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Summary

A wide range of microorganisms within the soil environment is capable of fixing

atmospheric Nz. Diazotrophic or N2-fixing microorganisms are generally classified as

symbionts or as free-living associative organisms. Many of the free-living diazotrophic

bacteria associate closely in the rhizosphere of Graminaceae and have been studied for

their potential for improving plant growth.

Reduction in application of nitrogenous fertilisers has both economic and environrnental

benefits and the development of N2-fixing inoculants for wheat to compensate for any

lower N fertiliser application has been promoted in various countries. Selection of
inoculants suitable for both host and geographic location has been the aim of many

studies, because use of inoculants suitable in one region is not always successful in

another. Problems encountered with the use of introduced inoculants include host

specificity, persistence and competition from local species already adapted to the

environment. Selection of local species for use as plant growth-promoting organisms

may provide a better altemative than the introduction of an already developed

cornmercial inoculant.

The focus of this work is the selection of bacteria for use as inoculants, to assist in early

establishment of wheat in environments where winter rainfall is variable. This early

establishment evokes the concept of early development of root growth. The beneficial

effects on plants of mixed N2-fixing bacteria from 3 local soils (Kapunda, Avon and

Waite) wore compared to identify soils from which to isolate potential inoculants.

Criteria for selecting soils included evidence for associative N2 f,rxation within the

potentially N2-fixing populations and stimulation of wheat roots. One of the soils

(Kapunda) was selected for further study.

Experiments to identify dominant bacterial species within the mixed N2-fixing

assemblage were carried out using fatty acid profiles from fatty acid methyl ester

analysis (GC-FAME). The community fatty acid profile from bacteria frorn the

Kapunda soil source showed more diverse fatty acids compared with the prohles from



Avon and 'Waite soils. Stenotrophomoncts maltophilia, a potential plant growth-

promoting bacterium, contained fatty acids similar to dominant fatty acids within the

community profile lrom the Kapunda soil source. The bacterium was selected as one of

three used as potential inoculants for wheat. Molecular tools were used to characterise

and group bacteria isolated from the soil into sub-groups of the Proteobacteria, identify

isolates carrying Nz fixation (nú) genes and distinguish between them using DNA

hngerprinting techniques. The resulting information enabled the selection of reduced

numbers of isolates for further testing without unnecessary duplication.

After preliminary tests, 3 bacterial isolates were selected to be co-inoculated onto

wheat. The isolates were identified as Pantoea agglomerans, Stenotrophomonas

maltophilia and Enterobacter taylorae (isolated from within the wheat plant).

Inoculation tests were carried out with wheat growth in low nutrient sand with

ammonium nitrate as a supplement. Results indicated that raised levels of plant N in the

inoculated treatments could be attributed to Nz fixation by the bacteria. The potential for

these bacteria to increase wheat growth and yield now requires further testing under

field conditions.
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Chapter 1: Introduction

1.1 General Introduction

In agricultural systems, excessive application of arlificial nitrogenous fertilisers is not

only expensive but has detrimental environmental consequences. In an attempt to

reduce the use of fertilisers, inoculation of plants with microorganisms for use as bio-

fertilisers may be a more desirable option. In the winter rainfall regions in southem

Australia, non-leguminous crops such as wheat are subject to seasonal variation in soil

moisture. Early establishrnent of root growth as a consequence of bacterial stimulation

may provide the plant with an increased surface area and a better chance for coping with
water stresses. Inoculation of field crops by associative N2-fixing bacteria, in particular

Azospirillul?? spp. which associate closely in the rhizosphere and within the plant, have

been reported to stirnulate early root branching in wheat (Michiels et al, 1989). As

successful cropping is dependent, not only on soil water but also, on the availability of
sufficient soil N, the promotion of biological associative N2-fixing bacteria in the

rhizosphere may enhance both water and N uptake in the plant, particularly where N
limits plant growth (van Tran et al,1994). Variations in environmental conditions may

contribute to inconsistencies in plant and microbial growth. For identifying potential

inoculants, the isolation of bacteria from local soils with adaptation to climatic

conditions and competitive pressures may stimulate more effective plant growth

promotion than inoculants introduced from elsewhere.

N2-fixing bacteria or diazotrophs found in the soil are classified as either syrnbionts or

as free-living tnicroorganisms. The symbiotic relationship between rhizobia and most

legumes benefit both bacteria and host and is dependent npon bacterial penetration into

the plant tissue and subsequent root nodulation. Free-living N2-fixir-rg bacteria which

associate closely with plant roots in the rhizosphere have been grouped together as

associative diazotrophs (Kloepper and Beauchamp, 1992). Although these bacteria do

not induce nodulation in the plant, they are found in intimate contact with the roots of
non-legttmes ancl can increase fixed N levels in the rhizosphere and stimulate plant

growth.
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A range of bacterial genera has been identified as Plant-Growth Promoting

Rhizobacteria (PGPR; Kapulnik, 1996). In greenhouse experiments PGPR such as

fluorescent pseudomonads have stimulated plant growth (Hoflich and Wiehe, 1994;

Lifsliitz et al, 1987; Glick et al, 1995). Fluorescent Pseudomon(ts spp. and Bacillu.s spp.

have been used as inoculants in the f,reld, but responses have been variable ancl

mechanisms obscure (Dart, 1986). Azospirilltm spp. have been used as inoculants for

non-leguminous plants with varying levels of success both in field trials and in the

glasshouse. Inoculation of host plants by Azospirillum spp. has led to increased plant N

content (Heulin et al, 1989), stimulation of plant roots (Michiels, 1989), increased yield

in rice and maize grain and increased uptake of soil water and minerals (Okon and

Labandera-Gonzales, 1994).It is not currently known whether enhanced growth can be

directly attributed to one of these characteristics or whether a combination of these

factors is responsible. Azospirillum is one of the most widely researched associative

bacteria (Bashan and Holguin, 1997) and has been selected as a reference in

comparative growth studies throughout the thesis.

Approaches to the selection of bacteria as inoculants for plant growth promotion have

been varied. Screening of bacteria for specific traits is one approach. Utilization of 1-

aminocyclopropane-1-carbozylate (ACC) as a sole N source for pseudomonacls is a trait

linkecl to plant growth promotion (Glick et al, 1995). Other studies, in rice, have used

the spermosphere model system to select bacteria frorn the rhizosphere in association

with acetylene reduction asssay (ARA) to measure nitrogenase activity (Thomas-

Bauzon et al, 1982; Omar et al, 1989). Nutrient-deficient medium, to repress bacteria

other than Azospirillum has facilitated isolation of Azospirillwn lipoferutn from

resulting pellicles with nitrogenase activity measured by ARA as a selection criterion

(van Tran et al, 1997). PGPR strains pre-determined as increasing wheat yield have

been tested in the field using shoot and root biomass as well as yield to measure plant

growth promotion (Germida and Walley, 1996). A structured approach to the selection

and isolation of PGPR is needed and is addressed in this thesis.



a
J

1.1.1 Aims

The aims of this study are:

to develop an effective screening system to isolate free-living N2-fixing

bacteria from southern Australian soils,

to select strains demonstrating the ability to enhance wheat growth as

potential inoculants. These witl be isolated from both the rhizosphere and

from within the plant. selection will be based on the following

characteristics:

a) the proven ability to fix Nz as identihed by ttN,

b) the ability to increase root growth

c) the ability to improve plant N content

d) the ability to colonise and persist in the rhizosphere

o

a
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Chapter 2: Literature Review

2.1 Introduction

The rhizosphere is a complex d¡marnic interface between plant and soil where the

sllccess of microorganisms competing for niches on or in the plant root are linked with

factors such as physical soil structures, climatic variations as well as the characteristics

of plant exudates, Adaptability of microorganisrns to local environmental conditions is

necessary for their successful colonisation in the rhizosphere.

The mode of action taken by PGPR such as azospirilla to elicit a plant response is

unclear. Evidence has been put forward that bacteria excrete phytohormones and nitrite

into the rhizosphere, which appear to stimulate the growth of plant roots (Zimmer and

Bothe, 1989). The ability to hx N2 is well establishecl (Klucas, 1991). The response of
plants to a mechanism or series of mechanisrns employed by the bacteria results in

improved root growth, enhanced uptake of minerals, tolerance to water stress and

changes in plant metabolism with associated increases in proton effluxes from the roots.

It is possible that several mechanisms may act in concerl, thus affecting a signihcant

plant response over and above that which may he achievecl by a single mechanism

(Bashan and Levanony, 1990). If the enhancement of plant growth is due to more tlian

one mechanisrn it is likely that several compatible inoculants may outweigh the benehts

of one. This review will focus mainly on the mechanisms and proposed mode of action

as cttrrently documented in the literature for associative N2-fixing bacteria.

2.2N2 fixation

Biological N2 f,rxation in the rhizosphere by associative bacteria is one of the factors

thought to contribute to improve N uptake in the plant.

2.2.1 Sources of N

N, comprising 78% of tl-re atmospheric gases, is necessary fol amino acid and protein

prodLrction in plants. N is only available for plant uptake in the combined form as
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ammonium or nitrate. As one of the major nutrieuts reqtrired by plants, N is ofte¡
growth limiting especially when indirectly removed from the soil through agricultural

cropplllg.

In nature, the input of N into the soil is prirnarily from the atmosphere. Nz fixation

through lightning accounts for 6-50%, although this source of fixation is extremely

unpredictable (Hansen, 1994). Worldwide biological fixation of atmospheric Nz

accounts for 100 to 1 80 x 106 metric tons of N per year and provides twice as much N as

artificial fertilisers (Hansen, 1994). The energy costs for production of biological Nz

hxation are three times more efficient than the industrial process and renewable plant

residues provide the major energy source (Newbould, 1989). In adclition to the high

costs of production, losses of N frorn artificial fertilisers are also high through leaching

in the soil prof,rle. About 50% of N in the soil is lost through leaching of nitrate and

through clenitrification, both of which can have detrimental effects on the environment.

Leaching of nitrate can pollute waterways and cause acidification of soils.

Denitrification can lead to the formation of nitrous oxide. The nitrous oxide gas can

reach the stratosphere and contribute to the destmction of the ozone layer (Delwyche

and Bryan, 1976). Of the Nz fixed biologically, only 10 to 20Yo ìs lost. Therefore, this is

an important source of soil N.

Although symbiotic N2 fixation in legumes accounts for 80% of the reduced N on land,

net annual gains of N itr non-legumes have been estimated to be as high as 100

kglha/year (Giller and Day, 1985). However controversy exists regarding the amount of
fixed N tl'rat is actually transferred to the plant as a result of the associative interaction

with diazotrophs. Between l-10% of the bacteria in the rhizosphere are estimated to be

N2-fixing bacteria (Patriquin et al, 1983). However, in the rice rhizosphere, 40%o of
bacteria were found to be Nz fixers (van Tran et aI,1996). Irrespective of the numbers

of N2-fixing bacteria in the rhizosphere, conditions must be conducive to nitrogen

fixation by the bacteria and the levels of fixed N may or may not be sufficient to

consider N2 fixation as a characteristic feature necessary for a potential inoculant.
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2.2.2 Conditions for nitrogenase activity

The fixation of lkg of N2 by bacteria requires 10 kg of carbon compounds and, without

adequate supply of solLrble carbon componnds to provide energy, nitrogenase activity is

reduced (Giller and Day, 1985). As Nz fixation will only occur in actively growing

bacteria, the carbon source must sustain cell growth as well as tl-rat required for

nitrogenase activity (Silvester and Mnsgrave, 1991). The amount of N2 fixed in

Australian soils by associative diazotrophs, when plant residLles are retainecl as stubble,

has been estimated in the range of 32-56 kg N ha-l (Halsall et al, 1985). As the associate

diazotrophs are unable to degrade starch, cellulose and carboxymethyl cellulose,

cellulolytic microorganisms are necessary to provide increased carbon substrates to

facilitate N2 fixation. In a study designed to evaluate effective N2 fixation, mixed

microbial cultures were compared with a single microorganism. The amount of N2 fixed

was increased 22 fold when Azospirillun sp DN64 was mixed with 3 fungi and grown

in sand with an N-free, C-free mineral salts medium and straw as the carbon source

(Halsall, 1993). The fungi were isolated frorn straw-amended soil or straw from the

field and selectecl for their ability to decompose cellulose. A synergistic response was

observed.

Nitrate assirnilation also requires a similar energy input to Nz fixation (Kennedy, i988).

The supply of available energy from the plant roots ntay not enable populations of
associative diazotrophs to colonise and grow in suffrcient numbers to make a sigrificant

contribution of fixed N to the plant (Whipps and Lynch, 1983). However, some studies

have demonstrated that rhizosphere bacteria have stimulated the plant to increase root

exudates, which in turn have increased the available energy source (Barber and Lynch,

te17).

Fixation of Nz is mediated through the enzyme nitrogenase, which is suppressed by

interaction with oxygen. One mechanism for protection against high concentrations of

oxygen is via the production of exopolysaccharides, which act as barriers against

oxygen diffusion (Volpon et al, 1981). This is perhaps an evolutionary attempt to reduce

contact with oxygen by creating an oxygen gradient. In addition, many of the

diazotrophic bacteria (associative N2 fixing bacteria) are micro-aeropliyllic and their

motility enables them to locate the appropriate partial pressure of oxygen appropriate

for growth in the rhìzosphere. This mechanisrn is known as aerotaxis.
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The nitrogenase activity, responsible lor catalysing the reduction of N2 to ammonia, can

be inhibited or switched off and on by a number of environmental factors. These factors

include the availability of carbon, nitrate or ammonium as well as the above-mentioned

response to the partial pressure of oxygen (Alexandel ancl Zuberer, 1989).

Nitrogenase activity is measured, rnost commonly, through the acetylene reduction

assay (ARA) by gas chromatography. By adopting ARA to rneasure the nitrogenase

activity, the optimal parlial pressure of oxygen necessary for effective nitrogenase

activity was assessed. ARA measurements were highest when partial pressures between

1.3 ancl 2.1 kPa 02 were maintained and became coffespolldingly lower when oxygen

concentrations were increased (Alexander and Zuberer, 1989). ARA measurements

made on hydroponic solutions with low Oz was similar to that found around the roots

grow in solid medium. When partial pressure of oxygen dropped below 1.3 kPa in an

N-fi'ee medium in the toot zone of maize and sorghum, nitrogenase activity was

substantially reduced due to iusufficient energy input from respiration (Alexancler and

Zuberer,1989).

2.2.3 Methods to measure N2 fixation

Direct and indirect methods are employed to measure anounts of N2 fixed by bacteria.

Indirect measLlrements such as the ARA are commonly used to quantify nitrogenase

activity. Apart from N, nitrogenase can reduce other triple bonded compounds such as

cyanide, nitrous oxide and acetylene (Hansen , 1994). At concentrations oT 6%o, C2H2 is a

competitive inhibitor of N2 fixation. Acetylene is redr.rced to ethylene, which can be

measured simply and cheaply by gas chromatography with a Flame Ionisation Detector

(FlD) (Hardy eT al, 7973). Although this method has been most commonly used, it is

actually neither a measure of N2 fixed nor of N transfened to the plant. It provides

temporal infonnation on nitrogenase activity and therefore its use is limited to assessing

bacterial responses in the rhizosphere to environmental factors such as seasonal changes

and pH.

Direct methods for accurately measuring the amount of fixed N transferrecl to the plant

include the l5N isotope dilution method and the exposLrre of the plant/microbe system to
ttN, Tlle lsN isotope clilLrtion rnethocl Llses a known amount of lsN 

as a fertiliser source.

If used in the laboratory as the sole rnineral form, Nz fixed biologically within plants
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such as legumes can be calculated by subtracting the difference between lsN and laN

present in the plant tissue (Hansen, 1994). The rsN isotope clilution method has been

used to assess the contlibution of N2-hxation to sugar cane, using Brachictria ratlicans

as a reference plant (Urquiaga et al, 1989). However, the two plants showed quite

different patterns of N uptake and quantification of biologically fìxed N was clifficult.

Exposure of the plant to t'N, 
-ay therefore be an appropriate method for assessing

levels of biologically fixed N present in the plant. The lsNz method is not used as

commonly as ARA, as the isotope is expensive ancl access to mass spectrometers for

outcome measurements is limited. However, it does provide a more accurate measure of
N2 hxation in the plant. ttN, ha, been used to measnre the transfer of low levels of fixed

N from free-living bacteria to sorghum plants (Giller et al, 1984) and wheat (Merbach et

al, 1998). Other studies using the rsN isotopic dilution method found that the

contribution of fixed N to rice N content was significantly higher. In rice, inoculated

with either Azospirilhtm Wb3 or Enterobctcter SI the fixed N content comprised 46%

and 4lYo of total plant N respectively (Mehnaz et al, 2001).

Results from assessment of the efficacy of N transfer are variable and make long-term

analysis of fixed N in field crops, especially in wheat, extremely difhcult. However,

where the N is transfened to the plants following biological fixation, the transler may

be rnore effectively achieved within the plant. Here the prerequisites for nitrogcnase

activity may be more favourable. Within the plant, endophytic bacteria would have

access to carbon solutes, reduced partial pressures ofoxygen favourable for nitrogenase

activity, adequate moisttre and reducecl cornpetition for resources. Endophytes are

frequently seen in the parenchyma of the root cortex, with access to cytoplasmic

contents. The high amino acid levels of the cytoplasm is thought likely to inhibit

nitrogenase activity but the intercellular spaces may contain glycoproteins which would

provide a carbon source and small nitrogenous source which may support N2-frxation

bybacteria (Sprent and James, 1995). There is also a suggestion that the bacteria may

be able to utilise products of host defence as metabolic substrates. Endophytes have also

been found in the xylem of species suclr as slrgar cane and sorghum as well as in wheat

and rice and this would provide transport for retocation (Sprent ancl James, 1995).

Although, theoretically, the potential exists for endophytes to make a positive

contribution of fìxed N to the plant, it is uncerlain whether there are sufficient numbers

of endophytes present within the plant, to account for that potential.
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2.2.4 Genera of bacteria which fix N2

Free-living N2-frxing bacteria include species such as Enterobctcter cloctcae and

Klehsiella oxytocct (Mirza et al, 2001), well-studied bacteria such as Azotobacter spp.

(De Luca et al, 1996) and Azospirillum sp.(Chotte et al,2002; Mehnaz et al, 2001).

Other diazotrophic bacteria found in non-leguminous crops have been identified as

Acetobacter diazotrophicus, Herbuspirillum scropeclicae and Herbaspirilltm

rubrisubalbicans (Dobereiner et al, 1995). Nitrogenase activity also occnrs in free-

living bacteria such as Bttrkholderia vietnamiensis, Enterobacter cloacae as well as

Azospirillum lipoferum (van Tran et al, 1996). Amongst the most widely studied N2-

fixing bacteria are Azospirillum spp. Although the bacterium \ryas first described over 70

years ago (Beijerinck,1925) it was not until 38 years later that it was described to fix

atmospheric N2. When assessment of biological N2 fixation was facilitated by improved

rnethods of analysis, such as acetylene reduction, it became evident that there was a

relationship between non-legumes and N2-hxing bacteria. Pantoea agglornerct¡zs also

able to fix nitrogen is also frequently identified in the wheat rhizosphere (Merbach et al,

1998). Strains of Azospirillum brasilense and Azospirillunt lipoferum have been most

commonly used in physiological and genetic studies and as a result Azospirilh¡ru is often

adopted as a model system for studying the genetics of associative N2-fixing bacteria

(Baslran and Holguin, 1997). Strains Azospirillum lipofenm 596, isolated from irrigated

wheat itr eastern Australia near Griffith (New and Kennedy, 1989) and Azospirillum

brasilense Sp7 (ATCC 29I45) have been used as reference strains in this thesis.

2.3 Stimulation of plant roots

Increases in grain yield, uptake of minerals and water, changes in root length and early

stimulation of germination are the most fi'equently reported featnres of plants following

inoculation with diazotrophic bacteria.

2.3.1 Role of root hairs

Increased branching in the lateral roots and a large number of root hairs increases the

surface area in the roots and enhances the uptake of water and solntes by the plant

(Bowen and Rovira,1969). The root hairs are elongated epidermal cells that vary in
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length from 80 to 1500 pLm and with a diameter between 5 to 20 pLm (Ewens and Leigh,

1985). The cell size is clependent on both microbial influences and environmental

factors such as pH, water potential and soil texture. Investigations carried out on the

role of root hairs in relation to watertransport, found that a gradient of turgorpressures

was mainly responsible for water uptake (Jones et al, 1983). It is the turgor presslre,

rather than the membranes of root hairs, which is actively involvecl in water transport

into the plant (Jones et al, 1983). While turgor presslrre is directly linked to osmolarity

of cell contents, the low turgor pressrre in the root liair cells is grossly associated with a

gtadient, which increases with proximity to the cells of the cortex. Observations of
irnproved water uptake following inoculation with free-living diazotrophic bacteria led

to a study to test the water uptake in dryland sorghum following inoculation with

Azospirillttm brasilense Cd (Sarig et al, 1988). Sorghum was grown in the field where

moistttre was derived solely from stored winter rains. The water potential of inoculated

plants was consistently higher than the controls and clespite the increased leaf area and

associated evapotranspirational dernand on the root system. The inoculated plants were

significantly less water stressed than controls. The mechanisms responsible for the

improved water status of the plants are unclear. The bacteria may have promoted a

deeper rooting system thus providing better access to soil moisture. Early plant growth

ancl avoidance of water stress appears to have been one of the major differences

between the two treatments.

Nutrient transport in the root hairs appears to be controlled by a H+ extrusion pump in

the plasmalemma. Protons are intimately involved in nutrient transport and are

transferred between cellular compaftments and surroundings (Felle, 1987). The

acidification of the rhizosphere as a consequence of proton efflux through the

metnbranes of the root cells has been put forward as a mechanism for facilitating

mineral uptake in plants (Gardner et al, 1982). Observations of increased rnineral uptake

in association with Azospirillttm were tested for a possible effect by the bacteria on root

menrbrane potential. Wheat seedlings were inoculatecl with Azospirilhtm brasilense Cd

and grown in hydroponic conditions where pH changes were monitored. Quantitative

analysis of protons fi'om the roots was also assessed by titrating the nutrient solution

with NaOH (0.05M) back to the original pH at the commencement of the experiment

(Bashan et al, 1989). The results showed that both inoculated seeds and seedlings

increased proton efflux from the roots. Wllen altemative bacteria such ¿s Pseuclontonas,
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Bacillus and ¿Izotobctcter spp. were used as inoculants, there was no increase in proton

efflux or in root surface area. It appears thal Azospirillunt is capable of alfecting the

metabolism of plant cells. A current suggestion is that the bacteria may excrete signal

molecules, which are transpofted across the plant cell wall. Internal receptors may then

respond to these signals by initiating changes in plant metabolism (Bashan and Holguin,

teeT).

2.3.2 Bacterial influence on lateral root growth

Lateral roots emerge at constant distances behind the tip of the root and appear to

emerge in acropetal (proceeding towalds the apex) sequence. Although exogenously

applied auxins, which are transporled into the roots appear to stimulate lateral root

emergence, cytokinins and absciscic acid are inhibitory and gibberellins do not appear

to have any effect on lateral root development (Charlton, 1996). Although at present

there is no evidence to support the notion that endogenous plant hormones are

responsible for initiating lateral root emergence, cytokinins and abscisic acid have been

found in the root tip. It is possible that gradients of plant hormones may be involvecl.

Like root hairs, lateral root emergence contributes to the overall surface area of the

roots. In wheat, the upper roots, laterals and root hairs are responsible for the majority

of water and nutrient uptake to the plant. T'he deeper roots play a very minor part in

water and nutrient uptake (Bole, 1977).

Inoculation of plant root PGPR bacteria such as Pseudontonas cepacia P.85 and

Pseuclontonas putida have demonstrated a direct influence on plant roots, in parlicular

increasing the total length of the root system (de Freitas and Germida, 1990).

Inoculation of wheat roots with Pseudomonr¿s sp., Azotobacter chrococcunt, Bctcillus

megateriwn, Bacillus sttbtilis, Azospirillurn sp. and Klehsiella pneumoniae can increase

root length 72 hours after inoculation (Kapulnik et al, 1985). However, only

Azospirillum was able to significantly enhance the total root area in 20-day old plants.

Other studies have reported root stimulation by bacteria leacling to alteration in root

growth and function. Changes observed in the root include proliferation of root hairs,

increase in surface area, increases in lateral branching and a more developecl root

system (Okon and Kapulnik, 1986). In drought conditions in Israel, which are sirnilar to

a low moistltre status iu southern Australia, wheat inoculation trials have been carriecl
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out over many years (using Azospirillum as an inoculanl). Azospirillt"tm brctsilense Cd,

and a locally adapted strain Azospirillttrn brctsilense Cdl were used as inoculants.

Where rainfall was 350 rnm with early high temperatures and water stress, experimental

plants were taller than uninoculated controls. Increases in grain clue mainly to increasecl

numbers of fertile tillers, increased grain yield, increased shoot clry weights and

increased total plant N, all signifrcantly higher than controls (Kapulnik et a\,1983).

2.3.3 Phytohormones

Studies have been carried out to test the involvement of auxins produced by bacteria

such as Azospirillum spp. in initiating changes in root morphology (Bashan and

Holguin, 1997).In addition to Azospirillum spp., species such as Enterobacter cloucae

strains (NCIMB11461 and NCIMB11463), Enterobacter agglomerans strains (333 and

339), Pantoea agglomercuts IMETlI328 and Klebsiella aerogenes DSM681 converted

trytoplran into indole acetic acid (IAA) (Zinimer et al,1994). Bacteria isolated fi-om

stems and roots of sugar cane were also identified as producing IAA, which was fufther,

enhanced in medium when trytophan was added (Mftza et al, 2001). Increased root and

shoot growth of sugar cane was observed following re-inoculation, but it is unclear

whether phytohormones played a direct role in growth promotion. Similarly IAA
proclucing isolates obtained from the roots and shoots increased root growth (Mehnaz et

aL,2001). The release of phytohorrnones into the rhizosphere by bacteria may influence

plant metabolism, which, in turn, may control the release of root exudates (Marlens and

Frankenberger, 1994).Increased root exudates would therefore benefit the rhizosphere

bacteria. Conversely, inhibition of plant growth in field bindweed (Convolvultrs

arvensis L.) has been observed following the production of bacterial phytohormones

(IAA) by bacteria such as Enterobctcter taylorae when in association with L-trfophan

(Sarwar and Kremer, 1995). However, it does seem likely that IAA is implicatecl in

plant growth-promotion by associative bacteria but there is no evidence at present to

suggest that plays a major role in the interaction. Growth enhancement has been

observed in many different plant species and phl4ohomrones are unlikely to be the sole

stimulant in every case.
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2.4 Selection of locally adapted bacteria

Examples of plant growth enhancement following bacterial inoculation are documented

in the literature, but plant responses to the bacterial strains used as inoculants can vary.

When comparing basic growth parameters of bacteria isolatecl from wheat and rice

lhizospheres, tnaximum growth rates in N-free medium ranged between 0.1 1/hour to

0.2 l/hour while carbon substrate afhnity (Ks-values) showed 40 fold differences in

optimal conditions (Ueckert and Fendrik, 1995). Similarly, when N2-fixing

characteristics were assessed with ARA on strains isolated from seven regions ìn New

South Wales in eastern Australia, differences irL nitrogenase activity in the bacteria in

each region ranged between 13 to 100 nnol C2H4 mg proteirVhour (Han and New,

1 ee6).

The importance of using locally adapted strains as inoculants is demonstrated in Israeli

fìeld trials of inoculated wheat, where the local strain stimulated shoot dry weight and

grain yield significantly more than the reference strain (Kapulnik et al, 1983).

Adaptation to a location, soil type, soil nutrient or host genotype rnay bring competitive

advantages to the strain having previously interacted successfirlly with rhizosphere

colonisers. For example the comparison of bacterial communities from 2 soils

clemonstrated that one of the communities was well adapted to nickel, which was

thought to influence soil structure (Hery et al, 2003). Aclaptation by bacteria to local soil

conditions was also described after sampling soils at various distances from an old

growth forest (Belotte et aL,2003). Bacterial isolates were cultured in media prepared

lrom soils from which they had been isolated and in general growth was poor. However

sr¡me of the isolates grew 5OYo better in medium supplied with soil from which they had

been originally isolated. The ability to colonise and persist in the rhizosphere in

sufficient ntrmbers to evoke a plant response rnay be improved with a local strain.

Successful colonisation, howevet, may depend in part on the method chosen for

inoculation.
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2.5 Colonisation

The ability of a potential inoculant to persist and colonise is crucial for success. Factors

such as competitiveness, the physical structure of soil and the ability to migrate towards

and attach to plant roots play a major role in bacterial colonisation of the roots. N2-

fixing bacteria have frequently been isolated from cereals and grasses, maize and rice.

Until recently, it was generally accepted that bacteria such as Azospirillum spp.

colonised specific host plants, particularly cereals (Bashan and Levanony, 1990).

Although host specificity has been documented, a review has proposed that

Azospirillum spp.appear to be capable of colonising most plants (Bashan and Holguin,

1997). Sixty four plant species are clocumented as supporting colonisation by

Azospirillu,Tt spp. and the bacteria have been isolated frorn the rl'rizosphere of both C3

(rice and wheat) and C4 (sugar cane, maize and sorghum) plants. Other N2-hxing

bacteria such as Pantoea agglomerans and Rahnella aqucúilis were isolated from the

rhizosphere of wheat and maize grown in two distinct French soils. The strains from

both wheat and maize were similar to each otl'rer (Berge et al, 1991).

Despite the ability to colonise abroad range of plants, specifìcity exists between some

plant genotypes and Azospirillul?r spp. Studies carried out using Azospirilhu?r spp. as

inoculants for Argentinian and Brazilian maize gentoytpes generally showed significant

increases in grain yield and total N content (Garcia de Salome and Dobereiner, 1996).

However there was no growth response in one Argentinian maize genotype, indicating

that there was specificity between the inoculant strains and plant genotype.

Bacterial strains also demonstrate different N2-frxing efficiencies in association with

various rice cultivars. In Bangladesh, Azospirilh.tm lipoferum MRBl6 was the most

effective Nz-ftxer isolated from rice cv. Nizershail and in Egyptian soils, Azospirillum

brasilense NO40 was the dominant strain isolated from rice cv. Giza 171 (Heulin et al,

1989). The spermosphere model, which utilises seed exudates as the sole carbon source

for bacteria, has been used as a selective systen for the isolatìon of N2-fixing bacteria.

This system, used in conjunction with ARA has enabled researchers to select the most

effective N2-f,rxing strains from the rhizosphere of rice (Thomas-Ballzon et al, 1982).

