mutants were considerably reduced compared to those of the wild-type strains. Therefore,

marked bacterial strains should be compared with wild-type parents before being used as

monitors of parent strain survival (Compeau et al. 1988).
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In my previous studies I identified several fluorescent pseudomonads which

stimulated the growth of winter wheat in different soils under growth chamber conditions

(section 3.1). However, the exact mechanisms of plant growth promotion for winter wheat

are not well understood, and very little is known about the ecology of these pseudomonads

in the wheat rhizosphere. The objective of this study was to evaluate some of these

pseudomonad isolates, and their respective antibiotic-resistant mutants, for their effects on

yield and nutrient uptake ii.e., 15N, P, and Fe) of winter wheat grown in two

Saskatchewan soils in the growth chamber. Such information was a prerequisite to future

studies testing the efficacy of these bacteria as PGPR inoculants under field conditions.

3.3.4.2 Materials and methods

3.3.4.2.1 Bacterial inoculation

Nine pseudomonad isolates (P. cepacia R55 and R85; P. aeruginosa R61, R75, and

R80; P.fluorescens R92 and RIll; and P. putida R104 and R105) which have been

shown to stimulate growth of winter wheat (section 3.1) were selected for use in this

study. Spontaneously arising antibiotic-resistant mutants were obtained as described in

section 3.3.3.2.1 according to Kuykendall (1987). Wild-type and antibiotic-resistant

pseudomonads were grown in 50-mL (in 125-mL erlenmeyer flasks) of KB and KB

RN100 medium, respectively, on a rotary shaker (100 rpm) for three days at 28°C.

Bacterial suspensions were concentrated by centrifugation (15 min at 5000 x g), washed

three times in phosphate buffered saline (PBS), and suspended in 10 mL of sterile tap

water. Winter wheat seeds were surface sterilized by soaking in ethanol (95% v/v) for 30 s

and sodium hypochlorite (1.2% w/v) for 5 min, followed by 10 rinses in sterile tap water

(Vincent, 1970). "Surface sterilized" seeds were placed in a bacterial suspension for 4 h,



102

allowing the bacteria to penetrate into the seed ruptures to ensure colonization during seed

germination. Inoculated seeds were placed in sterile plastic bags containing 3 mL of sterile

1 % (w/v) methylcellulose (Sigma Chemical Co., St. Louis, MO) and mixed with 15 g of

talc. Seeds were rolled in this formulation until uniformly coated with talc, and then air

dried overnight. As determined by plate counting techniques, this procedure yielded 107-

108 cfu per seed.

3.3.4.2.2 Survival of inoculum in the rhizosphere at low soil temperature

This experiment was designed to assess (i) survivability of antibiotic-resistant

PGPR of winter wheat under simulated normal growth conditions (i.e., a vernalization

period at 5°C), (ii) the usefulness of rifampicin and nalidixic acid resistance (Rif" Nal") as

markers to monitor PGPR population dynamics in the winter wheat rhizosphere, and (iii)

efficacy of the RifT Nal" pseudomonads to promote growth of winter wheat Treatments

were set-up in a complete randomized block design with three replicates. Ten inoculation

treatments were imposed: (i) control, (ii) MR55, (iii) MR61, (iv) MR75, (v) MR80, (vi)

MR85, (vii) MR92, (viii) MR104, (ix) MR105, and (x) MRlll. The control consisted of

wheat seeds inoculated with an autoclaved suspension of isolate MR111.

A Dark Brown Chernozemic soil (Typic Haploboroll) from the Asquith association

(Table 3.1.1) was used. Bulk soil was air dried, sieved « 5 mm) and 0.5 kg placed in a

15 ern Styrofoam pot. Five inoculated winter wheat seeds were planted in each pot. The

soil was moistened with distilled water and maintained at 40% of its water holding capacity

throughout the experiment. After germination, the plants were thinned to two per pot and a

2-cm layer of sterile polyethylene beads (Dupont Inc., Mississauga, ON) was laid at the

soil surface to avoid cross contamination and excessive losses of moisture. At the three

leaf stage (10 days after planting), the growth chamber temperature was changed to 50C

under an 8 h light: 16 h dark cycle (light irradiance of -200-265 JlE m-2 s-l) (Fowler,
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1982), and plants were grown for 4 months. At 120 days, the temperature in the growth

chamber was raised to 250C and the lighting changed to a 16 h light: 8 h dark cycle for the

remainder of the experiment (i.e., an additional 30 days).

Plant material (shoot and root) was collected at each sampling interval and dried at

65°C in a forced-air oven for 72 h. Populations of total heterotrophic bacteria and RifT Nal"

pseudomonads on roots were determined at: 10 (beginning of vernalization), 30, 60,90,

120 (end of the vernalization period), and 150 days. At each sampling time, entire plants

were collected and the roots were separated from shoot material and gently shaken to

remove loosely adhering soil. Fine roots were recovered by passing the soil through a 5-

mm sieve. Roots were weighed, diluted in PBS, chopped in a sterile Waring blender, and

serially diluted I: 10 in PBS. Aliquots (0.1 mL) of appropriate dilutions were spread plated

onto TSA medium for the total heterotrophic population and KB-RN medium for the

introduced RifT Nal" pseudomonads. Both media were supplemented with cycloheximide

(75 mg L-l) to inhibit fungal growth. Plates were incubated at 25°C, and cfu enumerated

after 48 and 72 h.

3.3.4.2.3 Comparison of Rif" Nal" PGPR and wild type parent strains

This experiment was designed to compare the efficacy of pseudomonad isolates

R85, R104, R105, and Rill and their respective RifT Nal" counterparts in stimulating

growth and yield of winter wheat. These strains were chosen based on their performance

in earlier growth chamber studies (section 3.1) and the growth chamber experiment I

(section 3.3.4.2.2). Growth conditions included a vernalization period but a larger volume

of soil was used to allow plants to grow to maturity. The treatments were set-up in a

complete randomized block design with five replicates. Treatments included: (i) control,

(ii) P. cepacia R85, (iii) P. putida R104, (iv) P. putida RI05, (v) P.fluorescens Rill, (vi)
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P. cepacia MR85, (vii) P. putida MRl04, (viii) P. putida MR105, and (ix) Pi fluorescens

MRlll. The control consisted of wheat seeds inoculated with an autoclaved suspension of

isolate RIll.

Winter wheat plants were grown in plastic pots (IS-em standard pots; Kord

Products, Toronto, ON) containing 2.0 kg of soil. The soils used were an Asquith soil

(Table 3.1.1) and the Loamy Hagen soil (Orthic Black Chernozem (Udic Haploboroll)

from the Naican association). It had a pH of 6.8, contained 5.6% organic matter; available

(ug-g+) N03-N, 97.5; P, 17.0; K, >450.0; S04-S, 7.5; and the micronutrients (ug-g+)

Cu, 0.9; Fe, 32.4; Zn, 1.4; Mn, 22.0; and B, 0.6. Bulk soil was air dried, sieved « 5-

mm sieve), and amended with super phosphate (equivalent to 17 kg P.ha-1) and an

aqueous solution of 15N labelled-ammonium sulfate (4.634 atom % 15N excess; equivalent

to 70 kg N-ha+). This fertilizer rate was chosen based on recommendations for growing

winter wheat in these soils (Fowler 1982). After addition of fertilizers, the soils were

moistened and maintained at 40% of moisture holding capacity throughout the experiment.

Bacteria were grown and seeds inoculated as in section 3.3.4.2.1. Six inoculated

seeds were planted in each pot and allowed to germinate in a growth chamber at 250C

under a 12 h day: 12 h night cycle (irradiance level corresponding to a photon flux density

of -200 to 265 J.1E m-2 s+). Plants (at the three leaf stage) were vernalized at SoC for 7

weeks under an 8 h day: 16 h night cycle (Fowler 1982). At 58 days (end of the

vernalization period), the plants were thinned to two per pot and the temperature maintained

at 250C for the remainder of the experiment. Replicates were harvested 70 days after

planting (DAP) (corresponding to stage 5 of Feekes scale (Large 1954», and 170 DAP

(maturity).

Plants were harvested and the shoot and roots separated. Fine roots were recovered

(except at the final harvest) by passing the soil through a 5-mm sieve. Shoots (leaves plus

stems), roots, and seeds were dried at 650C in a forced-air oven for 72 h. Plant (shoot and
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root) dry weight, nutrient content, and percentage of N derived from fertilizer (%Ndff)

were determined. Nutrient content (total-N, total-P, and total-Fe) of shoots and seeds was

determined following an H2S04-H2<h digestion (Thomas et al. 1967). Total-N and -P in

the extracts were determined using an Autoanalyzer II Technicon
™

system (Technicon

Industrial Systems, Tarrytown, NY), and total-Pe determined with a PYE UNICAM SP

190 Series Atomic Absorption spectrophotometer at 248.3 nm. 15N-enrichment of shoots

and seeds was determined according to Bremner and Mulvaney (1982) using LiOBr to

oxidize Nfla-ions to N2, followed by analysis of 15N:14N ratios on a Micromass 602-E

mass spectrometer. The %Ndff, and percent utilization of applied fertilizer N (%FUE =

use efficiency) were calculated using the following equations:

%Ndff =

atom %15N excess (plant)
x 100

atom %15N excess (fertilizer)

� FUE =

%Ndff x total N in plant (kg N/pot)
o

Rate fertilizer N (kg N/pot)

where the atom % 15N excess was calculated based on the natural abundance of 15N in the

atmosphere i.e., 0.3663 atom % 15N (Junk and Svec 1958).

Data were analyzed using the Systat statistic package for ANOVA (Systat, Inc.,

Evanston, IL). When a significant F value was detected, the least significant difference

(Fischer LSD) was used to separate treatment means from the control (Steel and Torrie

1960).

3.3.4.3 Results

3.3.4.3.1 Survival of inoculum in the rhizosphere at low soil temperature

Under growth chamber conditions simulating the normal plant growth cycle (i.e.,

including a vernalization period at 50C) some Rift" Nal" inoculants significantly enhanced

winter wheat growth. Strains MR75, MR80, MR92, MRI04, MR105, and MR111
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stimulated shoot dry weight under temperature conditions of 50C, but these effects were

only evident during the initial stages (i.e., 30 - 60 days) of plant development (Table

3.3.4.1). Strain MRlll also significantly (P<O.OI) enhanced root development during

Table 3.3.4.1 Effect of nine RifT Nal" pseudomonad inoculants on shoot dry weight of

winter wheat cultivated in soil under growth chamber conditions.

Shoot dry weight (mg.pl-!)
Treatment

30 60 90 120 150 (days)"

Control 148.2 174.0 222.2 436.5 644.8

MR55 141.5 198.1 242.7 333.7 725.3

MR61 155.0 188.5 227.9 498.8 877.8

MR75 197.0** 250.7** 285.6 498.7 787.7

MR80 172.6 227.1* 285.0 477.3 803.5

MR85 148.9 209.7 211.1 363.5 678.5

MR92 156.9 238.6** 210.0 410.2 664.3

MRI04 192.1 ** 198.7 257.6 408.3 678.3

MR105 171.3 232.1 ** 241.2 414.7 775.5

MRl11 195.2** 253.0** 262.0 438.2 758.5

LSD (1%) 40.1 56.1 n.s. n.s. n.s.

(5%) 29.5 41.3 n.s. n.s. n.s.

a
Temperature in the growth chamber was 50C until 120 days, then raised to 250C

*,
** Denotes statistical significance from the control at P<0.05 and P<O.OI, respectively

n.s. Not statistically significant according to LSD test
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the 120 days of plant growth at 50C (Table 3.3.4.2). Root biomass declined between days

120 to 150 (corresponding to shifting the temperature from 50C to 250C) for ail treatments.

Root decomposition combined with this increase in the temperature, likely prevented a

complete recovery of the roots.

The detectable populations of total heterotrophic bacteria and RifT Nalr

pseudomonads colonizing winter wheat roots are shown in Fig. 3.3.4.1. The total

heterotrophic population on winter wheat roots was similar for all 10 treatments. At the

first sampling (i.e., 10 days), this population ranged from -109 to 1010 cfu g-t root.

However, after lowering the growth chamber temperature to 5°C, the total heterotrophic

population tended to decline.

The use of double antibiotic-resistance markers allowed introduced pseudomonad

populations on winter wheat roots to be monitored. No RifT Nal" pseudomonads were

detected on the roots of control plants (Fig. 3.3.4.1A). All RifT Nair inoculants persisted in

the winter wheat rhizosphere at levels between 1()4 - 107 cfu g-l root during the 150 days

of the growth chamber study. Like the total heterotrophic population, most RifT Nalr

inoculants (e.g., MR75 (Fig. 3.3.4.1D) and MR80 (Fig. 3.3.4.1E)) tended to decline

during the vernalization period. However, strain MR55 maintained a consistently low

(i.e., -1()4 cfu g-l root) population level for the duration of the experiment.
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Table 3.3.4.2 Effect of nine RifT Nalf pseudomonad inoculants on root dry weight of

winter wheat cultivated in soil under growth chamber conditions.

Root dry weight (mg.pl-l)

Treatment

30 60 90 120 150 (days)a

Control 102.2 105.2 15S.1 261.1 IS0.0

11R55 99.7 142.7 116.7 151.9 123.5

11R61 104.7 113.3 102.0 290.6 22S.0

11R75 133.7 178.6 147.4 230.9 161.8

11R80 104.6 139.7 160.5 254.6 126.3

MRS5 89.S 115.7 131.6 211.1 125.3

MR92 96.2 126.0 115.0 203.7 173.6

MR104 109.7 124.8 121.5 18S.5 103.6

MR105 9S.5 143.4 127.3 199.2 118.1

MRll1 204.6** 268.4** 300.8** 534.7** 193.1

LSD (1%) 83.7 127.1 124.5 242.0 n.s.

(5%) 61.6 93.5 91.7 178.0 n.s.

a
Temperature in the growth chamber was 50C until 120 days, then raised to 250C

** Denotes statistical significance from the control at P<O.OI

n.s. Not statistically significant according to LSD test
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Figure 3.3.4.1 Counts of antibiotic-resistant (Rif" Nal') (.) and total heterotrophs (£) on winter wheat roots under simulated soil

winter conditions. The Rif" Nal! counts at time zero indicate the number of bacteria per seed.
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3.3.4.3.2 Comparison of Rif" Nair PGPR and wild type parent strains

Asquith soil: Bacterial inoculation affected early plant growth (70 DAP) and

nutrient content of winter wheat in the low-fertility Asquith soil (Table 3.3.4.3). All

inoculation treatments significantly (P<O.OI or P<0.05) stimulated early shoot growth in

the Asquith soil (Table 3.3.4.3). However, root dry weight was not affected. These

effects on shoot weight resulted in significant increases in total plant dry weight (Table

3.3.4.3). The stimulatory effects of strains R85 and R104 were similar to their RifT Nal"

counterpans, MR85 and MR104. Strains MR105 and MRlll were not as effective as their

wild-type parents.

Although the percentage P in plant tissue was not significantly affected by

inoculation, significant (P<O.OI or P<0.05) increases in total-P (mg-pl+) were observed

for plants inoculated with the four wild-type PGPR and the RifT Nal" strains MR85 and

MRI04 (Table 3.3.4.3). Some inoculants also affected the total-Fe (ug-pl+) content of

plants, e.g., isolates R105, RIll, and MR105 significantly (P<O.OI) enhanced Fe content

(Table 3.3.4.3). The percentage N in plant tissue was not affected by any of the

inoculation treatments (Table 3.3.4.3). However, all inoculants significantly (P<O.OI or

P<O.05) increased the total-N (mg-pl+) content of the plants (Table 3.3.4.3). These

effects on total-P and total-N uptake reflect the highly significant increases in shoot

biomass affected by these inoculants.

The percentage of I5N-derived from fertilizer (%Ndft) was significantly (P<O.OI)

lower in inoculated plants, except for those plants inoculated with RI04 and MRI05 (Table

3.3.4.3). Whereas isolate MR105 had no effect on %Ndff, the proportion of N derived

from the added fertilizer was increased significantly (23.25% vs. 22.67% for the

uninoculated treatment) by inoculation with isolate R104 (Table 3.3.4.3). Interestingly,

strain RI04 increased Ndff but its RifT Nal" counterpart decreased Ndff. However, the



Table 3.3.4.3 Effect of inoculation with pseudomonads on dry weight, phosphorus, iron and % nitrogen from fertilizer of

70 day-old winter wheat plants grown in Asquith soil.

Treatment Dry wt (g-pl+) Total-pa Total-pea Total-Na Ndffll

Shoot Root Total (%) (mg-pl+) (ug-pl+) (%) (mg-pl+) (%)

Control 0.56 0.07 0.62 0.3 1.9 175.1 3.0 16.9 22.7

R85 0.88** 0.11 0.99** 0.3 2.6** 409.6 3.0 26.7** 20.9**

RI04 0.88** 0.09 0.97** 0.3 2.7** 348.6 3.1 27.0** 23.3**

R105 1.00** 0.10 1.10** 0.2 2.9** 578.2** 2.9 28.8** 21.9**
.....

RUI 0.92** 0.09 1.01 ** 0.3 2.9** 575.1** 2.9 27.3** 21.5**
.....

.....

MR85 0.88** 0.10 0.98** 0.3 2.7** 350.8 3.1 26.5** 21.7**

MR104 0.83** 0.09 0.92** 0.3 2.6* 375.5 3.0 25.0** 21.2**

MR105 0.79* 0.09 0.88* 0.3 2.4 603.1** 2.9 23.0* 22.7

MRll1 0.76* 0.09 0.85* 0.3 2.4 390.3 3.0 23.2* 22.0*

LSD (0.01) 0.26 n.s. 0.28 n.s. 0.8 337.6 n.s. 7.7 0.7

(0.05) 0.19 n.s. 0.21 n.s. 0.6 252.0 n.s. 5.8 0.5

a
Corresponds to shoot plant material

*,
** Denotes statistical significance from the control atP<0.05 and P<O.OI, respectively

D.S. Not significant



Table 3.3.4.4 Percent utilization of applied fertilizer N (%FUE) of winter wheat plants grown in Asquith

and Hagen soil.