Selection of strains isolated in this system resulted in improved yielcls in inoculated rice.
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2.5.1 Competition

Antibiosis may provide bacteria with a competitive advantage for colonising the plant

rhizosphere. For example:

. BLtrlcholderia cepacia strains isolated frorn the rhizosphere of maize inhibited

Fusarium spp. in in vitro experiments (Bevivino et al, 1998). When the same

bacteria were inoculated onto maize seeds grown in the field soil from which

they were originally isolated, four of the strains successfully promoted plant

growth whilst competing with native rnicrobia.

o Fluorescen| Pseudomonas spp. are known to produce secondary metabolites

(Budzikiewicz, 1993). Pseuclomonas flr.nrescens strain CH33 suppressed

Pythium aphnnidermatum root rot in cucumbers (Moulin et al,1994).

o Non-fluorescent Pseudomonr¿s strains such as Pseudomonr¿s sp. strain AN5

protected wheat against Gaeumannomyces graminis var tritici in pot trials

(Nayudu et al, 1994).

¡ Bacteria such as Azospirillum spp. have also been described as producing

bacteriocins (Bashan and Holguin, 1997).

Little is known about the interaction of the bacteriocins within the microbial

environment. Because Azospirillum spp. do not constitute a major component of the

rhizosphere populations, competitive advantages within indigenous microbial

communities are difficult to predict (Balandreau, 1986). Azospirillum brasilens¿ BS52

and Aoarcus BHl2 \¡/ere grown in culture together to assess cornpetitiveness. In

immobilised culture, Azospirillttm was the better competitor (Ueckert et al, 1992). The

suggestions for improved viability included the ability to produce exopolysaccharides,

which may be linked to plant recognition as well as an antagonistic role.

Competition with native microorganisms in the rhizosphere following inoculation has

been assessed by a variety of methods. If competitiveness is to be monitored, traditional

methods such as plate count, selective media and direct microscopy do not enable

iclentification of bacteria at a strain level. However, the use of inmuno-methocls and

molecnlar techniques for monitoring colonisation and competitive interactions, enable

identification of strains to be confidently carriecl out. This is of particular value in the
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endorhizosphere, where mode of entry and preference o,l colonisation sites are of

interest lor promoting possible benef,rts to plant growtl-r.

2.5.2 Soil physical factors

The microbial community structure is influenced by soil physical factors such as the

size, shape and stability of soil particles and the size, shape and continuity of the air

pores between the particles. The role that soil structure plays on the dynamics of soil

bacteria has been studied by comparing the relationship between the free-living N2-

hxing bacteria, total heterotrophic bacteria and aggregate size fi'actionation in a sandy

soil (Chotte et al, 2002). Active Nz-fixation by bacteria was favoured in the coarse soil

fractions while the majority of N2-fixing bacteria were located in the dispersible clay

fraction. The partial pressure of oxygen within the coarse fractions may have

contributed to an environment appropriate for nitrogenase activity. Other studies also

indicate that soil type inlluences the cornposition of microbial communities (Gelsomino

et al, 1999; Kreitz and Anderson, 1997).

The water content in soil impacts on the growth of soil bacteria and where rainfall is

variable, the drying and re-wetting of soils can influence the composition of the

bacterial communities (Fierer et al, 2003). The structure of the bacterial communities

from 2 soils receiving sirnilar rainfalls but with different histories of drying and re-

wetting were subjected to various dryir-rg-re-wetting cycles in the laboratory. The

bacterial cornmunity adapted to drying and re-wetting soils rernained stable whilst the

structure of the second community unused to the rewetting cycles was significantly

altered.

Despite the ability to cope with water stress and salinity, Azospirillum spp. do not

persist well in rough sand and calcium carbonate (Bashan et al, 1995). The inability of

the bacteria to bind to the plant in sandy conditions or clue to the poor motility of

bacteria in sand where water films tencl not to be continuous may be responsible.

Fibrillar binding by the bacteria to the plant is more readily achieved in clay soils as

opposed to sandy textures. In additior-r survival in some soils has also been linked with

pH (New and Kennedy, 1989). Data fi'om a survey can'ied out in eastern Australia to

identily locations aud species of Azospirillum, showed that the bacteria were most

comrnonly found in soils with pH ranging from 5 to 6.6 and rarely below pH 4.5. The
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rates of survival and persistence of other bacteria such as the fluorescent pseudomonads

are affected by changes in soil physical factors. For example the adclition of bentonite

into a loarny sand soil increased the survival rate of Pseuclomonas /htorescerus (Heinjen

et al, 1992; 1993). Others studies have shown that in finely texturecl soils bacteria

survive better following the addition of specihc clays (England et al, 1993).

2.5.3 Chemotaxis

Chemotactic response of sorne bacteria in the rhizosphere towards root exudates may be

a basic factor during colonisation. Such a response towards root exudates by

Pseudomonas fluorescens is assisted by flagella-driven motility, which can provide the

bacteria with a con'rpetitive advantage during colonisation of the roots (de 'Weeft et al,

2002). The ability to detect and act on stimulus gradients is due to a cluster of receptors

(Shi and Duke, 1998; Taylor and Z,hulin, 1998), but the most successftrl motile response

may depend on the shape of the bacteria, in particular rod-like shapes (Dusenberry,

1998). Co-operation within motile bacterial colonies may be employed by cell to cell

signalling in response to both chemorepulsion and chemoattraction (Benjacob et al,

1998). The location of chemoreceptors, in parlicular at the cell poles, may also facilitate

response time, with transfer of signalling information among chemoleceptors in

Bacillus subtillus (Lamana et aL,2002).

An experiment designed to test the chemotactic response of Azospirillum brasilense and

Azospirillum lipoferum isolated from diffelent C3 and C¿ plants showed that the strains

showed marked preferences for root exudates from wheat or maize, irrespective of

species (Fedi et al, 1992). The data indicated that although four of eight strains

(including Azospirillum brasilense and Azospirillum lipoferune) were isolated originally

frorn the rhizosphere of maize, they were preferentially attracted to wheat. Other strains

responded equally towards exudates from both wheat and maize. The authors indicate

that the attraction does not appear to be a specihc host-clependent response but a general

chemotactic behaviour by Azospirillunt. It may be useful to pre-test the chernotactic

response of a proposed inoculant strain to a wheat genotype as part of the selection

process.
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2.5.4 Attachment

The attachment of bacteria to the plant mLrst be secure to prevent dislodgrnent and

removal fi-orn the root exudates, which provicle the carbon soltrce. Many bacteria are

known to produce fibrillar structures which anchor them to the root surface ensnring

that the growing tip transports them as it travels through the soil (Umali-Galcia et al,

1980). Other bacteria in turn bind to the fibrils or plant cell surface, resulting in large

aggregates of bacteria bound to the cell surface of the plant (Matthysse, 1992). The

mechanism for the adhesion of bacteria to the plant roots may be mediated by wheat

germ agglutinin, (WGA) a plant lectin found on wheat embryos and root tips of wheat

plants. If binding does occur between the cell surface carbohydrates of the bacteria and

plant lectins, this may provide a pathway for transmission of information from the plant

to the bacterium (Karpati et al, 1995).

2.6 Inoculation

The requirements lor the establishment of a bacterium on or in the roots include a

concentration of inoculant that is viable, the determination of the most effective time of
application to the seed or seedling and an elfective mode of delivery.

2.6.1 Inoculant concentration

Bacterial cell concentration is critical for the establishment of an inoculant and can have

a cletrimental effect on plants if too bigh. Azospirillunt brasilense (1 rnl) was used as an

inoculant for each of 5 wheat seedlings, 72 hours after gem-rination at a concentration of

10s to 106 colony-forming units (cfu/plant) (Kapulnik et al, 1985). Higher bacteria

concentrations at 108 cfu/plant inhibited plant growtli. A study using PGPR inoculants

Pseudomonas aeruginosa R80, Pseuclomonas fluorescens Pt92 and Pseuclomonas ptúida

Rl04 required a higher cell concentration of 107 to 108 cfu/seed, to achieve increased

yields in wheat (Germida and'Walley,1996).In the held, concentration of inoculant

will also clepend on environmental condìtions.

2.6.2 Inoculatioll with out ca rrie rs

Traditional rnethods for inoculation have relied on chemotactic responses by the

bacteria towards the root exuclates followed by attachment. ht a recent method
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Azospirillunthas been introducecl into the seeds prior to germination (Creus et al, 1996).

Surlace-sterilised seeds were soaked for 3 hours in water, followed by 3 hours in

inoculum. Seeds were checked at intervals for up to 33 clays lor bacterial numbers.

Azospirilltun brasilense was introduced to seeds at a concentration of 4.02 x 107

bac|elìalg of seeds. When tested at regular intervals, Azospirillurz inoculant numbers

renrainecl constalrt al 3.1 x 106 cells/g of seeds. Eleven days after inoculation, tlie

nurnber of Azospirillun was similar whether plants were inoculated on the seed or the

root. This techniqLre may elitninate the need for an inoculant carrier. This method has

only been tried lor Azospirillum brasilense, but it is known that Azospirillum brasilense

and Azospirillutn lipoferum are able to encyst and form flocs when environmental

conclitions are harsh (Sadasivan ancl Neyra, 1985). This characteristic may be expressed

by both species when seeds are dried following inoculation. The position of the

inoculum in relation to the plant may influence the success of inoculation. In Íraize,

Burlrholderia ambifaria MCI T promoted plant growth when the inoculum was applied

onto the seed but when applied directly to the soil poor growth was observed (Ciccillo

et al,2002).

In general, the use of carriers to deliver inoculants to either the seed or plant allows

preparation in advance of planting and the likelihood that the inoculum will persist for a

defined period of time.

2.6.3 Inoculant carriers

A variety of carriers have been tested for use with inoculants. Carriers such as granular

and ground peat, vermiculite, talcum powder, basalt granules and bentonite have been

tested with the Azospirilluzt inoculant. (Fallik and Okon, 1995). Although the peat

carriers proved to be the n-rost successful, viable counts of Azospirillunt brasilense

declined over 6 months from 1010 cfu/g peat to 10s to 106 cfu/g peat. 'When freshly cut

peat was used containing 108 to 10e cfu/g peat, yields in greenhouse experiments

irnproved for both foxtail millet (Setaria italica) and rnaize (Zea mays). There was a

signilrcant increase in yield from plants inoculated with Azospirillunt brusilense where

growth in the fermentor had encouragecl the formation of 4Oo/o poly-B-hydroybutyrate

(PHB) granules as a conseqlrence of eliminating a source of N in the last stages of

culture. The PHB granules can be utilisedby the bacteria as a solrrce of carbon and cells

containing PHB are able to resist environmental stresses snch as desiccation, heat and
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stawation, more readily than bacteria that are not associated with stored granules (Fallik

and Okon, 1995).

Azospirillutn lipoferurz CRTI has been used as an inoculant in association with a

microgranulate based on peat and registered r.rnder the trade name AZOGREEN@

(Fages, 1992). Microgranulates are chemical caniers such as calcium carbonate, sand

and marble powder. The physical properties of the carrier enable delivery of the

inoculant mechanically irito the furrow next to the seed. As an inoculant for cereals, a

microgranulate based on an alginate matrix has also been successfully applied (Berge et

al, 1990). More recent inoculant carriers include alginate microbeads as substrate for

Azospirillum brasilense, which can be applied to eitl'rer wet or dry seeds successfully

(Bashan eI al, 2002). Whether an inoculant is incorporated into a carrier, fertiliser or

directly onto the seed, laboratory conditions do not mimic field conditions and

inoculation must therefore be tailored to meet local environmental conditions.

2.6.4 Time of inoculation

The optimal time for inoculation has been tested both in hydroponic and in soil

experiments (Bashan, 1985). The results indicated that inoculation shorlly after

imbibition (initial absorption of water by the seed) was most effective for the

stimulation of foliage and root development. Surface-sterilised seeds (100) were

inoculated by dipping (slightly covering) them into bacterial suspensions (3 1) for 72

hours. Counts of 10s to 106 cfu/ml proved to be optirnal for significant growth increases

while lower concentrations of 102 to 104 were less effective. If inoculation was

perfonned at a later stage of plant growtl'r, colonisation of inoculants decreased with age

of the plant. Shortly after emergence, 83olo of bacteria were able to colonise the plant.

When inoculation occurrecl at the two-leaf stage of plant growth, only 28%o of the

bacteria were able to achieve colonisation (Bashan, 1985). When four successive

inoculations were carried out over time, significant increases in root surface area and

leaf dry weight \¡/ere recordecl in wheat plants. However, within 20 days bacterial counts

retumed to the initial cournt (Bashan, 1985). Time of inoculation is, therefore, arelevant

factor, perhaps explaining why many field trials return inconsistent results.
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2.6.5 Co-inoculation

The application of mixed cultures as inoculants for plants has resulted in irnproved as

well as syrergistic plant responses. Dual inoculation using Azospirillum brctsiletzs¿ Cdr

and VAM fungus Glomus sp. strain A6 resulted in a signifrcant increase in root dry

weight compared with single inoculants in association with wheat (Gori and Favilli,

1995). Similarly, a synergistic response was achievecl when Azospirillum lipofertm and

Phialphora radicola, an aviruleut root parasite of grasses and cereals, were inoculated

onto wheat plants (Flouri et al, 1995). In a mixed culture inoculation of Azospirillum

Cd, Sp7 and Cd-l at 106 cfu/ml, a 70o/o increase in root elongation occurred. This

increase in root growth exceeded those induced by pure cultures where increases of only

7o/o to 65Yo were noted (Kapulnik et al, 1985). Application of endophytes as dual

inoculants also increased yield and percentage of protein in maize after two bacteria,

Klebsiella oxytoca VN13 and Xanthotnonas maltophilia VN12 were introduced directly

to seeds as dual inoculants (Kozyrovska et al, 1996). Although the recent use of mixed

cultures for inoculating a variety of plants such as sorghum, barley, wheat and legumes

have resulted in reports of enhanced plant growth, some studies have reported inhibition

of plant growth (Bashan and Holguin, 1997). In other studies, single inoculants

promoted growth in Sorghtun bicolor while a mixtnre of three bacteria (Burlcholderia

cepacia strain PHP7, Pseuclomonas fluorescens A23lT3c and Enterobacter sp. strain

BB23lT4d) elicited no growth response (Chiarini et al, 1998). Mixed inocula

Azospirillum brasilense, Azotobacter chroococcum, Bacillus polymyxa and

Enterobacter cloacae showed varied benefits to wheat clepending on length of time after

planting with no benefits at maturity (de Freitas, 2000). However, the combination of

microorganisms for use as inoculants may reduce the effects of inhibitory metabolites or

intcract beneficially with each other tluough mechanisms both physical and

biochemical. This area of research has attracted attention recently and co-inoculation

may prove to be of more benef,rt to the plarit than a single inoculant, if the right

cornbination of microorganisms is applied to the right plant.
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2.7 Summary

Inoculation of field grown wheat witli N2-fixing bacteria has improvecl grain yield but

inconsistencies in plant responses occllr following subsequent inoculation ancl

application of the inoculant as reviewed by Bashan and Holguin, (1997). Unpredictable

outcomes are therefore coÍlmon. Inconsistencies may be due to differences in

inoculation techniques as well as seasonal conditions. Aparl from climatic

considerations, the selection of bacterial strains to actively irnprove early plant growth

is dependent on plant genotype, soil texture and the ability to out-compete native

microorganisms. The selection and application of locally adapted bacteria as inoculants

for wheat may therefore sustain competitive environmental pressures more successfully

than introduced bacteria and therefore provide more effective plant growth stimulation.

Many of the mechanisms thought to be associated with the stimulation of plant growth

have been described, but it is unclear whether they represent major factors or whether

they have a small part to play in the whole. The identification of bacteria for use as

iuoculants for wheat ìn southem Australia to promote early establishment and enhance

plant growth has been limited by a lack of suitable screening methods for Australian

conditions. In the wheat growing areas, particularly in South Australia, crops are seeded

to beneht from winter rains. The break of the season, demonstrated by effective rainfall,

is variable. As discussed previously (2.4,2.5.2) soil physical conditions including water

content, can influence the stmcture of the microbial communities. Bacteria adapted to

stresses such as low rainfall may survive in the soils for longer periods than bacterial

inoculants introduced from elsewhere.

It is necessary to develop rnethods to läcilitate selection and isolation of locally adapted

strains as potential inoculants. In investigating these methods the selection of bacterial

isolates from local soils has yielded a small population of potential N2-fixing species.

The aims of the current research project therefore address these issues.
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Chapter 3: General Materials and Methods

3.1 Introduction

The following chapter clescribes methods used rnore commonly thror,rghout this work.

Methods relevant to individual experiments are specifically described within the

following chapters.

3.2 Materials and Methods

3.2.1 Preparation of bacteria for use as reference strains and inoculants

3.2.1.1 Reference strains

The strains were used for reference in molecular studies ancl in plant experiments are

tabulated in Table 3.1.

TABLE 3.1 Reference strains used in thesis

ATTCC: American Type Culture Collection, Rockville, Maryland.
AIRCS : Australian Legurne Inoculants Research Unit
P.New : Dept. Microbiology, university of Sydney, (New and Kennedy, 1989).
R.Ballard: SARDI, Adelaide, South Australia

Name Host Location source
Azospirillum
bras ilense
(ATCC 29t4s)

Sp7
Digitaria
decumbens

Brazll A. Hartmann,
Germany

Azospirillum
lipoferum 596

Triticum aestivum Griffith, New South
Wales

P.New

Azospirillttm
lipoferum c10

Triticunt aestivum Camden, New South
Wales

P. New

Rhizobium
leguminosarum

WSM 409

Trifolium
subteruaneum

North Olbia
Sardinia

R. Ballard

Bradyrhizobium
japoniatm WU425

Ornithopus
compressLts

ALIRU

Sinorhizobittm
meliloti RRI 1.28

Medicago sativa L Rutherglen, Vic
Australia

R.Ballard
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After receipt of the reference strains sub-culturing on nutrient agar was canied ont to

obtair-r single colonies and identihcation was confìrmed using GC-FAME analysis

(3.2.4). When needecl strains were taken frorn frozen stocks (-80.C).

3.2.1.2 Preparation of reference strains as inoculants

Reference strains were grown aseptically in tryptic soy broth (TSB, Appendix 4)

(5m1) and shaken (180 rpm) in an incubator ovemight (28' C). Centrifugation

(4,000 g) for 5 min was carried out, the medium decanted and the pellet was washed

with pl'rosphate buffered saline (PBS, Appendix 3) (5 ml), centrifuged a second time

and finally resuspended in PBS (5 ml). The optical density (OD) was adjusted to

ODsso:1 (10ecfu/ml) and the concentration of the bacteria diluted to 106 cfu/rnl in

phosphate buffer (0.05 M).

3.2.1.3 Purification and storage of isolates

Bacterial reference strains and bacteria isolated from semi-selective media were sub-

culturecl onto nutrient agar (NA, Appendix 4) to confirm purity. Bacteria were stored on

NA agar slopes al4"C and frozen in cryo-vials at -80oC. The cultures were prepared for

freezing by adding broth culture (1 ml) to sterile glycerol (300 ¡rl) contained in cryo-

vials. These vials were then snap-frozen by plunging thern into liquid N2.

3.2.1.4 Isolation of soil rhizosphere bacteria

Bacteria were isolated frorn the plant macerate/rhizosphere soil suspension (3.2.1.6,

henceforth referred to as macerate suspension) from plants grown in pots in soils

obtained from Kapunda, Avon and Waite. The bacteria were plated onto four carbon

source (4CS), phosphate azelaic acid tryptamine (PCAT) and semi-solid N-fi'ee (Nfb)

meclium (Appendix 4) to select N2-frxing bacteria. The rnacerate suspension was used to

inoculate wheat grown in N-free semi-solid medium in the spermosphere model system.

Twenty isolates from each medium and soil soltrce were selected.

[N.8. Plant macerste/rhiz,osphere soíl suspension ¡'s referued to ¿s t'tnscercúe

suspensiott " throughout the thesis.l
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3.2.1.5 Isolation of bacteria from the rhizosphere and within roots and stems of
wheat grown in N-free medium in the spermosphere model system

Bacteria were isolated from the wheat rhizosphere of plants and from within the roots

and stems after removing plants aseptically from the spermosphere tubes. Roots were

macerated in a sterile mortar and pestle with phosphate buffer (Appendix 3). Aliquots

were plated onto N-free semi-selective medium (4CS, PCAT and Nfb, Appendix 4) to

select N2-fixing bacteria.

Bacteria were isolated from within the roots. Roots were surface-sterilised with

Chloramine T l"/o w/v H2O (15 min) and washed five times in sterile distilled water

(Okon etal,1977). Sections of roots (2 cm) were cut aseptically and the cut ends sealed

with melted dental wax. Dental wax was used to contain bacteria within the root and

ensure that external surface-sterilisation was effective. Roots were r.olled onto NA to
check for contamination and then placed into tubes containing semi-solid Nfb, to check

for external contamination by microaerophilic bacteria. Surface-contaminated roots

were discarded. Roots were then macerated in phospl-rate buffer (500 prl).

The method used for surface-sterilising roots was not used for isolating bacteria from

within the stems as all bacteria within the stems were killed using that method. Surface-

sterilisation was carried out by immersing the stems in cetylpyridinium chloride lyo in
NaCl (0.05 M) for five minutes (Wiebkin, 1995, unpublished). Preliminary studies

using cetylpyridinium chloride were carried out to confirm sterilisation procedures.

Stems were dried in the laminar flow cabinet (5 min) to dehydrate and lyse surface

bacteria and were rolled onto NA to check for effectiveness of surface sterilisation.

Stems were then cut aseptically to lengths of 2 cm. Stem samples shown to have

extemal contamination were subsequently discarded. Stems were macerated in a sterile

mortar and pestle in phosphate buffer (500 pl) and aliquots (i0 prl) of macerate were

added to semi-solid Nfb medium to isolate microaerophilic bacteria such as Bncillus,

Pseudomonas or Azospirillunt spp. as indicated by a rising white pellicle in the medium.

Bacteria from the pellicle were then platecl onto solid Nfb agar plates lor purification.

Aliqtrots of macerate were also plated onto 4CS and PCAT medium to select a range of
N2-fixing bacteria.



26

Twenty isolates (derived from Kapunda, Avon and Waite soil sources) frorn either the

rhizosphere or from within the roots and stems of plants grown in the spermosphere

model system were selected from each medium and purified and stored (3.2.1.3).

3.2.1.6 Preparation of plant macerate and soil rhizosphere suspensions as source of

N2-fixing communities

To compare the growth in plants grown in association with communities of bacteria

from Kapunda, Avon and Waite soils, wheat was hrst grown as a host for the microbial

communities in each of the soils in a controlled environment cabinet for 4 weeks

3.2.3.3). Three plants from each soil source were gently removed from the soil and roots

shaken to retain only the closely adhering soil, considered as rhizosphere soil. The roots

were then vigorously shaken and roots (4 g) and stems (1 g) were macerated in a sterile

mortar and pestle and mixed with rhizosphere soil (5 g). Maceration was carried out to

release endophytic bacteria as well as bacteria bound to root surfaces. The macerate

suspension was diluted with sterile 0.05 M phosphate buffer (90 ml) and dispersed on

an orbital shaker (190 rym) for t hour. After a 30 min period for settlement the

supernatant suspension was decanted. Pre-gemrinated seeds (surface-sterilised) were

immersed for t hour in the decanted suspension (20 ml) from each soil source. Heat-

killecl controls of decanted suspensions from each soil source were prepared by

autoclaving (121"C) for 30 min.

3.2.1.7 Mixed N2-fixing bacteria from wheat roots gro\ryn in N-free medium used as

suspension for re-inoculating wheat

Two plants grown in the spermosphere model system for 6 weeks (after inoculation

with macerate suspension) were removed aseptically from the spermosphere tubes.

Roots were macerated in phosphate buffer (1 ml) centrifuged at 10,000 g for 3 min

washed and the pellet resuspended in phosphate buffer before being used to inoculate

wheat.

3.2.1.8 Estimation of bacterial numbers in plants and soil

To determine numbers of bacteria in the macerate suspensions from Kapunda, Avon and

Waite, dilutions of the suspensions were prepared with phosphate buffer 0.05 M as a

diluent. Serial lO-fold dilutions were carried out in a microtitre plate.
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Estirnation of bacterial numbers from wheat roots and stems grown ìn sperrnosphere

tubes was carried out by macerating the tissue in a sterile mortar and pestle with addecl

phosphate buffer (1 rnl). Serial 1O-fold dilutions of the macerates were then prepared.

Aliquots from each dilution (10 prl x 3 replicates) were applied to agarplates containing

either PCAT, a medium semi-selective for Burkholderia cepacicr,4CS medium to select

a broad range of N2-frxing bacteria and Nfb mediurn with congo red, (Appendix 4) to

select Azospirillul?x spp. Replicate drops from the suspensions were also applied to NA
(nutrient agar) which was used to estimate overall cultivable bacterial numbers. Spread

plating was also carried out on all three selective media (100 pl x 3 replicates) usi¡g

appropriate dilutions to enable accurate counting of colonies on the plate (generally 10-s

dilution). Bacterial colonies on the agar plates were counted after 48 hours of incubation

at 28"C using a Gallenkamp colony counter. The colony forming units (cfr-r) were

expressed as cfu/ml macerate suspension or cfu/g dry weight of soil.

3.2.2 Soils used for isolating N2-fixing bacteria

3.2.2.1 Soil characteristics

Soil samples were collected from long-term field trials both under continuous wheat ancl

cultivation. These soils had a rangc of pH ancl textures and were usecl as sources of Nz-

fixing bacteria. The field trials were based in South Australia at Kapunda, Avon and the

University of Adelaide, 'Waite Campus. It had been noted that soil N levels following

the growth of wheat grown at both Avon and Waite Campus sites prior to 1996, had

been 40 kg/ha higher than was expected (Dr. D. Roget, CSIRO, Lancl ancl Water pers.

com.). As neither soil had received nitrogenous supplements, it was postulated that N2-

fixing bacteria were perhaps contributing to elevated soil N levels, suggesting that these

soils may provide potential inoculants for enhancing the growth of wheat.

Avon (34o 14'S, 138" 18'E) is located 70 km to the north west of Adelaide. The soil

fi-om Avon is described as a solonized brown earth (Stac e et ctl, 1968) or a mixed

Palexeralf (Soil Survey Staff, I975). The soil composition is 16% clay,7%o silt and,77o/o

sand, pH is 6.2, (1:5 soil to water) and pH 5.4 (I:5 soil to 10 rnM CaCl2). Soil was taken

frorn six direct-drilled plots, which had been sown with wheat since 197g.
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Kapunda, situated 75krn nofth east of Adelaide (34'21'S, 138" 18'E) has a sodic red-

brown earth (Stace et al, 1968), which is described as a fine mixed thermic Calcic

Natrixeralf (Soil Survey Staff, 1990), pH 6.0 (1:5 soil to water) and pH 5.3 (l:5 soil to

10 nrM CaCl2). The soil composition is 15o/o clay,25o/o stlt and 600/o sand. The plots at

Kapunda had also been direct-drilled and soil was taken from a continuous wheat trial

(plot 14).

Soil from the long-term field trial at the Waite Campus of the University of Adelaide

(described as ared-brown earth, Calcic Luvisol, pH 5.0 (1:5 soil to water) andpH 5.3

(1:5 soil to 10 mM CaClz). Soil was sampled from a plot sown with continuous wheat

(plot 17).

3.2.2.2 Soil pH

Soil (20 g) was mixed with water (100 ml) and the resulting soil suspension was shaken

vigorously for t hour at 190 rpm on an orbital shaker. The suspension was then allowed

to settle for 30 min prior to measuring the pH. Soil pH was also measured by adding

5ml CaClz (0.21 M) to 100 ml of the soil suspension, mixing well and allowed to settle.

The pH was measured to the nearest 0.01 unrt.

3.2.2.3 Soil water potential

For experimental purposes soil water potential was standardisecl in soils from Kapunda,

Avon and Waite. The soils were used to grow host wheat plants for isolation of
rhizosphere bacteria (potential inoculants) or the spermosphere model system (3.2.3.4).

The method used to assess soil water potential was the suction plate method (Papendick

and Campbell, 1978).

3.2.3 Conditions for wheat growth in association with rhizobacteria

3.2.3.1Wheat variety

Wheat (Triticunt oestivum var. 'Stiletto') was grown in association with rhizobacterìa

frorn Kapunda, Avon and Waite soils. Stiletto had been previously grown at both

Kapurlda and Avon trial sites and as some associative bacteria are known to be host

specihc (Bashan and Holguin, 1997) ancl was selected for experimental use. The
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average weight for Stiletto seeds was 36 mg per seecl. Seeds were weighed prior to use

and selected according to weight (36 rng + lmg).

3.2.3.2 Surface-sterilisation of wheat seed

Prior to use, seeds were surface-sterilised by soakinging5Y" ethanol for one minute to

dehydrate the seed coat. They were then vigorously shaken in 3o/o sodium hypochlorite

for 5 rnin followed by 5 changes of sterile reverse osmosis (RO) water. Sterilisation was

confinned by incubating seeds on Petri dishes containing NA, for 48 hours at 25oC and

discarding any seeds showing evidence of microbial growth.

3.2.3.3 conditions for growth of wheat in pots as host for rhizobacteria

Wheat was grown in soil collected from Kapunda, Avon and Waite to provide a
macerate suspension for inoculating wheat grown in the spermosphere model system.

The seeds were planted 48 hours after germination and were grown from 4 to 6 weeks

in plastic non-draining pots (300 ml). As water availability differs between soil types,

soil water potential \¡/as assessed for Kapunda, Avon and'Waite soils to standardise the

availability of water to the plants. Soil water in each pot was maintained at a soil water

potential of -10 kPa. Pots were watered to weight 3 times a week with RO water in a
controlled environment cabinet with a I5"C with a 12 hour pliotoperiod, a relative

htrmidity 60-70% and with inadiance of 240 FE m-2 s-r. Plastic beads (25 g) were

placed on the surface of the pots to reduce evaporation of water.