Asquith Hagen
-

Treatment 700AP Harvest 70DAP Harvest

- Shoot Shoot Seed Shoot Shoot Seed

Control 33.9 17.3 47.8 66.7 37.3 37.1

R85 49.2** 16.7 44.7 66.2 41.4 37.9

R104 55.3** 14.6 40.8 64.0 39.6 48.7 -

-

R105 55.8** 15.8 43.5 68.8 41.2 61.9**
IV

RIll 51.7** 16.9 46.1 72.2 45.2 34.7

MR85 50.6** 15.9 42.2 66.6 38.9 52.1

MR104 46.5* 15.6 43.9 61.6 39.8 45.5

MR105 45.8* 16.8 43.7 63.7 43.0 61.4**

MRlll 44.8 16.0 41.6 60.1 37.1 60.8*

LSD (0.01) 14.9 n.s. n.s. n.S. n.s. 24.0

(0.05) 11.2 n.s. n.s. n.s. n.s. 17.9

*,
**

Denotes statistical significance from the control at P<0.05 and P<O.OI, respectively
n.s. Not significant
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percentage fertilizer use efficiency (%FUE) was significantly (P<O.Ol or P<O.OS)

enhanced in inoculated plants, except for those inoculated with MR 111 (Table 3.3.4.4).

At maturity (170 DAP), plant responses to inoculation were distinctly different than

those observed at the tillering stage. None of the stimulatory effects observed at 70 days

were evident at harvest. In fact, some inoculation treatments resulted in significantly lower

percentages of N in the seed and less total-Fe in the shoots of the inoculated plants (Table

3.3.4.S).

Hagen soil: The efficacy of inoculants to stimulate early plant growth (70 DAP) of

winter wheat in the more fertile Hagen soil was generally less than in the nutrient poor

Asquith soil. Inoculants R8S, Rl04, RIll, and MR8S significantly (P<O.OS) increased

shoot weight at tillering (Table 3.3.4.6). However, total plant weight was increased

significantly (P<O.OS) by only two of these strains (i.e., RIll and MR8S) (Table 3.3.4.6).

Although inoculation had no significant effect on root weight, the trend was for a decrease

in root biomass.

The percentage P in plant tissue was significantly (P<O.OS) greater in plants

inoculated with R8S, RIOS, and MRI04 (Table 3.3.4.6). Moreover, the total P (mg-plJ)

was significantly (P<O.OI) increased by the four wild-type strains and MR85 (Table

3.3.4.6). The four wild-type inoculants also significantly increased (P<O.OS) the total-Fe

(ug-pl+) in the shoots (Table 3.3.4.6). The %Ndff was significantly decreased (P<O.Ol)

by all bacterial treatments. Inoculation produced no effects on %FUE in the shoots,

however (Table 3.3.4.4).

At maturity (170 DAP), some plants exhibited significant positive responses to

inoculation. Inoculation with isolates R104, RIOS, MR8S, MR104, MRI0S, and MRl11

produced significant (P<O.OI) increases in seed yield (Table 3.3.4.7). In addition,

inoculation with isolates R8S and R104 significantly (P<O.OS) increased the total-Fe in the



Table 3.3.4.5 Dry matter yield, phosphorus, iron uptake, total nitrogen, and source of plant N of 170 day-old (maturity) winter wheat

inoculated with pseudomonad isolates in Asquith soil.

Treatment Dry wt (g.pl-l) Total-pa Total-Fea Total-Na Total-N (seed) Ndff (%)

Shoot Seed (%) (mg-pl+) (ug-pl+) (%) (mg'pl-l) (%) (mg.pl-l) Shoot Seed

-

Control 3.50 1.95 0.04 1.3 554.8 0.29 10.2 1.42 28.3 19.2 19.2

R85 3.S8 2.00 0.04 1.4 551.1 0.29 10.3 1.36 26.9 18.4 18.9

RI04 3.49 1.97 0.04 1.4 621.0 0.27 9.4 1.30** 25.6 17.7 18.0

R105 3.46 1.96 0.04 1.3 420.2 0.28 9.9 1.37 26.8 18.2 18.4
.....

RIll 3.47 2.05 0.04 1.4 269.6** 0.30 10.6 1.40 58.7 18.2 18.3
.....

+:>.

MR85 3.44 1.97 0.04 1.3 336.3** 0.28 9.8 1.31** 25.9 18.4 18.5

MR104 3.40 2.00 0.03 1.1 274.4** 0.28 9.4 1.32** 26.5 18.8 18.8

MR105 3.37 1.97 0.04 1.1 193.3** 0.31 10.5 1.32** 26.0 18.3 19.1

MRl11 3.23 1.88 0.04 1.3 345.7** 0.30 9.8 1.33* 25.1 18.7 18.8

LSD (0.01) n.s. n.s. n.s. n.s. 208.3 n.s. n.s. 0.10 n.s. n.s. n.s.

(0.05) n.s. n.s. n.s. n.s. 155.5 n.s. n.s. 0.08 n.s. n.S. n.s.

a
Corresponds to shoot plant material

*, **Denotes statistical significance from the control at P<0.05 and P<O.OI, respectively

n.s. Not significant



Table 3.3.4.6 Dry matter production, phosphorus, iron, nitrogen uptake, and source of plant N of 70 day-old winter

wheat inoculated with pseudomonad isolates in Hagen soil.

--

Treatment Dry wt (g-pl+) Total-pa Total-Fell Total-Na Ndffa

shoot root total (%) (mg-pl+) (ug-pl+) (%) (mg-pl+) (%)

Control 0.91 0.16 1.07 0.36 3.3 615.4 3.06 27.4 27.6

R85 1.05* 0.12 1.17 0.38* 4.0** 805.8** 2.90 30.6 24.5**

R104 1.07* 0.13 1.20 0.36 3.9** 807.6** 2.88 30.4 23.9**

RI05 0.94 0.11 1.05 0.38* 3.6** 775.2* 3.18 29.6 26.4**
-

RIll 1.15* 0.11 1.26* 0.36 4.1** 784.2* 2.90 33.0** 25.0**
-

Vl

MR85 1.10** 0.12 1.22* 0.36 4.0**' 700.8 2.90 31.8* 23.8**

MRI04 0.90 0.10 1.00 0.38* 3.4 597.2 3.18 28.4 24.6**

MR105 0.90 0.09 0.99 0.36 3.2 534.2 3.08 27.4 26.5**

MRlll 0.89 0.09 0.98 0.35 3.1 699.4 3.14 28.0 24.5**

LSD (0.01) 0.17 n.s. 0.19 0.02 0.3 184.3 n.s. 5.0 l.9

(0.05) 0.12 n.s. 0.15 0.01 0.2 137.5 n.s. 3.6 1.4

a
Corresponds to shoot plant material

*, **Denotes statistical significance from the control at P<0.05 and P<O.Ol, respectively
n.s. Not significant



Table 3.3.4.7 Dry matter yield, phosphorus, iron uptake, total nitrogen, and source of plant N of 170 day-old (maturity) winter wheat

inoculated with pseudomonad isolates in Hagen soil.

Treatment Dry wt (g-pl+) Total-pa Total-Fea Total-Na Total-N (seed) Ndff (%)

-

Shoot Seed (%) (mg-pl+) (ug-pl+) (%) (mg-pl+) (%) (mg-pl+) Shoot Seed

Control 4.36 1.48 0.16 6.8 879.2 0.65 28.2 2.20 32.6 15.1 13.3

R85 4.52 1.56 0.18 7.6 1030.6* 0.79 32.8 2.53 39.5 1404 10.4*

R104 4.92 2.28** 0.16 7.8 1235.4** 0.66 32.8 2.42 55.1** 13.8 9.5**

R105 4.78 2.60** 0.16 7.8 781.8 0.63 30.6 2.36 61.4** 16.0 11.6
.....

RIll 4.56 1.52 0.16 704 854.8 0.78 35.0 2.36 35.9 14.9 11.1
.....

0'1

MR85 4.78 2.12** 0.17 8.2 694.8* 0.60 28.2 1.97 41.8 15.9 14.5

MR104 5.10 2.12** 0.15 7.8 384.6* 0.63 31.4 2.09 44.3 14.8 11.8

MR105 4.60 2.28** 0.17 7.8 30804* 0.74 33.0 2.25 51.3** 15.2 13.7

MRlll 4.76 2.60** 0.17 8.0 279.0* 0.57 26.0 1.70 44.2 16.6 15.4

LSD (0.01) n.s. 0.64 n.s. n.s. 188.2 n.s. n.s. 0.54 17.6 n.s. 3.6

(0.05) n.s. 0.48 n.s. n.s. 140.5 n.s. n.s. 0040 13.2 n.s. 2.7

a

Corresponds to shoot plant material

*, **Denotes statistical significance from the control at P<0.05 and P<O.Ol, respectively

n.s. Not significant
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shoots and %Ndffin the seeds (Table 3.3.4.7). Inoculation with strains R104, RIOS, and

MRlOS significantly increased seed N yield. The other inoculation treatments had no

significant effect on shoot yield, total-P, %FUE, or %Ndff in the shoot (Table 3.3.4.7).

However, inoculation with RlOS, MR105, or MRIII, significantly (P<O.OI or P<0.05)

increased %FUE in the seeds (Table 3.3.4.4).

3.3.4.4 Discussion

Survival of inoculum in the rhizosphere at low soil temperature

Previously (section 3.1) I screened over 300 rhizobacteria as potential PGPR of

winter wheat, and identified nine fluorescent pseudomonads that significantly increased

winter wheat growth. However, these screenings were conducted in small pots containing

200 g of soil and for a short (30 day) growth period, without vernalization. To be useful

as PGPR inoculants for winter wheat, bacteria must rapidly colonize the plant's root

system during the short, fall growing season, survive through the overwinter vernalization

period, and produce an effect during spring growth or at plant maturity. This study

addressed this latter concern and assessed the question of plant growth promotion by

marked bacteria. The nine fluorescent pseudomonads were marked with double antibiotic

resistance (i.e., Rif" Nal" ) and used as inoculants for winter wheat.

Root colonization assays indicate that all the pseudomonads aggressively colonized

the winter wheat roots. Some Rif" Nalf strains stimulated early vegetative growth of winter

wheat, even at temperatures of SoC. However, these stimulatory effects were transient and

only observed up to 60 DAP. One strain. MRlll. also stimulated growth of roots during

the 120 days of growth at SoC. The inherent low fertility of the Asquith soil including the

small amount of soil used for the ISO-day study and adverse cold conditions imposed by

the vernalization process might explain why inoculation effects on plant biomass where

limited. Alternatively, the selection of antibiotic resistance might have altered the growth
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promoting characteristics of the bacteria. In this regard, Davies and Whitebread (1989)

reported that in vitro siderophore production was reduced in some rifampicin-resistant

fluorescent pseudomonads compared to their wild-type parents. Xu and Gross (1986),

however, reported that a RifT Nal" pseudomonad isolate suppressed soft rot and increased

the yield of field grown potato plants by 11 %. Nevertheless, RifT Nal" markers allowed

population dynamics of introduced pseudomonad PGPR to be monitored in soil.

Comparison of Rif" Nair PGPR and wild type parent strains

Early plant growth in the ASQUith and Hagen soils. P. cepacia R85, P. putida

strains R104 and R105, P.fluorescens RIll and their respective RifT Nal" mutants were

assessed in a detailed study for their efficacy to promote plant growth and nutrient uptake in

two soils of differing fertility status. The overall effects of both the wild-type bacteria and

the RifT Nal" mutants on winter wheat biomass production and nutrient uptake were similar

at tillering (70 DAP) in both soils. In the low fertility Asquith soil, all four RifT Nalr

pseudomonads were comparable to their wild-type parents in plant growth promotion

(pGP). None of the inoculants affected the percentage of P or Fe or N in the plant tissue,

but because of increased plant biomass the total-P, total-Fe and total N content of the plants

increased. The effects of parents and mutants on plant biomass and nutrient uptake were

not as comparable in the more fertile Hagen soil. In this soil, three wild-types and one RifT

NaIr isolate increased plant biomass; these strains and some other strains increased total-P,

total-Fe, and total-N contents.

Barber and Martin (1976) reported that inoculation of barley with mixed

populations of rhizobacteria stimulated P-uptake at the early vegetative growth stage,

whereas a decrease in the P-uptake was observed at maturity. Similar results were also

observed by Lifshitz et al. (1986), who reported that inoculation with a P. putida strain

increased shoot elongation and uptake of 32p by canola seedlings. Lifshitz et aI. (1986)
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also observed that bacterial inoculation caused root elongation, which was reflected in

increased uptake of labelled phosphorus (32p) by the roots. This bacterial-induced plant

growth response was apparently due to the production of plant growth regulators by the

rhizobacteria, which enhanced root elongation and facilitated the uptake of P and its

translocation to the shoots. Williamson and Jones (1973) suggested that rhizobacterial

development in the rhizosphere produces carbon dioxide and organic acids which modify

the pH of the root environment, thereby increasing the availability of plant nutrients such as

Fe2+, Fe3+, H2P04- and Cu2+. However, I can only speculate on the importance of these

phenomena in my study because root exudates were not analyzed for the presence of plant

growth substances, morphological changes in the roots were not assessed and, therefore, I

cannot affirm whether the observed effects of inoculation on plant growth were due to the

production of hormones or to the chemical modification of the rhizosphere or some other

mechanism.

The %FUE of uninoculated.winter wheat was significantly lower than that observed

for the inoculated treatments, however, there was no consistent pattern of N fertilizer

utilization with different plant parts, sampling time, or soil-type. The %Ndff by winter

wheat was affected by inoculation. All pseudomonad inoculants decreased %Ndff (except

RI04, which increased %Ndft) during tillering. However, decreased %Ndffwas not

reflected in the plant N yields. On the contrary, there was an enhancement of the total-N

content of the inoculated plants. In the Hagen soil, which had an available-N content

nearly sixteen-times that of the Asquith soil, all inoculants significantly lowered %Ndff by

plants. Although the reason for this effect is unclear, one possible explanation for the

decreased %Ndff at this plant stage was that another source of N other than the fertilizer

could be contributing to the N pool in the plants. Other studies (Rennie et al. 1983;

Haathtela et al. 1988; Kucey 1988) on paPR have observed similar effects on %Ndff and

these authors propose that N2 fixation may be responsible for the observed isotopic dilution

\
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(Rennie et al. 1983). However, the pseudomonads used in the present study do not exhibit

nitrogenase activity under in vitro conditions (de Freitas and Gennida 1990), thus it is

unlikely that they will exhibit such ability when present in the rhizosphere of winter wheat

plants. Nevertheless, N2 fixation can not be ruled out because PGPR inoculants may affect

other plant-microbe interactions and stimulate populations of N2-fixing bacteria in the

rhizosphere.

Plant maturity in the ASQuith and Hagen soils. At maturity, the effects of bacterial

inoculation were quite different in the two soils. In the low-fertility Asquith soil, final plant

biomass was not affected by bacterial inoculation. However, the four RifT Nal" mutants

decreased total-Fe content of shoot material and total-N content of seed. In the Hagen soil,

however, strains R104 and R 105 and all four RifT Nal" mutants significantly increased

grain yields by 43 to 75%. Strains RI04 and R105 also significantly increased total-Fe

content of shoot material and total-N content of seeds. The four mutants reduced total-Fe

content of shoot material. These results show that plant growth promotion was affected by

soil type and bacterial strain. Furthermore, they show that RifT Nal" PGPR may not exert

the same effects as their wild-type parent strains. Thus it is possible that mutations in the

antibiotic-resistant isolates may also affected some aspects of plant growth promoting

ability. Although the reasons remain unclear, a number of factors inherent to different soil

types, may enhance seed and root exudation (Hayman 1969; Burke et al. 1972; Nair and

Fahy 1976), which in turn may influence foot growth, bacterial colonization, and the

degree of stimulation by the introduced rhizobacteria (Burr et al. 1978; Kloepper et al.

1980). Finally, Mishustin and Naumova (1962) also observed that seed bacterization

increased crop yields mainly in soils of high fertility.

It is apparent that inoculation of winter wheat with certain PGPR pseudomonads

and (or) their RifT Nal" mutants may significantly enhance early vegetative plant growth

\
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under simulated field conditions. Furthermore, some pseudomonads significantly increase

grain yield of winter wheat. However, the extent of colonization of winter wheat roots by

these beneficial pseudomonads. their persistence in the rhizosphere, and plant growth

promotion activity under actual field conditions, remains unclear. Thus additional studies

were conducted to investigate the potential use of these pseudomonad PGPR as inoculants

for field grown winter wheat.

3.3.4.5 Summary

The efficacy of fluorescent pseudomonads (i.e., Pseudomonas cepacia R85, P.

putida RI04 and RI05, and P.fluorescens RIll) and their rifampicin-nalidixic acid

resistant (RifT Nal") mutants to enhance the growth of winter wheat was assessed in two

soils under simulated winter conditions ti.e., a four-month vernalization period at 50C) in

the growth chamber. Bacterial colonization and survival on wheat roots, and the effects of

inoculation on plant yield. total-P, total-Fe and 15N-uptake from fertilizer were investigated.

The use of RifT Nal" markers allowed introduced pseudomonad populations on wheat roots

to be monitored for 150 days. The four wild-type pseudomonads and their RifT Nair

mutants significantly (P<O.OI or P<0.05) increased early (70 days) shoot growth and total

N content of winter wheat in the low-fertility Asquith soil. Some of these strains

significantly (P<0.05) increased the total-P and/or total-Fe content of shoot material. Six

(three wild-type and three mutants) of the eight inoculants significantly (P<O.05) lowered

the amount of nitrogen derived from the fertilizer (%Ndft). Some RifT Nal" strains enhanced

wheat growth similar to their wild-type parents and others did not. These stimulatory

effects were transient as no significant differences were observed between inoculated and

control plants at harvest. In contrast, the inoculants were not as effective in stimulating

early plant growth in a more fertile Hagen soil. Nevertheless, inoculation effects on nutrient
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uptake were similar for both soils. Two of the wild-type pseudomonads and all of the four

RifT Nal" strains significantly (P<O.05) increased grain yield by 46 to 75% in the Hagen

soil. These results demonstrate that (0: fluorescent pseudomonads and their RifT Nalt

mutants stimulate growth and nutrient uptake of vernalized winter wheat plants; (ii): use of

RifT Nal" bacteria allows root colonization and population dynamics in the rhizosphere to be

studied; (iii) winter wheat response to plant growth promoting rhizobacteria is dependent on

soil characteristics; and suggest that these pseudomonads stimulate growth of winter wheat

through a mechanism other than enhanced uptake of N fertilizer.
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3.4 ECOLOGICAL STUDIES

3.4.1 Root colonization and survival of introduced pseudomonads in the

rhizosphere of winter wheat under field conditions

3.4.1.1 Introduction

Seed inoculation with certain pseudomonad PGPR can significantly enhance plant

growth and development. In some cases these pseudomonads cause yield increases of 10

to 30% with commercial crops such as potato, radish, and sugar beet (Suslow 1982,

Kloepper 1983). Recently, inoculation of winter wheat with PGPR significantly increased

crop yield in field trials (Elliott and Lynch 1984, Weller and Cook 1986). However,

introduced PGPR must successfully colonize or establish a large population size and persist

in the plant rhizosphere to produce beneficial effects on the host plant (Elliott and Lynch

1984).