3.2.3.4 Growth of inoculated wheat in modifïed spermosphere model

The spermosphere model system (Thomas-Bauzon et al, 1982), in which bacteria rely

on a carbon source from seed exudates, was modihed to grow plants in the dark and

light for a defined period of time. Glass tubes (13 cm x 1.6 cm) containing 4CS semi-

solid mineral medium (10 ml) without C and N supplements, to stimulate the growth of
the N2-fixing bacterial community were used to grow wheat seedlings previously

immersed in plant macerate suspension 48 hours after germination (3.2.L6) under

sterile conditions. Whatman Nol filter paper (3 cm x 1 cm) was folded into thirds and

placed on the surface of the mecliurn to prevent the germinating wheat seed from

becoming submerged in the medium. Alternatively, a hole was cut in the bottom of an

Eppendorf centrifirge tube (1.5 ml), the lid removed and the tube weclged into position

above the medium (Bothe et al, 1992). The genninating seedling was placed inside the
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Eppendorf tube, which provided support for the seedling and enabled the roots to enter

into the medium through the hole in the bottom of the trùe. Sterility was maintained by

plugging the neck of the tubes with non-absorbent cotton wool and aluminium foil

(Fig.l), or by inverting larger glass tubes (14 crn x 3 cm) over the top of the smaller

tubes. The lower third of the tubes was covered with aluminium foil to exclude light and

encourage the entry of the roots into the medium. The plants were grown in a controlled

environment with a 12 hour photoperiod, temperature at 15oC, relative humidity at 60-

70o/o and with irradian ce of 240 pE m-2 s-t for periods between 28 days and 31 days.
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cottorr wool

roots

"Whatman paper support

semi-solid medium

Fig.3.1 Modified spermosphere model system
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3.2.4 GC-FAME studies

3.2.4.7 Gas chromatography of Fatty Acid Methyl Esters (GC-FAME) for
identification of soil bacteria

Tlie procedure and preparation of cultures for the Microbial Identification System

version 3.8 (MIS, MIDI IncR. Newark, Delaware, 1994) was carried out as

recommended by the manufacturer (Appendix 2). The samples were analysed by gas

chromatoglaphy (Hewlett-Packard model 5890) to obtain fatty acid methyl ester

proflrles. An Ultra 2 column (25 m x 0.2 mm, cross -linked 5%) was used with H2 as the

carrier-gas (30 ml/min) in association with a flame ionisation cletector.

Fatty acid methyl ester prohles ,were compared with the Sherlock TSBA aerobe library

version 3.8 (manufacturer as above) and a computer generated similarity index was

constructed to compare the GC-FAME profile from the sample with the GC-FAME

database. The index ranged from 0 - 1.0. The likely identity of the sample was based on

the similarity of GC-FAME profile in the database and sample GC-FAME profrle (0.6

similarity was regarded as similar to the database for the purposes of comparison in this

thesis). GC-FAME analyses were repeated to conf,rrm the reproducibility.

3.2.4.2 sand, porous and semi-solid media used to grow wheat for GC-FAME

analysis

Sand, porous and semi-solid media were prepared as growth substrates for inoculated

wheat to select the substrate providing optimal growth conditions for the provision of
sufficient bacteria for GC-FAME analysis. GC-FAME analysis was used to compare

fatty acid profiles of bacterial communities from Kapunda, Avon and Waite soils.
'Wlreat was inoculated with macerate suspensions (3.2.1.4)

Sand
Low nutrient sancl was washed (x 5) with RO water. Measurement of available nitrate in

the sand was determined (3.2.6.3) to confirm that the sand was nitrate-free. The sand

was dried at40"C for 3 days, weighed into eachpot (217 g) and autoclaved at 121'C for

20 mir-r ou 3 consecutive days. Nutrient solution (C and N-free) derived frorn N-free

4CS rnediunr (Appendix 4) was autoclaved and added to the sancl and mixed by shaking

vigorously 20 times prior to potting. The modifred 4CS nutrient solution for each pot
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consisted of the following: sr-rpersalts (12.5 ml as in 4CS meclium, Appenclix 4)

phosphate buffer (3.75 ml), Difco yeast extract (0.025 g) and Ro water (11.75 ml), pH

6.8.

Porous agnr

Porous agar medium was prepared from 4CS medium with no added carbon source

(Appendix 4), 'with the addition of Difco Bacto agar, (2.5yo), pH 6.g. The mediurn was

autoclaved and cooled to 50oC, after which 60 ml was withdrawn up into sterile

disposable syringes (Barrett-Lennard and Dracup, 1987)). The nozzles of the syringes

were covered with sterile foil, supported at a 90o angle and the agar left to solidify in

the larninar flow cabinet. The syringe was then secured in the top of a retort stand clarnp

and pressttre was applied to the syringe to dispense small blocks of agar into sterile

pots' Porous agar (120 ml) was addecl to each pot. The volume and concentration of
nutrients were comparable to those in the pots containing sand.

Serni-solid øgør

Semi-solid modified 4CS medìurn (without added carbon source) was prepared with the

addition of 1.75 g agar per litre. Two inoculated seeds were placed on a sr-rpporlive

plastic perforated grid, which was placecl over the semi-solid medium and secured with

cotton thread ties to the neck of the autoclavable pots to prevent the seed sinking into

the semi-solid medium. Nutrient content was similar to the sand and porous media.

3.2.5 Nutrients used for wheat inoculation experiments to test plant N content

To prepare wheat for comparative growth studies including N content and

concentration, the plants were inoculated with eitlier a mixture of rhizobacteria fi-om the

spermosphere or three bacteria used as co-inoculants isolated from the rhizosphere of
plants grown in the rnodified spermosphere system in N-free semi-solid medium. Two

plants wele grown in each pot containing Laffer sand (1 kg) supplemented with

nutrients as described below.

Sieved Laffer sand was washed (x 3) with RO water, dried and weighed into I kg

samples. Sand was autoclaved af 72I"C for I hour on 3 consecutive days. It was dried
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and nutrients mixed into sand before potting. The pH was adjusted to 7.0 with calcium

carbonate. After potting, water content was maintained at I2Yo.

The lollowing nutrients (recomrnended by Dr. N. Howes, SARDI, Soutl-r Australia)

prepared in RO water for rnixing into the sand were added as described

The following were adcled to RO water (5 ml) and mixed in 1 kg dry sand:

K2SO4 (120 mg); MgSO+.7H20 (90 mg)' CuSO+.5H20 (10 mg); MnSO+.4H20 (7 mg);

ZttSOq.THzO (2 mg); CoSO¿.7H20 (1 mg); H¡BO¡ (1 mg); H2MoOa.H20 (0.5 mg);

NiO4.6H20 (0.15 mg).

The following was added to RO water (a ml) and mixed in 1 kg dry sand:

FeSO¿.7H20 (1.a mg)

The following was added to RO water (2 rnl) and added to dry sand:

KHzPO+ (150 mg).

3.2.6 Quantification of plant N

3.2.6.1 Kj eldahl method

The quantification of total plant N was caried out using the micro Kjeldahl methocl

(Bremner and MLrlvaney, 1982) (Appenclixl). Three replicates of each sample were

tested. Calculation of N was as follows in Table 3.2.

Table 3.2 Calculation of total plant N

pg N/ml : fstandard(lOmg) x dilution x peak of sample on autoanalyser

printout chart(mm)] + peak height of standard (rnm) : tA]
Digest volume :50m1

Plant weight : 13mg (used for N estimation)

¡rgN in 50ml digest.... : [A] x 50

pgN/ g.. : [A] x (50 / 0.0139) x 19

¡rgN/total plant weight: [A] x ( 50 / 0.013g) x g plant DW
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3.2.6.2 Total combustion gas chromatography

Roots and shoots were finely grouncl. The powcler was driecl at 60oC overnight and

aliquots weighed to 4 decimal points prior to analysis. This rnethod was used to measure

platrt N to a high clegree of accuracy after plant inoculation experiments. The procedure

was camied out byPlant Science, fJniversity of Adelaide (Appendixl).

3.2.6.3 Quantification of available nitrate in soils

Available soil nitrate was extracted with 2M KCI (Page et al, 1982). Soils from

Kapunda, Avon and Waite were oven-dried at 105"C for 24 hours. KCI (2 M, 100 ml)

and oven-dried soil (10g x 3 replicates) were placed in a 250 ml Schott bottle on an

orbital shaker for one hour. The soil suspension was then allowed to settle and 1:5

dilutions were prepared for analysis on the autoanalyser. The analysis and calibration of
the atltoanalyser were can-ied out by Mr. C. Rivers (Dept Soil and'Water, University of
Adelaide, Appendixl). Calculations were as follows in Table 3.3.

Table 3.3 Calculation for availability of nitrate in soils

¡rg N/ml fstandard (2.5mg) x dilution x peak of sample (mm) on

autoanalyser chart] + peak height of standard : tA]
Extraction volume: 1Oml KCI

Soil weight - 10 g

¡-tg N in 100m1 [A] X 100 + 10: 10 X [A]

3.2.7 Preparation of rsNz for assessing bacterial N2 fixntion

'tN, *us prepared (supervision by Dr. M. Amato, CSIRO Land and water, pers.com.)

for use in experiments to verify the occurrence of bacterial N2 fixation in the

rhizosphere of wheat. Apparatus forpreparinglsN2is shown in Fig. 3.2. Two litres of
ttN, 

-as generated fi'om a reaction of ammonium sulphate ([lsN] H4)2 SO4 (enriched

with 10% ttN, A-"rsham) with lithium hypobromite, (LiBrOH). Lithium hydroxide

LiOH (88 g) was added to ciistilled water (800 ml) in a 1 litle bottle and dissolved by

heating. The LiOH solution was then placed on ice and chilled bromine (27 ml) was

adcled. Then, (['tN] H+)z SO+ (8 g) was addeci to a round-bottorned flask which was

placed under vacltltm. The LiBTOFI was introducecl into the flask and cooled by
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immersing the base of the flask in liquid Nz. The trap was simultaneously cooled by

insertion of the trap tube into liquid Nz The flask was slowly thawed and N gas from the

reaction of 1¡r5N1 H+)z SO¿ and LiBTOH was collected in the wine cask bladder, which

had been placed under vacuum to eliminate air. The three-way tap prevented

contamination of the rsN2 with air. The rsNz gas was stored in the wine cask bladder

until used (Fig.3.2).
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Fig. 3.2 Apparatus used to generate lsN2
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3.2.8 Molecular studies

3.2.8.1 Nucleic acid preparation

To extract nucleic acid for hybridisation studies to group-specific probes, bactelia were

taken from fi'ozen stocks and grown on agal plates on dcxtrosc ycast glutamic acid

medium (DYGS, Appendix 4) and streaked to single colonies. They were then grown in

DYGS broth (5 ml) overnight on a shaker at 28"C. Bacterial broth suspensions (200 ¡rl)

were seeded into fi'esh DYGS broth (5 ml) and shaken for a further 2 hours at 28'C until

the suspensions tumed milky.

The bacterial suspensions (1.5 ml x 2) were centrifuged in sterile Eppendorf tubes

(2 ml) for 15 min at 10,000 g and the supernatants discarded. The bacterial pellets were

mixed with Tris HCI / EDTA buffer (TE) pH 8.0 (400 ¡rl). TE buffer was prepared with

Tris-HCl 10 mM pH 8.0, 0.1 mM EDTA pH 8.0 and l0o/o SDS (40 pl). Phenol (a00 pl)

was then added and vortexed (30 sec). The tubes were placed in a metal rack and

imrnecliately boiled for 2 min. Following cooling to room temperature, the tubes were

centrifuged at 10,000 g for 15 min. The top aqueous layers were retained.

Chlorofonn/isoamyl alcohol 24:I (400 ¡"rl) was then added. Centrifugation was repeated

twice at 10,000 g (10 min). The nucleic acids were precipitated by the addition of 5 M

potassium acetate (one tenth volume) and absolute alcohol (two and a half volumes) and

mixed gently and placed at -20"C ovemight.

Nucleic acids were recovered by centrifugation at 10,000 g for 15 min (4'C) and

washing in70Yo ethanol and the dried pellet was dissolved in TE bufler (100-200 ¡rl).

The yield from nucleic acid extractions was determined by gel electrophoresis on a 7o/o

agarose gel run in Tris-acetate-EDTA buffer (TAE, 100 mrn Tris, 125 mM sodium

acetate, 1 mM EDTA, pH 8.0).

3.2.8.2 Hybridisation of nucleic acid to group specific oligonucleotide probes

Hybridisation was carried out according to I(irchhof and Hartmann, (1992). MOPS

br-rffer (30 pl Appendix 3) and nucleic acid (10 ¡rl) were then gently mixed and appliecl

to a Hybond-N+ filter (9 X 12 ctn, Amershanr Pharmacia Biotech) using a dot blot

apparatus (Bio Racl). After transfer of samples the fixed membranes were placed in
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hybridisationbottles and pre-washecl in 0.1 x SSC,0.5% SDS for I hour at 37"C. The

tnembranes were incubated at 60"C (1 hoLrr) in pre-hybridisation buffer containing 5 x

SSC (20 x SSC: 3 M NaCl, 0.3 M trisoclirnn citrate, cliluted ll4), 5 x modified

Denhardt's solution (100 x modified Deuhardt's solution: 2o/o polyvinylpyrroliclone,2o/o

Ficoll 400,2o/o polyethylene glycol 8000, dilLrted l/20) and 1% sarkosyl (15 ml).

The sequences fol group-specific IRNA directed oligonucleotide probes, ALF 1b (alpha

sub class), BET 42a (sub class), GAM 42a (gamma sub class), AZO (Azospirillunt) and

n /D (based on nif l) seqlrence from Klebsiella, Arnold et al, 1988) were each used with

the rnembranes (Table 3.4). Target sites for alpha, beta and gamma sub-class rRNA

positions are described by Manz et al, (1992). Specific sites for tlie alpha subclass

(ALF1b) are near to the 5' end of the 165 rRNA, position 19-35. Sites for both beta

(BET42a) and gamma (GAM42a) are athelix 42 of 23S rRNA and are identical except

for T at position 1037 in beta and A at the same position in the gamma sub-class

organisms. The AZO probe was directed at a highly conseled region of 23S rRNA

(Kirchhof and Hartm ann. 1992). Probes were labelled with [32P] using a 3'end labelling

kit (Amersharn). The labelling reaction was carried out at 37oC according to the

manufacturer's recommendations. Alter incubation, the labelling reaction was added to

the pre-hybridisation buffer in the bottles and incubated ovemight with the membranes

in a rotating oven set at the melting temperatures of tlie oligonucleotide probes. The

melting temperatures (Tn,) of the oligonucleotides were as follows: ALFIb: 50"C,

BET42a:41'C, GAM42a:47"C (Manz et al, 1992), AZO:48"C (Kirchhof and

H artmann, 1992), n i.lD:S 6.8" C (Kirchhof, G., unp ub li shed).

TABLE 3.4 Sequences and target sites for oligonucleotide probes ALF 1b, BET

42a, GAM 42a,, AZO, niJD used to hybridise to rRNA or DNA from bacterial

isolates

Probe sequence Target site rRNA position
ALFIb 5' -CGTTCG(C/T)TCTGAGCCAG-3', l6s, l9-35
BET42a 5'-GCCTTCCCACTTCGTTT-3' 235, t02l-7043
GÃM42a 5' -GCCTTCCCACATCGTTT-3' 235,7027-1043
AZO s' -GGGGCT(A/G)TTTCC(C/T)GG-3', 23S
nilD 5'.GACATCGTNTTCGGCGGCGA-3''

Target sites lor rRNA position (Manz et al, 1992, Kirchho I and Flarln-rann, 1992)
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Membranes were tl-ren washed in 2x SSC / 0.1% SDS at room temperature (20 min).

This was followed by a further wash at hybridisation temperature (5 min).

The membrane was then air dried and exposed to a phosphor-imaging screelt ovemight.

Scanning of tlie membrane was camied or.rt by a phosphor imager ancl quantified using

Stonn Phosphor Image software (Molecular Dynarnics). The volLrme, baclcground value

and area of the image were analysed and an average value (volurne-backgror.rnd/area)

used to confinn positive hybridisation. Hybriclisation was recorded as positive with

average values of 800 to 1999 and strongly positive with average values greater than

2000.

3.2.8.3 Southern blot of zf amplicates

The products fi'om ni./D and n/H PCR (25 p"l, 5.4.2.2.1) were mixed with six times

concetrtratecl loading buffer (a pl) (025% bromophenol blue, 0.25% xylene cyanol FF,

30Y, glycerol in H20) and electrophoresed on a L5'/o agarose gel. Each gel was stained

with ethidium brornide ancl then visLralised under UV light. The gel was depurinated in

0.25 M HCI and shaken gently for 10 min before denaturation was canied out for 20

min in deuaturation buffer (0.4 M NaOH, 0.6 M NaCl) to conveft the DNA to the single

stranded form. The gel was then neutralised by shaking gently twice for 15 min in

neLrtralisation buffer (1.5 M NaCl, 0.5 M Tris HCl, pH 7.5).

Southerrr blots were prepared to transfer the DNA to Hybond Nr mernbranes. The

rnethod followed was similar to Sambrook et al (1989). After the blotting was

completed, the membranes \¡/ere fixecl for 30 min by placing on 3 Whahran filter papers

that had been soaked in 0.4 M NaOH. The rnembranes were then rinsed for 1 min in 5 x

SSC aucl air-dried. They were then stored between filter papers at 4C until

hybridisation was carried out.

3.2.8.4 Hybridisation of rrlprobes to Southern blot

The membrane was pre-hybridisecl in the following reagents: MQ FI20 (2 ml), 5 x HSB

(3 M NaCl, 100 mM PIPES, 25 mM Na2EDTA, pH 6.8), Denhardt's III solution (2 rnl),

l0%o de:xtran sulphate (4 rnl), which were mixecl together and incLrbated at 65'C for 15

min. Salmon sperrn (5 pglml,500 pl) was incnbated at 100"C for 15 min then chilled

and added to the pre-hybridisation mixture. The rnernbrane was soaked in 2 x SSC,

placed into the hybridisation bottle with the pre-liybridisation buffer and incLrbated in a
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rotating hybridisation oven at 65oC for 4 hours. The probe was then added to the pre-

hybridisation buffer and incubated in a rotating oven ovemight at 65'C. Probes usecl

included ni.fD and niJH, which were generated fi'om excised gel bands afler ni/D and

nifi7 anplification proclucts were electrophoresed on Io/o agarose gel (5.4.2.3).

The probe was labelled with [32P] using a Megaprime labelling kit (Amersham) as

directed by the manufacturer and incubated at 37"C for 20 min. After pre-spinning the

column to elute residual buffer, the probe was then dispensed into a spin column

(Pharmacia Micro-Spin). Centrifugation was carried out for 20 sec and the probe was

collected in a catch tube. Salmon sperrn DNA 5 ¡rg/ml (200 pl) was added to the probe,

which was heated at 100"C lor 5 min, chilled and then adcled to the pre-hybridisation

buffer. Incubation was camied out at 65'C overnight.

The membrane was washed in2 x SSC, 0.1% SDS at 65oC for 20 min. A second wash

was caried out ttsing 1 x SSC, 0.1% SDS again at 65"C for 20 rnin. After discarding the

second solution, 0.5 x SSC, 0.1% SDS was used as a third wash at 65'C for a further 20

mln

3.2.8.5 Preparation of cell lysates from bacteria used in PCR

A loopful of a freshly growing agar culture was scraped into an Eppendorf tube

containing MQ FI20 (500 ¡tl), vortexed and boiled (10 min). The tube was then

centrifuged at 10,000 g (15 min) and supernatant (1 ¡rl) used for PCR. This method was

used for ni.fD and InterLINE PCR.

A second method f'or preparing cell lysates was used Tor niJH PCR. Cultures in NB

(5 ml) were grown ovemight in a shaking incubator at 28"C. Centrifugation was then

carried out at 10,000 g (3 min). The bacterial pellet was washed in MQ H20 (2 ml),

centrifuged at 10,000 g for 3 min, resuspended in MQ Hz} (2 ml) and the cell

concentration adjustecl to an optical density (ODono: 1-1.5). Cell lysates (100 pl), Tris

10 mM pH 8.0 (100 ptl) and proteinase K (5 n-rg/ml, 2.5 ¡t"l) were incubated in an

Eppendorf tube on a heating block at 55oC for 6 hours. Proteinase K was inactivated at

100'C (10 rnin) and the cell lysates stored at -20"C.
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3.2.9 Statistical analysis

Analysis of variance (ANOVA) using the computer software package Statistix vs. 7 and

Tukey's honestly signihcant clifference (HSD) was used to analyse all data nnless

otherwise stated.
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Chapter 4: Selection of a Soil Source for the Isolation of

Potential Inoculants

4.1 Introduction

The focus of experirnents described in this chapter was to select one of three soils as a

source of Nz-fixing bacteria, which could be used as potential inoculants for growth

promotion of wheat (Triticum aestivum var. Stiletto). Nz-fixing bacteria were isolated

from three South Australian soils (Kapunda, Avon and Waite) with the expectation that

adaptation to local soils and climate would increase the likelihood of successful

colonisation and persistence by selected bacteria, to a greater extent than inoculants

introduced from elsewhere. The ultimate choice of the soil source was based on

measured growth responses of wheat to follow inoculation with communities of Nz-

fixing bacteria from each of the three soils. It was hypothesised that the presence of

biologically hxed Nz within the wheat tissue and significant root elongation were

measulable characteristics which could be used to differentiate responses by plants

inoculated with communities of bacteria fi-om each of the soil sources.

Inoculated wheat, grown in an N-free medium, was exposed to an atmosphere endched

with 1sN2. Mass spectrometry was then used to detect the presence of l5N within the

plant tissue. V/here this was detected, microbial hxation of N within the rhizosphere can

be presumed.

In addition to the detection of Nz fixation, the length of inoculated wheat roots was

compared with those in control plants. A variety of factors influence the development of

roots. Low levels of available nitrate may trigger plants to increase the length of roots

per unit shoot weight in order to compensate for low nutrient influx (Jungk 1996).

Lateral root formation is stimulated by the localised supply of nitrate (Drew ef al1973'

Drew, l9'75' Sattelmacher and Thoms, 1989). Increased branching of the lateral roots

may also occur in response to phytohormone production by the rhizosphere bacteria

(Zimmer and Bothe 1989). This issue was not the focus of this study. To gain an
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understanding of conditions required to produce an inoculation effect in wheat,

experiments were conclucted both with and without nitrate supplement. It was expected

that the addition of nitrate would suppress Nz fixation in the rhizosphere bacteria and

would also provide an N source for the plants. Differences between treatments with and

without added N would permit direct effects of bacteria on root growth to be

distinguished from effects mediated by N, fixation.

Further studies were carried out to determine whether communities of N2-fixing bacteria

were capable of stimulating wheat roots in the early stage of root development where

seed reseles provided the sole nutrient supply.

4.1.1 Aims

To select one of three soils as a source of N2-fixingbacteria forpotential inoculation of

wheat (Triticum aestivum var. Stiletto) by:

comparing the effectiveness of communities of N2-fixing bacteria in fixing Nz by

measuring the transfer of fixed Nz from the rhizosphere into the inoculatecl plant

following cxposurc to lsN2, to dctcrminc thc cffcctiveness of communities of N2-

fixing bacteria to hx N2 (section 4.2),

o

a comparing increases in the length of plant roots after inoculation with each of three

communities of N2-fixing bacteria when grown in minimal medium under N-free

conditions (section 4.3), when grown with and without nitrate supplements (section

4.4) and when gro\¡/n with the seed source as the sole nutrients (section 4.5).
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4.2 Detection of Fixed N2 in Inoculated Plants Exposed to rsN2

4.2.1 Materials and methods

4.2.1.1Preparation of wheat for exposure to lsN2

Wheat seedlings (Triticum oestivunt var Stiletto) (3.2.3.1) were surface-sterilised

(3.2.3.2) ancl immersed for 2 hours in an inoculant plant macerate/rhizosphere soil

suspension (20 ml) derived from Kapunda, Avon or'Waite soils (3.2.2) . N.B. This will

b9 ¡eferred to throughout the thesis as "macerate suspension". Heat-killed macerate

suspensions from each of the 3 soils were used to inoculate control plants. A reference

bacterial strain Azospirilltrm sp. C10 fi'om Dr. P. New (Dept. Microbiology, University

of Sydney) r,vas selected for its high nitrogenase activity when grown in association with

wheat and included in the experiment as a comparative reference strain. Preparation of

the reference strain as an inoculant is describecl in section 3.2.1.1. Soil characteristics,

pH, soil water potential and soil nitrate measurements are describecl in sections 3.2.2.1,

3.2.2.2, 3.2.2.3 and Appendix 1 respectively. Two seedlings were then aseptically

transferred into spermosphere tubes (3.2.3.4) and gro\Mll in a C-and N-free semi-solid

medium as described in section Appendix 4. The tubes were then placed in the growth

cabinet as a completely randomised design and maintained at 15'C for 3 weeks. One of

the duplicate plants from each tube was used to ascertain lsN uptake lrom bacterial Nz

fixation and the second plant was used for measurement of total plant N. There were 8

treatments, each replicated 6 times.

4.2.1.2 Exposure of wheat to lsNz

Generation of lsNz with helium used as a diluent gas is described in section 3.2.1.In a

pilot experiment, lsN could be detected in the plant tissues by mass spectrometry

lollowing 3 days of plant exposLrre to,an enriched atmosphere of 'tN, 17%; Theplants

were therefore grown for 22 days in the tubes after which they were exposed for 3 days

to enriched 'tNr Aft". applying sterile rubber SLrba seals to the tubes, air (14 ml) was

then withdrawn through an airtight syringe and replaced witl'r lsNz enriched gas. Three

days after the introduction of ttN, th. Suba seals were relnoved lrom the tubes. The

necks of the tubes were plugged with sterile cotton wool and the tLrbes retumed to the

growth cabinet for a further 5 days after which time the plants were harvested. At

harvest, the plants were conventionally oven-dried overnight (65"C), dry weight
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detennined an<l the plant material finely ground. Ground plant material (4 rng) from one

plant was weighed. The ground material was then placed in aluninium caps (3 nim x 5

mm), the open ends of which were squeezed shut and rolled to prevent spillage of the

material. Each sample was then analysed by mass spectrometer lollowing combnstion

and volatinisation of plant material within the mass spectrometer (Dr. M Amato, CSIRO

Soil and Water) (ELrropa Scientific ANCA Systern). The mass spectrometer had the

capability for detecting levels of l5N as low as 0.010 excess (atoms %) above normal

background levels. The mass spectrometer measrtres masses and relative concentrations

of atoms and molecules. Quantification of l5N fron'r plant tissue was carried out by the

mass spectrometer following the ionisation molecules of dinitrogen, allowing relative

concentrations of mass 28:28:30 to be measured (mass 28:laN'oN; rnass 29:l5NlaN;

mass 30:lsN rsN¡. Statistical analysis was as described in section 3.2.10.

4.2.1.3 Quantification of total plant N

Total N in the second plant was determined by the Kjeldahl assay (3.2.6.1). Total seed

N was also determined to assess the likelihood that wheat plants would utilise an

exogenous source of N by 30 days of growth. Three groups of 10 seeds were selected

for their urifornity by weighing and determining the N content. These data were used

to calculate an average N conteut for each seed.

4.2.1,4 Estimation of bacterial numbers in the macerate suspension used to

inoculate wheat prior to enrichment with 1sN2 and in the rhizosphere after harvest

Estimation of bacterial numbers in the macerate suspension used to inoculate wheat and

numbers in the rhizospliere, after harvest of the wheat, was carried out as described i1

section 3.2.1.8.

4.2.2 Results

4.2.2.1Growth and total N content in wheat grown for 30 days

Wheat seeds were genninatecl and grown f-or 30 days in the presence of macerate

sttspensions from Kapunda, Avon and Waite soils. Control macerate suspensions were

heat-killecl and also used as inoculants in addition to the reference inoculant. After 30

days relative growth (dry weight) in all the inocnlated plants and in controls was not

signihcantly different. Indeed, nor did their growth differ frorn plants inoculated with
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the reference strain (Table 4.1). There was no difference between the total N content

(Kjeldahl) and N concentration (mean þglg) of all of these plants. Following

gennination, both the dry weights and the total N content of all plants were reduced

with growth when compared with that in the seed.

TABLE 4.1 Dry lveights and total N content of wheat plants after 30 days growth

Dry weights (DW) and plant N content from plants inoculated with macerate
suspensions from Kapunda, Avon ancl Waite soils were compared with seed DW and N
content. DV/ and N content of the plant were less than those of the seed. Seed DW and

N content are shown at the bottom of the table. Means and stanclard errors of means of 6
replicates are tabulated.

4.2.2.21tN incorporation into wheat tissues after 30 days growth

When wheat was inoculated with macerate suspensions from Kapunda, Avon and Waite

soils and grown for 30 days, the incorporation of ttN itrto tissue was not significantly

different from plants grown in heat-killed controls. However, the plants inoculated with

suspensions from Kapunda soil showed statistically significant elevated levels of

incorporated lsN when compared with levels in the plant material from Waite and Avon

soils. Tukeys HSD:0.003 (P< 0.05,) (Fig. a.1).

Bacterial

source

Inoculated Control

plant

(mg)

DW N per plant

(ug)

plant

(mg)

DW N per plant

(ug)

Kapunda 32+ 2 681 + 44 30 t1.7 766 + 77

Avon 3t +1.4 782 + 47 28 + 1.4 727 + 67

Waite 28 +1.1 591 + 27 32 +2.9 803 I 99

Reference 30 + 0.9 646 r28 30 + 1.1 727 !67

seed 37+5 807 r 19.6
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Fig.4.1 tsN excess (atom%o) in inoculated wheat plants after exposure to 77o rsNz.

Uptake of lsN measured by mass spectrometry. Wheat was grown in N-free semi-solid
medium in spermosphere tubes and inoculated with macerate suspension from Kapunda
(K), Avon (A), or Waite (W) soils or Azospirillum sp. C10 (Ref). Tukeys HSD = 0.003
Means and standard errors of 6 replicates.

4.2.2.3 Bacterial numbers in Kapunda, Avon and Waite soils

The macerate suspensions from Kapunda, Avon and Waite soils were incubated on N-

free media, 4CS, PCAT and Nfb (Appendix 4), to determine numbers of bacteria before

and after inoculation of wheat in 30-day growth experiments. The focus of this

experiment was to determine the viability of N2-fixing bacteria in the rhizosphere. All

the media were N-free.