In the northern part of the North American Great Plains, winter wheat is seeded

during early fall and the crop remains in the field until next summer. Thus, introduced

bacteria must aggressively colonize the wheat roots during the short period of fall growth

and survive in the root crown during the winter. Most of the beneficial effects produced by

pseudomonad inoculations have been observed under optimal and controlled experimental

conditions such as growth chamber and (or) greenhouses. At present, there is little

evidence that introduced pseudomonads are able to colonize and persist on winter wheat

roots throughout the extended winter period and, subsequently, stimulate plant

development. Thus, enumeration of the introduced PGPR populations in the rhizosphere

of field grown winter wheat during the growing season would help to further

understanding of the colonization process. The objectives of this study were to investigate

the effects of nine introduced pseudomonad isolates on growth and yield of winter wheat at
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two field locations. In addition, antibiotic-resistant mutants of these pseudomonads were

used to monitor root colonization and overwinter survival in the rhizosphere of winter

wheat plants.

3.4.1.2 Materials and methods

3.4.1.2.1 Bacteria and inoculants

Pseudomonas cepacia R55, and R85; Pseudomonas aeruginosa R61, R75, and

R80; Pseudomonas fluorescens R92, and RIll; and Pseudomonas putida R 1 04, and R 1 05

which have been shown to promote growth of winter wheat under growth chamber

conditions (section 3.1) were used. The antibiotic-resistant mutants MR55, MR61, MR75,

MR80, MR85, MR92, MR104, MR105, and MRlll (i.e., resistant to 100 ppm of

nalidixic acid and rifampicin) were used to monitor PGPR population dynamics and activity

in soil.

3.4.1.2.2 Field trial: 1987-1988

Field trials were carried out at two locations in 1988 and 1989. The first study

began after the 1987-88 winter wheat crop was planted, thus the pseudomonads were

introduced by injection into the rhizosphere during the spring of 1988. The results of this

experiment were useful as a guide for selection of pseudomonads to be tested in the 1988-

89 trial, where seeds were coated with a bacterial inoculant

3.4.1.2.2.1 Plot set-up

Winter wheat crops had been established during the autumn of 1987 at the Kernen

Farm (University of Saskatchewan Experimental Station) and at Hagen, located in central

and northern Saskatchewan, respectively. Soil characteristics are given in Table 3.4.1.

The plots at Kernen and Hagen were seeded at a rate of 100 and 120 kg ha-l, respectively,
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and fertilized with 80 kg N ha-1 and 30 kg P20S ha-1 at seeding. Treatments were set-up in

a randomized completely block design with four replicates. Each block (3.75 m2)

consisted of 5 rows of 5 m length. Microplots (1.13 m2) were established across the 3

center rows (Fig. 3.4.l.1).

Ten inoculation treatments were imposed: (I) control, (ii) MR55, (iii) :MR61, (iv)

MR75, (v) MR80, (vi) MR85, (vii) MR92, (viil) MRI04, (ix) MR105, and (x) MRlil.

The controls were injected with an autoclaved cell suspension of isolate MRlll.

o Bacterial inoculation f&§l Harvest area

R5

E

II)

Rl R2 R3 R4

Figure 3.4.1.1 Kernen and Hagen field subplot layout 1987-88. Bacterial inoculants

were injected into the winter wheat rhizosphere, and plants harvested from

rows (R) 2 to 4.

E

. ..

0.15 m

0.6 m



Table 3.4.1 General properties of soilsf

-

----------- Soil type
-----------

Sit& Texture pH O.Mb. N03-N P K S04-S Cu Fe Zn Mn B

(%) (J.lg.g-l)
-

Orthlc Black chernozem
N

0\

Hagen Loam 6.8 5.6 97.5 17.0 >450 7.5 0.9 32.4 1.4 22.0 0.6

Dark Brown chernozem

Kernen Clay Loam 7.4 4.6 15.5 22.5 >450 >12.0 1.7 13.8 1.6 18.4 1.1

tSaskatchewan Soil Testing

apield sites located near the locations listed

bOrganic matter

,I





'75

IT' "ntt'nnmw=
"ttlt

'nns an 2t

128

Injections (20 mL) were placed at lO-cm intervals within each row of the microplots

(total volume of inocula was 150 mL row '), The concentration of added bacteria was

-1010 cfu row+,

3.4.1.2.2.3 Plant Sampling

Colonization of roots by RifT Nalr pseudomonads was determined at 15, 30, 51,

and 65 days after injection of inoculants. From each microplot, one plant from rows 2 and

4 was harvested and the roots assayed for Rif" Nal" bacteria (as described in section

3.4.1.2.3.3). At maturity, the plants from the center section (50 ern) ofrows 2, 3, and 4

were harvested. Plant material was dried at 65°C for 72 h, and weighed. In addition to

these parameters, tillering was also determined.

3.4.1.2.3 Field trial: 1988-1989

3.4.1.2.3.1 Bacteria and seed inoculation

Pseudomonas cepacia R85, P. putida RI04, P. putida R105, and P.fluorescens

RIll and their respective RifT Nal" mutants were chosen for the second year trial based on

their performance in the 1988 field trial and on previous assessment in the growth chamber

(section 3.3.4). Bacteria were grown and harvested as described above. Washed cells

were suspended in 500 mL of sterile tap water to yield a concentration of approximately

108 cfu mlr]. Winter wheat seeds were surface sterilized by soaking in ethanol (95% v/v)

for 30 s and sodium hypochlorite (1.2% w/v) for 5 min, followed by 10 rinses in sterile tap

water (Vincent 1970). "Surface sterilized" seeds were placed in a bacterial suspension for

4 h, allowing the bacteria to penetrate into the "seed ruptures" to ensure seed colonization

during seed germination. Approximately 1.0 kg of inoculated seeds were placed in sterile

plastic bags containing 100 mL of sterile 1 % (w/v) methylcellulose and mixed with 50 g of
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3.4.1.2.3.2 Plot set-up and plant growth

During the fall of 1988, inoculated winter wheat seeds were planted at the Kernen

and Hagen sites at rates of 100 and 120 kg seeds ha-l, respectively, using an experimental

plot seeder, The seeding dates for each site varied according to Fowler (1982) i.e., August

25, and September 5, for Hagen and Kernen, respectively, The field plots were adjacent

to, but not situated on, the 1987-88 experimental sites, Fertilizer rates were similar to those

of 1987-88, Experimental design was a randomized complete block design with 6

replicates, Each block (7.2 m2) consisted of 8 rows of 6 m length, and each plot was

separated by a distance of 0,7 m (Fig, 3,4,1.4), Nine inoculation treatments were

imposed: (i) control, (it) P, cepacia R85, (iii) P, putida R104, (iv) P, putida R105, (v) P.

fluorescens RIll, (vi) P. cepacia MR85, (viz) P, putida MR104. (viii) P, putida MR105,

and (ix) P.fluorescens MRlll. The control consisted of wheat seeds inoculated with an

autoclaved suspension of isolate RIll. At maturity, the plants were harvested from rows

3,4, 5, and 6 (3.6 m2 total harvest area). Plant material was dried at 65°C for 72 h, straw

and grain separated and weighed. Statistical analyses were performed by using analysis of

variance, with Tukey's honest significant difference (HSD) used to separate treatment

means from the control (Steel and Torrie 1960).

3.4.1.2.3.3 Root colonization assays

Populations of total heterotrophic bacteria and Rif" Nal" bacteria were determined at

15, 30,45, 60, 75, and 90 days after the initiation of new vegetative growth (i.e., April 23

and April 25 for Kernen and Hagen, respectively) for the 1988-89 studies. Entire plants

were collected, roots separated from shoot material and gently shaken to eliminate loose

adhering bulk soil. Roots plus firmly adhering soil were weighed, diluted in PBS, ground

in a sterile Waring blender, and serially diluted 1:10 (v/v) in PBS. Aliquots (0.1 mL) of

appropriate dilutions were spread plated onto Trypticase soy agar medium (for assessing
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3.4.1.3 Results

3.4.1.3.1 Field trial: 1987·1988

3.4.1.3.1.1 Plant growth

Injection of RifT Nal" inoculants into the rhizosphere of winter wheat during the

spring had no significant effect on grain yield at either field site. This might be explained

by: (I) the large discrepancy among replicates from the inoculated treatments, especially at

Kernen site; (it) since inoculants were applied to the wheat crop via injection, it is possible

that bacteria were not evenly distributed in the rhizosphere of all replicates and; (iii) the

number of replications used was not sufficient. Nevertheless, some inoculants consistently

(not significant) increased tillering, number of seeds per tiller, and grain yield per plant

(Table 3.4.1.2). For example, inoculant MR85 induced the highest number of tillers per

plant at both field sites. This isolate also increased dry weight of seeds per plant by 53 to

108% at Kernen and Hagen, respectively. Such large increases were the results of an

increased number of tillers and also increased weight of seed per tiller. Similar trends were

noted for other inoculants such as MRI04, MRI05, and MRl1l which increased seed

yield per plant by 17 to 38%. In contrast to these positive responses (not significant).

inoculant MR75 decreased seed yield at both sites by 6 to 20%. It should be pointed out,

however, that during the 1987-88 crop year total annual precipitation was below long term

average (Table 3.4.1.3), and thus it could have affected soil moisture contents for the entire

growing season. Nevertheless, some pseudomonad PGPR strains produced consistent

yield increases at both sites when injected into the wheat rhizosphere.
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Table 3.4.1.2 Effect of RifT Nal" pseudomonad inoculants on yield (at maturity) of

winter wheat grown at two different field sites in 1988a.

Kernen Hagen

Treatment Tiller Seed Seed Tiller Seed Seed

(no'/plant) (gltiller) (g/plant) (no./plant) (gltiller) (glplan t)

Control 1.89 0.18 0.34 2.25 0.27 0.62

MR55 2.07 0.17 0.36 2.37 0.25 0.61

MR61 2.18 0.19 0.40 2.44 0.34 0.82

MR75 1.90 0.17 0.32 2.40 0.21 0.50

MR80 2.14 0.15 0.36 2.92 0.26 0.73

MR85 2.32 0.30 0.71 2.97 0.32 0.95

MR92 2.03 0.21 0.43 2.37 0.31 0.74

MR104 2.04 0.24 0.47 2.86 0.30 0.82

:MR.105 2.08 0.23 0.46 2.58 0.32 0.81

:MR.lll 2.42 0.22 0.52 2.47 0.32 0.78

Tukey(HSD)

(0.05) n.s. n.s. n.s. n.s. n.s. n.s.

=Data are average of 4 replications.
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Table 3.4.1.3 Cumulative precipitation (mm) at the experimental sites during 1988 and

1989.

Year Site Precipitation (mm)

Plant age (days)« 15-25 30-40 45-55 60-70 75-85

Period 1/5 to 25/5 9/6 24/6 9/7 24/7 Total

1988 Kernen 5.7 14.0 6.5 39.7 14.0 79.9

Hagen 25.4 0.0 25.5 21.6 33.0 105.5

1989 Kernen 83.3 16.4 16.8 33.3 17.5 167.3

Hagen 88.8 10.1 10.2 58.5 20.4 188.0

a After re-emergence in the spring

3.4.1.3.1.2 Root colonization

Kernen site: During the early spring the total heterotrophic population in the winter

wheat rhizosphere was low, ranging from about 104 to 106 cfu g-1 root (Fig. 3.4.1.5). As

plant growth was initiated, there was an increase in the heterotrophic population which

fluctuated somewhat. but was maintained at about 107 to 108 cfu g-l root. During the first

50 days, no Rift Nal" bacteria were detected on control plant roots. However, at the 50 day

sampling a significant population (i.e., 105 cfu g-l root) of Rif" Nal" bacteria was detected

on control plants. The proximity of control and treated plots, and the precipitation events

during the first 50 days (Table 3.4.1.2), suggest movement of inoculants from treated plots

into the adjacent control plots.
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The RifT Nal" pseudomonad population profiles at the Kernen site are shown in

Fig.3.4.1.5. Some of the introduced inoculants became rapidly established in the wheat

rhizosphere. For example, inoculants MR61, MR80, MR85, MR92, and MR105 (Figs.

3.4.1.5 C, E, F, G, and I, respectively) were detected shortly after their injection into soil

(i.e., reisolated 15 day post injection at the first sampling). In contrast, inoculants MR55,

MR75, MRI04, and MRlll, were not detected until after 30 or 51 days (Figs. 3.4.1.5 B,

D, H, and J, respectively). Nevertheless, all RifT Nal" inoculants became established and

could be detected in the winter wheat rhizosphere during the growing season.

Hagen site: At the Hagen site, the population of total heterotrophs in the winter wheat

rhizosphere was consistently higher than that observed at the Kernen site during the first

sampling (i.e., 15 days). Total heterotrophic counts were approximately 108 cfu g-l roots

and this level was maintained throughout the experimental period (Fig. 3.4.1.6). Some

RifT Nal" bacteria were also detected on roots of the control plants (Fig. 3.4.1.6 A)

following the first major rainfall event (i.e., after 45 days). All introduced inoculants were

detected on the winter wheat roots during the first sampling (15 days), except MR92 (Fig.

3.4.1.6 G) and MR104 (Fig. 3.4.1.6 H) which were detected after 30 days.

3.4.1.3.2 Field trial: 1988-1989

3.4.1.3.2.1 Plant growth

Four winter wheat rhizosphere-competent pseudomonads and their antibiotic

resistant counterparts were tested during the 1988-89 field trials. Inoculation of winter

wheat seeds with strains R85 or RI05 significantly (P<0.05) increased grain yield

compared to the control (Table 3.4.1.4); this occurred at both the Kernen and Hagen site.
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Figure 3.4.1.5 Counts of antibiotic-resistant (Rif" Nal') (.) and total heterotrophs (A) on winter wheat roots at Kernen during

1987-88.
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138

The percentage increase in grain yield was approximately 11 % for both strains at

both sites. Strain RUI also significantly (P<0.05) increased (13%) grain yield at Hagen

site (Table 3.4.1.4). Furthermore, at the Kernen site, inoculation with the RifT Nal" strains

MR85 and MRlll significantly (P<O.lO and P<0.05) increased (6% and 11 %) grain yield.

These strains had no effect on grain yield at the Hagen site. Inoculation with these two

strains had no significant effect on straw or total plant dry matter yields at either site. All

inoculated plants generally yielded more (not significant) straw or grain than uninoculated

plants. For example, at the Kernen site the non-significant yield increases ranged from 3%

to 8% for grain and 2% to 6% for straw, and at the Hagen site these increases ranged from

2% to 7% for grain and 1 % to 7% for straw (Table 3.4.1.4).

3.4.1.3.2.2 Root colonization

Bacterial populations on winter wheat roots at Kernen and Hagen are shown in

Figs. 3.4.1.7 and 3.4.1.8. Several general comments can be made concerning the

population profiles at both sites. The population of total heterotrophs on roots was

approximately 107 cfu g-l root when sampled in early May. This population fluctuated

during the rest of growing season, usually exhibiting a cyclic increase-decrease-increase

pattern. During these cycles the population reached peaks as high as 1010 - 1011 and as

low as 106 - 107 cfu per g root. These cycles were probably related to plant growth

patterns or physiological changes. However, there was no direct correlation between

precipitation events and population cycles.

\
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Table 3.4.1.4 Effect of five pseudomonad inoculants and their correspondent RifT Nal"

isolines on yield (at maturity) of winter wheat grown at two different field

sites in 1989a.

Treatment Yield (kg-ha+)
Kernen Hagen

Grain Straw Total Grain Straw Total

CONTROL 3191 3985 7177 3554 4881 8435

R85 3565** 3901 7466 3953** 5086 9039

R104 3472 4213 7685 3721 5056 8786

R105 3559** 4229 7788 3969** 5081 9051

RUI 3322 3968 7290 4024** 4941 8965

MR85 3497* 4068 7565 3899 5095 8998

MR104 3310 3760 7070 3628 4879 8507

MR105 3352 3953 7305 3869 5257 9126*

MRlll 3545** 4238 7783 3819 5149 8969

Tukey (HSD)

(0.10) 286 n.s. n.s. 349 n.s. 654

(0.05) 314 n.s, n.s. 384 n.s. n.s.

a Data are average of 6 replications.
*,

** Denotes statistical significance from the control at P<O.lO and P<0.05, respectively.

\
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The population profiles for treatments from Hagen and Kernen sites were

somewhat different; although, the population profiles for total heterotrophs on plants within

sites were fairly similar. Finally, no antibiotic-resistant (Rif" NaJI) pseudomonads were

detected on winter wheat roots of plants from the control plots at either site.

Antibiotic marked pseudomonads inoculated to winter wheat seeds survived

through winter, recolonized roots, and persisted in the rhizosphere (rhizoplane) throughout

the growing season (Figs. 3.4.1.7 and 3.4.1.8). These strains did not exhibit similar

profiles (i.e., cfu counts per g root) within a site, although there was some similarity for

strain MRI05 between sites. Several distinct patterns were observed. At the Kernen site,

all marked inoculants were detected at about 107 - 108 cfu per g root in early May (Fig.

3.4.1.7 D). The initial numbers detected at the Hagen site were usually lower, ranging

between 1()4 - 105 cfu per groot (Fig. 3.4.1.8). At either site the inoculants followed one

the following patterns: (I) no significant changes were observed and the population was

maintained at approximately the same level (i.e., MRl11; (Figs. 3.4.1.7E and 3.4.1.8E);

(U) the inoculant population paralleled the total heterotrophic population cycle but never

comprised more than 10% of the total (e.g., MR105; (Figs. 3.4.1.7D and 3.4.1.8D); (iil)

the inoculant population was initially low but increased throughout the growing season to

become a significant portion of the total heterotrophs (i.e., MR85; (Fig. 3.4.1.8B); and (iv)

the inoculant population decreased during the growing season (i.e., MR104, (Fig.

3.4.1.7C).

\
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3.4.1.4 Discussion

Plant growth 1987-88:- Selected pseudomonad isolates, previously shown to

stimulate growth of winter wheat in different soils under various growth chamber

conditions (sections 3.1 and 3.3.4) colonized the rhizosphere of winter wheat when

injected into the rhizosphere zone. However. no significant increases in plant yields were

detected. Nevertheless, three strains MR104, MR105, and MR111 consistently tended to

increase number of tillers, weight of seeds per tiller and/or weight of seeds of treated plants

at the two field sites. In fact, these inoculants increased seed yield by 17 to 38% at both

field sites. A number of circumstances might explain why the large yield increases were

not significant. First the unusual weather conditions prevalent during the spring of 1988

and persisting throughout the growing season might have affected crop response to

inoculation. Thus, stand establishment was not typical because of limited precipitation at

both field sites. Secondly, injection of inoculant might have led to conditions where only

some plant root systems were adequately colonized. This could have led to variability

between replications and thus, the four replications used during the first year field trial were

not sufficient to demonstrate significance. Broadbent et ale (1977) also found a large

variability in the results of field trials where Bacillus spp were inoculated to seedlings of

various plant species. They concluded that physical or biological factors, such as multiple

interactions between the introduced bacteria, the associated crop, and the soil microfiora,

were responsible for the inconsistency of their results. The severe drought that began in

the spring of 1988 may have had a major impact on inoculant effectiveness at both field

sites.

Root colonization 1987-88:- Results from field studies indicate that introduced Rif"

Nal" pseudomonad strains became established in the winter wheat rhizosphere and part of

the microbial community during the growing season. Some RifT Nal" pseudomonads were
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isolated from the uninoculated control plots. Bacterial movement in the wheat rhizosphere

between treated and control plants (presumably through the border plants which acted as

bridge) would explain the occurrence of Rif" Nal" bacteria in the control plots. Although

rainfall events during the 1988 growing season were not a major factor in terms of water

supply to the crops, this rain water might have been sufficient for bacterial movements in

the soil. In fact, Bashan and Levanony (1988) found a positive correlation between soil

moisture and A. brasilense migration towards wheat roots.

Plant growth 1988-89:- Four pseudomonad isolates and their RifT Nal" counterparts

were tested in the 1988-89 field study. Two wild-type strains, R85 and RI05, and two

RifT Naif strains, MR85 and MRl11, significantly increased wheat grain yield at the two

field sites. For the 1989 study, bacterial inoculants were applied to the wheat seeds in the

fall of 1988. Thus they colonized seedling root systems and overwintered. Soil moisture

and more rainfall events ensured good crop growth during this season. These factors

might help explain more consistent growth responses to inoculation compared to the

previous year. Kloepper et aI. (1980) reported that the failure of a bacterial inoculant to

stimulate crop yields could be related to unfavorable soil moisture and soil temperature,

variability of introduced bacteria or failure of colonization due to ineffective strains.

Root colonizations- Inoculated winter wheat seeds were planted in the fall,

germinated and grew for 40 - 50 days. The introduced pseudomonads, apparently

colonized wheat seedling roots during this short growth period, survived in the root crown

over the winter, and recolonized winter wheat roots during the growth season (i.e., spring

and summer 1989). No Rif" Naif pseudomonads were isolated from the control plots,

indicating that the introduced bacteria were restricted to the experimental area at both field

sites. Schroth and Hancock (1982) reported that environmental conditions such as soil

moisture, inoculum density and methods of inoculation influence bacterial colonization of
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rhizosphere and rhizoplane. Elliott Juhnke et al. (1989) studied the relationship between

inoculum density and rhizosphere colonization by Xanthomonas rna/tophi/fa and P.

jluorescens, and found no correlation between microbial density applied to the seeds and

bacterial root-colonization at any plant growth stage in the field. In my study, however, the

root colonization assay indicated that the introduced pseudomonad populations (i.e., RifT

NaP) reached lOS cfu g-l root after 50 days at both field sites. This suggests that soil type

or inoculum density did not affect root colonization when pseudomonads were applied as a

seed coating. Reddy and Rahe (1989) reported that populations of a streptomycin-resistant

strain of Bacillus subtilis drastically declined within the first 14 days in the rhizosphere of

onions. Although the rhizobacteria failed to maintain high populations, they caused

significant growth effects on bacterized onion seedlings.

Plant growth promoting rhizobacteria must be aggressive root colonizers and

capable of stimulating plant yield under growth chamber and field conditions (Burr et al.

1978, Kloepper and Schroth 1978, Suslow and Schroth 1982). Thus the ultimate test for

this group of rhizobacteria is the demonstration of their ability to colonize plant roots and to

stimulate growth responses under field conditions. The latter can be demonstrated as plant

vigor, plant growth and/or yield. In this regard, the pseudomonads used performed

according to these premises when tested for colonization and growth stimulation of winter

wheat.

3.4.1.5 Summary

The effects of inoculation with pseudomonad isolates on the growth of winter

wheat were investigated during two years of field studies at two different locations. Winter

wheat was inoculated either by soaking the seeds or by injecting a bacterial suspension into
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the rhizosphere of field-grown plants in the spring. Resistance to rifampicin and nalidixic

acid was used to differentiate introduced pseudomonads from indigenous soil bacteria.

When injected into the rhizosphere, introduced bacteria caused no increases in plant yields,

however when inoculated to the seeds, two wild-type and two antibiotic-resistant isolates

significantly (P<O.lO) stimulated wheat grain yield at the two field sites. Bacterial

populations in the wheat rhizosphere were monitored biweekly throughout the growth

season and reached levels of 1()4-108 cfu g-l of roots in both field studies. These results

indicate that these antibiotic-resistant mutants colonized winter wheat roots and survived in

the wheat rhizosphere; however, the ability of these isolates to effectively enhance winter

wheat growth under field conditions was not consistent during the two years.
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3.4.2 Influence of Pseudomonas syringae R2S and P. putida RIOS on

growth and nodulation of pea (Pisum sativum L.) and field bean

(Phaseolus vulgaris L.)

3.4.2.1 Introduction

Studies by Polonenko et al. (1987) and Yahalom et al. (1987) have demonstrated

the synergistic effects (such as increased nodule formation and nitrogen fixation) of co

inoculation oflegumes with rhizobia and rhizobacteria, Similarly, Rai (1983) showed that

inoculation of chick pea with a mixture of Rhizobium leguminosarum and Azospirillum

brasilense significantly increased grain yield, nodule dry weight, and nitrogenase activity

(acetylene reduction) compared to R. leguminosarum alone. The reasons for these

synergistic effects are not completely understood. However, many rhizobacteria produce

phytohormones and enzymes, some of which influence the infection process of symbiotic

plant-microbe relationships. For example, A. brasilense produces both IAA and pectinase

and, depending upon the concentrations, these compounds influence nodulation by

Rhizobium (Okon and Hadar 1987). Al-Mallah et al. (1987) reported thatR.loti and other

rhizobia were able to infect and produce nodules in white clover after root hairs were

treated with a cellulase-pectolyase enzyme.

Many pseudomonads specifically colonize roots and enhance the growth of a

variety of commercial crops (Burr et al. 1978; Kloepper et al. 1980a). These and other

bacteria are referred to as plant growth promoting rhizobacteria (PGPR). The yield of

various leguminous plants is enhanced following co-inoculation of rhizobia with PGPR

isolates in field and laboratory studies (Polonenko et al. 1987; Chanway et al. 1989). I

have identified several fluorescent pseudomonads which enhance growth and yield of

winter wheat (section 3.1). Because of the potential use of these rhizobacteria as inoculants

for winter wheat and the possibility they might persist in soil, their effects on other rotation
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crops such as legumes need to be investigated. The objective of this study was to assess

the effects of two of these winter wheat PGPR on growth, nodulation, and N2 fixation

(i.e., acetylene reduction activity-ARA) of field bean and pea. These PGPR isolates were

chosen because they produced either proteolytic enzymes or indole compounds in vitro.

3.4.2.2 Materials and methods

3.4.2.2.1 Bacterial inoculants

Pseudomonas syringae R25, P. putida R105, Rhizobium leguminosarum strain

LPNI-2, and R. phaseoli strain 3644 were used as inoculants. P. syringae R25 produced

proteolytic enzymes (i.e., liquefaction of solid charcoal gelatin), and P. putida R105

formed indole compounds (such as indole-3-pyruvic acid from L-tryptophan) (section 3.1).

The pseudomonads were grown in 50-mL (125-mL erlenmeyer flasks) liquid King's B

(KB) medium. The rhizobia were grown in 50-mL (125-mL flasks) TY broth medium

(Beringer 1974) which contained (g L-l) Bacto tryptone, 5.0; Bacto yeast extract, 3.0;

CaCI2·6H20, 1.3. Pseudomonads and rhizobia were cultured on a rotary shaker (100 rpm)

at 280C for 48 and 96 h, respectively. Bacterial suspensions were concentrated by

centrifugation (15 min at 5000 x g), washed three times in phosphate buffered saline, and

re-suspended in 10 mL of sterile tap water to yield approximately lOS colony forming units

(cfu) mL-1 as determined by viable counts on agar media.

Field pea (Pisum sativum L. cultivar Bellevue) and white field bean (Phaseolus

vulgaris L. cultivar Aurora) seeds were surface sterilized by soaking in ethanol (95% v/v)

for 30 s and sodium hypochlorite (1.2% v/v) for 5 min, followed by 10 rinses in sterile tap

water (Vincent 1970). "Surface sterilized" seeds were placed in a bacterial suspension for

4 h, allowing the bacteria to penetrate into the seed ruptures to ensure colonization during

\
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seed germination. Inoculated seeds were placed in sterile plastic bags containing 3 mL of

sterile 1 % (w/v) methylcellulose (Sigma Chemical Co., St. Louis, MO) and mixed with 15

g of talc. Seeds were rolled in this formulation until uniformly coated with talc, and then

air dried overnight. As determined by plate counting techniques, this procedure yielded

107-108 cfu seed-I.

Eight inoculation treatments were imposed in either growth pouch or pot

experiments including (i) uninoculated control, (it) P. syringae R25, (iii) P. putida R105,

(iv) P. syringae R25 + P. putida R105, (v) Rhizobium sp. alone, (vi) P. syringae R25 +

Rhizobium sp., (vii) P. putida R105 + Rhizobium sp., and (viii) P. syringae R25 + P.

putida RI05 + Rhizobium sp. Mixed inoculants were made by combining equal parts of

appropriate bacterial suspensions. The uninoculated control was inoculated with an

autoclaved mixture of strains R25, RI05, 3644, and LPNI-2. containing one-quarter the

normal amount of each isolate.

3.4.2.2.2 Growth pouch study

Field pea and bean were grown under gnotobiotic conditions using sterile, plastic

seed-pack growth pouches (Northrup King Co., Minneapolis, MN). Thirty milliliters of

an N-free Hoagland's nutrient solution (Hoagland and Arnon 1938) was added to each

pouch. which was wrapped with aluminum foil and sterilized in an autoclave at 1200C for

40 min. Five inoculated seeds (as described in section 3.3.1) were placed on paper troughs

within sterilized growth pouches and allowed to germinate at 24oC. After germination,

seedlings were thinned to two per growth pouch and maintained in a growth chamber

(photosynthetic irradiance of -200-265 JlE m-2 s-I) at 24°C under a 14 h light: 10 h dark

cycle. The experiment was set-up in a completely randomized block design with four

replications. After 15 days each growth pouch was supplemented with 15 mL of sterile N

free Hoagland's nutrient solution. The moisture content in the pouches was kept constant
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throughout the experiment by additions of sterile distilled water when required. These

procedures were carried out under aseptic conditions using a laminar-air flow hood to avoid

contamination.

Plants were harvested at 30 days and nitrogenase activity (acetylene reduction

assay-ARA) of root nodules determined (Hardy et al. 1973). Roots were excised from the

plants and enclosed in 450-cm3 Mason jars. The jars were injected with 45 cm3 of purified

C2H2 (99% purity, Matheson Gas products Canada) and incubated under ambient

temperature. After lh, 0.25-cm3 samples were withdrawn and analyzed with a Hewlett

Packard gas chromatograph equipped with flame ionization detector and a stainless steel

(3.1-mm outer diameter) Porapak R (80/1()() mesh) column. The oven and detector

temperatures were 450C and 500C, respectively. Immediately after the ARA, nodules were

carefully detached from roots and counted. Plant material (shoot and root) was dried at

650C in a forced-air oven for 72 h and weighed. Statistical analyses were performed using

the Systat statistic package for ANOVA (Systat Inc., Evanston, IL) with least significant

difference (Fisher LSD) used to separate treatment means (Steel and Torrie 1960).

3.4.2.2.3 Potted soil study

The A horizon of a Dark Brown Chemozemic soil (Typic Haploboroll) from the Asquith

association was used. Soil characteristics are given in Table 3.1.1. Bulk soil was air dried

and sieved «0.5-cm mesh), and 0.5 kg of soil placed in a 500-cm3 Styrofoam pot (Canada

Cup Inc.). Five inoculated pea or bean seeds (preceding section) were planted in each

"pot". The soil was moistened with distilled water and maintained at 60% of its moisture

holding capacity (0.33 kPa) throughout the experiment. After emergence the seedlings

were thinned to two per pot, and a 2-cm layer of sterile polyethylene beads (Dupont Inc.,

Mississauga, ON) was laid at the soil surface to minimize cross contamination and

excessive losses of moisture. Plant growth conditions and experimental design were as
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described above. Pot arrangement on the bench was changed periodically to minimize edge

effects in the growth chamber. The plants were harvested at 30 days, and ARA of the

roots, number of nodules and plant dry weight determined as described above.

3.4.2.3 Results

3.4.2.3.1 Growth pouch study

Inoculation of pea with P. syringae R25 significantly (P<O.OI) increased shoot

weight, whereas inoculation with P. putida R105 had no effects on plant growth (Table

3.4.2.1). A mixture of isolates R25 and R105 inhibited (P<O.OI) pea emergence. R.

leguminosarum LPNI-2 had no effect on plant dry matter yield, but obviously increased the

number of nodules and thus N2 fixation (i.e., ARA) of pea plants compared to the

uninoculated controls.

Co-inoculation of pea with R.leguminosarum and R25 significantly increased root

(P<O.OI) and total plant (P<O.05) weight compared to plants inoculated with R.

leguminosarum alone. Similarly, co-inoculation with rhizobia and RIOS significantly

increased shoot, root and, total plant weight, and also the number of nodules of pea plants

(Table 3.4.2.1). However, these nodules were not as effective (i.e., ARA) as those on

plants inoculated just with LPNI-2. Co-inoculation with rhizobia and a mixture of strains

R25 and RID5 significantly (P<O.Ol) increased the number of the ineffective nodules i.e.,

approximately 42% more nodules but only 26% ARA compared to the LPNI-2 inoculated

plants. The presence of R 105 appeared to enhance nodulation of pea plants. However,

none of the pseudomonad inoculants stimulated ARA of pea nodules and, isolate R25

significantly (P<O.05) inhibited ARA.
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Table 3.4.2.1 Effect of inoculation with Pseudomonas syringae R25 and P. putida R105 on

germination, growth, nodulation, and nitrogenase activity (ARA) of 30 day-old pea

plants grown under gnotobiotic conditions in growth pouches",

Treatment Emergence Dry weight (mg-plI) Nodule C2H2 reduction

(%) Shoot Root Total no-pl! (nmol-pl+h+)

Uninoculated control 95.0 133 135 268 1.4 1.3

P. syringae R25 95.0 155 132 286 0.0 0.0

P.putida R105 100.0 134 147 271 0.0 0.0

R25 + RI05 70.0 137 130 267 0.0 0.0

R. leguminosarum-LPNI-2 100.0 148 134 282 21.6 276.7

R25 + LPNI-2 85.0 158 170 328 19.1 96.5

RI05 + LPNI-2 100.0 181 190 370 27.6 112.5

R25 + RI05 + LPNI-2 95.0 160 141 300 30.7 74.2

LSD (1%) 19.4 21 34 48 4.1 238.7

(5%) 14.3 16 25 35 3.0 171.3

aoata are average of four replications.

Inoculation of bean with isolate R25 significantly (P<O.OI) inhibited seedling

emergence, shoot, root and total plant weight. In contrast, isolate R105 significantly

(P<O.OI) increased bean shoot weight as compared to the uninoculated controls (Table

3.4.2.2). A combination of isolates R25 and RI05 significantly (P<O.OI) inhibited bean

emergence, shoot, root and total plant weight, but not as much as R25 alone. Thus it

appears that the stimulatory effects of RI05 were prevented by the presence of R25. Strain

R25 seems to affect root growth. As expected, inoculation with R. phaseoli significantly

(P<O.OI) increased shoot and total weight, number of nodules and N2 fixation (i.e., ARA)

of bean plants, compared to the uninoculated controls (Table 3.4.2.2).
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Co-inoculation of bean with R. phaseoli and R25 significantly (P<O.OI) inhibited

seedling emergence, root and total plant weight, number of nodules and ARA of plants,

compared to plants inoculated with R. phaseoli alone (Table 3.4.2.2). In contrast, co

inoculation with rhizobia and R105 significantly increased root weight (P<0.05) and ARA

activity (P<O.Ol) of nodules. Inoculation of bean with a mixture of R. phaseoli, R25 and

R105 reduced seedling emergence to 40% and these plants subsequently died. Inhibition

of bean growth was related to the presence of isolate R25 (Table 3.4.2.2).

Table 3.4.2.2 Effect of inoculation with Pseudomonas syringae R25 and P. putida R105 on

germination, growth, nodulation, and nitrogenase activity (ARA) of 30 day-old

bean plants grown under gnotobiotic conditions in growth pouches=.

Treatment Emergence Dry weight (mg-pl+) Nodule C2H2 reduction

(%) Shoot Root Total no-pl-I (nmol-plIh+)

Uninoculated control 100.0 242 172 414 0.0 0.0

P. syringae R25 45.0 75 43 119 0.0 0.0

P. putida R105 100.0 312 158 470 0.0 0.0

R25 + RI05 75.0 166 32 198 0.0 0.0

R. phaseoli 3644 100.0 337 171 508 50.0 58.7

R25 + 3644 60.0 334 121 455 33.5 13.5

R105 + 3644 85.0 312 196 508 46.7 183.3

R25 + RI05 + 3644 40.0 0 0 0 0.0 0.0

LSD (1%) 32.6 49 26 52 12.9 18.5

(5%) 23.9 36 19 38 9.5 13.6

aData are average of four replications.