At the start of the experiment, the greatest numbers of bacteria in the macerate

suspension (>106 cfu/ml) grew on 4CS medium, with fewer colonies growing on PCAT

and Nfb media. Numbers of bacteria enumerated on 4CS were significantly higher for

the V/aite soil when compared with Avon and Kapunda soils (P<0.05, Tukeys

HSD = 0.3021). The numbers of bacteria supported by PCAT medium from Waite were

significantly greater in number than those from the Kapunda soil. (Tukeys

HSD = 0.5166). There were no significant differences between inoculants from different

soil sources on Nfb medium (Fig. 4.2 a). After 30 days in all the spermosphere tubes,

bacterial numbers in the rhizosphere increased at least 100-fold. Estimation of numbers

of bacteria from the Kapunda soil grown on 4CS, PCAT and Nfb medium and from
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Avon soil on PCAT medium were less than those from Waite soil. (Tukeys HSD,

4CS : NS; PCAT :0.7094; Nfb: 0.6094, Fig. 4.2 b). Isolates growing well on these

meclia were purified and frozen as described (3.2. I .3).
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Fig. 4.2 Numbers of Nz-fixing bacteria in the macerate suspensÍon used for

inoculation of wheat (a) and from the wheat rhizospheres after 30 days of growth

in the spermosphere tubes (b)

(a) Macerate suspensions were grown on 4CS, PCAT and Nfb N-free medium to
estimate numbers of bacteria at the time of inoculation of wheat
Tukeys HSD 4CS = O.3021; PCAT = 0.5166; Nfb = NS

(b) After 30 days of growth in the wheat rhizosphere, bacterial numbers were
similarly estimated. Tukeys HSD 4CS = NS; PCAT = 0.7O94;
Nfb = 0.6094. K = Kapunda, A = Avon and'W = Waite.
Means and standard effors of 6 replicates.
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4.3. Bffect of Inoculation on Root Length

4.3.1. Materials and methods

4.3.7.1. Preparation of inoculated wheat plants for comparison of root lengths

The preparation of wheat plants growrl in 3 soils for isolation of macerate suspension

was essentially similar to those previously described (4.2.1.1). However, growth of the

plants was extended from 4 weeks to 7 weeks to increase the bacterial density within the

rlrizosphere (Rovira, 1965). Azospirillum sp. Cl} (4.2.1.1) was again included as a

relerence strain. In these experiments only I seed was inserted into each tube and grown

lor 31 days under controlled conditions. Growth conditions were as described in section

3.2.3.4. Inoculated wheat seeds were grown in spermosphere tubes, with 6 replicates for

each of 8 treatments as elsewhere (4.2.1 ,I).

4.3.1.2. Numbers of bacteria in inocula and plant rhizospheres

Assessment of numbers of bacteria both in the macerate snspension from the Kapnnda,

Avon and Waite soils at the time of inoculation and from the wheat rhizosphere

following haruest of the plants was carried out on N-free media as described in section

3.2.1.8.

Three plants were used for the isolation of bacteria fi'om the rhizosphere and within the

roots and stems as described in sections3.2.1.5. Bacteria plated onto semi-selective N-

free media 4CS, PCAT and Nfb (Appendix 4) and growing well on these media were

ptrrified and stored as described in section3.2.I.3. Isolation of bacteria from the soil

macerate suspension from the 3 soils used to inoculate wheat in the spermosphere

model system is described in section 3.2.1,4.

4.3.1.3. Measurement of root length

Three of the plants from the spermosphere system were used to isolate bacteria frorn the

roots and stems as mentioned (4.3.1.2) and the 3 remaining roots from each treatment

wele used to measttre root length. Roots were severed from the shoots, straightenecl and

measured with a ruler. The lengths of the sen'rinal and crown roots were measured as

well as the lateral roots.
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4.3.2. Results

4,3.2.I. Estimation of numbers of bacteria in inocula and after wheat harvest

Each of the 3 macerate suspensions from Kapunda, Avon and Waite soils contained

>1010 cfu/ml at the start of experiments to measure the effect of these inocula on root

growth. While the concentration fell by the end of the experiment, the numbers of

bacteria from the Waite soil grown on 4CS and PCAT media were significantly higher

than for bacteria from Avon and Kapunda soils (Tukeys HSD 4CD = 0.2241,

PCAT = 1.0828, Nfb = NS, Fig. 4.3).

¡4e
TPCAT

trNfb
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inoct¡lcnts gtrown on N{ree medio

Fig. 4.3 Numbers of Nz-fixing bacteria from the wheat rhizosphere

After 31 days growth in the wheat rhizosphere in spermosphere tubes, numbers of
bacteria were counted. Root macerates were plated onto the following N-free media:
4CS, PCAT and Nfb. K = Kapunda, A = Avon, 'W' 

= Waite and Ref = Azospirillum sp.
C10 inoc = inoculated, con = control. Tukeys HSD 4CS =0.2241; PCAT = 1.0828;
Nfb = NS. Means and standard errors of 3 replicates.

4.3.2.2. Root growth

When all macerate suspensions were inoculated to wheat grown for 31 days, the root

growth as measured by length significantly increased over heat-killed controls.

However, Kapunda and Avon inocula significantly decreased the number of seminal

and crown roots per plant (Tukeys HSD = 2.I655,Fig. 4.4 a). The length of roots was

increased (Tukeys HSD = 19.5, Fig. 4.4b). (Tukeys HSD = 4.7,Fig4.4 c).In contrast,
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inoculation with Azospirillum sp. C10 significantly redr"rced the lengths of the seminal

and crown roots and had no effect on lateral root length.
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Fig.4.4 Number of roots per plant (a), length of seminal and crown roots (b),

length of lateral roots after inoculation with macerate suspension from Kapunda,

Avon and Waite soils and reference strain Azospirillum sp. CL0 (c).

After growth in the spermosphere tubes for 31 days, effect of inoculation on wheat roots
was assessed by (a) counting the number of roots per plant, Tukeys HSD = 2.1655
(b) measuring the number of seminal and crown roots, Tukeys HSD = 19.5
(c) measuring the length of lateral roots, Tukeys HSD = 47.6.
K = Kapunda, A = Avon, W = Waite, and Ref = Azospirillum sp.CIO, inoc = inoculated,
con = control. Means and standard errors of 3 replicates.
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4.4 Eff'ects of Added Nitrate on Growth of Inoculated Wheat Roots

4.4.1 Materials and methods

4.4.1.1 Growth of inoculated wheat grown with and without addition of nitrate

Wheat seeds were gro\¡/n in spermosphere tubes in semi-solid medium (10 ml)

supplemented with 3.5 mM sodium nitrate (+N) or without N (-N) and grown lor 2g

days. These seeds were then either inoculated with rnacerate suspensions from plants

grown for 37 days in Kapunda, Avon and Waite soils as described in section 3.2.1.6,

inoculated with heat-killed suspension or left uninoculated. Tliere were 5 replicates of
each treatment.

4.4.1.2 Numbers of bacteria in macerate suspension and from the wheat

rhizosphere

Bacterial numbers in the macerate suspension from Kapunda, Avon and'Waite soils and

from the plant rhizosphere 28 days after inoculation \¡/ere counted as previously

(3.2.4.t).

4.4.1.3 Measurement of root length of wheat grown with or without added nitrate

Where the effect of nitrate supplement was being determined, a Delta T scanning

system was used to measure root lengths. Variations between measurements made with

a ruler and with the scanner were determinecl.

After harvest at 28 days, roots of wheat plants were preserved in 70o/o ethanol and then

stained with methyl violet dye in order to increase contrast (Hanis ancl Campbell,

1989). The roots were carefully positioned on filter paper to ensure no overlap with

each other (Pederson et al, 1994). An overhead transparency sheet was placed on top

and the root photocopied. The photocopies were then scanned using a flatbed optical

character recognition scanner, which was set at a resolution of 300 dpi. The files were

saved as TIFF hles. Delta-T software was then used to measure diameter, area, length,

volume and range of thickness of roots (Kirchhof,, 1992). Calibrations were carried out
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using known thicknesses of thread. Statistical analyses were performed as described in

section 3.2.I0.

4.4.2 Results

4.4.2.1 Numbers of bacteria

Nttmbers of bacteria from the macerate suspensions used to inoculate wheat seedlings

@ig.a.5 a) were lower than in the previoLrsly described experiment, which was carried

out to study the effects of inoculation on wheat root lengths (4.3.2.1). The highest

nunbers of bacteria grew on both 4CS and Nfb media. Numbers of bacteria from the

Kapunda soil were significantly higher than frorn either Waite or Avon soils when

grown on PCAT and Nfb media. Tukeys HSD, 4CS : 0.1131, PCAT : 0.2014, Nfb :
0.1653. After 28 days of growth with wheat in the spermosphere tubes, the number of

N2-fixing bacteria in treatments without added nitrate had increased, with the highest

numbers of bacteria again being supporled by 4CS and Nfb media (Fig a.5 b). There

were signifrcantly higher nurnbers of bacteria from Waite soil on both 4CS and Nfb

media compared with nurnbers of bacteria fì'om Kapunda and Avon soil. Nunbers of

bacteria from heat-killed controls were significantly less than from inoculated plants.

Bacteria in the rhizosphere of uninoculated and in rhizospheres with heat-killed

suspensions were more than two orders of magnitude less than inocnlated plants. The

highest numbers of bacteria gre\M on 4CS medium. Tukeys HSD, 4CS : 0.2170,

PCAT :0.2048, Nfb:0.1894. Numbers of bacteria were only assessed from plants

grown with no added nitrate due to the intention to re-inoculate plants grown in N-free

medium with these bacteria (4.5.1.1). Detection of bacteria in the rhizosphere of
uninoculated plants, led to further studies to investigate the presence of seed borne

bacteria (4.5.1.3.).
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Fig. 4.5 Numbers of bacteria destined to be used to inoculate wheat in studies on

the effects of nitrate on wheat root growth (a), numbers of bacteria in the

rhizosphere after 28 days of growth in spermosphere tubes without added

nitrate(b).

(a) Tukeys HSD 4CS = 0.1131; PCAT =0.2014; Nfb = 0.1653
(b) Tukeys HSD 4CS =0.2170; PCAT =0.2048; Nfb = 0.1894

Bacteria were grown on 4CS, PCAT and Nfb, N-free media as previously described.
Numbers of bacteria were counted from the rhizosphere of uninoculated and macerate
suspension inoculated onto heat-killed plants.
K = Kapunda, Kcon = Kapundacontrol, A = Avon, Acon = Avon control, W =Waite,
Wcon = Waite control, Un = Uninoculated.
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4.4.2.2 Root length

Nitrate addition alone had no effect on root length of inoculated plants grown in

spermosphere system at 28 days of growth. However, there was a significant increase in

root length in the plants that were inoculated with the macerate suspension from

Kapunda soil with added nitrate, when compared with uninoculated plants.

Furthermore, the root length of wheat grown with hearkilled macerate suspensions and

nitrate were not increased P<0.05 (Tukeys HSD = 225,Fig.4.6). The average length of

Kapunda roots was twice that of the Waite inoculated roots.

linoc
lcon
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i noc¡.¡ lcnls (+NÉ-l,l)

Fig.4.6 Total root length of plants of inoculated plants with or without added

nitrate.

Length of inoculated roots was measured after growth in the spermosphere tubes for
28 days. Treatments included added NaNO: (3.5mM, +N), or no added nitrate (-N)
Tukeys HSD = 22.5.
K = Kapunda, A = Avon, W ='Waite, fJn = uninoculated, inoc = inoculated,
Con = control, un = uninoculated.
Mean and standard errors of the mean of 3 replicates.
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4.5. Petri Dish Bioassay to Detect the Effects of Inoculation on Root

Growth

4.5.1 Materials and methods

4.5.1.1 Preparation for germinated seed for Petri dish assay.

Surface sterilised wheat seeds, germinated for 48 hours and inoculated for 2 hours in

rhizobacterial preparations were placed in Petri dishes containing river sand and water

(see below). The rhizobacterial preparations were obtained from wheat plants that hacl

been grown for 28 days in the presence of macerate suspensions from either Kapunda,

Avon or Vy'aite soils ìn N-free semi solid medium in spermosphere tubes. These plants

were removed from their media and the roots macerated. In these experiments,

inoculants were used diluted l:4 and 1:100 in phosphate buffer (0.05 M, pH 7.00). The

seeds were placed in a consistent orientation in a glass Petri dish together with 200 pl of

inoculum, which was applied to the emerging roots. The Petri dishes (9 cm x 1.3 crn),

contained washed river sand (25 Ð diameter (1-2 mm), and RO water (5 ml). They had

been autoclaved on 3 consecutive days at l2l" C for 20 min. There were 3 replicates for

each treatment as described in the previous experiment (Table 4.2). The Petri dishes

were angled at 45" and the lower two thirds of the dish covered with alfoil to encourage

roots to grow down into the river sand matrix. The dishes were randomised and grown

for 7 days in a controlled growth environment at 15oC with a 12 hour photoperiod, a

relative humidity with 0-70% and irradiance 240 pE m-2 s-r.

4.5.1.2. Root length in Petri dish bioassay

The length of lateral branches and the total length of the roots were measured with a

ruler.

4.5.1.3. Seed borne bacteria

It was assumed that any bacteria present in the rhizosphere of the uninoculated or heat-

killed suspension in control plants (4.4.2.1.) originated from within the plant. Therefore,

to test for the presence of seed borne bacteria, 24 wheat seeds were surface-steLilised

and pre-getminated on nutrient agar plates for 48 hours at 25"C to check for residr-ral

surface contamination. Six of the seedlings were then macerated in phosphate bLrfler
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(500 pl) and the macerate pipetted (10 ¡tl x 6 replicates) onto nutrient agar. To ensure

effective surface sterilisation, a further six seedlings were surface-sterilised a second

time prior to being macerated in phosphate buffer (500 pl). This macerate was then

dispensed onto nutrient agar (10 pl x 6). These nutrient agar plates were incubated at

28'C and checkecl for bacterial growth.

4.5.2 Results

4.5.2.1Root length

There were no differences in root length of 7 clay-old plants inoculated with

rhizobacterial preparation fi'om Kapunda, Avon and Waite soils that had been diluted

1:100 (results not shown). However, root length of plants inoculated with the 1:4 diluted

rhizobacterial preparation from both Kapunda and Avon soils were significantly longer

than the heat-killed controls. Plants inoculated with the rhizobacteria from Kapunda soil

also had significantly longer roots than plant roots from uninoculated plants (P<0.05,

Fig.a.7.). The rhizobacteria derived from the Waite soil had no effect on root growth,

whether heat-killed or not.
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Fig. 4.7 Total lengths of wheat roots inoculated with rhizobacterial preparations

grown for 7 days in Petri dishes

Inoculants for the Petri dish bioassay were obtained from wheat roots grown in
spermosphere tubes for 28 days (4.4.1.2) and diluted 1:4. Plants were grown in sterile
river sand and the root lengths measured after 7 days.
K = Kapunda, A = Avon !! = Waite, IJn = Uninoculated, inoc = inoculated,
con = heat-killed control. Error bars represent standard errors of 3 replicates.

4.5.2.2 Seed borne bacteria

Following surface sterilisation of the seeds, no surface contamination was observed

after 48 hours on agar plates. 'When macerates from 6 seeds were grown on NA, the

numbers of cfu/seed grown on each NA plate were 75, 0, 0, 0, 250 and 58. Following a

second surface-sterilisation, macerates from another 6 seeds were grown on NA.

Numbers of cfu/seed were 58, 0, 0, 0, 58 and 0 on each of the NA plates. Up to 5O7o

seeds released bacteria from inside the seed.
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4.6. Discussion

The focus of experiments in this chapter was tlie selection of a soil sonrce h'om one of

three field sites in order to select Nz-fixing bacteria as potential inoculants for wheat

growth. The data inclicate that the Kapunda soil is the most promising soLrrce, based on

evidence for an input of N from atrnospheric Nz-hxation in the plant rhizosphere (l5N)

and stimulation of root growth by bacterial consoúia from this soil. As discussed

previonsly, (2.2.3) generation of rsNz is an expensive procedure and due to the

exploratory nature of the experiment it was not repeatecl. The addition of a nitrate

supplement to the inoculated plants, up to 28 days after germination, was associated

with a positive inoculation effect. However, as the plants did not appear to require

nitrate in addition to seed reserves for up to 28 days after germination in the

spermosphere system, it is likely that other factors in acldition to Nz fixation are

responsible for beneficial plant responses.

4.6.1 N2 fixation

Evidence for the occurrence of Nz-fixation in association with plant roots following

exposure of the plant to t'N, *a. conhrmed by the detection of raised levels of lsN in

plant tissue by mass spectrometry. However, only a small amount of N was transfered

into the plant from Nz fixation in the rhizosphere. Data lrom this lsN2 experiment have

been supported by subsequent work showing evidence for N2 f,rxation by bacteria grown

in association with wheat, but with no significant transfer of fixed N into the plant by 26

days (Merbach et al, 1998).

It was anticipated that the contribution from free-living N2-fixing bacteria to the N

uptake by the plants would be small, given the high energy levels required by bacteria

to enable them to fix Nz (Sprent, 1979). As bacterial biomass increased 100 fold over

tl-re duratior-r of the experiment, conclitions were sufficient to sustain bacterial growth

and N2 fixation. To detect significant diflerences in total plant N attributed to N2

fixation, it would be necessary to extend the growth of the plants beyond 28 days. This

factor has been followed up ir-r tl're longer-term experiments described in Chapter 6.
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4.6.2 Stimulation of root growth due to microbial inoculation

The acldition of nitrate to the growth medium enabled differentiation to be made

between N2-fixing bacteria fiom the 3 soil sources used to inoculate wheat. Root

elongation was greatest in the plants inoculated with the bacteria derived fi'on'r the

Kapunda soil and suggests that an inoculation eflect other than, or in addition to, Nz

fixation contributed to the plant growth response. Indeed, the presence of available

nitrate may or may not repress nitrogenase activity, depending on concentration ancl

bacterial species. For example, nitrate (0.5 mM) did not affect nitrogenase activity in

Azospirilh¿n NR- and NR+ (El-Koury et al, 2003) but nitlogenase activity was

repressed rn Azospirillum l}SW when grown with adcled nitrate, but the replession was

reduced when the bacterium was grown in association with wheat (Bhattarai and Hess,

1997). Optimal growth in Azospirillum lipoferumhas been obserued with oxygen (5%),

nitrate (2 gll) and molybdemrm (0.5 g/l) (Furina et al, 1999). Inhibition of nitrogenase

activity was noted in Acetobctcter diazotrophicus when grown with ammonium chloride

and ammonium nitrate (25 rnM) but low levels of N (1/10 MS liquid mediurn) did not

repress nitrogenase acitivity (Muthukumarasamy et al, 2002). Tlie suggestion that a

mechanism other than Nz fixation is responsible for stimulating root growth is bome out

by data obtained in the Petri dish bioassay. Enrichment of dominant bacteria after 28

days of growth in the spermosphere moclel system with subseqnent re-inoculation onto

wheat grov/n in river sancl for 7 days in Petri dishes, resulted in stimulation of roots by

bacteria frorn the Kapunda soil source. The presence of bacteria in the inoculum

transferred from uninoculated and heat-killed inoculated plant roots to the seedlings in

the Petri dishes, may have originated within the seeds providing controls against which

irroculation eflects could be measured. The diflerences in bacterial numbers between

heat-killed controls from Kapunda, Avon and Waite soils (Fig 4.5b) may be attributed

to componnds produced by heat sterilisation as it was assumed that any seed-borne

bacteria would be similar. No nutrients were added to the river sand and with N

available from seecl reserves, stirnulation of root growth T days after inoculation is

therefore not likely to be attributable to Nz fixation.

Inoculated plar-rts grown in N-free semi-solid medium showed significant increases in

serninal, crown and lateral root lengths when compared with plants inoculatecl with

heat-killecl inoculum. In this study the macerate suspensions usecl to inocLrlate wheat

were also preparecl as controls after being heat-killecl by autoclaving. Methods for the
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sterilisation of soils include pasteurisation, gamma irradiation and furnigation as well as

by autoclaving. Increased nutrient levels may occur in response to heat or inadiation

with associated increases in availability of manganese (Cawse,l975).In a comparative

study of the eflects of sterilization by autoclaving or irradiation the effects of

respiration, nitrogen levels and direct counts of soil bacteria were used to clemonstrate

that in autoclaved soil, bacterial cells lysed rapidly, CO2 levels were recorded at almost

zero and after an initial NHa* flush the level remained steady. However, in irradiate<l

soils cell lysis was less and COz and NH+* levels increased over time (Ramsay and

Bawden, 1983). Other studies compared the growth of a fungus (Laccaria bicolor)

added to either autoclaved or inadiatecl soil and results from that study also indicated

that there were differences between the two methods of sterilisation. There \¡,/as no

fungal growth following autoclaving but rapid growth followed the inadiation of the

soil (Brulé et al, 2001). Preliminary studies to compare the dry weights of plants, either

inoculated with heat-killecl rnacerate suspension (atrtoclaved) or uninoculated,

demonstrated that after 4 weeks of growth there were no significant differences. The

decision to use the autoclaving to kill bacterial cells in preference to irradiation was

based on the above studies and the ease with which it could be performecl. Results of the

inoculation experiment (4.3.1) showed it was possible to detect effects of inoculation

but not possible to detennine which of the bacterial consofiia from the three soil sources

under investigation stimulated the best root growth. When inoculation density was

reduced from 10r0 cfu/ml to approximately 106 cfu/ml in the presence of added N, it was

possible to discriminate between the effects on root growth by the bacterial consortia

from the three soil sources.

Increased length of lateral roots in inoculated plants grown for 28 to 30 days may have

been partly due to improved N availability, attributable to Nz fixation by root-associated

bacteria. An altemative reason for increased root length in inoculated roots may be a

plant-induced response to depleted mineral supply, due to competition in the

rhizosphele from bacteria. Indeed, after 28 to 30 days of growth in the spermosphere

tlrbes in association with wheat, bacterial counts on three selective N-free media,

showed that a range of N2-fixing bacteria from the Kapunda, Avon ancl Waite soil

sources were present in the rhizosphere, ranging in density between 107 to 108 cfu/ml.

All bacteria including non N2-frxing bactelia were enunerated by plating onto Nutrient
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Agar (NA) but the data was not included as it did not represent signihcantly more

bacteria than were accounted for after enumeration on N-free media.

Tlie N2-fixing community from the Kapunda soil source was selected for furtlier study

ancl characterisation. This is describecl in Chapter 5.

4.7 Conclusion

In conclursion, this chapter has raised the notion that inoculants of macerate suspension

frorn rhizospheres derived from wheat grown in soils from Kapunda, Avon and Waite

might contain microbiota that will enhance the early growth characteristics of wheat. In

consequence, exploratory experiments to this end have shown that inoculation of wheat

by bacteria capable of growing on N-free media from Kapunda resulted in stimulation

of wheat roots and transfer of fixed N into the wheat tissue more effectively than

inoculation by bacteria from Avon and Waite soil sources. Chapters 5 and 6 provide

more concrete evidence about the mecliators that support these notions.
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Chapter 5: Characterisation of a Community of Bacteria

from Kapunda using Fatty Acid Methyl Ester Analysis

(GC-FAME) and Molecular Techniques

5.1 Introduction

A growth response in wheat plants, elicited through the plant rhizosphere by bacterial

communities from Kapunda, Avon and Waite soils was described in Chapter 4.

Conditions for plant growth were in N-free medium, and it was concluded that in spite

of the predicted likelihood of enhancement from Avon and Waite soils, Kapunda

yielded the better potential. Therefore, since the Kapunda bacterial community

contained significant nurnbers of Nz-fixing bacteria the experiments discussed in this

chapter were designed to cl'raracterise the Kapunda bacterial community. This approach

was made in order to determine whether the observed plant stimLrlation occuned in

association with dominant species within the community or whether species diversity

was the significant characteristic of the community. The characterisation studies also

sought to establish whether dominant bacteria in the cornmunity carry N2-fixing genes.

Fatty acid methyl ester (GC-FAME) analysis has been variously used to characterise the

structure of microbial communities (Kaneda, 1991; Frostegård et al, 1993; Olsson and

Wallander, 1998). Comparisons have also been rnade betweeu endophytic and

rhizosphere microbial communities in association with different cultivars of canola and

wheat (Siciliano et al, 1998). Techniques can be extendecl to compare N2-fixing

communities from different sources.

A locus of interest was to confinn the presumption that the eflect of Kapurda soil

bacteria on wheat growth was better than that of Avon and Waite. The cletection of

differences between the fatty acid profile of the N2-fixing bacterial community from the

Kapunda soil source and from Avon and Waite soil sources was so determined. It was

proposed that variations in the fatty acid profiles could provide a key to identify grolrps

or species of bacteria within the nicrobial communities, which, in turn, may differ

between soil sources and whicl'r of more importance may be responsible for plant

growth-promotion.
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To complement information obtained in the GC-FAME analysis, molecular techniques

were also employed to classify individual bacteria isolated frorn the Kapunda soil

source using rRNA-directed oligonucleotide probes (Woese, 1987). The use of

comparative 165 and 23S rRNA sequence analysis of various bacterial genera has

facilitated the compilation of phylogenetic databases (Olsen et al, 1994). Inlormation on

both highly conserved and variable regions within the rRNA molecular structure,

identical in phylogenetically related taxa, has resulted in the development of both

species and group specif,rc rRNA directed probes, to detect target sites of aligned

sequences. Within the cell, the large numbers of copies of rRNA have also enabled

whole cell identification using rRNA-directed probes (Kirchhof et al, 1997). The

oligonucleotide probes used in this chapter diflerentiated the alpha, beta and gamma

sub-groups of the Proteobacteria through hybridisation studies.

Clraracterisation studies also included amplification of ni/D (encodes for MoFe protein)

and niJH DNA (product is NifH, Fe protein) by PCR (polymerase chain reaction), which

was performed on bacterial isolates from the N2-fixing community frorn the Kapunda

soil source to detect structural genes for nitrogenase.

Identification of the isolates using GC-FAME analysis and comparison of GC-FAME

profiles with the Sherlock database (MIDI IncR. Newark, Delaware) and data obtained

through molecular techniques was to provide information to highlight similarities and

differences between individual bacteria isolated from the Kapunda soil. Using selected

isolates as inoculants for wheat, fatty acid prof,rles fi'om the rhizosphere were compared

with those obtained from the bacterial cornmunity frorn the Kapunda soil source. The

fatty acids present in the uninoculated plant rhizosphere \Mere assumecl to be derived

from both plant and seed bome bacterial sources so it was necessary to cliscount them

from the analysis of inoculated plants. The GC-FAME profiles from the individual

rhizobacteria of interest could then be compared with the bacterial community profiles

to evaluate contributions to the comrnunity prohle by individual bacteria.

The source of a consistently dominant fatty acid (18:1w9c) within the bacterial

cornmunity from Kapunda soil was also investigated as part of the overall project to

select potential inoculants to prornote the growth of wheat.
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5.1.1 Aims

The aims of experiments in this chapter \¡/ere as follows

to compare the GC-FAME profiles of three bacterial communities from Kapuncla,

Avon and Waite soils, after 6 weeks of growth in wheat rhizospheres, in order to

confirm relevant differences between the fatty acid profiles of the Kapunda

community and those of Avon and Waite (section 5.2.),

to classify bacteria isolated from the microbial community from Kapunda soil into

sub-groups of the Proteobacteria using rRNA-directed hybridisation probes and

relate species within the subgroups to the fatty acid profiles obtained with GC-

FAME (section 5.3),

to screen bacterial isolates from the Kapunda soil source for the presence of the

structural nitrogenase gene ni./D and ni/H using PCR to select isolates carrying the

nitrogenase gene for GC-FAME studies (section 5.4),

to detect similarities between isolates using a repetitive sequence based PCR

(InterLINE) to reduce duplication of selected isolates,

to compare GC-FAME profiles from dominant bacterial strains isolatecl from the

I(apunda soil microbial community with GC-FAME profiles of the community after

inoculation of wheat, to facilitate interpretation of fatty acicl peaks,

o

o

a

a

a to investigate the origin of a dominant fatty acid within the microbial community

from the Kapunda soil source (section 5.5).
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5.2 Comparison of GC-Fame Profïles of Three Bacterial Communities

5.2.1 Introduction

Bacterial communities isolated from Kapunda, Avon and 'Waite soil sources were

grown in association with wheat for 6 weeks under N-free conditions, after which the

GC-FAME profiles from the rhizosphere bacteria were analysed to detect any

underlying differences between their fatty acid profiles. GC-FAME analysis was carriecl

out directly on rhizosphere bacterial communities without the process of subcultnre onto

enriched media to include unculturable microorgansms in the analysis.

5.2.2 Materials and methods

5.2.2.1 Preparation of in oculated wh eat plants

Wheat was inoculated with macerate suspensions from wheat plants (Tritiuun aestiwm

var Stiletto) grown in soil from Kapunda, Avon and 'Waite 
as described in section

3.2.1.6. The plants were grown in N-fiee washed sand, semi-solid or porous agar media

in pots (7.5 cm x 6.6 cm) for 6 weeks prior to GC-FAME analysis in the rhizosphere

bacterial community. These three growth substrates were selected to provide the

opportunity to identify an optimal condition fol root colonisation by N2-fixing bacteria

in the experiment and following this, provide suff,rcient material on which fatty acid

profiles of the bacterial community could be determined. Initial experiments determined

that inoculated wheat grown in N-free medium in glass tubes provided insufficient

bacteria for the GC-FAME analysis and larger containers were therefore selected.

Preparation of the three substrates (N-free) with the addition of nutrient supplements for

the growth of wheat is described in section 3.2.4.2. Nutrient supplements were similar

to experiments described in Chapter 4. The substrates were antoclaved in pots and

inoculated with bacterial suspensions from Kapunda, Avon and Waite soil sources as

described in 3.2.1.8. Two wheat seeds, immersed for 2 hours in each suspension (1 ml)

were sowll into each pot. The roots fron the first plant were used for GC-FAME

analysis and roots from the second plant were macerated and used to estimate bacterial

numbers at harvest. There were 3 replicate pots per treatment.

Transparent sterile sun bags (Sigma), manulactured with a patch to allow the exchange

of gases, were used to cover the plants to prevent contamination. A per-forated grid
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(Fig. 5.1.) gave support to plants grown in semi-solid mediurn. The plants were

randomised and grown at 15"C in a controlled environment cabinet with a photoperiod

of 12 hours, temperature l5oC, at a relative humidity 60-70% and with irradiance 240

þrE m-2 r-1. The pots were watered to weight with sterile RO water every 3 days for 42

days.

transparent Sunbag f,rts over

autoclavable pot

pore for air transfer

ties

medium

roots

Fig. 5.1 Apparatus for growth of inoculated wheat supported by a perforated grid

and grown in semi-solid medium

grid
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5.2.2.2 Plant dry weights

Root and shoot dry weights were obtairred after drying the plant rnaterial at 60'C for 3

days. Results were analysed statistically using ANOVA (3.2.10).

5.2.2.3 Bacterial numbers

The numbers of N2-f,rxing bacteria in the soil bacterial suspensions and from the root

rhizosphere following harvest of the plants were determined by 10 fold serial dilution

and growth onto 4CS, PCAT and Nfb medium selective for N2-fixing bacteria

(Appendix 4). To compare the numbers of bacteria introduced at the commencement of
the experiment (1 ml) with the numbers of bacteria counted on the roots at the end of
the experiment (whole root system macerated in 1 ml) total numbers were expressed as

cfu/ml.