\
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3.4.2.3.2 Potted soil study

Approximately 66% of the uninoculated pea plants germinated in soil, and these

were nodulated by indigenous rhizobia (Table 3.4.2.3). As in growth pouches, inoculation

of pea with strain R25 significantly (P<O.05) increased shoot weight of plants. Strain

RI05 significantly (P<O.Ol) increased seedling emergence (Table 3.4.2.3). Inoculation

with a mixture of R25 and R105, significantly (P<O.Ol) enhanced seedling emergence,

shoot, root, and total weight, and number of nodules formed by indigenous rhizobia.

Inoculation of pea with Ri leguminosarum LPNI-2 significantly (P<O.01) increased

seedling emergence, shoot and total plant weight, number of nodules and ARA of pea

plants (Table 3.4.2.3). However, nodules formed by the inoculant were not as active

(based on ARA per nodule) as nodules formed by indigenous rhizobia in this soil.

Co-inoculation of pea with R. leguminosarum LPNI-2 and R25 had no effect on

shoot, root and total plant weight, but decreased nodulation and ARA compared to plants

inoculated with only LPNI-2 (Table 3.4.2.3). In fact, nodulation and ARA levels were

similar to plants inoculated with only R25 i.e., nodulation was the consequence of

indigenous rhizobia. The combination of Ri leguminosarum with R105 had no effect on

plant dry matter yield, but reduced the number of nodules and ARA. Similar results were

obtained if strain R25 was added to the latter inoculant mixture (Table 3.4.2.3).

All of the uninoculated bean plants germinated in soil and were extensively

nodulated by effective, indigenous rhizobia (Table 3.4.2.4). Inoculation of beans with the

pseudomonad R25 (alone or in any inoculant combination) had severe deleterious effects

and no plants survived (Table 3.4.2.4). Inoculation with RI05 significantly (P<O.01)

reduced root and total weight, number of nodules and ARA of bean plants. Inoculation

with R. phaseoli significantly (P<O.OI) reduced the number of nodules and ARA of plants

compared to the uninoculated controls (Table 3.4.2.4).
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Table 3.4.2.3 Effect of inoculation with Pseudomonas syringae R25 and P. putida R105 on

germination, growth, nodulation, and nitrogenase activity (ARA) of 30 day-old pea

plants grown under potted soil conditionsQ.

Treatment Emergence Dry weight (mg-plJ) Nodule C2H2 reduction

(%) Shoot Root Total no.pl-l (nmol-pl+h+)

Uninoculated control 66.7 347 215 562 31.6 226.7

P. syringae R25 83.3 499 221 720 51.4 99.5

P.putida R105 100.0 439 257 696 103.5 144.2

R25 + R105 100.0 753 389 1142 87.4 319.6

R. leguminosarum-LPNI-2 100.0 633 291 924 111.6 474.9

R25 + LPNI-2 83.3 616 335 951 48.4 125.9

R105 + LPNI-2 100.0 632 291 932 74.6 246.6

R25 + R105 + LPNI-2 83.3 570 221 791 62.9 238.7

LSD (1%) 30.1 207 151 343 46.5 143.9

(5%) 22.2 152 111 252 34.2 105.9

aoata are average of four replications.

Co-inoculation of bean with R. phaseoli and R105 significantly (P<0.05) reduced

emergence, root and total plant weight, but significantly increased (P<O.Ol) number of

nodules, and ARA compared to plants inoculated with only R. phaseoli. The nodulation

and ARA levels were similar to those caused by indigenous rhizobia on uninoculated plants

(Table 3.4.2.4).
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Table 3.4.2.4 Effect of inoculation with Pseudomonas syringae R25 and P. putida R105 on

germination, growth, nodulation, and nitrogenase activity (ARA) of 30 day-old

bean plants grown under potted soil conditions".

Treatment Emergence Dry weight (mg-pl+) Nodule C2H2 reduction

(%) Shoot Root Total no.pl-I (nmol-pl!h+)

Uninoculated control 100.0 884 564 1448 125.0 350.7

P. syringae R25 0.0 0 0 0 0.0 0.0

P.putida R105 100.0 867 377 1243 111.8 276.4

R25 + R105 0.0 0 0 0 0.0 0.0

R. phaseoli 3644 100.0 771 519 1290 59.3 262.4

R25 + 3644 0.0 0 0 0 0.0 0.0

R105 + 3644 83.3 818 385 1202 101.6 391.9

R25 + R105 + 3644 0.0 0 0 0 0.0 0.0

LSD (1%) 13.5 111 82 117 12.8 68.4

(5%) 9.9 82 60 86 9.4 50.3

aoata are average of four replications.

3.4.2.4 Discussion

Two pseudomonad PGPR of winter wheat P. syringae R25 or P. putida R105,

produced neutral, beneficial, or deleterious effects on growth and nodulation of pea and bean

grown under gnotobiotic or soil conditions. Under gnotobiotic conditions (growth pouches)

co-inoculation of pea with the Rhizobium strain LPNI-2 and either R25 or R105 increased

the plant biomass and number of nodules. The mixture of strains R25 and R105 increased

plant biomass and number of nodules of plants grown in soil. These results suggest that

strain R105, not only promoted pea plant development, but also enhanced nodule formation

by indigenous R. leguminosarum. Similar results were reported by Hicks and Loynachan

(1989) who found that co-inoculation with rhizobacteria and bradyrhizobia significantly

increased nodulation of soybean grown in sterilized soil, but no effects were observed when

p
\
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plants were grown in non-sterile soil. However, during in vitro studies the rhizobacteria

inhibited or stimulated the growth of B. japonicum.

Some mechanisms have been proposed for the effects of pseudomonads on

nodulation. For example, Grimes and Mount (1984) reported that a P. putida strain

produced 2-ketogluconic acid (a phosphate-solubilizing compound) which increased

nodulation of field beans, probably due to an enhanced phosphate uptake. Similarly, Azcon

et al. (1982) reported that a phosphate-solubilizing rhizobacterium increased the rhizosphere

concentrations of phytohormones (gibberellins, auxins and cytokinins) which in turn

stimulated nodulation.

In contrast to the results with pea, co-inoculation of bean with R25 and R105 with R.

phaseoli did not enhance nodule formation of plants grown in soil as well as the R. phaseoli

strain alone. In fact, strain R25 was associated with the deleterious effects exhibited by bean

plants growing in soil. Similar results were found by Alstrom (1987) who reported that two

pseudomonad isolates, including one known as PGPR for lettuce, were deleterious for

beans. The exact mechanism by which fluorescent pseudomonads stimulate or inhibit nodule

occupancy is unclear. Fuhrmann and Wollum II (1989) reported that rhizobacteria altered

nodule occupancy by bradyrhizobia due to an apparent reduction in iron availability in the

rhizosphere. Some P. syringae species are known to be pathogenic to many plant species.

Knight and Langston-Unkefer (1988) reported that a P. syringae isolate produced the toxin

tabtoxinine-B-lactam when colonizing the plant rhizosphere. This toxin was absorbed by the

roots, and subsequently inhibited the enzyme glutamine synthetase. Alternatively, it is

possible that the newly introduced R. phaseoli 3644 strain was a poor competitor compared

to the indigenous soil rhizobia.

Chanway et al. (1989) reported that effects of inoculation of lentil and pea plants with

pseudomonad PGPR were largely dependent on the plant species, plant cultivar, and the

cultivation system used. Pseudomonads produced no beneficial or deleterious effects on pea,
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but, two P. putida strains significantly increased biomass, nodulation, and ARA of one lentil

cultivar (i.e., Laird) grown in the growth chamber. The authors speculated that the growth

response of cultivar Laird could be related to phytohormonal or nutritional interactions

between the rhizobacteria and the plant.

My results suggest that combined inoculants, consisting of selected root-colonizing

bacteria, may enhance the ability of rhizobia to form nodules on legumes. Inoculation of

field bean with P. putida R105 or co-inoculation with R. phaseoli strain 3644 stimulated

nodule formation and/or ARA activity of plants grown in soil. The isolate P. syringae R25,

which is a PGPR associated with winter wheat, was found to be a deleterious rhizosphere

bacterium on beans.

3.4.2.5 Summary

The effects of inoculation of field pea (Pisum sativum L.) with Rhizobium

Ieguminosarum and field bean (Phaseolus vulgaris L.) with R. phaseoli alone, or in

combination with fluorescent pseudomonads Pseudomonas syringae R25 and/or P. putida

RI05 were assessed under gnotobiotic conditions in growth pouches and in potted soil in a

growth chamber. Co-inoculation of pea seeds with R. leguminosarum and either of the

pseudomonads significantly (P<O.OI) increased shoot, root, and total plant weight in growth

pouches, but had no effect in soil. Co-inoculation of field beans with R. phaseoli and P.

putida RI05 had no effects on plant biomass in growth pouches or in soil, but the number of

nodules and nitrogenase activity-ARA was significantly (P<O.OI) increased in the soil. In

contrast, co-inoculation with rhizobia and P. syringae R25 had severe, deleterious effects on

seedling emergence, plant biomass, and nodulation in soil and growth pouches. Isolate R25

was responsible for the deleterious effects observed. These results demonstrate the

importance of screening plant growth-promoting rhizobacteria of one crop for potential

hazardous effects on other crops before using them as inoculants.
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3.4.3 Development of a root tissue culture system to study winter wheat

rhizobacteria PGPR interactions

3.4.3.1 Introduction

Rhizobacteria ti:e.; rhizoplane and rhizosphere bacteria) may have beneficial,

neutral, or deleterious effects on plant growth and development (Giddens and Todd 1984;

Frederickson and Elliott 1985). Rhizobacteria which colonize plant roots and stimulate

plant growth are termed plant growth-promoting rhizobacteria (PGPR, Kloepper et al.

1988b). Recent reports indicate that winter wheat inoculated with PGPR exhibit enhanced

plant growth (Elliott and Lynch 1984; Weller and Cook 1986; de Freitas and Germida

1990). However, beneficial PGPR are effective only when they successfully colonize and

persist in the plant rhizosphere (Elliott and Lynch 1984).

The ecology of PGPR is a relatively new area of research. Little is known about

how environmental factors affect colonization by PGPR and persistence on roots, and few

methods are available to study these interactions (Kloepper et al. 1988b). Model systems

have been developed to study growth and development of microorganisms on

nonpermeable inert surfaces or living tissue surfaces (Bennett and Lynch 1981b; Odham et

al. 1986). However, none of these systems are specifically designed for the studies of

interactions of PGPR with winter wheat roots. The objectives of this study were: (i) to

produce and cultivate winter wheat roots under axenic conditions using tissue culture

techniques, and (ii) to use root tissue cultures to study winter wheat-rhizobacteria

in teractions.
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3.4.3.2 Materials and methods

3.4.3.2.1 Tissue culture: Callus induction

Seed embryos for callus initiation were obtained from winter wheat plants cultivated

in the growth chamber. Immature seeds were harvested and seed hulls removed. Seeds

were submerged in 70% ethanol for 2 min, surface sterilized for IS min in 1.2% sodium

hypochlorite, and rinsed 10 times with sterilized tap water. Embryos were aseptically

removed from seeds using a sterile scalpel and transferred to 20 mL (in 100-mL screw

capped flask) of solid (0.6% agar) B5 medium supplemented with 1.0 mg 2,4-Dichloro

phenoxyacetic acid (2,4-D) L-l (Wetter and ConstabeI1982). Hereafter this basic medium

will be called I-B5, where the prefix refers to the concentration (mg) of2,4-D. These

flasks were incubated in the dark at 25°C. After 3 to 4 weeks incubation, small pieces of

germinated calli were removed from the flasks, divided into three equal pieces and each

piece was subcultured on 20 mL (IOO-mL screw capped flask) of solid 0.5-B5 medium.

These subcultures were incubated in the dark for 3 to 4 weeks and the subculturing process

was repeated three times. Calli were maintained on 20 mL solid 0.S-B5 medium in the

dark at 2SoC.

3.4.3.2.2 Cell culture

Suspension cell culture was initiated using sub-samples of calli from the solid 0.5-

B5 maintenance medium. Calli of approximately 1.0-cm dia. were aseptically removed

from solid 0.5-B5 maintenance medium using sterile forceps and divided into three equal

pieces with a sterile scalpel. Each piece was placed into SO mL (250-mL flask) of diluted

O.l-B5 medium (i.e., O.I-BS normal strength diluted to 1:3 with water). The flasks were

incubated in the dark on a gyratory shaker (150 rpm) at 25°C. After two weeks, the flasks

were removed from the shaker and allowed to sit for one hour, and then 25 mL of spent
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medium was removed with a pipet (care was taken not to disturb cells that had settled-out)

and replaced with fresh medium. A visible cell suspension formed within six weeks. To

maintain a growing cell suspension, a subculture was made each week by aseptically

transferring a lO-mL aliquot to 40 mL (2S0-mL flask) of diluted O.I-BS medium.

3.4.3.2.3 Root culture

To initiate root culture, 10-mL aliquots of cell suspension were transferred to SO

mL (2S0-mL flask) of diluted O.I-BS medium and incubated in the dark on a gyratory

shaker (ISO rpm) at 2SoC for 2 weeks. Cells were harvested from these flasks by

removing three IS-mL aliquots (total4S mL recovered). The IS-mL suspension was

filtered through a sterilized 0.8 urn Millipore filter, and the filter-trapped cells were washed

three times with sterile distilled water to reduce carry-over of 2,4-0. The cells were

collected from the filters using a sterile spatula, transferred to SO mL (2S0-mL flask) of

diluted B5 medium (i.e., no hormones) and cultured in the dark at 2SoC on a gyratory

shaker (150 rpm). After approximately four weeks, visible root differentiation was

observed. When newly formed roots reached approximately 2 em in length, the total root

content of each flask was transferred to 50 mL (250-mL flask) of fresh diluted B5 medium

(no hormones) and maintained on a gyratory shaker (1S0 rpm) in the dark at 2SoC. These

roots were used for bacterial-root interaction and colonization studies.

3.4.3.2.4 Roots from seeds

Wheat seeds were surface sterilized as described in section 3.4.3.2.1. Surface

sterilized seeds were germinated aseptically in the dark and cultivated on solidified (1.S%

agar) Hoagland's nutrient medium (Hoagland and Arnon 1938) in Petri dishes. After

germination, seedlings were grown for one week under artificial lighting (photosynthetic

irradiance of -200-265 JlE m-2 s-l) at 250C under a 6 h light: 18 h dark cycle. Roots were
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excised from the seedlings with sterile forceps immediately before use in bacteria-root

interaction studies.

3.4.3.2.5 Bacteria

Azospirillum brasilense ATee 29729 and Azotobacter chroococcum ATee 9043,

two diazotrophs; Pseudomonas cepacia R55 and R85, two winter wheat PGPR (de Freitas

and Germida 1990); and Escherichia coli, were used for root colonization studies. A.

brasilense, A. chroococcum, and E. coli were grown on nutrient broth (Difco Laboratories,

Inc., Detroit, MI), and the pseudomonads on King's B medium (King et al. 1954) for 3

days (50 mL medium per 250-rnL flask) at 25°C on a gyratory shaker (150 rpm). Cells

were harvested by centrifugation at 5000 x g for 10 min, washed three times in sterile

phosphate-buffered saline (PBS) and resuspended in sterile distilled water to yield a

concentration of approximately 108 cfu mL-1 (based on Petroff-Hauser cell counts and

viable counts on agar media).

3.4.3.2.6 Bacteria-root association systems

Study 1:- Bacterial attachment to roots. Seedling or tissue culture roots were

aseptically transferred into 250-rnL Erlenmeyer flasks containing 100 mL of LNB5

medium, (a complete, low nitrate medium (Child and LaRue 1974», and inoculated with

1.0 mL (-108 cfu) of an appropriate bacterial culture. Flasks were incubated at 25°C on a

gyratory shaker (150 rpm). After 1h of incubation, roots were removed from the flasks,

washed three times by immersing in flasks of sterile PBS (100 mL; pH 6.0), and gently

shaken (50 rpm) in 100 mL (250-mL flask) of PBS for 1 h to detach loosely-adhering

bacteria Roots (from each flask) were crushed using a sterile mortar and pestle, and

serially diluted. Dilutions were plated in triplicate on the appropriate culture medium for
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each bacterial species and plates incubated at 250C. Bacterial colonies were counted after

24 and 48 h of incubation.

Study 2:- Nitrogenase activity of roots. Nitrogenase activity (i.e., acetylene

reduction assay
- ARA) of roots inoculated with bacteria was assessed in two liquid media:

(i) LNB5 medium, and (ii) LNB5G medium, i.e., modified LNB5 in which the inorganic

nitrogen sources were replaced with 300 mg glutamine L-l (Child and Kurz 1978).

Seedling and tissue culture roots were aseptically transferred into 250-mL erlenmeyer

flasks containing 100 mL of LNB5 or LNB5G medium and incubated in the dark at 25°C

on a gyratory shaker (150 rpm) for 48 h prior to bacterial inoculation. Flasks were

inoculated with 1.0 mL of washed bacterial cells (-108 cfu mL-1) and incubated (in the

dark) for 48 h at 250C on a gyratory shaker (150 rpm). After 48 h, roots were removed

from the flasks, gently washed three times with sterile tap water, transferred to sterile 10

mL Vacutainer tubes (Becton-Dickinson and Company, Rutherford, NJ) and incubated at

250C. At various intervals (i.e., 8,24,48,96 and 192 h), 1.0 cm3 of purified acetylene

(99% purity, Matheson Gas Products Canada) was injected into the tubes (-10% v/v), and

the tubes incubated at 250C for 1 h before ethylene production was measured by analyzing

0.25-cm3 samples with a with a Hewlett Packard - Model HP 5890 gas chromatograph

(section 3.1).

Study 3:- Root colonization and nitrogenase activity. Seedling and tissue culture

roots were aseptically transferred into 250-mL erlenmeyer flasks containing 100 mL of

LNB5G medium and inoculated with 1.0 mL (-108 cfu) of A. brasilense, A. chroococcum,

P. cepacia strain R55, strain R85 or E. coli. Inoculated flasks were incubated in the dark at

250C on a gyratory shaker (150 rpm). After 48 h, nitrogenase activity of roots was

determined as described above. Bacterial colonization of roots was estimated immediately

after the ARA by plate counting techniques. Roots were aseptically removed from each
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Vacutainer tube, crushed in a sterile mortar, serially diluted in PBS and cfu determined as

in study #1.

3.4.3.2.7 SEM observations

After the ARA, some root samples from the root colonization assay were incubated

in 100 mL (250-mL flask) of liquid LNB5G medium at 250C in the dark on a gyratory

shaker (150 rpm). After 2 weeks, roots were removed from the medium, gently washed

with sterile tap water, fixed in glutaraldehyde, freeze dried and mounted on aluminum stubs

for examination by SEM (Campbell and Rovira 1973). Fixed roots were coated with gold

under vacuum using an Edwards 150 Sputter coater, and observed using a Philips SEM

505.

Results of bacterial root attachment, root colonization, and nitrogenase activity are

based on root length. Each experiment was conducted in triplicate. Analysis of variance

and Tukey's procedure (HSD) were used to separate different means (Steel and Torrie

1960).

3.4.3.3 Results

3.4.3.3.1 Root characteristics

Root differentiation occurred within 4 weeks after transferring cells from

maintenance medium to the hormone-free B5 liquid medium. Differentiated roots grew

with extensive lateral branching. No differentiated tissues other than fme roots developed

in the B5 medium. The morphological properties of the differentiated roots appeared

similar to roots obtained from seeds and, after a root culture was initiated viable roots could

be maintained by successive transfers to fresh medium. Roots have been successfully

subcultured 36 times over an 18 month period. However, after 8 weeks incubation without

transferring to fresh medium, roots darkened and turned brown. Further tests indicated
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this change was not due to either bacterial contamination or endogenous ethylene

production.

3.4.3.3.2 Bacterial attachment to roots

Two winter wheat root systems were used for interaction studies: (i) roots

obtained from tissue culture; and (ii) roots obtained from germinating winter wheat seeds.

Bacterial attachment to roots was only about 1 to 3% of the input bacteria However, the

winter wheat-competent rhizobacteria P. cepacia strain R55 and strain R85 attached to

either root system in significantly (P<O.OI) higher numbers than did A. brasilense or E.

coli (Table 3.4.3.1). Attachment of E. coli to either root system was less than 1 %.

Table 3.4.3.1 Bacterial attachment to seedling and tissue culture winter wheat roots

1 h after inoculation with 106 cfu input bacteria.

Attachment (log cfu per em root)

Bacterium Seedling roots Tissue culture roots

P. cepacia strain R55 4.40aa (2.5)b 4.35a (2.3)

P. cepacia strain R85 4.49a (3.0) 4.38a (2.4)

A. brasilense ATCC 29729 3.85b (0.7) 4.03b (Ll)

E. coli 3.07c (0.1) 3.83c (0.7)

a
Values within a column followed by different letter differ significantly (P<O.OI) according to an

HSD value.

b Values in brackets indicate the percentage of bacterial attachment relative to the bacterial input
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3.4.3.3.3 Nitrogenase activity of roots inoculated with diazotrophs

Root systems inoculated with A. brasilense exhibited high levels of acetylene

reduction whereas little or no activity was detected for roots inoculated with A.

chroococcum (Fig. 3.4.3.1A). No ARA was detected for uninoculated root systems.

Inoculated roots obtained from tissue culture (RTC) were capable of reducing acetylene 24

h after incubation, but roots obtained from seeds exhibited a lag period of approximately 48

h before nitrogenase activity was detected When the inorganic nitrogen sources of LNB5

medium were replaced by glutamine, nitrogenase activity was substantially higher in tissue

culture roots for both A. brasilense- and A. chroococcum-inoculated systems (Fig.

3.4.3.1B). ARA of tissue culture roots inoculated with A. brasilense was 2-fold greater

than that of A. chroococcum. Glutamine had no effect on ARA of seedling roots.-

3.4.3.3.4 Colonization and nitrogenase activity of inoculated roots

No major differences in bacterial colonization patterns were observed between the

two root systems (Fig. 3.4.3.2). However, there were large differences in the colonization

and growth of particular bacterial species on roots. For example, the A. brasilense

population reached a maximum of 107 cfu ctrr
l of root after 72 h of incubation in both root

systems (Fig. 3.4.3.2A), whereas the A. chroococcum population increased more slowly

and peaked at 106 cfu cm-! of root (Fig. 3.4.3.2B). All bacterial inoculants were initially

added at approximately 1()6 cfu mL-!. The levels of A. brasilense and A. chroococcum

detected on the root surface after 4 h incubation (the first sampling) were only -1()4 and

-102 cfu crrr! of root, respectively. In contrast, P. cepacia strain R55 and strain R85

populations at this time were -106 and -105 cfu cm-! of root, respectively (Figs. 3.4.3.3A

and 3.4.3.3B). Furthermore, the final populations of strains R55 and R85 detected on root

surfaces reached levels of -108 cfu cm+, E. coli was a poor colonizer of winter wheat

roots and reached a final population of only 105 efu em-l (Fig. 3.4.3.3C).
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Nitrogenase activity was detected when roots were inoculated with either A.

brasilense or A. chroococcum (Figs. 3.4.3.2A and 3.4.3.2B inset). Similar to the first

experiment, inoculation with A. brasilense and A. chroococcum produced the highest levels

of acetylene reduction in the tissue culture root system. However, the amount of acetylene

reduced by roots inoculated with A. brasilense was, on average, 1.5 times higher than that

observed when A. chroococcum was the inoculum. No nitrogenase activity was detected

in the root systems inoculated with P. cepacia strain R55 and strain R85 or E. coli.

3.4.3.3.5 Microscopy of roots

SEM revealed that inoculation of tissue culture roots with rhizobacteria such as P.

cepacia strain R85 increased the number of lateral roots and stimulated root hair elongation

(Figs. 3.4.3.4A and 3.4.3.4B). Additional SEM observations of roots provided evidence

for different patterns of bacterial attachment to roots. For example, P. cepacia strain R55

was more abundant on the surface of wheat roots (Fig. 3.4.3.4C) and extensive bacterial

aggregation was observed near root exudation sites (Fig. 3.4.3.4D). In contrast, other

rhizobacteria such as P. cepacia strain R85 formed aggregates inside the roots (i.e.,

endorhizosphere) (Fig. 3.4.3.4E). In this case, strain R85 appeared to form discrete

microcolonies on the inner surface of the xylem vessel. Other isolates such as A.

brasilense formed bacterial aggregates across the root epidermal cells (Fig. 3.4.3.4F);

however, few such colonies were found in a similar preparation of roots inoculated with A.

chroococcum.
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3.4.3.4 Discussion

Cultures of plant organs, such as root cultures, were first reported by Molliard

(1921) and have been extensively used in studies of plant physiology and interactions of

mycorrhizae with red clover (Mosse and Hepper 1975). Root culture methods present

certain advantages over intact plant roots, because (i) they allow the utilization of more

defmed nutritional requirements of the roots; (m cultivation of large amounts of plant roots

under axenic conditions is relatively easy and; (iii) the clonal material retains a relatively

high multiplication rate with great potential for the propagation of the original root material

(Dodds and Roberts 1982). In the current study, roots were differentiated from

meristematic and undifferentiated embryo cells grown as suspensions using tissue culture

techniques. As reported by Gamborg (1982), there is little evidence that cells from

different plant tissue origins are metabolically different. In my studies, root regeneration

presented no difficulties, was obtained without exogenous hormones, and the roots were

morphologically similar to those from seedlings. However, as reported by Burstrom

(1965), biochemical and physiological properties of roots obtained from excised root

cultures may vary considerably from that of intact seedling roots. For example, excised

root cultures may frequently fail to form secondary vascular tissues during cultivation

(Dodds and Roberts 1982). At present, the biochemical and physiological status of roots

from tissue culture is unknown.

Results of the current study suggest differences in colonization potential and activity

between bacterial species when inoculated into the root culture system. For example, the

winter wheat pseudomonad strains R55 and R85 were the most aggressive root colonizers

of winter wheat. Both bacteria attached to and grew on the rhizoplane of winter wheat root

systems at levels greater than other bacterial species. SEM indicated that these

pseudomonads were more closely associated with the roots than the other three bacterial

-
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species tested. Furthermore, these pseudomonads developed microcolonies on the

rhizoplane near apparent sites of root exudation and in the phloem and metaxylem vessels

within the endorhizosphere of the roots. Bowen (1979) used three different pseudomonads

to inoculate Eucalyptus seiberi and observed that only two species grew, whereas one

species was unable to colonize the plant rhizosphere. He suggested that plant-bacterial

specificity occurred in his experiment and, as a result, bacterial growth in the rhizosphere

was strongly affected. Similarly, Bennet and Lynch (1981) inoculated wheat, barley, and

maize with a Pseudomonas sp., a Mycoplana sp., and a Curtobacteriwn sp and concluded

that the pseudomonad was more intimately associated with the wheat rhizosphere than the

other two species.

Based on the bacterial colonization assay, both A. brasilense and A. chroococcwn

were able to colonize and grow on the root surfaces in RTC liquid media. Initially,

nitrogenase activity of both diazotrophs was inhibited on LNB5 growth medium.

However, after an initial 24 to 48 h lag period, A. brasilense-inoculated roots exhibited

nitrogenase activity. This may be the result of bacterial growth which reduced the

inhibitory inorganic-N levels. A. chroococcwn-inoculated roots did exhibit ARA, but

nitrogenase activity of this organism is extremely sensitive to high N levels. Replacing the

inorganic N sources of the medium with glutamine significantly increased nitrogenase

activity of both diazotrophs which reduced acetylene after 8 h of incubation.

Associations between either diazotroph and tissue culture roots exhibited higher

levels of nitrogenase activity than those with seedling roots. However, culture conditions

such as aeration, liquid versus solid medium, and lighting conditions could affect root

metabolism, thus such a direct comparison between root systems is probably not valid.

Nevertheless, detection of nitrogenase activity with the diazotrophs and tissue culture roots

might prove a useful screening assay. In this regard, Child and Kurz (1978) tested

nitrogenase activity of eleven different legume and non-legume plant cell tissue cultures
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which had been inoculated with the diazotrophs Spirillum lipoferum and a Rhizobium sp.

They detected high levels of nitrogenase activity in the plant cell tissues x diazotroph

associations, and provided evidence that plant cell tissues supplied the tricarboxylic acids,

but not the sugar component necessary for the high levels of nitrogenase activity detected.

Moreover, inoculation of wheat-tissue with S. lipoferum usually produced higher

nitrogenase activities than did legume tissues, suggesting a closer association between this

free-living bacterium and wheat. In my experiments, A. brasilense exhibited greater

colonization potential and higher levels of nitrogenase activity with winter wheat roots than

did A. chroococcum, suggesting a better diazotrophic association. In fact, SEM results

confirm A. brasilense colonization across the epidermal cells and root hairs. A. brasilense

is commonly associated with the rhizosphere and cortical layers of plant tissue of some

tropical grasses (Patriquin and Dobereiner 1978).

Scanning electron micrographs from the root colonization assay revealed that

inoculation with P. cepacia strain R85 enhanced root hair development of tissue culture

roots. The reasons for this observation remain unclear. However, one possibility is that

this pseudomonad produced plant hormones. Van de Geijn and Van Maaren (1986)

presented evidence that some pseudomonads may produce phytohormone-like substances

at the root interface. Other bacteria, such as A. brasilense, are able to alter root growth of

pearl millet by producing hormone-like substances in the plant rhizosphere (Tien et al.

1979). Likewise, inoculation of spring wheat with a species of Klebsiella and Enterobacter

sp significantly increased the number of lateral roots and root hairs (Haahtela et al. 1988).

Additional studies with the proposed RTC system should help clarify the role of hormones.

The proposed root tissue culture system allows the production and cultivation of

massive amounts of winter wheat roots under axenic conditions. In this system, roots

were obtained in a hormone-free B5 medium and used to study bacterial-root interactions.

I propose that the use of this winter wheat root tissue culture system and other plant root
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tissue cultures may facilitate studies on plant root-bacterial interactions and help to identify

beneficial bacteria for agriculture.

3.4.3.5 Summary

A tissue culture procedure was developed for growing winter wheat roots. This

system was used to study bacterial-root interactions and root colonization by Pseudomonas

cepacia strain R55 and strain R85, Azospirillum brasilense ATCC 29729 and Azotobacter

chroococcum ATCC 9043. Axenic root tissue cultures were inoculated with bacteria and

incubated at 250C on a rotary shaker (150 rpm) for up to 3 weeks. At various intervals,

root morphology and root hair development, bacterial colonization of root surfaces and

nitrogenase activity were determined. As determined by plate counting techniques,

bacterial attachment to the roots varied from 7.5 x lQ4 to 3.2 x 107 cfu cm+, Scanning

electron microscopy of inoculated roots revealed that some rhizobacteria (e.g., P. cepacia

strain R85) significantly enhanced root hair development, and others (e.g., P. cepacia

strain R55) specifically colonized root exudation sites. Nitrogenase activity of roots

inoculated with either A. brasilense ATCC 29729 or A. chroococcum ATCC 9043 was

stimulated if the inorganic nitrogen sources in the medium were replaced with 300 Jlg

glutamine mL-l. The use of root tissue culture systems should facilitate studies on plant

root-microbe interactions.
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4. GENERAL DISCUSSION AND CONCLUSIONS

My thesis research involved a series of experiments designed to develop and

evaluate plant growth-promoting rhizobacteria (PGPR) inoculants for winter wheat.

Potential PGPR are commonly selected on the basis of in vitro siderophore or antibiotic

production (Kloepper et ale 1988b). I took a different approach in this study. A diverse

group of bacteria, including species from several genera were isolated from the roots of

field grown winter wheat and tested for plant growth promotion without regard to any

single mechanism. This was accomplished using a rapid screening procedure, with plants

grown in potted field soil under growth chamber conditions, which allowed selection of

potential PGPR for wheat One major concern regarding the consistency of the results was

raised during the screenings. That is, results obtained in one trial were not always

repeatable in subsequent trials, and a particular bacterial isolate which produced a beneficial

effect in one study would not exhibit a consistent effect in the subsequent studies. Two

possibilities which may explain these results are (i) of seven experimental trials, four were

conducted in different growth chambers and unknown environmental variations may have

occurred within the growth chambers, and (ii) the small amount of soil used in the assay

may have been a limiting factor, thus preventing the wheat plants from exhibiting any

beneficial effects of inoculation. Further studies using this screening procedure should

address these concerns. Nevertheless, nine pseudomonad isolates that significant!y

(P<O.01) increased plant height, number of tillers, and plant biomass were identified

during the screening procedure.

It has been suggested that specific strains of root-colonizing bacteria, known as

emergence-promoting rhizobacteria (EPR), be used to increase the emergence of plant

seedlings under cold conditions in the field (Kloepper et al. 1986). Consequently, this

premise was investigated as a possible mode-of-action of the nine potential PGPR. Of the
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nine pseudomonads tested, P. cepacia R55 and P. aeruginosa R61 significantly (P<O.05)

increased seedling emergence rates in a cold (8°C) soil. Thus, inoculation of winter wheat

with suitable EPR isolates (i.e., P. cepacia R55 or P. aeruginosa R61) could facilitate the

establishment of stands of winter wheat seedlings by enhancing seedling emergence during

the short period of vegetative fall growth. Similar results, showing increased seedling

emergence for other bacteria and plant species have been reported elsewhere. For example,

Kloepper et aI. (1986) reported that Enterobacter aerogenes, Serratia liquefaciens,

Beijerinckia spp., and Pseudomonas spp. were effective EPR for soybean or canola.

Promotion of plant growth by pseudomonad PGPR strains is often reported to be

associated with the ability of the bacterial inoculant to: (1) antagonize deleterious

rhizosphere microorganisms through the production of siderophores (Weller 1983), (ii)

produce plant growth regulators (phytohormones) which stimulate plant growth (Brown

1982), or (iii) enhance nutrient (particularly phosphate) uptake by the plant (Lifshitz et al.

1987). Thus, based on information available in the literature, my second objective was to

investigate these modes-of-action as possible reasons for the stimulation of winter wheat

growth by the pseudomonad PGPR. These studies were designed to investigate:

a) promotion of winter wheat growth through biocontrol of phytopathogenic fungi;

it was postulated that in situ inhibition of fungal growth would be repeated under in vivo

conditions (i.e., protection of wheat plants growing in soil infested with phytopathogenic

fungi);

b) promotion of winter wheat growth through the production of indole-3 acetic acid

in the rhizosphere;

c) promotion of winter wheat growth through enhancement of nutrient uptake.

Planting winter wheat seeds in soil infested with Rhizoctonia so/ani resulted in

significant decreases in root dry matter, presumably as a consequence of fungal infection.
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Inoculation of wheat seeds with pseudomonads which previously had demonstrated in vitro

antagonism against R. solani, however, alleviated the deleterious effects produced by the

fungi in situ, and resulted in increased plant growth. For example, isolates P. cepacia R55

and P. putida R104 significantly (P<O.05) increased plant biomass (shoot, root, and plant

total weight), whereas isolate P. cepacia R85 significantly (P<O.05) increased shoot

biomass compared to the non-treated wheat seeds grown in fungi infested soil.

A major problem in the development of any biological control system is the initial

selection of candidate strains to be tested under soil conditions. In vitro studies have been

used as an effective technique to screen rhizobacteria for antagonistic effects against

phytopathogenic fungi; however, the biocontrol capacity that microorganisms express in

vitro may not be expressed effectively under soil conditions (Burr et al. 1978). The

container assay described in my study, which is a modification of the system initially

designed to screen potential PGPR isolates, improves the chance of selecting rhizobacteria

strains that can suppress phytopathogenic fungi and which may ultimately improve the

growth of winter wheat in the field.

Some pseudomonad isolates were more effective in biocontrol activity than others.

For example, isolates P. cepacia R55 and P. putida RI04 were more effective antagonists

than P. cepacia R85, i.e., they were effective against plant pathogenic fungi in vitro and

protected winter wheat against two phytopathogenic fungi (R. solani AGI and AG2-1).

Isolates P. cepacia R55 and R85, and P. putida RI04 produced fluorescent pigments when

cultured in low-Fe3+ medium, and inhibited the radial growth of phytopathogenic fungi in

both KB and PDA medium, indicating both siderophore and antibiotic production. Thus,

the antagonism against phytopathogenic fungi, demonstrated both in vitro and in soil, is

most likely one of mechanisms promoting the growth of winter wheat. To exploit

biocontrol more effectively, additional work is required to better understand the relationship

between winter wheat and rhizobacteria. Nevertheless, my results suggest that it would be
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more efficient to screen PGPR isolates for one or more features such as antibiotic

production, parasitism, or mobilization of nutrients prior to their use as inoculants.