5.2.2.4 Preparation of the bacterial communities from the wheat rhizosphere for
GC-FAME

Inoculated plants were harvested under sterile conclitions. The roots from one of the two

plants from each pot were rinsed in PBS to eliminate sand and agar and then placed in

heat-resistant glass screw-top tubes (13 mm x 100 mm) containing PBS (10 ml). The

tubes were consistently shaken 20 times, roots removed from the tr.rbes and rhizosphere

suspension centriftrged at rnaximum speed of 4,000 rpm for 5 min (Econospin, Sorvall

Instruments). Centrifugation would have been more efficient at a higher speed to ensure

no bacterial loss but to prevent loss of sample by transfer lrom srnaller tubes able to

withstand greater centrifugal force to heat resistant tubes required for GC-FAME

analysis, the glass tubes were used for the entire sample preparation. The resulting pellet

was resuspended in fresh PBS (2 ml), and centrifuged once more for 5 min. The

supernatant was aspirated from the pellet, which vvas prepared and used directly for GC-

FAME analysis (3.2.4). Profiles of fatty acids were generated for each sample to

identify clifferences between the communities derived fron different soil sources and

types of growth substrates. The contribution of indiviclual fatty acids is expressed as a

percentage of the total.
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5.2.3 Results

5.2.3.1 Dry weight of plants

The mean dry weight of the shoots was significantly greater when plants were grown in

sand than in the semi-solicl or porous medium (P<0.05). Conversely, the mean dry

weight of roots was signif,rcantly heavier when plants were grown in semi-solid meclium

than in porous agar (P<0.05) as shown in Table 5.1. However, there were no significant

differences in weights of plants inoculated with bacteria from different soil sources

(data riot shown).

Table. 5.1. Weight (mg) of shoots and roots of wheat grown in

sand, porous medium and semi-solid medium for 6 weeks

Sand Porous agar Semi-solid

Shoots 780 + 51

^

640 + 56

b

590 r 34

b

Roots 490 !37

ab

360 r 36

b

510 + 50

ã.

Means and standard en'ors of means of 3 replicates. Means (shoots or roots)
followed by the same letter are not significantly different (P< 0.05).

5.2.3.2. Estimation of bacterial numbers in inoculum and rhizospheres

At the beginning of the experirnent wheat seeds were inoculated with 1 rnl of a

suspension containing 107 cfu/ml bacteria. After 6 weeks of growth in the rhizosphere,

the rhizobacteria from the Kapunda soil grown in the sand treatrnent had increased in

numbers lO-fold to ca 108 cfu/ml (Fig. 5.2). It was possible to estimate bacterial

numbers from the sand samples as serial dilutions for determining nnmbers on agar

plates were taken from a suspension. However it was not possible to eliminate sand

from the pellet prepared for GC-FAME analysis and therefore it dicl not reflect an

accurate assessment of the bacterial community. When grown either on PCAT or Nfb

media, numbers of bacteria from Kapunda, Avon and Waite soils were significantly

higher in sand than when grown on semi-solid or porous media.
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Fig. 5.2 Estimation of numbers of bacteria used to inoculate wheat and recovered
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means of 3 replicates.
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5.2.3.3 GC-FAME

FAME analysis revealed that the microbial commLrnity from the Kapunda soil source,

recovered from the wheat rhizosphere after 6 weeks of growth in semi-solid medium,

had a more diverse fatty acid profile than the rhizosphere communities of plants fiom

any source grown on the porous agar medium (Table 5.2). Similar fatty acids were

present in both porous and semi-solid media. However additional fatty acicls were

present in the semi-solid medium. The major fatty acids within the prof,rle from the

porous and semi-solid medium ìwere also similar. Difficulty in eliminating sand fi'orn

the sample in preparation for GC-FAME analysis resulted in a loss of bacteria from the

sample. The concentration of fatty acids in the rhizosphere of plants grown in sand was

therefore below the limits of detection.

Twenty one fatty acids (contributing 0.2Yo or more of the total) were detected in the

wheat rhizosphere communities. The highest percentage of latty acids detected in the

analysis were from 14:0, 16:0, 16:1w9c, 18:0, 18:1w9c, Sum feature 4 (16:Iw7

c/l5iso2OH or 15iso2OH/l6:1w7c), Sum feature 6 (18.2w6,9c118:Oante or

18:Oante/l8:2w6,9c). Fatty acids 16:1 and 18:1w9c) were common to all samples and

contributed approximately 20Yo and 50o/o respectively. The composite Sum features

were also detected in all samples. Signif,rcance of Sum features is discussed in

Appendix 2. Tofal number of fatty acids detectecl was higher in rhizospheres of wheat

inoculated with Kapunda soil suspension grown on semi-solid medium (21) compared

'uvith all other samples (6 to 9, Table 5.2).

Seven of the fatty acids from the Kapunda GC-FAME profrle frorn semi-solid medium

were identihed as bacterial latty acicls commonly detected in Gram negative bacteria.

Five of these fatty acids dicl not appear in the prof,rles of bacterial communities from

either Avon or'Waite soils.
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TABLE 5.2 Mean percentage contribution of individual fatty acids in the GC-
FAME profiles of bacterial communities from Kapunda, Avon and Waite
recovered from the rhizosphere of wheat plants grown in semi-solid medium and
porous medium.

Fatty acids detected in the rhizospheres of plants inoculated with bacterial communities
from Kapunda, Avon and Waite soils grown in pots in porous or semi-solid meclium
(not cletected in the rhizosphere of plants grown in sand). Fatty acids with highest
percentage of the total profile are shown in bold.
Fatty acids commonly detected in Gram negative bacteria (*). Sum feature 3

(16:1w7cl15iso2OH or l5iso2OHl161w7c), Surn feature 5 (t 8:2w6,9c118:Oante or
18:Oante/18:2w6,9c). Means and standard errors olmeans of 3 replicates.

SEMI-SOLID MEDIUM POROUS MEDIUM
von aite Kapunda von aite Kapunda

0.15 +.01
0.37 +.0 92 +.03 .42 +.18

.44 +.ll
1,.2 +.05 1.20 +.1 1.38 + 87 t.2r 1.3 t.25

2l +.0 .52 +.2
2 + 05 76 +.2 1.2 + .48
2 +

.82 +.11 1.51 +.3 .9 + 006
1.2 + .83 19.9 + + 0.3 19.1 + 18.4 + 2.2 22 + r.34

3.26 +.19 13 + 3.1 + .03 3.2 + .14
.27(!.02)

2.lr +.2 J + .005 .J + .03 7 +.51
0.26 +.01

52.1 + 2.1 +4 47 +l 59.7 +4. 41.0 + 6.3 + 3.8
0.4 (+.s3¡

0.3 +.03
0.24(+.02)

0.31 +.04
0.4 + .04

0.40(r.03)

5 +.0 11.5 + .88 88 + 3.41 + 7 + t.4 + 1.03
85 t.42 51 + 10.5 + 76 +.2 .55 +.5 10 t 1.53

I 9 I

Fatty acitls

10:03OH
12:00
140iso

l4:00
15:0iso *

15:0ante-iso*
l5:00 *

16:0ante-iso
16:0

16: lw9c
l7:0
cYclo *

l8:0
18:0iso
18:1w9c
18:3w6c
rc.g.12\
19:0iso *

l9:0
cyclowSc *

20:00 *

20:lw9c
20:4w6,
9,12,15c
Sum 3
Sum 5

Total number
offatty acids
in FAME
analysis
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5.2.4 Conclusion

Trace amounts of diverse fatty acids were detected in the GC-FAME analysis of the

microbial community from Kapunda. The presence of fatty acids 16:0 and 18:1w9c,

comprising 70o/o of the total fatty acids within the GC-FAME profile, prompted further

investigation to identily comlnon bacterial groups from the Kapunda soil.

5.3 Characterisation of the Kapunda Community of f{z-fixing Bacteria

using rRNA Group-specific Probes

5.3.1 Introduction

Group-specific oligonucleotide probes were used to classify bacteria isolated from the

community from the Kapunda soil source into sub-groups of the Proteobacteria.

Identification of isolates frorn the Kapunda soil source (4.3.1.2) using GC-FAME

analysis was carried out to validate the molecular experimentation.

5.3.2 Materials and Methods

5.3.2.1 Hyb ridisation of b acteria usin g rRNA-d irected group-s pecifi c probes

5.3.2.1.1 Nucleic acid extraction

Bulk nucleic acid extractions were prepared to contain substantial ribosomal DNA

content (Stahl and Flesher, 1987). Eighty bacteria isolates from the Kapunda soil were

taken from frozen stocks, grown on agar plates containing DYGS medium (Appendix

4.) and streaked to fotm single colonies. Rhizobium leguminosarum and Azospirillunt

brasilense, classified within the alpha sub-group of the Proteobacteria (Woese, 1987)

were included as reference strains. DNA extractions were carried out as clescribed in

Chapter 3.2.8.1. MOPS buffer (30 pl, Appendix 3.) and DNA (10 pl) were then gently

nrixed and applied to a Hybond-N+ filter (9 x 12 crn, Amersharn Pharmacia Biotech)

using a dot blot apparatus. The samples were applied according to the instructions of the

manufacturer (Bio Rad). The metnbrane was then air clried and fixed for 5 min by UV

cross linkage.
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5.3.2.1.2 Hybridisation of DNA to group-specific oligonucleotide probes

Hybridisation was carried out according to Kirchhof and Hartrnann, (1992). The fixed

tnenrbranes were placed in hybridisation bottles and pre-washed in 0.1 x SSC,0.5o/o

SDS for I hour at 31"C. The rnembranes were pre-hybridised lor I hour at 60"C in

buffer containing 5 x SSC, 5 x moclified Denhardt's solution and lYo sarkosyl (15 ml).

Denhardt's solution was diluted from concentrated stock (100 x modified Denhardt's

solution: 2Yopolyvinylpyruolidone,2Yo Ficoll 400,2o/o polyethylene glycol 8000). The

membranes were prepared in sufficient numbers for hybridisation to each of the probes.

The sequences for group-specific rRNA-directed oligonucleotide probes, ALF 1b (alpha

sub class), BET 42a (beta sub class), GAM 42a (gamma sub class, Manz et aL, 1992),

AZO (Azospirilltrm) are tabulated in Table 5.3 and referred to (3.2.8.2). The probes

were labelled with [32P] using a 3'end labelling kit (Amersham) and the labelling

reaction carried out at 37"C according to the manufacturer's recorìrrenclations. After

incubation, the labellìng reaction was added to the pre-hybridisation bLrffer in the bottles

and incubated overnight with the membranes in a rotating oven, set at the melting

temperatures of the oligonucleotide probes.

TABLE 5.3 Sequences and target sites for oligonucleotide probes ALF lb, BET
42a, GÃl{ 42a, LZO

Probes were labelled with [" p] using a 3' end labelling kit (Amersham). Overnight
hybridisation of membranes was caried out at the melting temperature of inclividual
oligonucleotide probes as shown.

Membranes were washed in 2 x SSC/0.1% SDS at room temperature for 20 min

followed by a further wash at hybridisation ternperature for 5 min. The membralles were

then air-dried and exposed to a phosphor-imagir-rg screen ovemight. Visualisation of the

images was carried out following exposure to a phosphor irnager ancl tl-re clata quantified

Probe Sequence Target site
rRNA position

Melting
temperatures
(T",)

ALFIb s' -CGTTCG(C/T)TCTGAGCCAG-3', 16s, 19-35 50'c
BET42a 5' -GCCTTCCCACTTCGTTT-3' 23s,1027-1043 47"C
GÃM42a 5' -GCCTTCCCACATCGTTT-3' 235,1027-1043 47"C

(Manz et a1,7992\

LZO 5' -GGGGCT(A/G)TTTCC(C/T)GG-3' 23s 48'C
(Kirchhof and

Hartmann, 1992)
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using Stonn Phosphor hnage software (Molecular Dynamics). The intensity,

background value and area of the image were analysed and an average value (intensity-

background/area) was calculatecl. Hybridisation was recordecl as positive within the

range of average values of 800-1999 and strongly positive with average values >2000.

The ranges were determined using the reference samples as indicators of strongly

positive average valnes.

5.3.2.2Identification of bacterial isolates using GC-FAME analysis

GC-FAME analysis and identification of isolates was carried out as described (3.2.4.I).

The GC-FAME profiles were compared with the Sherlock TSBA aerobe library version

3.8 (MIDI IncR. Newark, Delaware) and a compnter generated similarity index was

constructed to compare the GC-FAME profile from the sample with the GC-FAME

clatabase. The likely identity of sarnples was suggested by reference to the similarity

between the GC-FAME profile in the database and sample GC-FAME profile.

5.3.3 Results

5.3.3.1 Hybridisation of hacteria to group-specifTc probes

Results are presented in Table 5.4. Of the 80 isolates (excluding 2 reference strains)

hybridised to ALF1b, PBT Za, Gam4Za and AZO probes, 21 hybridisecl to the

GAJM4Za probe and 19 to the ALFIb probe. The remaining26 isolates did not hybridise

to the group-specific probes.

Three isolates hybridised to both GAM4Za and ALFIb and one isolate hybridised to

BET42a and weakly to ÃZO. The reference strains Rhizobium leguminosarum and

Azospirillnm brasilense hybridised to both ALFIb and AZO probes as expected, with

Azospirillum brasilense hybridising strongly to the AZO probe. The majority of isolates

identified by GC-FAME analysis correlated well with classihcation of the isolates into

sub-groups of tlie Proteobacteria following hybridisation to oligonucleotide probes

(Table 5.4). For example, the isolate iclentif,red by GC-FAME as Agrobncteriunt

hmtefociens, which is classified within the alpha sr-rb-group of the Proteobacteria

(Woese, 1987), hybridised positively to tl-re ALFIb probe. Apart from one exception,

the Enterics (eg Pantoea agglomerarts lantd Enterobacler trÐtlzyas¡ hybridisecl to the

GAM42a probe as expectecl. The bacteria iclentihed as Pantoeu agglomerans and
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Enterobacter taylorae each comprtsed 24o/o of the total number of isolates identified by

GC-FAME.

TABLE 5.4 Numbers of bacteria hybridising to rRNA-directed group-specific
probes ALFIb (a), BET42a(p),GÃl44Za ( ¡) and AZO

Positive hybridisation of calculated areas between the range of 800 to 1999 (+), strongly
positive >2,000(++), n : 80, 26 isolates did not hybridise to the probes. The number of
isolates which hybridised to probes and v/ere identihed by FAME are in parentheses,
The rernainder of isolates were unidentified.

5.3.4 Conclusion

The majority of bacteria fell into the alpha and gamma sub-groups of the Proteobacteria

while identification of the isolates by GC-FAME analysis indicated that they were

represented by a range of genera, many of which are known to contain N2-fixing

bacteria. The next step was to investigate the presence of the nitrogenase gene in the

isolates and assess genetic similarities between isolates.

5.4 Molecular Characterisation of Bacteria

5.4.1 Introduction

Isolates from the Kapunda soil source were screened for the presence of the structural

nitrogenase gene niJD and nifi1 using specif,rc PCR amplification as well as

hybridisation studies. A small study was also car-ried out to determine whether nif genes

were located on bacterial chrotnosomes or plasmicl. InterLINE PCR used as a

Probe Number of bacteria FAME
Identification

Hybridisation
(+) (++)

ALFIb 19 Agrobacterium tumefuciens
(2)
Enterobact er tay I orae (1)
Xanthomonr¿s sp.(1)

8 13

BET42a 8 Burkholderiu cepac ia (l)
Cytophaga (l)

6 2

G,\M42A 21 Enterobacter taylorae (2)
Pantoea agglomerarzs (3)
Pseudomonas putida (l)

15 6

Azo 2 Identification unknown aJ 1

Total No. of
isolates

54
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furgerprinting metl-rod was used to assess similarities between the isolates and reduce

duplication. The results from the characterisation str"rdies were then used to select

isolates carrying the nitrogenase gene for further study.

5.4.2 Materials and methods

5.4.2.1Purification of bacteria on selective media

To screen bacteria fi'om the Kapunda soil source for the presence of the nitrogenase

gene, bacteria from the rhizosphere and within the roots and stems of inoculated wheat

grown in semi-solid N-free medium in the spermosphere system (4.3.1 .2,3.2.15) were

taken from frozen stocks. Additional bacteria isolated from the rhizosphere of wheat

grorwn directly in Kapunda soil were also included (3.2.1.4). The bacteriawere selected

from N-free media (PCAT, 4CS and Nfb) ancl the selection of the isolates was based on

dominance and growth on selective media.

5.4.2.2 Polymerase chain reaction (PCR)

Cell lysates were prepared from purified isolates for use in PCR as described in section

3.2.8.5. Samples were placed in PCR tubes on a block in a thermal cycler (MJ

Research.). A negative control of RNAase-free water was includecl with every PCR to

ensure that the products were free from contamination.

5.4.2.2.1PCR using n r.if genes

A 370 base pair fragment of nifV gene, which corresponded to positions I 1 I and 483 of

the Bradyrhizobittm japonícum niJH gene was amplifìed with primers shown in Table

5.5 (modified from Zehr et al, 1995). Bradyrhizobium japonict¿m and Azospirillurn

brasilense were usecl as reference strains.

TABLE 5.5 Oligonucleotide nifH primers used for PCR

Primer 1 5 -GGAATTCTGTGATCCTAAAGCTGA-3
Primer 2 5 -AGCATACATTGCCATCATTTCACC-3
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The amplification reaction mix (25pI) is shown in Table 5.6.

TABLE 5.6 Reagents for amplification of z/H genes in bacterial cell lysates.

Reagents final
conc

Quantity
reaction

per Supplier *

10 X buffer (1x) 2.5 ¡tl Promega
MgCl2 25 mM (2mM) 2vl Promega

d NTP 10 mM (2mM) 0.5 pl
Primer 1 20 ¡rM (0.1¡rM) 1.25 p"\ Gene Works

Primer 220 ¡t"M (0.1pM) 1.25 p,l Gene Works

RNAase-free sterile water 16 pl
Taq Polyn-rerase 5U/p.1 (0.1U) 0.5 pl Promega
Cell lysates lpl
Total volume 25 pl

* Suppliers: Pronega , Castle Hill NSW; GeneWorks, Adelaide, South Aust.

The initial denaturation step was performed at 95'C for 3 min followed by 35 cycles of

94oC for I min, 45"C for 2 mín and 72"C for 30 sec. A final extension step was then

carried out at 72"C for 3 min. The products were electrophoresed on a lo/o agarose gel in

lx TAE buffer and stained with ethidium bromide and visualised under UV light.

Sequences for the ni./D primers (260 and26l) are shown in Table 5.7

TABLE 5.7 Oligonucleotide primers used for n/D PCR.

Primer 260 5 -TC(A/c)TTr(C/T)CrAT(A/c)rG(A/G)TG (N G t C tr t)CC-3
Primer 261 s-rc GGr ccr (A/G)Tr AA(A/G)GA(C/r)ArG-3

The reaction mix and thermal programme for the nf D PCR was as clescribed by

Rademaker ancl de Bruijn, (1991) (Table 5.8). Bradyrhizobium .japonicunt and

Azospirilhtm brc¿silense were used as control strains.
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TABLE 5.8 Reagents for amplification of zr.;fD genes in bacterial cell lysates

Reagents final
conc

Quantity per reaction Supplier *

5 X Gitschier buffer (1x) 5pl (see 3.2.6.3)
BSA 2Ornglml (16rng/ml) 0.2 ¡tl Promega

DMSO t00% (10%) 2.5 ¡tl Sigma Aldrich,

d NTP 100mM
mixed 1 :1 :1 :1

to give 25 mM each (0.5mM)

0.5 ptl Boehringer
Mannheim,

RNAase-free sterile water t2.65 p,l

Primer 260 10 ¡rM (0.a ¡rM) lpl Gene Works
Adelaide

Primer 261 1OpM (O.apM) 1pl Gene'Works
Adelaide

Taq Polymerase 5U/¡rl (0.08U) 0.4 pl Promega

Cell lysates 1pl
Total volume 25 prl

x Suppliers: Promega, Annandale, NSW Aust.; Sigma Aldrich, Castle Hill, NSV/ Aust.;
GeneWorks, Adelaide, S.Aust. ;Boehringer Mannheim, Geneva, Switzerland.

The PCR cycling conditions were as follows: denaturation at 95oC for 7 min with 35

cycles of 94"C for 1 min, 52oC for I min and 65oC for 8 min. A hnal extension was

carried out at 65"C for 16 min. The products were electropl'roresed on alo/o agarose gel

in 6 x loading buffer, stained with ethidium bromide and visualised under tIV light.

5.4.2.2.2 InterLINE PCR

A repetitive sequence-based PCR (InterLINE) was canied out to generate species-

specific PCR procluct patterns. The long interspersed DNA elements (LINES) occur in

close proximity to each other and one LINE primer is used in the PCR for amplification

of products (Smida et al, 1996). The sequence for the GRK primer is shown in

Table 5.9. Sirnilarity of bands was compared by eye.

TABLE 5.9 Sequence for the GRK InterLINE oligonucleotide primer used in the

The PCR master mix for the InterLINE PCR was prepared in a final volume of 50 pl

with the following reagents as shown in Table 5.10.

GRK 5 -GAGTTTGGCAAAGACCC-3
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TABLE 5.10 Reagents for the repetitive sequence based InterLINE pcR.

* Suppliers: Promega, Annadale, NSW, Aust.; Boehringer Mannheim, Geneva,
Switzerland; GeneWorks, Adelaide, S.Aust.

The samples were placed in a thermal cycler and the block temperature was held at

84'C for 10 min then reduced to 80"C while Taq Polymerase 5U/ptl (0.a ¡rl) was added

to the PCR mixture. Denaturation of the samples was carried out at 93 'C for 90 sec,

which was followed by five cycles of 93'C for 90 sec min, 37"C for 90 sec, 72C for Z

min. This was then followed by 25 cycles of 93'C for 1 min, 52oC for I min and,72"C

for 2 min with a frnal extension at 72"C for 10 min.

Reagents final
conc

Quantity per reaction Supplier *

5 X buffer (Appendix 3)
(0.5x)

5pl

MgCl2 25mM (1.smM) 3pl Promega
d NTP 10 mM (0.2mM) lpl Boehringer

Mannheim
RNAase-free sterile water 34.6 ¡tl
GRK primer 50 pmole (1p/mole) ipl Gene Works
Cell lysates 5 prl

Taq Polymerase 5U/¡rl
added after a hot start (0.04U)

0.4 pl Promega

Total volume 50 pl
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5.4.2.3 Preparation and hybridisation of zy'probes

5.4.2.3.1 Generation of probes

DNA fron Bradyrhizohiunt .iaponicunt and Azospirillunt hrusilense was arnplifred by

n|fD and n/H PCR. The amplification products were electrophoresed on l%o agarose gel

and the bauds corresponding to the niJD genes (a00bp) and niJfl genes (370 bp) were

excised. The DNA from the excised bands was purified using the QlAquick gel

extraction kit protocol (QIAGEN, Santa Clarita, USA) according to the manufacturer's

instructiotrs and presence of product size confirmed by gel electrophoresis. The purified

DNA was then used as a hybridisation probe. The sequence for the oligonucleotide ni.fD

probe (kindly provided by Dr'. G.Kirchhof, unpublished) is shown in Table 5.1 1.

Table 5.11 Sequence of nìJD oligonucleotide probe

nifD 5'-GACATCGTNTTCGGCGGCGA-3''

5.4.2.3.2 Hybridisation of nif amplification products

The products from nifD and nz/H PCR (25 ¡rl) were electrophoresed on a 1.57o agarose

gel, stained with ethidium bromide and then visualised under UV light. The gel was

depurinated, clenatured and neutralised (section 3.2.8.3.) and the DNA transfened to

Hybond Nr membranes using a Southem blot (Sarnbrook et al, 1989). Hybridisation to

nif probes was performed as described in section 3.2.8.4. Following washing, the

membranes were then air-dried and exposed to a phosphor screen for 24 hours after

which time a phosphor-imager was used to visualise the bands.

Plasmid miniprep extractions from selected bacterial isolates were carried out to

determine whether nif genes detected by PCR were located on the plasmid. In the

preparation for extracting plasmid DNA, bacteria \À/ere grown in Luria broth (5 ml) at

28"C in a shaking incubator overnight and the plasmids extracted according to the

nrethocl of Birnboim and Doly (1979). Agrobacterium radiobacter K84 was used as a

positive control. Plasmicl DNA \À/as resuspended in TE buffer with RNase A

(20 þe / rnl) ancl stored at -20"C until used. The plasrnid DNA (25 pl) with ó x loading

buffer (4 pl) was applied to a 0.8olo agarose gel and electrophoresed in 1 x TAE at 4"C

for 36 hours. Southem blots and subsequent hybricLisationto ni,fD DNA probe andnifD

oligonucleotide probe were then carried out as describecl above.
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5.4.3 Results

5.4.3.1 niJH, niJD and InterLINE PCR

A product of 370 bp was consistently amplified from Bracþrhizobium japonicum, the

positive control following n/FI PCR. Of the 29 isolates tested, 1 I also gave a. similar

band. Examples are shown in Fig.5.3.

Following amplification of ntf D, positive control Bradyrhizobium japonicum showed a

band of 400bp. Of the 86 isolates tested, 21 consistently gave a band of 300bp.

Examples are shown in Fig 5.4.

Five groups of three or four isolates were identifred with similar banding patterns

following InterLINE PCR. (6% Polyacrylamide gels were electrophoresed by Dr. G.

Kirchhof, results not shown).
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Fig.5.3. z/H amplifTcation of DNA from bacterial strains isolated from the

rhizosphere of wheat gro\ryn under N-free conditions in the spermosphere model.

Lane (a) l00bp DNA ladder (Promega),(b) isolate 1 (c) isolate 2 (d) Bradyrhizobium

japoniamt (370bp) (e) isolate 3 (f) isolate 4 (g) KL1.t (h) isolate 5 (i) P5.2 (i)

Azospirillum brasilense, (k) isolate 6. KLl .1,P5.2:370bp.
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abcdefghiiklrnno

a-400bp

Fig.5.4. n|fD amplification of DNA from bacteria isolated from the rhizosphere of

wheat grown under N-free conditions in the spermosphere model.

Lane (a) 100bp DNA ladder (Promega), (b) Bjuponiann, (c) H20, (d) KL2.3, (e) KLi.1,

(Ð KL1.3, (g) KL5.4, (h) KL2, (i) KL6.4, û) KL4, (k) KLs, (l) KL6, (rn) KL7, (n) KL8,

(o) Braþrhizobium japonicum (400bp), KL2.3, I .1, 1 .3, 5 .4,2 :350bp.

e

-400bp
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Information obtained from amplification of nif genes and fi'om species-specific PCR

product band pattems produced by InterLINE PCR, was used to construct a table into

which 5 groups of isolates were placed (Table 5.12).Included in the table is information

obtained from hybridisation to group-specific probes (5.3.2.1). and identification of
isolates following GC-FAME by comparison with the Sherlock TSBA aerobe library

version 3.8 (3.2.4).

With one exception Group 1 isolates were selected on Nfb medium (requiring malic

acid as a carbon source), all hybridised to GAM42a probe and showed a 300bp band

following amplihcation by nzlD PCR. Identification by the Sherlock database indicated

that three of the four isolates tested were Pantoea agglomerans. Two of these isolates

also showecl bands of 370 bp after amplification by n/F{ PCR. Group 2 isolates were

also isolated using malic acid as the carbon source in the medium (Nfb medium), but

none was positive using nz/D PCR. A1l Group 2 isolates hybridised to BET42a probe.

The three isolates from Group 3 all hybridised to GAM42a probe and two of the three

isolates produced a 300 bp band after amplification with after n/D PCR. Group 4

isolates were all isolated on Nfb medium, two hybridised to GÃM42a, and all showed a

300 bp band after nz/D PCR amplif,rcation. Both of these isolates also produced a 400 bp

band after nz,/l{ PCR. Identification of 2 of the 3 isolates by the Sherlock database

indicated that they were Pctntoea agglomerans. Group 5 isolates were all selected on

PCAT medium (utilising azelaic acid as a calbon source). Two hybridised to both

ALFIb and GAM42a probes and showed no bands after niJD PCR. However, one of the

three isolates showed a 400 bp band following amplification of DNA with niJH primers.
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TABI,E 5.12 Bacterial isolates grouped by InterLINB PCR, niJD andni/H pCR,
rRNA group-specific probes and identification by Sherlock database after GC-
FAME analysis.

Sirnilarity of band pattern after InterLINE PCR and grouped 1-5. Banding pattems were
compared by eye.
nifD and nifilbands are indicated as present or not by (+) and (-) respectively.
Bacterial strains were isolated on P (PCAT), KL (Nfb) and 4CS(4CS) medium. KS was
isolated from within the stem of wheat.

5.4.3.2 Hybridisation to n4f probes

Hybridisation to amplification products fi'om positive control bacteria (Bradyrhizobium

japonicum and Azospirillum brasilense) occurred when either nfil or ni,lD probes were

used.'When the stringency of hybridisation conditions for the nifiI probe was reduced

by lowering tlie hybridisation temperature from 65oC to 60oC, bands from amplification

products from three isolates liybridised to the nifi7 probe. Tliis confimed that nifiI
genes were pÍesent in the isolates tested bLrt a reduction in hybridisation stringency

irnplied a lower hornology to the ni/Íl genes of the control strains.

When arnplihcation products from the same isolates were hybridised to a niJD

oligonucleotide probe, there was a weak band from only one isolate and no bands whe¡

hybridised to the ni.lD Azospirillutn brasilense probe .

Name of isolate niJD ttilW Hybridisation to
rRNA-clirected

probes

Identification
Sherlock database

after FAME
(Similaritv index 0-1)

1 P 5.2 + + GAM42a Pailtoea
(0 e)

ugglomerans

I KL I.I + + GAM42a P.agglomerarr.s (0.9)
I KL I.3 + GAM42a P.ngglomerals (0.7)
I KL 4.2 + GAM42a uniclentified

2 KL 2.I BEl'42a unidentifiecl
2 KL 5.2 BET42a unidentifìecl
2 KL 6.1 BET42a unidentified
2 KL2.2 No hvbridisation P.agglonterar¡s (0.6)

4CS 1.4 + ALF'Ib Solmonella
typltimuriunr (0.88)

P 5.1 + GAM42a uniclentifled
-t KS 2.2 GAM42a Enterobocler

(0.e2)
taylorae

4 P 3.1 I + ALFIb/GAM42a unidentified
4 P 3.2 No hybridisation uniclentifìed
4 P 4.3 2 + ALFlB/GAM42a unidentifiecl

5 l<L 2.3 + GAM42a P.agglomertns
5 KL 3.I + + GAM42a P agglomerans (0.84)
5 KL 4.3 + + No hybridisation P agglomerørs (0.90)
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5.4.4 Conclusion

There was eviclence for the presence of the nitrogenase gene within bacteria isolated

fronr Kapunda soils. Hybridisation of amplification prodr-rcts from niJH PCR to nifiI
probes conltnned homology to the n/H genes present in the controls and although a

consistent band was shown for ni,/D amplification products, homology to the controls

was poor. This indicates that ni.fD genes had low homology to the control strains. This

information was used to reinforce selection of isolates containing the nitrogenase gene

for further study.