In addition to biocontrol, mechanisms such as the production of plant growth

regulators have also been advocated as effective mechanisms of plant growth promotion.

For example, Brown (1972) demonstrated that rhizobacteria isolated from the rhizosphere

of spring wheat produced substances with the properties of gibberellins and auxin.

Moreover, inoculation of spring wheat with bacteria or synthetic plant growth substances

produced similar responses in plant seedlings. In the current study, five pseudomonad

isolates and their antibiotic-resistant counterparts were examined in vitro, i.e., in a bacterial

growth medium and in a plant growth medium under gnotobiotic conditions (Leonard jars),

for their ability to produce IAA-like substances. All but one of the bacterial cultures

produced IAA-like compounds under these conditions. Isolates P. aeruginosa R75 and

MR75, P. cepacia R85 and MR85 and P. putida RI04 produced the highest amounts of

IAA-like substances in the rhizosphere and also produced the highest shoot or root dry

weights. Lifshitz et al. (1987) also reported that some pseudomonad PGPR strains

promoted plant growth in the absence of deleterious microorganisms and suggested that

plant growth substances of microbial origin accounted for the favorable effect on plant

growth. It is known that IAA plays a major role in root elongation and development

(Brown 1976). Thus beneficial interactions between pseudomonads and roots may be due

to the direct uptake of auxin by the plant, which could result in increased root surface area

of the inoculated plants. The plant growth promotion of winter wheat following

inoculation with pseudomonad PGPR is most likely a result of multiple modes-of-action of

these rhizobacteria, i.e., suppression of plant-pathogenic microorganisms and production

of plant-growth promoting substances in the rhizosphere.

Brown (1974) suggested that a healthier plant root system is likely to be more

efficient in the uptake of nutrients and the synthesis of growth factors. Consequently,
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beneficial interactions between rhizobacteria and plant root system should facilitate the

transport of nutrients to the shoots. In my study, P. cepacia R85, P. putida R104 and

RI05, P.fluorescens Rll1, and their Rif" Nalt mutants significantly (P<O.OI or P<O.05)

increased early (70 days) shoot growth and total-N content of winter wheat in a Dark

Brown Chemozemic soil. Several of these strains significantly (P<0.05) increased the

total-P and/or total-Fe content of shoot material. It is known that microorganisms may alter

nutrient uptake rates either by direct effects on the roots, effects on the environment which

in turn modify root behavior, or by direct competition for the nutrients (Gaskins et al.

1985). It is possible, therefore, that the ability of these PGPR strains to produce plant

growth promoting substances, in combination with the ability to suppress phytopathogenic

fungi in the rhizosphere, contributed to the greater nutrient uptake in the inoculated winter

wheat plants. Further study, however, is necessary to understand the ecological

interactions that will optimize this beneficial effect.

In a review ofPGPR literature, Kloepper et al. (1988b) reponed significant crop

yield increases with PGPR under diverse field conditions. They also reponed, however,

that seed inoculation with PGPR does not always lead to significant yield increases. In the

first year of my field study, pseudomonad PGPR were injected into the rhizosphere of

field-grown wheat plants in the spring. Although the bacteria colonized and survived

during the growing season, no significant yield increases occurred at either of the two field

sites tested. Nevertheless, one PGPR strain (i.e., P. cepacia MR85) consistently produced

a beneficial effect during both the 1988 and 1989 field trials, i.e., demonstrated a trend

towards increased yield. It is clear that soil-type, iron availability, and the nature of the soil

microflora affect the consistency with which PGPR inoculants promote plant growth

(Kloepper et al. 1988b); moreover, my results demonstrate that bacterial injection into the

rhizosphere is not an effective method for inoculating winter wheat with PGPR. When

PGPR inocula were applied to the seeds prior to planting, two wildtypes and two
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antibiotic-resistant isolates ti.e., P. cepacia R85 and MR85, and P. putida R105 and

MR105) stimulated wheat grain yield by 6 to 11 % (significant at P<0.10) at the two field

sites. These results however, are from a single trial conducted during one year only.

Although the growth enhancement potential of a PGPR strain may be determined in a single

experiment, the consistency of its performance can only be determined in multiple trials

(Kloepper et al, 1989). Thus, additional work is required to address these concerns and to

understand how environmental factors affect bacterial colonization and persistence on roots

and the resulting effects on plant growth.

During the field trials, bacterial populations in the wheat rhizosphere were

monitored biweekly throughout the growing season. Antibiotic-resistant mutants rapidly

colonized emerging wheat roots and survived in the rhizosphere with populations up to 108

cfu g-l of roots in both field studies. These results demonstrate that introduced PGPR will

survive in the field during the winter. However, concerns were raised about the

phytopathogenic effects of some pseudomonads to other crops. Thus, the effects of

inoculation of field pea with R. leguminosarum and field bean with R. phaseoli alone, or in

combination with fluorescent pseudomonads P. syringae R25 and/or P. putida R105 were

assessed in growth pouches and in potted field soil. Co-inoculation of pea with R.

leguminosarum and either of the pseudomonads significantly (P <0.01) increased plant

biomass in growth pouches, but had no effect in soil. Co-inoculation of field beans with

R. phaseoli and P. putida R105 had no effects on plant biomass in growth pouches or in

soil, but the number of nodules and nitrogenase activity-ARA was significantly (P <0.01)

increased in the soil. In contrast, co-inoculation with rhizobia and P. syringae R25 had

severe, deleterious effects on seedling emergence, plant biomass, and nodulation in both

the growth pouches and soil. It was determined that isolate R25 was responsible for the

deleterious effects observed. Similar results were observed by Alstrom (1987), who

reported that a pseudomonad PGPR for lettuce was actually a phytopathogenic bacteria on
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beans. These results demonstrate the importance of screening plant growth-promoting

rhizobacteria of one crop for potential hazardous effects on other crops before employing

them as inoculants. Further work is required to assess long term survivability of

introduced PGPR and the effects of the surviving PGPR on subsequent crops.

The utilization of PGPR as inoculants beneficial to crops is a relatively new area of

research, thus few techniques have been designed specifically for the study of PGPR

interactions with plant roots. In particular, there have been few studies involving winter

wheat. A tissue culture procedure was developed for growing winter wheat roots. This

technique was successfully used to study bacterial-root interactions and root colonization

by A. brasilense ATCC 29729, A. chroococcum ATCC 9043 and the PGPR strains P.

cepacia R55 and R85. Axenic root tissue cultures inoculated with bacteria revealed that

bacterial attachment to the roots varied from 7.5 x 1()4 to 3.2 x 107 cfu per cm.

Furthermore, scanning electron microscopy of inoculated roots revealed that some

rhizobacteria (e.g., P. cepacia R85) enhanced root hair development. Van de Geijn and

van Maaren (1986) reported that some pseudomonad strains produced phytohormone-like

substances at the root interface. These results suggest that PGPR strains may affect root

development through production of plant growth hormones. Based on the successful use

of the root tissue culture technique to study winter wheat roots and PGPR interactions, it

can be postulated that this technique could be used successfully for other plant species such

as canola. Additional studies however, are needed to substantiate this hypothesis.

Results from the various experiments reported in this study indicate that the increase

in growth and yield of winter wheat following inoculation with pseudomonad PGPR is

probably due to multiple modes-of-action of these rhizobacteria, i.e., suppression of plant

pathogenic microorganisms, production of plant-growth promoting substances, and the

mobilization of nutrients.
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The results of this study lead to the following conclusions:

1) Some pseudomonads isolated from winter wheat rhizospheres stimulate the

growth of wheat plants and these isolates can be used to develop plant growth-promoting

rhizobacteria inoculants for winter wheat

2) The plant growth-promoting rhizobacteria colonize and persist in the rhizosphere

of field grown winter wheat plants.

3) The plant growth-promoting rhizobacteria inoculants significantly increased

winter wheat growth in growth chamber and field studies. The results however, were

inconsistent from site to site and year to year.

4) Antibiotic-resistant mutants were used to follow population dynamics in soil;

similar to their wild-type parents, they also promote winter wheat growth.

5) The PGPR strain P. putida RI05, isolated from a winter wheat rhizosphere,

promotes nodulation of field pea.

6) The major mechanisms of winter wheat plant growth promotion are production

of IAA, biocontrol (i.e., inhibition of fungal pathogens, possibly involving the production

of siderophores), and nutrient uptake.

7) A root tissue culture technique was developed to study rhizobacteria • winter

wheat interactions. Using this technique it was found that:

(I) bacteria isolated from winter wheat rhizospheres colonized winter wheat

roots better than those not normally associated with winter wheat;

(il) some of the isolates (e.g., P. cepacia R85) stimulated the formation of root

hairs on winter wheat. This supports the concept that some PGPR produce hormones that

affect root development.
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6. APPENDIX

6.1 COMPOSITION OF MEDIA USED THROUGHOUT THE STUDY

6.1.1 Kin �'s B Mediurn � fur pseudomonads (*)

Bacto-Peptone 20.0 g

Bacto-Agar 15.0 g

Glycerol 10.0 g

K2HP04 1.5 g

MgS04·7H2O 1.5 g

pH 7.2

De-ionized H2O 1000.0 mL

*To make KB more selective for fluorescent pseudomonads, the following filter sterilized

(0.22 urn) antibiotics (Sands and Rovira 1970) were added to the autoclaved medium:

Penicillin G

Novobiocin

Cycloheximide

Chloramphenicol

150,000 U·L-l

45.0 mg

75.0 mg

5.0mg

6.1.2 Combined Carbon Medium � fur putative NZ-fixing bacteria

Solution 1;,

K2HP04 0.8 g

KH2P04 0.2 g

NaCl 0.1 g

Na2FeEDTA 28.0 mg

Na2Mo04·2H20 25.0 mg

Yeast Extract 0.1 g

Mannitol 5.0 g

Sucrose 5.0 g

Sodium lactate (60 % v/v) O.5mL

Bacto -

Agar 15.0 g

De-ionized H2O 900.0 mL

pH 7.0

\
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Solution It

MgS04·7H20 0.2 g

CaC12 60.0 mg

De-ionized H2O 100.0mL

Biotin*
5.0 ug

PABA* 10.0 Jlg

Solutions I and II were autoclaved separately, cooled and mixed.

*Filter sterilized and mixed with I and II.

6.1.3 Nutrient Agar Medium

Bacto - Beef extract

Bacto -

Peptone

NaCl

Bacto -

Agar

De-ionized H20

pH

3.0 g

5.0 g

8.0 g

15.0 g

1000.0 mL

6.8

6.1.4 Yeast Extract Mannitol (YEM) Medium used to grow and maintain rhizobia

K2HP04 0.5 g

MgS04·7H20 0.2 g

NaCl 0.1 g

Mannitol 10.0 g

Yeast extract 0.4 g

De-ionized H2O 1000.0 mL

pH 7.0

\
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6.1.5 Potato Dextrose Agar �.tQm allil maintain � fungal isolates

Potatoes, Infusion from

Baeto - Dextrose

Baeto -

Agar

De-ionized H20

pH

200.0 g

20.0 g

15.0 g

1000.0 mL

5.6

6.1.6 MaeConkey Agru: Mvdium � in lbk bacterial identification procedures

Baeto -

Peptone 17.0 g

Proteose Peptone 3.0 g

Baeto - Lactose 10.0 g

Baeto - Bile Salts 1.5 g

Baeto - Neutral Red 30.0 mg

Baeto -

Crystal Violet LOmg

NaCl 5.0 g

Baeto -

Agar 13.5 g

De-ionized H2O 1000.0 mL

pH 7.1

6.1.7 Tryptic � Agar mAl� fur isolation Qf total heterotrophs

Bacto -

Tryptone 17.0 g

Baeto -

Soytone 3.0 g

Baeto - Dextrose 2.5 g

NaCI 5.0 g

K2HP04 2.5 g

De-ionized H2O 1000.0 mL

pH 7.3
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6.1.8 Azotobacter Basal Medium

K2HP04

MgS04·7H20

NaCI

FeS04

Mannitol

Soil Extract*

Agar

Tap H20

pH

1.0 g

0.2 g

0.2 g

5.0mg

20.0 g

100.0 mL

15.0 g

900.0mL

7.6

*SQil Extract {autoclaved for 1 h, cooled and filtered before using in media)

S� n�g

Na2C03 0.2 g

Distilled H20 200.0 mL

6.1.9 Hoagland's Nutrient solution

KH2P04 0.205 g

K2S04 0.350 g

CaS04·2H20 0.345 g

MgS04·7H20 1.00 g

micronutrients* 1.00 mL

De-ionized H2O 1000.0mL

pH 6.8

*micronutrients solution:

MnC12·4H20

ZnS04·7H20

CuS04·5H20

H3B03

H2Mo04

Fe-EDTA

COC12·6H20

De-ionized H20

1.81 g

0.22 g

0.08 g

1.86 g

0.09 g

1.00 g

8.0 mg

1000.0 mL
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6.1.10 Phosphate buffered saline�� .fur IQ.Q1 dilutions

NaCI 8.0 g

KCl 0.2 g

Na2HP04 1.15 g

KH2P04 0.2 g

De-ionized H2O 1000.OmL

pH 7.3

6.1.11 Rhizosphere medium CRSM) � fur siderophore determination

Ca(N03)2·4H20 0.75 g

MgS04·7H20 0.25 g

ACES 18.22 g

NaOH 2.0 g

KH2P04 (I M) 1.0mL

ZnS04·7H20 (7xI0-4 M) 1.0mL

MnS04·4H20 (9xI0-4 M) 1.0mL

Thiamine·HCL* (20 mg-L'I) 1.0mL

Biotin* (1.0 mg-L'I) 1.0mL

Casamino acids (10% w.v-1) 100.OmL

Sucrose 10.0 g

Agar 15.0 g

pH 7.0

De-ionized H2O 1000.0 mL

*Filter sterilized

\
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Tissue culture

6.1.12 ID Medium with l..Q mg 2A-Dichlorophenoxyacetic (2A-D) W L 0-85)

NaH2P04·H20 150.0 mg

KN03 2500.0 mg

(NI-4hS04 134.0 mg

MgS04·7H20 250.0 mg

Ferric EDTA 43.0 mg

KI 0.75 mg

2,4-0 1.0 mg

CaCh·2H20 0.15 g

Sucrose 20.0 g

Bacto Agar 6.0 g

Micronutrients* (stock solution) 1.0mL

Vitamins** (stock solution) 1.0mL

De-ionized H2O 1000.0 mL

pH 5.5

6.1.13 LNB5 Medium

KN03t 1000.0 mg

(Nl-4hS04t 50.0 mg

NaH2P04H20 150.0 mg

MgS04·7H20 250.0 rng

CaCh·2H20 150.0 mg

Sequestrene 330 Fe 28.0 mg

KI 0.75 mg

Sucrose 30.0 g

Bacto Agar 8.0 g

Micronutrients* (stock solution) 1.0mL

Vitamins** (stock solution) 1.0mL

De-ionized H2O 1000.0 mL

tReplaced with glutamine 300.0 mg

pH 5.5

..... - ....- ..- .....-- ..�

............. . ..................

-. ---� -
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*micronutrients solution:

MnC12·4H20

ZnS04·7H20

H3B03

Na2Mo04·2H20

CuS04·5H20

COC12·6H20

De-ionized H20

1000.0 mg

300.0 mg

300.0 mg

25.0 mg

2.5 mg

2.5 mg

100.0 mL

**vitamins solution (filter sterilized):

Nicotinic acid

Pyridoxine-HCl

Myo-inositol

Thiamine·HeI

De-ionized H20

100.0 mg

100.0 mg

10.0 g

1.0 g

100.0 mL

_

.

:.._
- ··."I� .. 'I',.,.�, .L4,. ,,"' 4"'\ ..
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6.2.1 Effect of inoculation with diazotrophic bacteria on growth and N

assimilation of winter wheat

6.2.1 Introduction

The effects of inoculating cereals and grasses with various bacteria are well

documented (Albrecht et aI. 1981; Reynders and Vlassak. 1982; Rennie et aI. 1983). Plant

growth and yields are usuaIly affected as a result of such inoculations. For example, Smith

et aI. (1977) reported that inoculation of field grown guineagrass (Panicum maximum) and

pearl millet (Pennisetum americanumi with Azospirillum brasilense increased plant dry

matter by 25%; however, no significant increase in the nitrogenase activity was observed.

Rennie et aI. (1983) reported enhanced fixation, as determined by using the 15N-isotope

dilution technique, in several spring wheat varieties inoculated with A. brasilense. More

recently, Boddey et aI. (1986) reported significant increases in plant dry matter and/or

nitrogen accumulation by wheat inoculated with various Azospirillum spp. In winter

wheat, evidence of N2 fixation was reported by Pedersen et aI. (1978) who surveyed 109

fields established with 44 different varieties of commerciaI winter wheat. Dinitrogen-fixing

bacteria, including Klebsiella pneumoniae, Enterobacter cloacae and Erwinia herbicola,

were isolated from the roots and N2 fixation in the root segments (estimated by the

acetylene reduction assay) was 2.5 g of N ha-day+.

Winter wheat cultivation in the western Canadian prairies has experienced a

dramatic expansion over the last 15 years. For example, the area cultivated to winter wheat

increased from 1,000 ha in 1971n2, to 480,000 ha in 1984/85 (Austenson 1986).

Currently, Norstar is the most cold tolerant of the licensed winter wheat cultivars suitable

for the Canadian Prairies (Slinkard and Fowler 1986). The objective of this study was to

investigate the effects of inoculation of winter wheat (var. Norstar) with the diazotrophic
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bacteria Azospirillum brasilense, Azotobacter chroococcum, Bacillus polymyxa and

Enterobacter cloacae on plant growth.

6.2.2 Materials and methods

6.2.2.1 Experimental design

The experiment was conducted in a growth chamber utilizing a complete

randomized block design with three replicates. Winter wheat was grown in 25-cm plastic

pots containing 3.5 kg of soil. Bulk soil was air dried and passed through a 5-nun sieve.

The soil used was a Dark Brown Chemozemic loam (Typic Haploboroll) belonging to the

Elstow association, contained (ug g+) organic C, 26; N03-N, 6; available P, 17.0; and K,

>450; had a pH of 7.4, and a CEC of 25 cmol kg+, Soil was amended with the equivalent

of 17 kg P ha-I as super phosphate and, an aqueous solution of I5N labelled ammonium

sulfate (4.634 atom % I5N excess), equivalent to 70 kg N ha+, This N rate was chosen

based on fertilizer recommendations for growing winter wheat in this soil. After addition

of fertilizers, the soil was moistened with distilled water and maintained at 22% (v/v)

moisture (0.33 MPa) throughout the experiment.