5.5 Comparison of the GC-FAME Profiles from Inoculated and

Uninoculated Wheat

5.5.1 Introduction

Plant macerate suspension (3.2.1.6) or individual bacteria isolated from Kapunda soil

were used to inoculate wheat grown in N-free semi-soliil medium to compare fatty acid

prohles of the bacterial community after 6 weeks of growth in the rhizosphere.

Individual bacteria isolated from the rhizosphere of wheat grown for 6 weeks in semi-

solid medium in the spermosphere model system. The experiment aimed to investigate

the identity of fatty acids comprising the highest percentage of the GC-FAME profile of

the bacterial community.
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5.5.2 Materials and Methods

5.5.2.1 Comparison of bacterial fatty acid profiles from the plant rhizosphere

inoculated with either individual isolates or mixed rhizobacteria from Kapunda

soil

Wheat was inoculated witl-r each of 8 isolates and grown for 6 weeks in N-free semi-

solid medium in the spermosphere model system. Mixed rhizobacteria from Kapuncla

soil (3.2.1.7) were also used to inoculate wheat and grown as above. The fatty acid

profiles were compared. Selection of the isolates was basecl on positive results from nif

D ancl nifiI PCR, hybridisation to group-specific probes and identification on GC-

FAME (Table 5.13). Two of the bacterial strains (4KR1 .2 and 4KS6.1) had been

previously isolated from the wheat root and stem respectively. A heat-killed control was

included in the experiment in addition to reference strains Azospirillum brasilense and

B u rkh ol tle r ia cepac i a.

TABLE 5.13 Bacteria selected for GC-FAME to compare individual fatty acid
profiles with the community profile after 6 weeks growth in the wheat rhizosphere.

GC-FAME identification of 8 isolates frorn the bacterial community from Kapunda.
Selection of bacteria was based on positive ni.fD and nr,ûI PCR and hybridisation to a
variety ofgroup specific probes.

Bacterial isolates \Mere grown overnight as broth cultures (5 ml) in TSB on a shaking

incubator at 28o C. The cultures were acljnstecl to 108 cfu/ml, washecl ancl resuspended in

Isolate Identification
on GC-FAME

nifD nif H Hybridisation to
probe

KI 1.1 Pantoea
agglomerans

+ + GANl42a

KL 2.1 uniclentified + BET42a
KL 4.4 P.ctgglomerans + GAM42a
KL 5.4 P.ctgglomerans + +
KL 6.4 Enterobacter

tuylorae
+ ALFIb

P 5.2 unidentified + + GAM42a
4KR 1.2 E.taylorae +
4KS 6.1 E.toylorae + 2 GANl42a
Azo sp iril lutn br as i lens e Azospirillum

brasilense
+ + ALFIb

Burkhokleria cepacia B.cepacict
Kapuncla

Kapunda control
Uninoculated
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phosphate buffer (pH 7.00). Surface-sterilised seeds were immersed for 2 hours in the

bacterial suspension and uninoculated control seeds were placed in phosphate buffer.

Autoclavable pots (7.5cm x 6.6cm) containing C- and N-free semi-solid agar (4CS, 160

ml) with 1.7 5 g agarll were used to grow the wheat seedlings as described in section

3.2.4.2. Four seecllings were plantecl per pot and there were 3 replicate pots for each of

13 treahnents. Plants were grown under the same conditions as clescribed previously

(s.2.2.1).

5.5.2.2 Harvest of inoculated plants in preparation for GC-FAME analysis

Fatty acid profiles from the eight isolates selected as inoculants and mixed rhizobacteria

were generated by GC-FAME analysis. After 6 weeks of growth tl.re roots from the four

plants in each pot were pooled and placed in sterile centrifuge tubes (50 ml) containing

PBS (10 ml). Tlle tubes were placed on an orbital shaker for 20 min, the roots removed

and the tubes centriluged at 10,000 g lor 10 min. The resulting pellet was then

transferred to glass Pyrex tubes for GC-FAME analysis (3.2.4.1.) Fatty acid profiles

were compared. The fatty acids from uninoculated plants were subtracted fi'om the

profiles of inoculated plants to eliminate all plant relatecl fatty acids from the analysis.

5.5.2.3 Investigation into the identity of dominant fatty acids in the FAME profile

from the bacterial community from the Kapunda soil

Consultation of the GC-FAME Gram negative database (Sherlock) showed that the

bacterium Stenotrophomonas maltophilia could be partly iclentified by the presence of

fatty acid 18:1w9c. Braþrhizobium japonicum co:uld be partly identified by fatty acids

19:OcyclowSc and Sum features 3 (16:i w7c / 15iso2OH, 15iso2OH I l6:lw7c), all of

which corresponded with fatty acids present in the profile of the mixed rhizobacterial

commrtnity from the Kapunda soil. Yeast mannitol medium (YM) was used to isolate

additional bacteria fi'om the wheat rhizosphere of plants inoculated with bacterial

community from the Kapunda soil harvestecl in section 5.5.2.1. Twenty isolates were

prepared for GC-FAME analysis as described in section 3.2.4.1.
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5.5.3 Results

5.5.3.1 GC-FAME analysis of bacteria before and after inoculation of wheat

Fatty acid profiles from bacteriarecovered from the rhizosphere of wheat 6 weeks after

inoculation indicated that 60-80 % of the fatty acids recorded at the tirne of inoculation

were retained. An example of data for 4 isolates is shown in Table 5.14.

Table 5.14 Fatty acids in the GC-FAME profïle from bacteria before and after
recovery from the rhizosphere

Isolates 4KR1 .2,KL4.4, P5.2 and 4KS6.1 before and after recovery from rhizosphere.
Fatty acicls retained after recovery from rhizosphere are highlightecl in bold.
Sunr2 ( 12:0alde? unknown 10.928, 16:1 isol / 14:03OH or l4:03OH / l6:1 isol)
Sunr3 (16:1 w7c ll5iso2OH, 15iso2OH ll6:lw7c); Sum4 (17:1isol / anteiB or
17:lanteiso B /iI); Strm5 (18:2w6,9c / l8:0ante or 18:Oante I l8:2w6,9c) Replicates:3.

Percentage contribution of fatty acids to total profile
Fatty
acid

4KR1.2
befbre

4KR1.2
after

Kt 4.4
before

KL4,4
after

P5.2
before

P5.2
after

4KS6.1
befbre

4KS6.1
after

9:0 09 4.2
10:03O
H

1.2 2.49 .84 2.8 1.23 84

72:0 3.57 2.0r 1.58 2.3 1.69 2.3 3.5 1.76
l2:020
H

4.31 97 4.s8 76

l2:03O
H

1.62 3.75 1.38 3.92 l.2t 93

13:0 26 2

I40 6.t9 2.43 5tt 2.57 .49 2.86 6.17 2.4
Un 14.5 77 75
15:Oiso 2.3 2.7 2.75 18
15:0ante
lso

3.49 3.4 3.s5 5.2

15:0 1.74 t.32
16:0 27 12.43 31.44 18.2 30.86 t4.9 27.07 15.088
16:1w5c 19 1.05 19

17:0 1.05 8l
17:Ocycl
o

11.42 6.004 5.07 4.7 4.2 5.8 9.93 6.14

18:0 .25 93 1.29 1.83 1.22 1.45 .25 1.19
18:1w7c 27.1 10.s 16.52 13.8 16.81 13.7 22.4 5

l9:Ocycl
o8c

.45 ó.5 .57 s.16 .48 5.59 .33 4.07

sum2 1.59 2.45 2 2.77 2,88 7.64 2.47
sum3 r7.73 8.4 31.82 7.85 32.29 9.14 19.01 7.73
sum4 .41 30.04 .43 17.75 65 23.77 .39 23.46
sum5 5.2 4.7 5 4.2 3,15
Total
I'atty acids

71 t6 l3 16 13 l6 l5 t6
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Fatty acid 18.1w9c represented 47.4% of the total fatty acids from the bacterial

community profile (Table 5.15). The fatty acid prohle from tlie inoculated plants

showed greater numbers of fatty acids than the controls.

TABLE 5.15 GC-FAME analysis of fatty acids from the wheat rhizosphere, 6
weeks after inoculation with bacteria from the Kapunda bacterial community
(Kapunda), the heat-killed Kapunda control (Kapunda controt) and uninoculatecl
plants.

Values in bold print record a high percentage of individual fatty acids from the prohle.
Sum2 ( l2:Oalde? unknown 70.928,16:1 isol / 14:03OH or 14:03OFI / 16:1 isol)
Sum3 (16:1 w7c / 15iso2OH, l5iso2OH I l6:Iw7c)
Sum4 (17:1isol / anteiB or 17:lanteiso B /iI)
Strnr5 (I8:2w6,9c / 18:0ante or 18:0ante ll8:2w6,9c). Means and standard enors of
means of 3 replicates.

Fatty acids from the rhizosphere of uninoculated plants were omitted from the profiles

of all inoculated plants to ider-rtify fatty acids specifically associated with the bacterial

populations and exclLtcle plant fatty acids. Nine fatty acids were iclentihed as only

Fatty acid ' fatty
Kapuntla

acids '/o fatty acids
Kapuncla control

V, f'atty
Uninoculated

acids

9:0 0.49 + 0.16 3.9 + 0.62
10:03OH 0.22 + 0.01 0.78 + 0.08 1.05 + 0.04
12:0 0.42 + 0.08 4.06 + 0.45 1.96 t 0.08
l2:02OlI 1.9 t 0.41 t.47 + 0.10
l2:03OH 2.69 + 0.82 1.375 + 0.104
l4:0 0.56 + 0 .06 1.87 + 0.i9 3.04 + 0.17
14:0iso 0.2 + 0.03
15:0iso 0.39 + 0.04 2.47 + 0.4
15:Oanteiso 0.5 + 0.05 4.61 + 038 2.86 + 0.41
16:0 17.4 + 032 t8.72 + 1.29 t7.6 + 1.79
l6:0anteiso 0.63 + 0.19
16:1w9c 1.s4 + 0 .34
17:0anteiso 0.16 + 0.017
17:0cyclo 0.82 + 0.14 6.67 + 0 .58 8.15 + 0.9
18:0 2.25 + 0 t5 1.9 + 0.244 2.28 + 0.4
1B:0iso 0.4 + 0.08
l8: lwTc 4.1 + 0.5 10.7s + i.5 7.5 + 1.5
1lMe1B:1w7 0.43 + 0.05
l8:1w9c 47.4 + 2.19
19:0cycloBc 0.65 + 0.12 2.8+ 0.9
20:1w9c 0.53 + 0 .08

20:46,9,12,15c .29 + .05

sum2 0.2 + .04 1.35 + 0.26 2.05 + 0.11
sum3 3.28 + .19 10.58 + 1.2 8.8 + 1.2
sum4 3.28 + 0.19 n+2.7 26.08 + 1.3
sum5 ß.7 + 1.4 4.9 + 0.9 73 + t.2
Total fatty acids 24 15 l6
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occln.ring in the Kapunda commLrnity fatty acid profrle (Table 5.16). The don-rinant fatty

acid 18:lw9c was not present in the uninoculated rhizosphere. The reference strains

Burkholderia cepacia and Azospirillum brasilense and isolates P 5.2, KL 5.4 also

contained fatty acids not present in the rhizosphere of uninoculated plants.

TABLE 5.16 Fatty acids from the rhizosphere of inoculated plants (Kapunda)
retained after omitting the fatty acids from the rhizosphere of uninoculated plants
from the Kapunda fatty acid profile.

Fatty acid 18:1 w9c with highest percentage of the total profile is in bold print. Means
and standatd errors of means of 3 replicates.

5.5.3.2 GC-FAME analysis oï Stenotrophomonas multophiliø isolatecl from the

Kapunda microbial community

Sixty percent of the bacteria isolated r¡n YM Lrrediurn fron the bacterial community

from the Kapunda soil source were identified, through GC-FAME analysis, as likely to

be Stenotrophomonas maltophilia. Two fatty acids 16:1w9c ancl 18:1w9c, which

contributed to the bacterial community fatty acid profile from the Kapunda soil were

iderrtified only in the fatty acid profrle of Stenotrophontonas maltophilia (see Table

s.r7).

Percentage of fatty acids
Ì'attv acid Kapunda B.cenacin A.brasilense P 5.2 KL6.4
9:0 0.49 + 0.16 3.8 + 0.28 4.2r + t.6
10:0 0.63 + 0.15 0.81 + 0.13
11:Oiso 1.01 + 0.39
14:0iso 0.2 + 0.03
15:0 1.00 + 0.2 0.85 + 0.01
16:0anteiso 0.63 + 0.19
16:tw9c 1.54 + 0.34
16:03OH
16:ONalcohol 0.79 + 0.1 0.93 + 0.15
17:0anteiso 0.16 + 0.01

18:0iso 0.4 + 0.08
llMe 18:1w7c 0.43 + 0.05
18:1w9c 47.4 + 2.19
20:1w9c 0.53 + 0 .08

2O:4w6,9,12,I
5c

0.29 + 0 .05

Number of t'atty
acids retained
after omitting
fatty acids
similar to those
in uni¡roculated
rhizosphere

10 3 3 3
,,
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TABLE 5.17 Fatty acid content from GC-FAM[, analysis of rhizosphere bacteria
from the l(apunda microbial community and Stenotropltotltonos multophiliu.

F'A'I"I'Y ACTD PERCENI'AGE OF FATTY ACID IN GC-FAME ANAI,YSIS
Kafiunda S t e n otro p lto ûro n as m dto p hi I i ø

9:0 0.49 + 0.16
10:0 0.72 + 0.05
l0:03OH 0.22 + O.Or

I l:0iso 2.5 t o.os
I l:Oiso3OH 1.08 0.01
Unknown 11.79 L17 +.01
12:0 0.42 + 0.08
l2:0iso3OH 1.0 +.37
l2:03OH 2.54 + 0.21
l3 :0iso .511 + 0
13:0 2OIl 7l + o.oo8
13:0iso 3OFI 1.74 0.02
I4:0 0.56 + 0.06 5.3 0.05
l4:0iso 0.2 + 0.03 1.87 + 0.06
l5:0iso 0.39 + 0.04 26.s + 0.3
l5 :0anteiso 0.5 * o.os l6.s + 3

l5:0 1.3 * o.ot
16:0 r7.4 t 032 8.19 + 0.02
1 6:0iso 332 + t.4
16:0anteiso 0.63 + 0.19
l6:1w9c 1.54 + 0.34 3.8 + 0.07
I 7:0iso 1.7 + 0.04
IsolT:lw9c 2.48 t 0.04
l7:1w7c 0.41 + 0.01
I 7:0anteiso 0.16 + 0.017
17:Ocyclo 0.82 + 0.14
l8:0 2.25 + 0 .15

18:0iso 0.4 * o.os
18:lw7c 4.r * o.s 1.0s + 0.17
l1Mel8:1w7 0.43 + 0.05
l8:lw9c 47.4 +2.19 l.2l + 0.08
l9:0cyclo8c 0.65 + 0.12
20:1w9c 0.53 + 0 .08

20:46,9,12,15c 29 * .os
snnr2 0.2 * .o+

sum3 3.2S + .19 14.06+ 0.32
sum4 3.28 + 0.19 0.85 + 0.06
sum5 ß.7 + L4

Fatty acids 14:0iso, 16:1w9c and 18:1w9c (highlighted) were common to
Stenotrophomonas maltophilia and the Kapunda rl'rizosphere community after omission
of fatty acids present in the rhizosphere of nninoculated plants
Strm2 (12:Oalde? unknown 10.928, l6:1 isol / 14:03OH or 14:03OH / 16:1 isol),
Surn3 (16:1 w7c / 15iso2OH, l5iso2OH I 76:lw7c), Surn4 (17:lisol / anteiB or
17:lanteiso B /iI), SLrm5 (18:2w6,9c / 18:Oante or 18:0ante I 78:2w6,9c) n:3.
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5.5.4 Conclusion

The majority of fatty acids contributing to the fatty acid profile of isolates used to

inoculate wheat \ /ere recovered from the rhizosphere were similar before and after

inoculation. As expected however there were variations in the percentage of the fatty

acids recoverecl. Two of the isolates tested had fatty acids in common with the

community of bacteria, but these represented only a small percentage of the whole

profile. Stenotrophomonas maltophilia also isolated from the community of bacteria,

but unlike other isolates tested, had similar fatty acids in common with the bacterial

commnnity. These were 14:0iso, 16:1w9c and 18:1w9c.

5.6 Discussion

GC-FAME analysis provided the basis for comparing differences between the rnicrobial

communities from Kapunda, Avon and Waite soils. The bacteria were washed from the

wheat rhizosphere after growth in C-and N-free semi-solid medium for 6 weeks and

usecl directly for GC-FAME analysis without the disadvantage of further culture and

potential loss of nnculturable bacteria (Cavigelli et al, 1995; Richie et aI,2000). The

fatty acid profile from the bacterial community from Kapunda soil showed a greater

diversity of fatty acids within the profile, compared with the communities from the

Avon and 'Waite soils. Comparison between the fatty acid profiles of the bacterial

community from Kapunda soil, in either porous or semi-solid media, enabled the

detection of similar fatty acids within the profiles from both media but a greater

diversity of fatty acids was present in the semi-solid medium, albeit in trace amounts.

Therefore it was assumed that sirnilar species were present in both media but with a

greater opportunity for the proliferation of additional species provided in the semi-solid

medium. Statistical analyses carried out in other GC-FAME studies have included trace

amounts of fatty acids (<0.3%) in the analysis of the total prohle from sediment and

humus samples (Rajendran et al, 1992; Bååth et al, 1994). However, only fatty acids

that contributed to greater than 1% of the total in at least one of three replicates was

inch-rded in another analysis (Lawler et al, 2000). The nutrient supplements for sand,

porous ancl semi-solid media were similar to those used previously in Chapter 4 and it

was anticipated that growth in the semi-solid medium would encoLrrage the presence of

the same species grown in larger growth pots as gro\Mrì in the smaller tubes used
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previoLlsly. Differences between the physical structures of the different media may have

contributed to stnall changes noted in fatty acid content between porous and semi-solid

media particularly from bacterial communities from the Waite soil, although the major

fatty acids in the profile were retained. The study was designed to acldress differences

between bacterial communities from the 3 soil sources to accor,rnt for the positive

growth-prornotion in wheat inoculated with bacteria from the KapurLda soil (Chapter 4).

GC-FAME analysis showed that the range of bacterial species frorn the Kapunda soil

was likely to be greater than from within the bacterial communities from Avon or Waite

soìls.

Although the levels of some of these fatty acids were present in trace arnounts, they are

known to occur in Grarn negative bacteria (GC-FAME Sherlock Aerobe Library vs 3.8).

As part of the broader investigation to identify bacteria within the Kapunda soil profile

contributing to plant growth, it was therefore considered worth including in the study.

Plant growth-promoting bacteria such as Stentropltontonas ntaltophilia are known to

contain fatty acids 15:0 ante-iso, 15:00 and 15:iso (in trace alnounts) in addition to

16:1w9c, 16:0 ancl 18:1w9c present as 3.1,20.6 and 47'/o of the profile respectively

(GC-FAME Sherlock Aerobe Library vs 3.8. see 3.2.4). Free-living N2-fixing bacteria

Enterobacter tctylorae and Pantoea agglonterans contain fatty acids 12:0 and 17:Ocyclo,

Pseuclomon¿rs sp. 12:0, 10:03OH ancl 17:Ocyclo and Rcthnella aquatilis l7:Ocyclo all of

which correspond to the fatty acids detected in the GC-FAME profile from rhizosphere

bacteria clerived from the Kapunda soil. It is also known Corynebacteriunt sp. used as a

biodegradation agent (Rahman et aL,2002) contains 18:1w9c (Haack et al, 7994). Nr-

fixing bacteria such as Klebsiella sp. contain the major fatty acids found in Sum feature

3, with 15:00 also present in trace amounts. The major fatty acids 16:0, 18:1w9c and

Sum feature 3 are colnmon to many bacteria for example Arthrobacter spp.,

Azotobuctel spp., Xanthomonas spp., Paenibacillus spp., Pseudomonas spp., and

Azospirilltun brasilense (Sherlock Aerobe Library). Sum featnre 3 is present in

Klebsìellu spp., Burkholderia cepacia, Enterobacter spp., Rahnellct aquatalus,

Sulntonellu spp. and Azospirillunt brasilens¿. It was therefore likely that the bacterial

community from Kapunda, grown in N-free conditions in the wlieat rhizosphere,

contained a nrore diverse range of bacteria compared with the two other soil sources.

The assumption was made that growth in N-free medium would advantage N2-fixing

bacteria in tl-re rhizosphere and encourage their growth.
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The study also highlighted the presence of several dominant fatty acids, providing a

focus for investigating the identity of bacteria likely to play a major role within tlie

community from the Kapunda soil source. Following inoculation of wheat by bacteria

isolatecl fi-om the bacterial community of Kapunda soil, GC-FAME analysis was carried

out both prior to and following the recovery lrom the rhizosphere after 6 weeks of
growth, and results indicated that the majority of dominant fatty acicls were retained by

indiviclual isolates. The proporlions of fatty acids within the prohle were frequently

altered but the observation supporled other work indicating that environmental

conditions, temperature and conditions for growth may often alter the proportions of

dominant fatty acids but that the fatty acids were generally retained and identihable

(Haack et al, 1994). Differences observed in the fatty acid profile from individual

isolates before and after growth in the wheat rhizosphere show some differences in fatty

acids after harvest. The fatty acids detected by GC-FAME after growth in the

rhizosphere could be a contribution by seed-borne bacteria and fufiher studies would be

needed for clarifi cation.

The subtraction of latty acids, which were present in the rhizosphere of uninoculated

plants from the fatty acid profile of inoculated plants, highlighted the presence of fatty

acids of microbial origin. The dominant fatty acids from the inoculated Kapunda

rhizosphere, 18:1w9c and 16:1w9c, were not present in the rhizosphere of uninoculated

plants or plants inoculated with individual strains (isolated from the potentially N2-

fixing bacterial community). However, subsequent isolation of Stenotrophornonas

maltophilia from the rhizosphere bacteria fi'om Kapunda and GC-FAME analysis

provided evidence for the likely contribution of fatty acids l4:Oiso, 18:1w9c and

16:1w9c by Stenotrophomonas maltophilia to the community FAME profile. The

bacterium was sub-cultured successftrlly at a later date on N-free mediurn (data not

showrr) indicating that Stenotrophomoncts maltophilia grows in N-free conditions in the

rhizosphere. Recent studies have cited Stenotrophomonas maltophilia strain SB-K88 as

a biocontrol agent which produces antifungal xanthobaccins one of which (A)

suppressed damping-off disease (Nakayarna et al, 1999) and mutagenesis of strain W81

improved biocontrol of Pythium spp. (Dumre et al, 2000). Stenotrophomonas

maltophilÌa strain C3 prevented the growth of Rhizoctonia solunl KLrhn on grass

(Giesler and Yuen, 1998). The bacterium also has potential plant growth-promoting

properties (Koch et al, 1998). The interest in the bacteriurn as biocontrol agent and plant
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growth promoter suppoded the decision to test it as a potential inoculant in the cument

work.

The combination of GC-FAME and molecular techniques provided information for the

conipilation of a set of data of isolates classified within subgroups of the Proteobacteria,

and iclentification of isolates carrying the nitrogenase (nifl gene, thus reclucing the

number of isolates targeted for firrlher study. Indeed the recovery of rhizobacteria, with

subsequent culture on N-free selective medium, indicated that Nz-hxing bacteria had

proliferated in the wheat rhizosphere after 6 weeks of growth in N-free conclitions.

Screening of isolates using amplification of both niJD and nifW PCR products with

subsequent comparison of data, supporled evidence for the presence of the nitrogenase

gene within isolates. There was, however, a consistently different band size between the

amplification of DNA from the nz/D PCR products of reference strain Azospirillum

brasilense and the DNA of isolates tested. The poor results obtained from hybridisation

of isolates to the ni./D probes may indicate a poorly conserved ni.fD rcgion within the

isolates under investigation and may also account for the difference in band size of ni.fD

amplif,rcation products. Sequencing of PCR products from several isolates following

n/D PCR was initiated but not completed due to tine constraints ancl would no doubt

clarify poor results.

Subsequent to this study, approaches in acldition to or instead of GC-FAME analysis

have been published to improve the identification of microbial communities. As GC-

FAME analysis does not provide positive identihcation of microorganisms within the

soil community, additional complementary methods can be used. For example GC-

FAME or phospholipid fatty acid analysis (PLFA) has been used in association with

specific polynerase chain reaction-clenaturing gradient gel electrophoresis (PCR-

DGGE) to examine changes in microbial structure over time (Thirup et al, 2003;

Kozdrój and van Elsas, 2001). The eflectiveness of PCR-DGGE however depends on

the clesign of prirners based on sequences of already identified bacteria and DNA from

unknown bacteria may not be amplified due to diflerences in sequences (Marschner eL

al, 2001). New methods for culturing previously r"rnculturable bacteria (Sait et aL,2002;

Janssen et al,2002), will contribute to the genetic database of known organisrns. GC-

FAME length heterogeneity PCR (LH-PCR or termirlal restriction fì-agrnent

poll.rnorphism (T-RFLP) to provide infonn¿rtion on nucleic acid diversity of soil
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bacteria (Ricliie et al, 2000) uses fluorescently-labelled primers for amplihcation of

DNA derived from microorganisms (Dierkson el aL,2002). Comparative 16s rRNA

sequence analysis and fluorescent iz slrz hybridisation (FISH) has also been used

successfully to study microbial diversity in environmental samples (Arnman et al, 1995;

Amman et al, 1996) The success of these approaches again depends on the matching of

sequences with those published within databases and the use of multiple group-specific

probes (Daims et al, 1999).

In Chapter 6, selection of potential inoculants for screening wheat growth-promotion

was based on information derived from characterisation studies of Chapter 5. The

inclusion of Strenotrophomonas ntaltophiha for further testing was also based on

assessment of GC-FAME profiles.
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Chapter 6: Co-Inoculation of Wheat to Improve Early

Growth

6.1 Introduction

The experiments described in this chapter were carried out to assess the potential for

improving the growth of wheat using bacterial inoculants isolated and selected from the

Kapunda soil source. This chapter is divided into two sections. The hrst section contains

the selection and screening of isolates to exclude antagonistic responses between them.

The second section describes experiments designed to assess plant dry weights and

concentration of total plant N in co-inoculated wheat, grown in N-sufficient and N-

lirnited plants.

The GC-FAME and molecular studies described in Chapter 5 was considered to provide

sufficient information to support the selection of isolates from Kapunda for these further

studies. Criteria for selecting such isolates included their ability to grow on N-free

medium, a presence of the nitrogenase gene and a range of genera represented within

the alpha, beta and gamma sub-groups of the Proteobacteria.

Stenotrophomonas maltophilict, a possible plant growth-promoting bacterium (Koch et

al, 1998) present in the Kapunda soil source was selected as a potential inoculant

through comparative fatty acid studies. The isolates were identified by GC-FAME

analysis.

Hybridisation studies, using rRNA probes, classified isolates within sub-groups of the

Proteobacteria and srtbsequent DNA fingerprinting reduced the chance of the

cluplicating isolates selected for further study.

The cornbination of more than one microorganism as co-inoculants can result in a

synergistic effect. Azospirillum lipoferum and Phictlophora ratlicolct, an aviruleut

fungus found in grasses have been used together to inoculate wheat and Azospirill¿tnt
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brasilense and Glotnus sp. strain have been also used as co-inoculants fior whcat with

significantly improved growth of plants (Flouri et al, 1995; Gori and Favilli, 1995). As

discussed previously (2.6.3), a mix of bacteria as inoculants can stimulate significant

plant growth promotion. In the first section of this chapter, preliminary testing was

carried out ttsing single isolates, later a mix of two. Three bacterial isolates were hnally

selectecl as co-inoculants on wheat.

The second section of this chapter returns to the issne of N-fixation. Measurement of the

N in bacteria recovered from the roots of inoculated plants was carried out to determine

whether the N bacterial biomass could affect the estirnation of plant N if bacteria were

retained on the plant roots despite vigorous washing.

6.1.1 Aims

The aims of the work can be categorised as follows as follows:

Screening and selection of isolates

o to screen isolates for possible antagonism to each other (6.2.1.1),

o to select potential isolates as co-inoculants forwheat (6.2.1.2) and

o to determine whether selected bacterial isolates persisted in the wheat rhizosphere

following inoculation (6.2.1 .3).

Co-inoculation of wheat to enhance growth

¡ to compare dry weights and total plant N following co-inoculation of wheat with 3

bacteria with or without added ammoniurn nitrate or with increasing concentrations

of ammonium nitrate (6.3.1.1, 6.3.1 .2 and 6.3.1.3),

¡ to verify that the N content of the bacterial biomass that remain on the root do not

contribute signifìcantly to total plant N following inoculation of wheat (6.3.1.4).
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6.2 Section 1: Screening and Selection of Bacterial Isolates as Potential

Co-Inoculants for Wheat

6.2.1 Materials and methods

6.2.1.1 Antagonism studies

In order to select co-inoculants, by their ability to not exhibit antagonism to each other,

12 bacterial isolates were studied. Purified isolates (KL1.1, KLZJ, KL2.4, KL3.1,

KL4.2,KL4.4,KL5.4,KL6.4, KS2.i,P5.2,4KS6.1,4KR1.2) were separately cultLrred

overnight in DYGS liquid broth (5 mls) (Appendix 4) in a shaking incubator (28'C).

Aliquots (10 pl) of each these bacterial cultures to be tested for antagonistic effects

were applied to the centre of a Petri dish of modified Stonier's agar (Appendix 4) and

incubated for 2-3 days. The bacteria were then killed by chlorofomt. Each bacterium to

be tested was grown overnight in DYGS broth as described above and added (0.5 ml) to

the overlay medium (5 ml) (3.2.5.13). The overlay rnedium was pourecl over the

Stonier's agar (i.e. killed bacteria) and the dianieters of zones of inhibition in the

overlay culture were measured after 3 days of incubation at 28"C. One Petri dish was

prepared for testing each bacterium and the experirnent was repeated 3 times. Data was

pooled and expressed as the mean of the measured zones of inhibition.

6.2.1.2 Selection of isolates as potential inoculants

To make a final selection of potential inoculants, purihed isolates selected from

preliminary studies (results not shown) were first identified by GC-FAME or Biolog@

(Biolog@ identihcation by Dr. G. Kirchhof). Also included, as controls were

Azospirillum lipoferttm 596 and Rhizohium meliloti. Bacteria were grown ovemight in

TSB (5 ml, Appendix 4) in a shaking incubator at 28"C (Table 6.1).