6.2.2.2 Bacterial inoculation

A. brasilense ATCC 29145, B. polymyxa B-501 and E. cloacae R-66 were grown

on nutrient broth medium (Difco Laboratories, Detroit, MI, USA). A. chroococcum ATCC

9043 was grown on Azotobacter basal medium supplemented with 2% mannitol (Appendix

1). Cultures (50 mL) were grown in 125-mL erlenmeyer flasks on a rotary shaker (100

rpm) for three days at 28°C. Bacterial suspensions were concentrated by centrifugation (15

min at 5000 x g), washed three times in phosphate-buffered saline and re-suspended in 10

mL of sterile tap water. Three milliliters of each suspension were mixed with 3 mL of

sterile 1 % methylcellulose (4000 centipoises; Sigma Chemical Co., S1. Louis, MO, USA)
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and placed in sterile plastic bags. Seeds were surface sterilized by soaking in ethanol (95%

v/v) for 30 s and in sodium hypochlorite (1.2% w/v) for 3 min, followed by 10 rinses in

sterile tap water (Vincent 1970). Fifty "surface sterilized" seeds were placed in each of the

plastic bags and rolled in the inoculant suspensions. Fifteen g of talc was added to each

bag and the formulations air dried overnight. As determined by plate counting techniques,

this procedure yielded 107.108 cfu seed-to Six inoculated seeds were planted in each pot

and allowed to germinate in a growth chamber (25°C, 12 h light: 12 h dark cycle, and

irradiance level corresponding to a photon flux density of -200·265 Jl.E m-2 s+). Plants (at

the three leaf stage) were vernalized at 5°C for 7 weeks under an 8 h light : 16 h dark cycle

(Fowler 1982). At 58 days, the plants were thinned to three per pot and the temperature

maintained at 27°C for the remainder of the experiment.

Six inoculation treatments were imposed: (i) control (an autoclaved mixture of all

four bacteria); (ii) A. brasilense; (iii) A. chroococcum; (iv) B. polymyxa; (v) E. cloacae;

and (vi) a mixture of all four bacteria, containing one-quarter the normal amount of each

isolate. Replicates were harvested at 58 days (end of the vernalization period

corresponding to stage 5 of Feekes scale (Large 1954)); 105 days ("boot" stage), and 170

days (maturity).

6.2.2.3 Nitrogenase activity of the roots

At the first and second harvests, roots were assayed for nitrogenase activity

(acetylene reduction assay-ARA) according to Dobereiner and Day (1976). Plants were

taken from the pots, and the roots were washed to remove adhering soil and enclosed in

450-cm3 Mason jars. Jars were incubated at 250C for 10 h and then flushed with N2 (40

cm3.min-t) for 10 min. Preliminary studies showed that excised root samples did not

reduce C2H2 during a 10 to 20 h assay. Pre-incubation under N2 was necessary to obtain

detectable nitrogenase activity, and the reported ARA results refer to post-lag excised roots.

\
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Results obtained with pre-incubation of excised roots however, are subject to criticism,

since during this period, N2-fIxing bacteria might proliferate (van Berkum 1980) and ARA

measurements would bear no relation to N2 fixation under normal plant growth conditions

(Giller 1987). Each jar was injected with 4.5 cm3 of 02 and 45 cm3 of C2H2 (i.e., 1 % and

10% of flask volume, respectively). In addition, 1.0-cm3 of ethylene-free propane (99.0%

purity, Scott Specialty Gases, San Bernardino, CA) was injected into each jar as an internal

standard (Balandreau and Dommergues 1973). Addition of propane did not interfere with

ARA. After 4 and 24 h, 0.25-cm3 samples were analyzed with a Hewlett Packard gas

chromatograph equipped with flame ionization detector and a stainless steel (1/8" O.D.)

Porapak R (80/100 mesh) column. The oven and detector temperatures were 45°C and

50°C, respectively.

6.2.2.4 Plant harvests and lSN analysis

Plants were harvested as described above. Root_ fragments were recovered (except

at the final harvest) by passing the soil through a 5-mm sieve. Plant dry matter, N-content,

percentage of N derived from fertilizer (%NdfO or atmosphere (%Ndfa), nitrogenase

activity and root dry weight were determined. Shoots (leaves plus stems) and seeds were

dried at 65°C in a forced air oven for 72 h, ground and analyzed for total-N and 15N

enrichment according to Bremner and Mulvaney (1982). Atom % 15N of the plant tissue

and soil was determined by using LiOBr to oxidize Nlla-ions to N2, followed by analysis

of 15N:14N ratios on a Micromass 602-E mass spectrometer. The %Ndff, %Ndfa, and

total N derived from soil (Ndfs), were calculated according to Rennie et al. (1978):

%Ndff =

atom %15N excess (plant)
x 100

atom % 15N excess (fertilizer)

%Ndfa =

(1-
atom %15N excess (inoculated plant)

) x 100

atom %15N excess (uninoculated plant)

\
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Ndfs = total-N planr
!

- (Ndfa + Ndff)

The atom % 15N excess was calculated based on the natural abundance of 15N in the

atmosphere i.e., 0.3663 atom % 15N (Junk and Svec 1958). The uninoculated plants were

treated with an autoclaved mixture of the four bacteria

Statistical analyses were performed using analysis of variance, with Tukey's honest

significant difference (HSD) used to separate treatment means from the control (Steel and

Torrie 1960).

6.2.3 Results

E. cloacae and the mixture of inoculants significantly (P<0.05) increased the total

plant dry weight at tillering (Table 6.2.1); E. cloacae stimulated root dry weight, whereas

the mixture stimulated shoot dry weight. The percentage N in plant tissue was significantly

(P<O.05) higher in all inoculated treatments. However, significant (P<0.05) increases in

the total-N (mg pI-I) of the plants were observed only when the inoculant was E. cloacae,

B. polymyxa or the mixture. A significantly greater proportion ofN (-45% VS. -31 % for

the uninoculated treatment) in the plants inoculated with the mixture, was derived from the

added fertilizer (Table 6.2.1). Conversely, the plants inoculated with individual bacterial

isolates (i.e., E. cloacae, A. chroococcum, and B. polymyxa), showed no statistically

significant differences relative to the control. Based on 15N-isotope analysis, no plant N

was derived from N2 fixation, i.e., no statistically different isotope dilution was observed

relative to the uninoculated treatment (Fig. 6.2.1). However, plants inoculated with the

mixture exhibited significantly (P<0.05) increased levels of nitrogenase activity (ARA)

(Table 6.2.1).



Table 6.2.1 Dry matter production, nitrogen yield, 15N-derived source of plant N and nitrogenase activity (ARA)

at 58 DAP (tillering) of winter wheat inoculated with diazotrophic bacteria.

-

Treatment Dry weight (g.pl-l) Total-Na Ndffa Ndfaa ARAb

Shoot Root Total (%) (mg-pl+) (%) (%) (nmol g-h+)

Uninoculated 0.82 0.05 0.87 2.46 20.2 30.94 0 4.79

A. brasilense 0.70 0.04 0.74 2.84 19.3 30.84 0 3.12
N

E. cloacae 0.89 0.12 1.01 2.77 24.5 33.61
N

0 2.15 Vl

A. chroococcum 0.70 0.06 0.76 2.70 18.9 34.35 0 2.23

B. po/ymyxa 0.86 0.07 0.93 3.05 26.2 33.61 0 2.53

Mixture 1.15 0.06 1.21 3.49 40.0 45.64 0 12.74

HSD (0.05) 0.11 0.06 0.11 0.09 3.4 3.63 n.s. 2.0

a Shoot material

b
acetylene reduction assay

n.s. Not significant
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At "boot" stage (Table 6.2.2), plant responses to inoculation were distinctly

different than those observed at the tillering stage. Increases in shoot dry weight were only

observed for plants inoculated with the mixture or A. brasilense. However, no differences

were observed in root or total plant weight. Inoculation treatments did not produce a

significant effect on N yield in the shoots. However, levels of 15N-derived from the

fertilizer were significantly (P<0.05) lower in the inoculated treatments.

The percentage of nitrogen derived from the atmosphere (%Ndfa) found in the

shoots was calculated relative to the uninoculated control. Significant (P<0.05) increases

in the %Ndfa in plants inoculated with individual bacterial isolates (Table 6.2.2, Fig.

6.2.1) were indicative of N2 fixation. Of the treatments with individual bacterial isolates,

inoculation with A. chroococcum produced the highest level of %Ndfa, whereas

inoculation with A. brasilense, produced the least significant increase in %Ndfa.

Inoculation with the mixture resulted only in nonsignificant increases in %Ndfa.

At maturity (170 days), the inoculation treatments had no significant effect on shoot

yield (Table 6.2.3). There was, however, a significant (P<0.05) increase in the seed yield

component of plants inoculated with B. polymyxa. Inoculation treatments had no

significant effect on %Ndff in the seed (Table 6.2.4). However, inoculation with A.

brasilense significantly (P<0.05) increased the %Ndff in the shoots of winter wheat plants.

At this stage, the inoculation treatments did not result in significant increases in the %Ndfa

or total N yield (mg pI-I) (Fig. 6.2.1).

\
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Figure 6.2.1 Temporal changes in the sources of N for winter wheat inoculated with N2-

fixing bacteria. N-derived from atmosphere (.), fertilizer (.&.), and soil (.).
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Table 6.2.2 Dry matter production, nitrogen yield, 15N-derived source of plant N and nitrogenase activity

(ARA) at 105 DAP (booting) of winter wheat inoculated with diazotrophic bacteria.

Treatment Dry weight (g-pll) Total-Na Ndffa Ndfaa ARAb
-

Shoot Root Total (%) (mg-pl+) (%) (%) (nmol g-h+)

Uninoculated 2.14 1.95 4.09 2.14 45.4 31.15 0.01 4.70

A. brasilense 2.63 1.75 4.38 1.76 46.2 29.32 5.36 10.55

E. cloacae 2.49 1.67 4.16 1.84 45.8 28.10 8.55 9.74 N

N

'"

A. chroococcum 2.23 1.52 3.75 2.21 49.3 27.64 11.00 5.33

B. polymyxa 2.28 1.80 4.08 2.36 54.0 28.06 9.84 11.74

Mixture 2.63 2.32 4.96 1.82 48.0 29.46 4.57 5.60

HSD (0.05) 0.36 n.s. n.s. n.s. n.s. 1.05 4.64 5.28

a Shoot material

b
acetylene reduction assay

D.S. Not significant
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Table 6.2.3 Nitrogen yield and dry matter production at 170 DAP (maturity) of winter

wheat inoculated with diazotrophic bacteria

Treatment Total-N Yield (g·pl-l)

Seed Shoot Seed Shoot

(%) (mg-pl+) (%) (mg-pl+)

Uninoculated 1.70 47.5 0.44 18.7 2.79 4.22

A. brasilense 1.67 45.7 0.39 16.1 2.80 4.11

E. cloacae 1.68 49.2 0.39 15.6 2.92 3.98

A. chroococcum 1.67 47.7 0.35 13.2 2.86 3.81

B. polymyxa 1.63 51.8 0.36 13.9 3.18 3.85

Mixture 1.69 47.8 0.47 18.9 2.84 4.01

HSD (0.05) n.s n.s 0.11 n.s 0.25 n.s.

n.s. Not significant

Table 6.2.4 Source of plant N at maturity (170 days) of winter wheat inoculated with

diazotrophic bacteria.

Treatment Ndff(%) Ndfa (%)

Seed Shoot Seed Shoot

Uninoculated 25.2 25.5 0.003 0.003

A. brasilense 27.8 28.2 -10.55 -10.40

E. cloacae 26.1 26.1 -3.59 -2.19

A. chroococcum 24.1 24.5 4.07 4.06

B. polymyxa 22.7 24.3 9.91 4.79

Mixture 26.2 26.3 -4.08 -3.29

HSD (0.05) n.s. 1.9 n.s. 7.51

n.s. Not significant
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6.2.4 Discussion

Reynders and Vlassak (1982) found that inoculation of winter wheat (10 cultivars)

and spring wheat (4 cultivars) with A. brasilense had a stimulatory effect on early

vegetative growth stages, especially at tillering. Likewise, Zambre et al. (1984) observed

enhanced growth and N uptake in field-grown wheat inoculated with A. brasilense or A.

chroococcum. In contrast, I found that A. chroococcum and A. brasilense inoculants

depressed total weight of winter wheat during the first 58 days. The mixture of

rhizobacteria, however, increased total plant weight. Furthermore, E. cloacae, B.

polymyxa, and the mixture inoculants increased the total N (mg pI-I) contents of plant

material during early vegetative growth.

Plants inoculated with a mixture of the four bacteria exhibited a higher yield

response than plants inoculated with individual bacteria at tillering and booting stages, but

not at maturity. The reasons for these effects relative to growth stage are not yet clear.

Bacterial enhancement of plant growth is exhibited by only a few cultivars. For example,

Millet et al. (1984), reported that when 20 different spring wheat genotypes were

inoculated with A. brasilense only two cultivars (exhibiting yield increases of up to 8.0%)

responded to inoculation. Similarly, Rennie and Thomas (1987) observed that of 10

different cultivars of spring wheat inoculated with B. polymyxa C-11-25 and A. brasilense

ATCC 29729, only one cu1tivar (Cadet; inoculated with B. polymyxa C-11-25) showed

consistent plant yield responses due to inoculation. Thus, as suggested by other workers

(pedersen et al. 1978; Ruschel and Ruschel1978; Rennie and Larson 1979; Baldani et al.

1983; Rennie et al. 1983), plant and/or bacterial genotype might be the controlling factor in

an inoculation response. Alternatively, a mixture of bacterial strains with similar

characteristics (e.g., N2 fixation, hormone production, etc), but which colonize different

root niches, may be a more efficient seed inoculant than a single bacterial strain (Elliott

Juhnke et al. 1987).
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It has been suggested that, in most grasses, associative nitrogen-fixing activity is

frequently higher during the reproductive stages of plant growth (Nery et al. 1977; Albrecht

et al. 1981). Recently, Boddey et al. (1986) observed that spring wheat inoculated with

different Azospirillum species, and grown under semi-tropical conditions, presented

increases in N concentration during the reproductive stages of plant growth. In the current

study, inoculation with the diazotrophs (alone or as a mixture) had no significant effect on

total N yield during the booting stage or at maturity. Acetylene reduction assays, however,

demonstrated the potential of inoculation with A. brasilense and B. polymyxa to enhance

nitrogenase activity in the root system at the booting stage (Table 6.2.2). Grain yield

responses, however, were observed only for the plants inoculated with B. polymyxa.

Hegazi et al. (1979) also found that inoculation of spring wheat with A. brasilense

increased nitrogenase activity but with no correlation between N2 fixed and total N

responses.

The results of this 15N experiment demonstrated the potential of winter wheat plants

inoculated with the diazotrophs to support N2 fixation during "boot" stage. At maturity,

however, negative values of %Ndfa were obtained for the plants inoculated with A.

brasilense, E. cloacae and the mixture. A possible explanation for the negative values

observed, would be due to N2 fixation that might be occurring in the control plants which

were used to determine N fixation levels in the inoculated treatments. Alternatively,

isotopic discrimination during mineral N assimilation by the bacteria might be responsible

(Mariotti et al. 1980). Kucey (1988) also reported negative values of Ndfa for spring

wheat plants inoculated with B. polymyxa or treated with plant hormones. He concluded

that altered weight:length ratios of the roots, resulting in altered uptake ratios of 15N/14N,

influenced the Ndfa values. However, since my study was conducted in a root-bound pot

situation altered root morphology is unlikely to be critical. High levels of combined-N in

the rhizosphere are known to repress rates of N2 fixation (Neyra and Dobereiner 1977) and
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high levels of applied N (70 kg ha+) were used in my experiment because of crop

requirements and soil N levels. Thus the observed Ndfa values may represent an

underestimation of the N2-fixing potential of the rhizobacteria during earlier growth stages.

In any case, the present results suggest that A. chroococcum or B. polymyxa inoculated

plants may obtain N through fixation (Table 6.2.4).

It is apparent that inoculation with certain rhizobacteria (i.e., E. cloacae and or a

mixture of the four diazotrophs) may significantly enhance the early vegetative growth of

winter wheat. Further, A. brasilense may enhance uptake of N-fertilizer, and possibly

other nutrients, whereas B. polymyxa inoculants may increase grain yields. However, the

colonization of winter wheat roots by beneficial rhizobacteria, and their persistence in the

rhizosphere, is not well-understood. Thus, additional studies are required to select

rhizosphere-competent bacteria suitable as plant growth promoting inoculants for winter

wheat.

6.2.5 Summary

The effect of bacterial inoculants on the growth of winter wheat was studied in a

growth chamber. Azospirillum brasilense, Azotobacter chroococcum, Bacillus polymyxa,

Enterobacter cloacae or a mixture of the four bacteria were the inoculants tested. Nitrogen

([15Nf4hS04) was applied at a rate of 70 kg N ha-1 (4.634 atom % 15N excess) and

inoculation effects on yield, yield components, N derived from fertilizer (Ndft) and N

derived from atmosphere (Ndfa) were assessed. At the first harvest (58 days after

planting-DAP) plants inoculated with the mixture exhibited significant (P<0.05) increases

in plant dry weight, total-N, Ndff and nitrogenase activity (ARA). The response of plants

inoculated with individual bacteria varied with treatment. At the second harvest (105

DAP), plants inoculated with individual bacterial isolates contained significantly (P<0.05)

\
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more N derived from atmosphere (Ndfa). Moreover, plants inoculated with A. brasilense

and B. polymyxa also exhibited significantly (P<0.05) higher rates of nitrogenase activity

compared to the uninoculated control. At maturity (170 DAP), the inoculated plants

showed no differences in total-Nor shoot dry matter yield, as compared to the uninoculated

control. Inoculation with A. brasilense however, increased the Ndff in the shoots, and B.

polymyxa enhanced (P<0.05) seed yield and produced the highest positive values of Ndfa

in both shoots and seeds. These results, using the 15N dilution technique, demonstrate the

potential of winter wheat to utilize N-derived from associative N2 fixation, and leave open

the biological significance of microbial inoculants in winter wheat production.
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