Isolate Identification by FAME

(F) or Biolog@ (B)

FAME Similarity Index

0_1

KLl.3 Pantoea agglomerans (F) 0.709

KLz.2 P antoea ogglonterctl,s (F) 0.606

KL3.I Pantoea agglo nterctns (F ) 0.849

KL5.4 Pantoeu agglonterans (F) 0.823

KS2.1 E nterobacter taylorae (F) 0.915

P 5.2 Pantoea agglomercuzs (F) 0.90s

KL2.4 Stenotrophomonas

maltophilia (B)

105

TABLE 6.1 ldentification of isolates by GC-FAME or Biolog@

GC-FAME (F) identification, Biolog@ (8, Dr. G. Kirchhof)
KL and KS isolates were selected on Nfb medium and the P isolate
was selected on PCAT medium.

The cultures rwere washed twice in PBS and the concentration of cells adjusted to 107

cfu/nl in phosphate buffer (0.05 M, pH 7.0). Isolates KL5.4 andKL2.4 were cornbined

as a dual inoculant as were the two reference strains Azospirillurn lipofentm 596 and

Rltizobium meliloti. Pre-germinated wheat seeds were surface sterilised, immersed in

the bacterial suspensions for 2 hours and placed in Petri dishes on sterile washed river

sand with sterile water (5 ml). There were 3 replicates (5 seeds per replicate) for each of

9 treatments, including an uninoculated control. The Petri dishes were angled at 45o and

the lower two-thirds of the dish covered with aluminium foil to encourage roots to grow

down into the river sand. Dishes were randomised and plants grown for 7 days in a

controlled growth environment at 15'C with a 12-hoLrr photoperiod, relative humidity

60-70% and an irradiance 240 ¡ßlmls. Root lengths were then measured with a ruler.

6.2.2 Results

6.2.2.1 Antagonism studies

Isolate KL2.I (unidentifiecl) was inhibited by isolates KL3.1, KL4.4, KL5.4, P5.2, (all

identified as Pantoea agglomerarts). The data lor each isolate tested was pooled and

expressed as a mean size zone of inliibitions (Table 6.2). No other inhibitory elfects

were fonnd (results not shown).
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TABLE 6.2 Diameter of zones of inhibition of isolate KL2.1 tested against ll
bacterial isolates isolated from Kapunda soil

Isolate Identification Inhibition of KL2.1
Size of zone (mm)

KLl.1 P.agglomerans 0
KLz.4 S. mnltophilia 0
KL3.1 P. agglomerans 29 t 0.6
KL4.2 uniclentifiecl 0
KL4.4 P.agglomerans 33 t 0.3
KL5.4 P.agglonterans 21 t0.6
KL6.4 E.taylorae 0
KS2.1 E.tayloroe 0
P5.2 P.agglomerans 29 t 0.6
4KS6.r E. taylorae 0
4KRl.2 E.toylorcte 0

Isolates tested for antagonistic responses to each other included Pantoea agglomerans,
Stenotrophomonas maltophilict, Enterobacter toylorae and an unidentified strain.
Means and standard errors of means of the size of zone of inhibition fi-orn each of the 3

experiments.

6.2.2.2 Selection of isolates as potential inoculants

There were no significant differences were between the root length of wheat grown in

association with different test isolates or uninoculated. However wheat roots inoculated

with dual inoculants KL541KL2.4 and with isolate KS2.1 were the longest of those

tested (Table 6.3).

TABLE 6.3 Mean root length per plant of wheat grown in association with

bacterial isolates for 7 days

Isolate Mean root length (cm) se

A. lip 50.1 i.6s
uninoculated 48.0 1.82

KM 44.9 1.98

KLs.4lKL2.4 52.8 2.38
KL3.1 50.0 2.30
KS2.1 52.2 2.89
A.lip /R.mel s0.8 2.53
P5.2 44.t 2.77
KL2.2 47.7 2.22

A.lip:Az o s p i r i I I um I ip oferut m, R. mel : Rh iz ob iu m nt e I i I o t i
Means and standard enors of means of 3 replicates.
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6.2.3 Summary

Three isolates (KL5.4, KS 2.1 and KL2.4) were selected as potential inoculants for

further testing on wheat for the following reasons. (a) Inoculation with these isolates

was associated with increased length of wheat roots in a Petri dish bioassay. Isolate

KL5.4 (Pttntoea agglomerarzs) was nifD and riff{ positive (Table 5.14) and was

antagonistic to another isolate. (b) Isolate KS2.1 (Enterobacter taylorae), isolated [rom

within the stem of the plant. (c) The third isolateKL2.4 (identified on Biolog as

Stenotrophontonas maltophilia), grew well in association with KL5.4. The selection of

Stenotrophomonas maltophilia as a potential inoculant for wheat is supported by

evidence from the GC-FAME profile of Kapunda soil, suggesting the presence of this

bacterium (Chpt. 5, section 5.8).

6.3 Section 2: Co-Inoculation of Wheat to Enhance Growth

6.3.1 Materials and methods

6.3.1.1 Effect of ammonium nitrate on wheat growth

A prelirninary experiment was conducted (prior to co-inoculation studies) to determine

whether the difference in dry weights of wheat grown with or without added ammonium

nitrate could be measured after 6 weeks of growth. Wet sand (pH 6.a) was autoclaved

ancl dried. Nutrients were added to the dry sand and mixecl well (3.2.5). Two treatments

were set up one with and one without added NH+NO¡ (350 mg/kg sand). pvC

cylindrical pots (26.6 cmx 6.2 cm), linecl with plastic bags, and containing sand (l kg)

were planted with 2 surface-sterilised wheat seeds. There were 10 replicate pots for each

treatment.

The water content of the pots was maintained at I2o/o. Polyalkathane beads were placecl

on the surface of the sand and the treatments were randomisecl and grown at 15oC in a

controlled environment cabinet as previously described (6.2.1.3.). After 6 weeks of

growth, the plants were washed to remove sand frorn the roots, dried at 60"C lor 48

hottrs. Dry weights of roots and shoots were recorded. Statistical analyses were carried

out using Analysis of variance (ANOVA), Statistix vs. 7 and Tukey's honestly

si gni ficant difference (HSD).
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6.3.7.2 Effect of bacterial inoculation on wheat grown in the presence of aclcled

ammonium nitrate

The effect of bacterial inoculation on wheat grown with added ammonium nitrate was

studied. Wheat was grown in sand with aclded nutrients as described (6.3.1.1). Two

plants per pot were grown with or without adcled NH4NO3 (350 mg/kg). They were

either inoculated with a mixture of bacterial isolates (KL5.4, KS2.1, KL2.4), or

inoculated with the reference Azospirillum lipoþrum 596, or with mixed rhizobacteria

bacteria from Kapunda soil source as described (3.2.1 .7), or uninoculated (ie S

treatrnents). There were 5 replicate pots per treatment. The bacteria were cultured

ovemight in N-free 4CS broth. washed in phosphate buffer and the concentration of
bacteria adjusted to 3 x 108 cfu/ml before immersing the seeds in the bacterial

suspension for 2 hours prior to planting. After harvest at 6 weeks, dry weights of wheat

were measured. Total plant N was determined by total combustion gas chromatography

(3.2.6.2).

6.3.1.3 Effect of bacterial inoculation on wheat growth at different levels of added

ammonium nitrate

The aim was to test the effect on inoculated wheat grown in sand after adding different

levels of NH+NO¡. The sand was supplemented with nutrients (6.3.1.1). The

concentration of NH¿NO¡/kg added to sand was 0 mg, 177 mg,223 mg or 350 mg.

Wheat seeds were inoculated or not with a mixture of 3 bacteria (KL5.4, KS2.1 ,KL2.4)
as described above. The concentration of inoculum was adjusted to 5 x 108 cfulml.

There were 5 replicates of each treatment.

The dry weights, total plant N were measured. The number of tillers and leaves on

plants were also counted and recorded after harvest as describedby Zad,oks Decimal

Code (Zadoks et al, 1974). Plants were harvested after 6 weeks of growth.

6.3.1.4 Contribution of bacterial biomass N to measure total plant N

This experiment was conducted to check whether the N fi'om the biomass of any

bacteria retained in the rhizoplane after washing, contained sufficient N to cleate false

lneâsurements of total plant N. The measurements of bacterial N were made on the total

root bacteria in the wheat rhizosphere.
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Isolate KL5.4 was cultured ovemight in N-free 4CS broth (5 nl) in a shakiltg incubator

at 28"C. The culture was centrifuged 10,000 g (2 min), cells washecl with PBS and

concentration adjusted to 108 cfu/rnl. An aliquot of cell suspension (1 ml) was seeded

into flasks containing 4CS broth (100 ml) supplemented with either 0 mg/I, l5 mg/I, 50

mgll,200 mgll, 350 mg/l or 700 mg/l of NH+NO:. The broth cultures were shaken (190

rpm) at 28'C for 24 hours, centriftrged at 10,000 g (5 min) and pellets washed twice

with sterile water. The bacterial pellets were dried at 60"C and weighed. Serial dilutions

on NA plates were carried out from an aliquot of bacterial culture (1 ml) from each

flask to estimate the number of cfu/ml. Total bacterial N was then measured (3.2.6.1).

The concentration of bacterial N was calculated per cfu/ml.

Surface-sterilised wheat seeds were inoculated with isolate KL5.4 (108 cfu/ml) after

resuspending the ovemight culture (grown in N-free 4CS medium) in phosphate buffer

(pH 7.0). The wheat was then grown for 6 weeks in tubes in semi-solid, N-free medium

with either 15 mg/I,50 rngll,200mg{L,350 mg/l or 700 mg/l of NH+NO¡ added as a

supplement. There were 3 replicates for each inoculated and uninoculated treatment. At

harvest, the wheat roots were macerated in PBS (l ml). Estimatìons of bacterial

numbers were made from serial dilutions of macerate on NA plates. Data obtained from

calculating bacterial biomass N per colony forming unit of bacteria from broth culture

were used to calculate total bacteria biomass N associated with roots grown in

increasing concentrations of added N.

The macerated wheat roots were then dried and weighed and total plant N measured

(3.2.6.1).
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6.3.2 Results

6.3.2.1, Effect of ammonium nitrate on wheat growth

The dry weights of roots and shoots at 6 weeks were significantly greater in plants

grown with added NH¿NO¡ compared with plants grown without NH¿NO¡ (Fig 6.2).
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Fig. 6.2 Dry weight of wheat roots and shoots gro\ün with or without added
NHaNO3, (350mg / kg)

Means and standard errors of means of 10 replicates.
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6.3.2.2 Effect of bacterial inoculation on wheat grown in the presence of added

ammonium nitrate

In treatments where nitrate was added to the sand, the dry weights of roots and shoots

were all significantly greater than treatments without added NH+NO¡. There were no

significant differences in the dry weights of shoots or roots for any treatments without

added nitrate (Fig. 6.3). However, when NH+NO¡ was added, the root dry weights in

plants inoculated with the reference strain were significantly greater than the co-

inoculated plant roots, (Tukeys HSD: root= 315.19).
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Fig. 6.3 Dry weight of roots and shoots of wheat grown either with or without
added NII¿NO¡, (350mg / kg) and with or without inoculum

Ref = Azospirillum lipoferum, co-inoc = KL5.4|KL2.4|KS2.L, mix
rhizobacteria from Kapunda, uninoc = uninoculated. (+N/-N = NH¿NO¡)
Tukeys HSD: root +N = 315.19, Tukeys HSD: shoot+N = NS,
Tukeys HSD: root-N = NS, Tukeys HSD: shoot-N = NS
Means and standard errors of means of 5 replicates.
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When plants were grown without N supplement, the concentration of N/g dry weight

was greater in the roots than in the shoots, but there were no significant differences in N

content between inoculation treatments for either roots or shoots (Fig. 6.a).
'When NHNO¡ was added as a supplement, tissue concentrations of N were greatly

increased and shoot N (mg N/g DV/) was greater than root N. Shoot N was not

significantly different between inoculation treatments. However, the concentration of N

in roots of plants co-inoculated with I<L5.4,K1-2.4 and KS2.1, was significantly higher

than in uninoculated roots or those plants inoculated with Azospirillum lipoferum

(Tukeys HSD = 9.1)
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Fig. 6.4 N concentration of roots and shoots of wheat grown either with or without
NII¿NOs, (350mg / kg) and with or without inoculum

Ref = Azospirillum lipoþrum, co-inoc = KL5.4/KL2.4|KS2.I, mix = mixed bacteria
from Kapunda, uninoc = uninoculated In the legend (+I\4/-N) = NH¿NO¡
Means and standard errors of means of 5 replicates.
Tukeys HSD: root+N = 9.lTukeys HSD: shoot+N = NS,
Tukeys HSD: root-N = NS, Tukeys HSD: shoot-N = NS.
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6.3.2.3 Effect of bacterial inoculation on wheat growth at different levels of added

ammonium nitrate

Dry weights of inoculated wheat roots grown in 350mg NH4NO3/kg were significantly

greater than those of the uninoculated plants grown with all other levels of NH¿NO¡

supplement (Fig. 6.5). Similarly, the shoot dry weights of inoculated wheat plants

grown in concentrations of NHNO3 (350 mg/kg) were significantly greater than the dry

weights of plants grown with lower concentrations of N supplement.
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Fig. 6.5 Dry weight of root and shoots of wheat grown either with or without
increasing concentrations of NII¿NO3 and with or without inoculum

Inoc = KL5.4/KL2.4|KS2.\, uninoc = uninoculated, NH¿|.[Q] = (Q/mg/kg,ll7 mg/kg,
223 mglkg, 350 mg/kg). Means and standard errors of means of 5 replicates.

The number of leaves and tillers on plants grown with added NH¿NO¡ were

significantly greater than on plants grown without added NH¿NO¡ (P <0.001) but there

was no inoculation effect.
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Total plant N (mg/plant) increased with increasing NHaNO¡ addition for both inoculated

and uninoculated treatments (Fig. 6.6). There was no effect of inoculation between 0

and 223 mg/kg (NH4NO3) sand on total plant N. However, at 350 mg of NHaNO3/kg the

N content of the inoculated plants was significantly greater than uninoculated plants.
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Fig.6.6. Total plant N in inoculated and uninoculated wheat grown in increasing
concentrations of NH¿NO¡

Inoc = \<L5.4|KI-2.41K52.I, ininoc = uninoculated. NH+NO3 = (O/mglkg,IITmg/kg,
223mglkg,350mg/kg).
Means and standard errors of means of 5 replicates.
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6.3.2.4 Contribution of bacterial biomass N to measured total plant N

After 24 hours, growth in numbers of bacteria (measured in cfu/ml of strain KL5.4) was

higher with increasing N concentration in the culture broth (Fig. 6.7). The concentration

of bacterial N in broth increased from 6 Fg/ml to I32 pg/rnl over the range of 0 to 700

mg/l (NHaNO:). The total numbers of bacteria in the plant roots ranged from

4 x lÚ cfu/ml without added N, to 4 x 108 cfu/ml when grown with 350mg NHaNO3

(Fig. 6.8). These data were used to calculate the potential contribution of bacterial N to

the N concentration and content of roots (Table 6.4).
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Fig 6.8 Numbers of bacteria in plant roots at increasing concentrations of NH¿NOs

in plant growth medium

Means and standard errors of means of 3 replicates.

The N content of roots was 7'1.19, 91.22 and 92.98 Fg in the 0, 350 and 700 mg/l

(NH4NO3) treatments respectively. Bacterial biomass could have only contributed

between 0.0005 pg N (0.00004Vo) and 0.0109 pg N (0.009Vo) of the total root N

(Table 6.4).

TABLE 6.4 Concentration of N (pg) in plant roots and estimation of the
contribution to root N of bacteria adhering to the roots

NII4NO3mg/l broth mean pg N/root mean pg N/rhizosphere
bacteria

0 77.19 (+ 6.0) 0.0005 (+ 0.00005)
15 7r.9 (+ 11.5) 0.0006 (+ 0.0001)
50 56.r4 (+ 1.7) data not available
200 45.6 (r 3.s) 0.007 (+ 0.002)
350 91.22 (+7.6) 0.0109 (+ 0.004)
700 92.98 (t 6.3) 0.0102 (+ 0.002)

0rrg

Means and standard errors of the means of 3 replicates.
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6.3.3 Summary

Root N in co-inoculated plants grown with an N supplernent of 350rng/kg was

significantly lligher than that in uninoclrlated or plants inoculated with the reference

bacteriunr Azospirillum lipoferum. Bacterial biomass N was very low and clid not appear

to contribute significantly to root N content.

6.4 Discussion

One of the airns of the experiments described in this chapter was to compare the growth

of inoculated and uninoculated wheat grown with or without an added source of N. Co-

inoculation of plants with a mixture of 3 bacterial strains (KL5.4 Pantoeq agglonwans,

KLz.4 Stentrophomonas maltophilia and KS2.l, Enterobacter taylorae) in the presence

of NH¿NO: (35Omg/kg) resulted in a signif,rcant increase in concentration of N in plant

roots (24Yo) compared with uninoculated plants. In contrast, the concentration of wheat

root N grown in association with Azospirillum lipoferum was 36% lower than

uninoculated plants. The increase in plant N content in co-inoculatecl plants may be

attributed to Nz fixation, as N from bacterial biomass in the rhizosphere populations did

not make a signif,rcant contribution to the total plant N. If Nz fixation was responsible

for increased plant N content, added nitrate in the growth medium is likely to be

necessary to significantly enhance N2 fixation by the bacterial inoculants.

The source of N and conditions for growth appear to greatly affect nitrogenase activity.

There are few reports in the literature on the role ammoniun nitrate plays on the ability

of N2-fixing bacteria to fix dinitrogen. Generally low N supply in the soil cloes not

affect Nz fixation (El-Komy et al, 2003), but high levels of ammonium nitrate (25 mM)

are reported to reduce nitrogenase activity (Muthukumarasamy et aL,2002). The results

outlined in this chapter agree with an inoculation study of hydroponically grown wheat

whiclr showed a doubling of the rate of N2 fixation by Pantoea agglomerans and a lack

of response by Azospirillum spp. following the addition of KNO¡ (100 rng/l) to the

medium (Ruppel and Merbach, 1997). The adclition of NH4CI (100 mg/l) clid not

signihcantly alter nitrogenase activity comparecl with no additional N. However, in pure

culture the addition of NH+CI significantly repressed the nitrogenase activity of

Azospirilhtm sp. and to a lesser extent that of Pantoea agglonterans (Merbach et al,
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1998). When no N supplement was provided to inoculatecl wheat plants, Azospirilltun

sp. lrxed more atmospheric Nz than Pontoea ngglornerarzs (RLrppel and Merbach, 1997).

h-r the work described here, inoculated wheat gro\Mn in sand (not hydroponically as

above) required a concentration of 350rng NH4NO3/kg before an inoculatio¡ effect

occuned. At 350mg NH4NO3/kg of added N, the total plant N for each plant averaged

64 mg, with 0.8 rng attributed to residual seed N (4.2.2.1). Tlierefore, the total content

of plant N measured in the 2 plants per pot accounted for 126.4 mg of available N in the

sand. With only a single application of N at the commencement of the experiment, over

the 6 weeks of wl.reat growth, nitrate ions could be washed to the bottom of the pot,

limiting their availability in the soil solution but providing conditions conducive for

nitrogen fixation. By extending the length of the growing period, N supply would

become growth limiting. If plant N were assessed at intervals during that period, ftrfther

inforn-ration on the relationship between added N, Nz f,rxation and improved N uptake

by the plant may be revealed. Further stuclies (acetylene reduction), to assess the effect

of varying concentrations of ammonium nitrate on nitrogenase activity of the 3 bacteria

used as co-inoculants would also contribute to the nnderstanding of the plant/bacteria

interaction. The inclusion of non-N2-fixing bacteria as inoculants may also have been

useful in plant N-r-rptake experiments for comparative studies.

Roots and shoots in ttninoculated plants grown with or without added NHaNO3, (Fig.

6.2) weighed less than the subseqr-rent experiment (Fig. 6.3) In the second experirnent,

plants \Mere grown for only 3 days longer but all other conditions including growth

room temperature and humidity were similar and differences cannot be explained. Root

and shoot dry weights of co-inoculatecl wheat supplemented with NH4NO3 (350 mg/kg,

Fig. 6.3), were significantly less than those inoculated with Azospirillum lipoferum and

uninoculated plants, but were significantly greater than uninoculated plants in the

follow-up experiment (Fig. 6.5). Growth conditions in the two experiments were very

sirnilar and the reasons for differences in clry weights are unclear. Despite the

differences in dry weights, inoculation in both experiments increased plant N.

The aim of the project was to select potential inoculants to improve the early growth of
wheat. The screening of isolates for antagonism to each other elirninated the selection of
one isolate that was inhibited by the fonr others identified as Puntoea ugglomerctns.

Strains of Panloeo ctgglornercurs have been reported as biological control agents. In an
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antagonism study, Pantoec¿ agglontercnrs (strain EII318) inhìbited the growth of

Erwinia amylovora, the bacteria responsible for causing hre blight (Wright et al, 2001).

Antibiotics pantocin A and B are also produced by this strain of Pantoea agglomerans.

Strain (CPA-Z) has been usecl as an anti-fungal biological agent in post harvest disease

in apples (Nunes et aL,2002). The selection of Pantoea agglomerctns (KL5.4) as a

potential inoculant for wheat rnay provide a competitive advantage in the rhizosphere.

The growth of at least one bacterium was inhibited by the presence of isolate KL5.4 but

further antibiosis studies were not undertaken.

Use of GC-FAME fatty acid profrles to highlight likely candidate bacterial isolates

(Chpt. 5) contributed to the selection of 3 locally adapted bacteria KL5.4 (Pantoea

agglomerans), KL2.I (Stenotrophomonas maltophilia) and KS2.1 (Enterobctcter

taylorae) which have demonstrated a potential benefit when used in association with

wheat
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chapter 7: General Discussion, summary of Findings and

Future Research

7.1 General discussion

The aim of the current study was to develop an effective screening system to select free-

living N2-fixing bacteria frorn South Australian soils for their use as potential inoculants

to improve the early growth of wheat. The screening system was clesigned to identify a

source most likely to contain plant growth-promoting bacteria and to select bacteria

from that soil for use as co-inoculants to increase the N content of wheat.

The selection ancl isolation of soil bacteria as inoculants has reinforced general interest

in the potential for both improving agricultural crop yields and for reclucing detrimental

effects fi'om excess nitrogenous fertilisers (Merbach et al, 1998; Bloernberg and

Lugtenberg 2001). One of the dilemmas associated with screening of N2-fixing bacteria

as inoculants has been to distinguish between the notions of testing large number of soil

isolates from a range of genera or of focussing on specific genera, described as plant

growth-promoting bacteria (Bashan and Holguin,1.997). An exarnple of such bacteria is

Azospirillum. The approach taken in this study was to first identify a community of N2-

fixing bacteria, which stimtrlated root growth and total plant N content before st¡dying

specific bacteria from the soil microbial communrty.

N2 frratíon in three test soils

Early work confirmed that it was possible to differentiate between growth responses of
plants gro\¡/n in association with N2-fixing cornmunities from tliree soils (Chpt. 4). The

three representative soils were collected from long-term wheat trials at KapLrnda, Avon

and Waite in South Australia. All of the sites hacl all been sown to continuous wheat for-

more than 20 years and none of the soils had been supplemented with nitrogenolrs

fertilisers. Increased concentrations of soil N were observed at two of the sites (Waite

and Avon), which implicated the input of N lrom free-living N2-fixing bacteria. Each of
the three soils was assessecl for evidence of N2 fixation by free-living bacteria. ttN, 

was
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used to directly rlleasure active Nz fixation. This teclrnology demonstrated tlanslel of

fixed N from the Kapunda soil to wheat plants by bacteria. The r5N2 method was usecl in

preference to the acetylene reduction assay (ARA), which provides indirect evidence for

N2 fixation (Turner and Gibson, 1980). If ARA had been used in parallel with mass

spectrographic measurement study of lsNz incorporation by plant tissue, the evidence

for the presence of nitrogenase activity within the bacterial communities may have been

more robustly confinned. However, as mentioned previously, the use of lsN2 
is

unfortunately expensive. Consequently this limited more extensive experimentation by

this method. The application of ARA, particularly for the detemrination of nitrogenase

activity in individual isolates, is likely to support further molecular studies to determine

the absence or presence of an N2-fixing gene. However, this study provides evidence to

show that bacteria from the Kapunda soil, which grow on N-free meclia, could

significantly increase the length of wheat roots when compared with the effect of

bacteria from Avon and Waite soils or uninoculated controls. The two assessment

criteria, the measurement of l5Nz and the detennination of root length, indicated that

bacteria in the Kapunda soil source rwere rnore effective at fixing Nz and stimulating

root growth than bacteria from either Avon or Waite soils (Chpt. 4). Hence the Kapunda

soil was used for isolation of potential inoculants.

The status of Azospirillum in tltis study

Azospirillumhas been used successfully as an inoculant to improve yield for crops such

as rice (Omar et al, 1992). Dry weight and root development were significantly

enhanced in maize (Fulchieri and Frioni, 1994) and specifically the application of

Azospirilh.m lipoferurz CRTl improved the N content of maize (Berge et al, 1990). The

strain Azospirillum lipoferum CRTl has been marketed as Azogreen@ and its application

has achieved consistent improvernent of plant N content in the held in 13 locations over

4 years (Fages, lgg2). Azogreen@ (Lipha, Meyzieu, France) has increasecl early growth

and yield in maize as measured by increases in plant height, root length and root fresh

weight (Jacoud et al, 1998). It was anticipated that the soils from Kapunda, Avon and

'Waite would contain Azospirillum spp., which cor.rld be isolated for testing as potential

inoculants. Indeed, numerous Azospirilluln spp. had been previously isolated fron-r

wheat grov/n in Kapunda soil (Dr. J. Balandreau, 1995 pers. com.). Bulk soils collected

at the end of the growing season from Kapunda, Avon ancl 
'Waite were used to grow

wheat as trap plants for Nz-fixing bacteria. Ironically they yielcled lew Azospirillurn spp.
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The most common bacteria isolated from the Kapunda soil were Pantoea agglomerans,

Enterobacter spp. and Stenotrophomonas maltophilia. Nevertheless since

microaerophilic bacteria such as Azospirilh.tm spp. are known to grow well in N-free

semi solid medium (Krieg and Dobereiner, 1984) and because they have been well

studied (Steenhoudt and Vanderleyden, 2000) and successfully used as inoculants

(Yâzquez et al, 2000), Azospirilh,tm spp. were chosen as a rnodel for comparative wheat

growth-promotion studies in this project. Specifically, isolates of Azospirillum

lipoferum 596, isolated from eastem Australia (New and Kennedy, 1989) and

Azospirillum brasilense Sp7 were used as reference bacteria. Indeed these reference

bacteria were not as effective as the locally isolated bacteria either at inducing increased

root length (Chpt. 4) or improving total N content of the wheat (Chpt. 6) which were

grown in pots under laboratory conditions. This observation supports the view, put

forward in the Introduction (1.1) that local bacteria that were adapted to climatic

conditions and competitive pressures, may prove to be more effective as inoculants than

those introduced from elsewhere.

Bucterial isolates from local sites

After the selection of the Kapunda soil as a potential source of growth-promoting

bacterial strains, the next step was to select bacteria from that soil for further testing as

potential inoculants. Bacteria were classif,red into the sub-groups of the Proteobacteria

and an initial selection was made from a range of genera within these sub-groups. Many

known bacteria belong to sub-groups of the Protebacteria ('Woese, 1987). The

classification of isolates into such sub-groups provided the supporting evidence for the

valid identification by GC-FAME analysis. Bacteria carrying the nitrogenase gene were

identified by ,rÍD and niJH hybridisation as well as by PCR studies (Chpt. 5). While

identification of the strains was carried out by GC-FAME analysis, it could not provide

sufficiently precise identification. However fingerprinting PCR, using InterLINE PCR,

enabled a better identification and grouping of similar species and the selection of
isolates for testing as plant growth promoters could be made without unnecessary

duplication of the bacteria (Chpt. 5).

The use of GC-FAME analysis

Identification of a dominant bacterial species within the N2-fixing community in the

Kapunda soil (Stenotrophomonas maltophilia) was achieved by comparing the fatty
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acicl prof,rles of a known culture with field isolates (Chpt. 5). The use of GC-FAME

analysis was adopted in preference to phospholipid fatty acid analysis (PLFA).

Although similar results were obtained using both approaches, a smaller sample of the

rhizosphere bacterial community was required for GC-FAME and analysis is more

easily performed than PLFA.

A more diverse fatty acid profile was obseled in the bacterial community isolated frorn

the Kapuncla soil source, after growth in the wheat rhizosphere, than frorn either Waite

or Avon soils. The diversity of fatty acids reflects the diversity of bacterial types frorn

within the Kapunda soil that are able to colonise the wheat rhizosphere. The data from

GC-FAME analysis in the screening process supported initial observation inclicating

that the bacteria present in the commr,rnity from the Kapunda soil source differed from

those from Avon and Waite soils.

GC-FAME analysis has been used in other studies to compare the fatty acid

composition of microbial comrnunities found within roots and in the soil. Fatty acid

profiles of microbial communities from within the roots of different cultivars of wheat

and canola were compared with microbial communities from the rhizosphere soils

(Siciliano et al, 1998). In one canola cultivar, diflerent fatty acid prof,rles were observed

in the microorganisms in roots and in the rhizosphere soil. In a phytoremediation study

to monitor the degradation of 2- cl-rlorobenzoic acid (2CBA) in the soll, Pseuclomonas

aeruginosa strain R75 and Pseudomones sctvostanoi strain CB35 were used as

inoculants for meadow brome (Bromus biebersteinii) (Siciliano and Germida, 1998).

GC-FAME was used to characterise the microbial communities. After inoculation of

meadow brome with the psendomonad strains, fatty acid profiles of the microbial

community on the root surface altered. Associated with the changes in fatty acid

profiles was an increased potential for the degradation of 2CBA.

GC-FAME and otlter analyticøl techniques

The investigation and monitoring of complex soil microbial populations have resulted in

the use of a cornbination of a variety of rnethods. The fatty acid profiles generated by

GC-FAME are representative of a microbial population or community and the profile

can be used as a hngerprint to monitor change (Cavigelli, 1995: Griffiths, 1999). To

provide better resolution of the change, length heterogeneity PCR (LH-PCR) was usecl
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in association with GC-FAME (Dierksen er aL,2002). in that sttrdy, a limited number of
marker fatty acids and LH-PCR fragments were used as variables to monitor changes in

the microbial community followir-rg different tillage and ground cover practices in an

agricultural soil from Oregon. However, the combination of methocls provided

information about different aspects of the microbial community and did not irnprove the

information derived from GC-FAME analysis. It is difficult to select appropriate fatty

acid and LH-PCR fragments as markets. Another study compared two DNA techniques

(terminal restriction fragrnent length polymorphisms (T-RFLP) and LH-PCR to monitor

microbial community dynamics. Inconsistencies associated with restriction digests in T-

RFLP were fottnd and the investigators achieved a better resolution of the microbial

community structure using LH-PCR (Mills et al, 2003).

The fatty acicl prohles generated by GC-FAME analysis may indicate changes in

rnicrobial communities over time, but GC-FAME analysis is limited in its ability to

ìdentify distinct groups of microorganisms within a community. Substrate utilisation by

Biolog@ has been widely used in association with GC-FAME (Bååth and Amebrå¡d,

1994; Pennanen et al, 7996; Lawler et al, 2000) bLrt determination of background

reading in the substrate utilisation assay may require a preliminary count of bacteria on

TSBA (Lawler et al, 2000) and unculturable bacteria are not included.

In the present study, cloning ancl sequencing of 163 rDNA was not attempted, as GC-

FAME was perceived to be a fast and simple method to achieve a similar outcome. The

combination of GC-FAME and polymerase chain reaction-denaturing gradient gel

electrophoresis (PCR-DGGE) or LH-PCR would have provided a more comprehensive

understanding of the structure of microbial communities. As LH-PCR prohle analyses

are based on variation in the seqr.lence lengths of specific regions of DNA

phylogenetically dissimilar organisms may appear closely related if the same length

fragment is detected (Mills et al, 2003). Pattems of microbial community change could,

however, be monitored. Sorne GC-FAME studies are reported to use samples directly

extracted from the soil (Buyer and Drinkwater, 1997) and fatty acid profiles may be

complex and difhcult to interpret due to the contamination of plant and animal fatty

acids amongst those fi'om microorganisms. In the current work, the bacteria of interest

were cultured unclerN-free growth conditions for 4 to 6 weeks. The cliversity of the soil

bacterial cotnmunities hacl been altered to lavour N2-fixing bacteria. Hence, the fatty
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acid profiles generatecl by GC-FAME are likely to provide more focussed information

about the N2-frxing bacteria thatr ou the other organisms that are less likely to grow in

these N-free conditions. Followir-rg from thcsc obscrvations that there were diffelerìces

between the diversity of fatty acicls from the bacterial community fron-r Kapunda soil

and those from Avon and Waite soils (present in trace amounts) the ìdentity of the

group or groups ofbacteria responsible fbr the differences can now be addressed.

Fatty ucids for bscterial identification

Examination of the fatty acid profile from Stenotrophomonas maltophilia (isolated from

Kapunda soil), showed that the dominant fatty acids were 14:0iso, 16:1w9c and

18:tw9c, (Chpt. 5). These are similar to those in the fatty acid profile derived from the

rhizosphere community from Kapunda. This finding is therefore consistent with the

observation that Stenotrophomomas maltophilia is dominant in that soil. This bacterial

species, a known plant growth-prornoting bacterium (Koch et al, 1998) was selected for

fttrther testing as a potential inoculant as described previously (5.6).

GC-FAME analysis was used to validate molecular characterisation and identification

of individual isolates. Within the Proteobacteria, y-purple bacteria contain sub-groups

including fluorescent pseudomonads and enterics (Woese, 1987). Identification of

bacteria such as Pantoea agglomerctz¡s and Enterohacter tuylorae by GC-FAME was

consistent with the attribution of these bacteria to the y sub-gtoup of the Proteobacteria

by hybridisation studies using rRNA-directed probes. Classification of individual

bacteria into sub-groLrps of the Proteobacteria provided the basis for selecting a range of

taxa from within the bacterial sub-gror"rps for preliminary testing of bacteria as growth

promoting microorganisms for wheat.

Further selection of isolates was based on information obtained from characterisation

studies for specific traits. Characterisation studies of bacteria within the sub-groups, was

aimed to identify whether the structural r-ritrogenase nif gene was present and whether

the bacteria were antagonistic to each other. Str,rclies that focussed on the nitlogenase

gene, demonstrated amplification of nf PCP. ploclucts after nsing ni./D and n/H PCR

primers. However, hybridisation of these PCR products to the niJH probe only occurred

after reducing the hybridisation stringency conditions (Chpt. 5). There was little
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hybridisation of amplihed nif D product to tl-re ni./D probe (based on gene seqLrences

fron Klebsiella pneuntoniae), indicating that these sequences are apparer-rtly not well

conseled in these organisms. This is contrary to evidence that structural genes for

nitrogenase niJHDK are strongly conserved, with the nif genes being homologous to

Klebsiella pneumoniae found in many N2-frxing bacteria (Kennedy, lgg3, de

Zamaroczy, 1995). Sequencing of the nf PCR products should confirm whether the

bacteria do or do not contain niJHDK and would be the next step in future

investigations. Comparison of bands following PCR hngerprinting enabled

commonality between strains to be identihed. This reduced unnecessary duplication of
the bacteria selected for further testing in the wheat rhizosphere (Chpt. 5).

The process for selecting potential inoculants included the testing strains for their ability

to inhibit growth of other bacteria (Chpt. 6). Of the 12 bacteria tested, 4 of the strains,

identified as Pantoea agglomera¡ns, were antagonistic to an unidentified isolate (KL2.1).

As disctrssed previottsly (6.1) Pantoea ugglomercuzs is known to produce the antibiotics

pantocin A and B (Nunes et aL,2002) and this characteristic, as well as the presence of
nif genes, influenced the final selection of isolate KL5.4 as one of the co-inoculants for

wheat. Further stuclies are necessary to establish whether the strain could be an effective

biocontrol agent.

Bacteriøl inoculants and plønt growth

One of the reported benefits of applying free-living diazotrophic bacteria as inoculants

in the field is an improved N nutrition of plants. The magnitude of the effect depends

upon plant cultivar, soil type and level of nitrogenous fertiliser. Benefits of bacterial

inoculation to the cultivation in rice occur in N deficient crops (Ornar et al, 1992), and

in wheat supplied with NH¡NO3 at 0, 40 and 80 kg/ha (Kapulnik et al, 1983) and in

maize with NH4NO¡ at 160 kg/ha (Berge et al, 1990). The authors of the second stLrdy

acknowledged that the high level of 160 NH4NO3 kg/ha \ryas necessary to produce a

grain yield of 14.4 t/ha. This could only be obtained with uninoculated plants fertilised

with240 kg N/ha. Inoculation withAzospirillum lipofenm therefore achieved a beneht

to the plant equivalent to that achieved with 80 kg N/ha. The high levels of N fertiliser

necessary to signiñcantly increase grain yield suggest that the larger root system which

was observed in the plants led to increased plant nutrition associated with more lertile

tillers per unit area. N2 fixation was unlikely to have contributed to the observecl benefit.
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This thesis describes root length increase in inoculated plants supplemented with nitrate

(4.4.2.2) and concentrations of plant N also increasing in inocLrlated wheat when

arnmonium nitrate was supplied at 350 mg/kg (6.3.2.2). These data also suggest that Nz

fixation is not the responsible mechanism for eliciting a beneficial plant response. Fixed

N, (t'N) measured in 28-day-old wheat plants exposed to no added N was low (4.2.2.2)

This was to be expected as the seed reserves had maintained the young plants in the

early stages of growth. After the seed reserve was utilised, plant N content was only

improved in inoculated plants that had been supplemented with nitrate. It is unclear

whether improved plant N content ancl concentration occurred in response to N2 fixation

or stimulation of plant N uptake by bacteria.

Estimation of the proportion of non-fixing to N2-fixing bacteria after growth in semi-

solid, N-free meclium in the wheat rhizosphere was carried out early in the project by

plating bacterial communities onto nutrient agar plates (not reporled) as well as

selective media described in Chapter 4 of the thesis. The differences between bacterial

nttmbers growing on nutrient agar medium and on N-free media were not significant

and data were not reported. A mathematical rnodel devised to assess benehts from N2

frxation under optimal conditions, predicted that the rates of N2 fixation were dependent

on the proportion of N2-fixing bacteria within the microbial community and could reach

rates up to 20 kg N/ha per year (Jones et al, 2003). The monitoring of proportions of Nz-

frxing bacteria from the soils throughout the project may have clarified the argument for

plant N levels being higher in inoculated than uninoculated plants parlicr,rlarly following

ammonium nitrate supplementation (Chpt. 6). However, this approach has lirnitations.

Bacterial counts obtained on selective media would not have reflected true bacterial

numbers, because unknown, unculturable species would not have been assessed.

Improvements in growth media with associated identification of new bacteria are

beginning to recognise the problem of unculturable bacteria (Janssen et aL,2002; Sait et

al, 2002) and a resolution of this may lead to a better understanding of the dynamics of

the bacteria within the community. Fulther studies will be required to clarify the

mechanism responsible fol the increase of N in inoculated plants.

Roots from plants grown in association with N2-fixir-rg bacteria isolated fron Kapunda,

Avon and Waite soils were up to 50% longer than those from plants inoculated with

heat-killed bacteria. The addition of a nitrate supplement to the medium enriched with
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soil bacteria enabled signifrcant increases in root length to be detected between plants

grown with bacteria from the Kapunda soil source when compared with plants grown

with bacteria Avon and Waite soils. The mechanism or mechanisms responsible for
stin-rulating the growth plant roots by bacteria was not determined. However the notion

can be put that root elongation results from a combination of factors. Predominantly,

bacterial production of phytohorrnones will stimulate growth or through improved N
nutrition via Nz fixation. Data from the Petri dish bioassay provided evidence that

bacteria stimulated the growth of 7 day-old plant roots that only had access to nutrients

from the seed source. Therefore it can be argued that improvecl growth is due to

bacterial phytohormone production. Some rhìzosphere bacteria such as Azospiril¡tm

brasilense, produce indoleactetic acid, which could be responsible for enhanced plant

growth. It has been reported that growth characteristics such as root exudates, and high

levels of bacterial inoculation (10e cfu/seedling) may cause either positive or negative

effects on root elongation (Harari et al, 1989; Omay et al, 1992; Bothe et al, 1992).

Pantoea agglomerans and other free-living Enterobacteriaceae also produce

phytohormones (Hofflich ancl Ruppel, 7994: Zimmer et al, 1994). The work described

in this thesis pre-empts future studies in the interaction of phytohoffnones between

plants and bacteria.

Endophytes

The application of Pantoea agglomerans, Stenotrophomoncts maltophilict and

Enterobacter tayloroe as co-inoculants for wheat under controllecl growth conditions

demonstrated an increase in concentration and content of plant N in the early stages of
growth of the wheat plants (Chpt. 6). In this study, Enterobacter taylorcte was isolated

frorn within the stem of wheat. Studies elsewhere have shown that Enterobctcter

taylorae could be isolated from within the wheat stem and that Pantoea agglomerans

was in the intercellular spaces of the root cortex respectively (Ruppel et al, 1992). The

status of these species as possible endophytes has notbeen addressed in the thesisbut it
is recognised that advantages for endophytes inch-rde protection from desiccation and a

redttction in competitive nutritional pressures from the rhizosphere microbes.

Colonisation in the intercellular spaces of the plant and access to plant metabolites by

non-pathogenic bacteria may, in tum provide an aclvantage to the plant by enhancing

lrost defence against pathogens such as Fusctriunt oxysporLun f.sp.vasinfectum (Chen et
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al, 7994). Endophytes within the plant may also be retained within the seed and passed

from one plant generation to the other without the necessity for annual re-inoculation.

Host speciJicity

One of the proposals made at the commencement of the study was that bacteria, locally

aclapted to the environment, would enhance the growth of wheat. Since only one variety

of wheat (Triticum ctestiwm var Stiletto) was used in the curent study, other varieties

can now be tested for growth responses to the selected co-inoculants. In addition to the

adaptation of bacteria to local conditions, host specificity may be a factor to be

considered when selecting bacteria as potential inoculants for wheat. The natural

progression from this study would be to address adaptation of bacteria to specifrc

varietal hosts.
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7.2. Summary of fìndings

Differential selection of the Kapunda soil from two other soil sonlces Waite ancl Avon,

as a source for potential iuoculants was based on:

¡ detection by mass spectrometry of 'tN i.t plant tissue of wheat that had been

gro\Mn in association with a macerate suspension (Chpt. a)

o significant increase in the lengths of lateral roots when wheat was inoculated

with the macerate suspension frorn the Kapunda soil that was supplemented with

nitrate as cornpared with that from Waite or Avon soils (Chpt. 4)

o greater diversity of fatty acids in the GC-FAME profile of the bacterial

commttnity frorn the Kapunda soil source than the diversity found in Waite or

Avon soils, ie a wider diversity of bacteria within the community (Chpt. 5)

Selection of locally adapted bacterial isolates from the Kapunda soil source as potential

inoculants was based on:

o similar latty acids within the GC-FAME prohle shared by the isolate

Stenotrophontonas maltophilia and the predominately N2-fìxing comm¡nity

from Kapunda (Chpt. 5)

¡ identihcation of the nitrogenase gene, as demonstratecl by PCR and

hybridisation studies (Chpt. 5)

¡ resistance to antagonism from other selected isolates (Chpt. 6)

Final selection of co-inoculanls Pontoea agglomerans, Stenotrophomonas maltophilia

and Enterobacter taylorae improved the content and concentration of plant N when

grown in sand in pots.
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7.3 Future directions

The assessment of plant growth-promotion mediated by an association with bacteria

under controlled laboratory conditions (agar or sand culture) was the hrst step towards

selecting potential inoculants for use in the field. Now a more reductionist approach will

focus on mechanisms responsible for the growth leatures identifiecl in this thesis. In

future prior to testing co-inoculants in the held, replicated pot experiments with field

soil, using temperature, soil moisture and light conditions that equate to the estimates of

realistic field conditions.

Only one variety of wheat was used throughout the cunent study. Genetically dissimilar

varieties may now be tested with identical inoculants to determine the status of host

specificity. As new cereal varieties become available, the ability of the inocnlants to

thrive in the rhizospheres of the different varieties must be established. Although some

bacteria are ubiqtritotts to the rhizosphere of diverse plants, bacteria used as inoculants

need to be validated on a broad range of genetic plant material.

Monitoring the success of inoculants in the rhizosphere was initiated using gfp labelling

and two of the potential inoculants (Pantoea agglomerctns and Enterobacter taylorae)

were labelled (results not shown). Futher study using differential combinations of all

tlrree bacteria of interest (Pantoea agglomerans, Enterobacter tcrylorae and

Stenotrophomonas maltophilia) can provide data about the competitive ability between

tlrem and native rhizosphere microbial populations. Limited in situ hybridisation

experiments ttsing fluorescently labelled rRNA-targeted oligonucleotides and confocal

laser-scanning microscopy to visualise bacteria have been carried out (data not shown).

Extension of in situ hybridisation to monitor the colonisation pattems and persistence of

the inoculants particularly in non-sterile soil would provicle useful data for the

clevelopment of the beneficial inoculants. Other tecl-rniques have been nsed in another

study to monitor colonisation of bacteria in the rhizosphere. The study identified

Azospirillunt brasilense in wheat rhizosphere using a specifrc AB oligonucleotide probe

complementary to 23s rRNA, conf,rrming colonisation of the bacteria within root hairs

(Assnrtrs et al, 1995). In sittt hybridisation work has been caried out by other groups

using groLlp-specific probes based on sLrb-class of the Proteobacteria to monitor bacteria
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in inactivatecl sludge (Amman et al, 1996; Snaidr et al, 1997). The developrnent of

specihc fluorescently labelled probes to track the co-inoculants will assist monitoring

rhizosphere colonisation in future.

In other studies two of the bacteria selected as potential inoculants Pantoect

agglomera¡zs and Enterobacter taylçvas have been isolated from within the cortex of
the plant. In future, a determination of whether the two bacterial species occur within

the rhizosphere or within the plant will be pivotal to the development of technologies

directed to the application of inoculant to either the seed or seedlings as a foliar spray.

Foliar sprays have been used to deliver endophytic inoculants into cotton (Musson et al,

1995), and diazotrophic bacterium Klebsiella sp. (KUPOS) onto rice to increase grain

yield under water stress conditions (Razi and Sen, 1996). Bacterial biocontrol agents

have also been applied successfully to pearl millet and rice as foliar sprays (Umesha et

al, 1998; Vidhyasekaran et al,1997).

The experimentation to determine the presence or absence of Nz hxation should be

confirmed by including acetylene reduction assays in addition to 1sN2 fixation described

(Chpt. 4). It would provide a cheap and rapid method for routine determination of N2-

fixing potential. Verification of the presence of N2-fixing genes within individual

isolates may also be carried out with greater emphasis on sequencing n/PCR products.

Molecular techniques such as PCR-DGGE, LH-PCR, may provide more detailed

information on the bacterial changes within the community and if so, might

complement GC-FAME analysis.

The focus of work in this thesis is the isolation and selection of the co-inoculants but in

future tl-re work might be expanded to include a more detailed examination of

endophles isolated from the local soil environment. Survival of endophytes as

inoculants may be more successful than bacteria colonising solely the outside tlie plant

and this direction for future work is strongly recommended
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Appendix 1: Quantifïcation of Exchangeable Nitrate Levels in the Soil

The concentration of exchangeable nitrate in the soils was significantly higher in the

rWaite soil compared with the other soils from Kapunda and Avon P< 0.001 (Fig 1.1).

The nitrate concentration ranged from 10.7 and 9.2 Fg N/g soil DV/ in Kapunda and

Avon soils respectively with the highest concentration of 23.9 ¡rgN/g soil nitrate present

in Waite soil.

w

Fig.l.l Exchangeable nitrate (pg N/g soil) in Kapunda (K), Avon (A) and Waite (W)

soils, LSD <.001.

Kjeldahl method

Total N was determined in a sulfuric acid digest of the plant material by a micro

Kjeldahl method (Bremner and Mulvany, 1982). The total N in the diluted digest

solution was measured colorimetrically in an autoanalyser by the nitroprusside/dichloro-

S-triazine modification (Blakemore et al, 1987) of the Berthelot indophenol reaction

(Searle, 1984). The autoanalyser employed a Technicon peristaltic pump and a Chem

Lab Spectrophotometer. The standards (ammonium sulfate) ranged from 0-50 mg/l.
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Total combustion gas chromatography

Total combustion gas chromatography for the analysis of total N in plant nraterial was

caruiecl out in a Carlo Erba Nitrogen Analyser. Samples are oxidised by flash

combustion ancl resulting gases are separated in a chromatographic column and detected

by a thermal conductivity detector. The analyser is calibrated with the following

standards: corn bran standards C25 and C23 (National Institute of Standards and

Technology, USA Department of Commerce), 2-[N-Morpholino] propane sulfonic acid

(MOP, BDH), Acetanilide (Alpha Resources, USA). Sucrose is used after the standards

to return the analyser to baseline.
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Appendix 2: I)escription of Fatty Acids

The convention for describing fatty acicls is the ratio of the total number of car.bon

atotns to the number of double bonds. The position closest to the aliphatic end (w) is

also included in the description as well as cis (c) and trans (t). The following prefixes

are also applied to describe the fatty acid: iso (i), anteiso (a), cyclopropyl fatty acicls

(cyclo). For example a monounsaturated fatty acid comrton to Gram negative bacteria

is 18:lw7c, having 18 carbon atoms and one double bond located at the seventh carbon

atom from the aliphatic end of the tnolecule. In most analyses, several specific fatty

acids overlap the same peak in the gas chromatogram. Discrimination of the proportion

of the fatty acids within the peak is therefore difficult arrd the two are added together as

sum features. The percentage of Sum features of the GC-FAME analysis may therefore

include two fatty acids one of which may be the dorninant or indeed the only fatty acid

present.

Gas Chromatography of Fatty Acid Methyl Esters (GC-FAME) for identification
of soil bacteria

The procedure for the Microbial Identihcation System version 3.8 (MIS, Midi, lncR

Newark, Delaware, 1994) was carried out as recommended by the manufacturer.

Cell Harvest

Bacterial isolates were checked for purity on trypticase soy broth agar (TSBA). The

cultures were theu streaked onto four quadrants of agar plates and incnbated at 28"C for

24 h. As the most stable composition of fatty acicls corne from the late log phase, cells

(40mg + 2) were gently scraped from the third quadrant of the plate with a 4 mm teflon

inoculating loop and translerred into the base of a glass pyrex screw-top tube 13 mm x

100 mm in preparation for saponification of fatty acids. Direct GC-FAME analysis on

microbial communities did not include the growth on TSBA.

,Saponification of fatty acids

The cells in the glass tubes were lysed by the addition of methanolic base (1 rnl).

The methanolic base comprised: NaOH,45 g; rnetl-ranol, reagent grade 150 ml; distilled

water 150 ml.
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The tubes were voftexed for 5-10 s, heated at 100"C lor 5 min, voúexed a second time

for 5-10 s and heated for a fi,ulher 25 rnin at 100"C. The tubes were then brought to

room temperature.

Fatty acid Methylation

To iucrease the volatility of the fatty acids for the GC analysis, fatty acids were

conveftecl to fatty acid methyl esters by the addition of 2 ml of rnethylation reagent (6N

hydrochloric acicl 325 ml; methanol reagent grade, 275 m|). The tubes were vortexed for

5-10 s and heatecl at 80oC for l0 min then rapidly cooled to room temperature by

plunging them into colcl water.

Extraction of fatty acid methyl esters

Hexane and methyl-tert-butyl ether 1 .25 mL(hexane, HPLC grade 200 ml; methyl-tert-

butyl ether, HPLC grade, 200 ml) was added to each of the tubes, which were mixed by

rotation for 10 min. The bottom aqueous phase was then discarcled using a glass pasteur

prpette.

Base wash to remove residual reagents from organic extract

Base wash 3 rnl (sodium hydroxide, 10.8 g; distilled water 900 ml) was then adcled to

each ttrbe and mixed by rotation for 5 min. Centrifugation at 2000 rpm for 3 min was

then carried out to delineate and compact the interphase between the upper hexane layer

and the lower aqueous phase. The upper phase was then removed and transfened into

glass GC vials (2 ml). Care was taken to avoid transfening any of the interphase and the

lower phase layers.

The samples in the vials were analysecl by gas chromatograpliy (Flewlett-Packard rnodel

5890) to obtain fatty acid methyl ester profiles. An rJltra2 column (25 m x 0.2 mm,

cross -linked 5%) was used with H2 as the carrier gas (30 ml / min) in association with a

flame ionisation detector.

Fatty acid methyl ester profiles \Mere compared with the Sherlock TSBA aerobe library

version 3.S (MIDI IncR. Newark, Delaware) ancl a computer generatecl similarity index

was constructed to compare the GC-FAME profile from the sample with the GC-FAME

clatabase. The likely identity of the sample was suggestecl basecl on tl-re similarity of
FAME profile in the database and sample GC-FAME proñle.
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Appendix 3: Buffers

Gitschier buffer

Gitsclrier buffer was used for ni/D PCR. The reagents \ /ere prepared as follows:

(NH4)2(SO)+ 1 ¡4, (16.6 ml); Tris-HCl 1 M (67 rnl); MgClz 1 M (6.7 ml); EDTA 0.5 M

l:100 dilution, pH 8.8, (1.3 ml); B-mercapto-ethanol 14.4 M (2.08 ml) made up to 200

ml with sterile water.

InterLINE 5x buffer

10 rnM Tris-HCl; 50 mM KCI; 0.005o/o gelatine (Smida et al, 1996).

MOPS buffer

The solution contained: 3-(N-morpholino) propanesulphonic acid (0.1 M, 100 ¡rl),
formamide (500 ptl), and formaldehyde (162 ptl).

Phosphate buffered saline (PBS)

PBS was preparecl as follows: NaCl (8 g); KCI (0.2 Ð; Na2HPOa Q.aa Ð; KHzpO+

(0.2a Ð. The pH was adjusted to'7 .4 with HCI (1 N) and the volurne was made up to 1

litre with RO water.

Potassium Phosphate buffer (Sambrook et al, 1989)

Potassium phosphate buffer (0.1 M) pH7.0 was preparecl as follows: K2HPOa 1 M (61.5

ml); KH2PO4 (38.5 ml); RO water (900 ml). The 0.1 M buffer was dih-rted to 0.05 M by

adding 500 ml buffer and 500 ml RO water.
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Appendix 4: Media

Media were autoclaved at lzI"C for 20 rnin (unless otherwise stated) and allowed to

cool to 50oC prior to pourir-rg into 9 cm sterile Petri dishes. Antibiotics and vitarnins

when used were filter sterilised through a Millipore 0.4 ¡rm filter and addecl just prior to

pouring mecliun.

Dextrose yeast glutamic acid medium (DyGS)

Dextrose yeast glutamic acid medium (DYGS) medium was used to grow cultures in

preparation for bulk nucleic acid extractions (Rodrigues et al, t9g6).

The medium contained: dextrose (2 g/l); peptone (1.5 g/l); yeast extract (2 gll);

K2HPO4 (0.5 g/l); MgSo4.7H20 (0.5 g/l); L-glutarnic acid (1.5 g/l), Difco Bacto-agar

(15 g/l). The pH was adjusted to 6.5 with KOH. When purity was confrrmed on agar

plates, bacteria were grown as ovemight cultures in DYGS broth in preparatio¡ for cell

lysates

Four carbon sources medium (4CS)

Four carbon sources medium (4CS) nitrogen-free medium was used to isolate a broad

range of free-living nitrogen-fixing bacteria (Weaver et al, 1975) and was modified

accotding to (Heulin et al, 1987) and the modified mediurn is used in this work.

solution A: znsoa.7H20 (0.43 g/l); MnSo¿.Hzo (1.30 g/l); NaMoo¿.H2O (0.75 g/l);

H3BO3 Q.8 e/l); CuSO¿.5H20 (0.025 g/l); CoSOq.7lHz} (0.07 g/t).

Supersalts: consisted of: MgSoa.7H20 (z g/l); CaClz.THzo (2 gll); FeSoa.7H2O (0.44

g/l); EDTA (0.40 g/l, Solution A (10 ml/l). This stock solution was autoclaved at l2l.C
for 20 min.

Solution B; KzHPoo (60 g/l); KH2PO4 (40 g/l) pH 6.8. This stock solution was

autoclaved at 121"C for 20 min.

Tlte finul medíum inclucled: glucose (5 g/l); mannitol (5 g/l); soluble starch Ø5 gll);

D- rnalic acid (2.6 g/l); NaOH (1.7 g/l); Bacto yeast extract (0.1 g/l); sLrper-salts (50 rnl/I,

as described above); solution B (15 ml/l); agar (Difco Bacto-Agar 15 g/l). The mediurn

was adjLrsted to pFI6.8 using 1 N NaoH ancl autoclavecl at 110.C for 30 min.
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'When prepared as a semi-solicl meclium for the growth of inoculated plants in the

spermospliere model system, the root exudates were utilised by the bacteria as carbon

sources. Glucose, mannitol, soh-rble starch and malic acid were therefore omitted from

the medium. Difco Bacto agar\Mas reduced to 1.75g agarll. Bacto yeast extract (0.1 g/l)

was included in this medium to facilitate initial microbial growth.

Luria Bertani medium (LB)

Luria Bertani broth (LB) was used for overnight cultures for the preparation of cell

lysates and DNA extract.

The medium contained: Bacto tryptone (10 g/1); Bacto yeast extract (5 g/1); NaCl (10

g/l); pH was adjusted to 7.0 with I N NaOH.

Nitrogen-free malate medium (Nfb)

Nitrogen-free malate medium (Nfb) is used for the isolation of Azospirillum sp.

The medium \Mas prepared with the following reagents:

Malic acid (5.0 g/l); K2HPO4 (0.5 g/l); MgSOl,.l}Jz} (0.2 gll); NaCl (0.1 g/l); CaClz

(0.02 ell); KOH (4.5 ell); Fe-EDTA solution (1.64% aqueous, 4.0 ml w/v);

bromotlrymol blue 0.5Yo wlv in 0.2 M KOH (2.0 rnl) used as an indicator); trace

element solution (2.0 ml); vitamin solution (1.0 ml) and Bacto yeast extract (20 rng).

The pH was adjusted to 6.8 with KOH and agar 1.75 gll was added. The media was

made up to one litre with RO water.

FeEDTA solution was prepared as follows: FeSOa.THzO (708.9 mg), EDTA (9a8.6 mg)

macle up to 100 ml in RO water.

Trace element solution was prepared by adding: NaMoOa.2H20 (0.2 g/l); MnSOa.H2O

(0.235 g/l); H¡BO3 (0.28 g/l); CuSO+.5H20 (0.008 gll; ZnSO47H2} (0.02a glD.

The vitamin stock solution was prepared with biotin (Sigma 0.01 g/l) and pyridoxine

(Sigma 0.02 g/l). The vitamin solution was dilLrted 1:50 and filter sterilised through 0.45

pm membrane filter and lml of the dilution aclded per litre.

Isolation of bacteria from the semi-solid medium was caried out by taking a loop of

bacteria from the pellicle and streaking the bacteria onto solid Nfb mediurn containing

congo red (0.25%o w/v in water) and agar (L5%). Plates were incubated at 28"C. Any

recl colonies were taken to be indicaÍive of Azospirilltun sp.
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Nutrient broth (NB)

Difco ntttrient broth (NB) (0.8% in RO water) was used in ovenright cultures grown for

the preparation of cell lysates, DNA extractions and for the growth of cultures in

preparation for storage with glycerol at -80'C.

Nutrient agar (NA)

Difco nutrient agar (NA) was prepared using Difco nutrient broth (0.8% w/v) and Difco

Bacto Agar (1 .5o/o wlv) made up in RO water.

Phosphate azelaic acid trytamine medium (PCAT)

Phosphate azelaic acid tryptamine (PCAT) N-free mediLrm is selective for Burkholclerict

cepacia (Burbage and Sasser, 1982).

The medium was prepared with the following reagents:

MgSOa (0.1 g/l); azelaic acid (2.0 g/l); tryptamine (0.2 g/l) was agitated in several drops

of ethanol until dissolved; KzHPO+ (4 g/l); KH2POq (4 g/l); Bacto yeast extract (0.02

gll); agar (15 g/l). The medium was adjusted to pH 5.7 with KOH (l M).

Potato dextrose agar (PDA)

Difco potato dextrose agar (one quarter strength) contained (Difco potato dextrose broth

I%wlv) and (Difco Bacto Agar (1.5 o/o wlv) made up with RO water.

Tryptic Soy Broth (TSB)

Difco tryptic soy broth (TSB) broth was used in ovemight cultures and for the

preparation of cell lysates. The medium containecl tryptic soy broth (Difco, 3o/o wlv) in

RO water.

Tryptic Soy Agar (TSA)

Difco Tryptic soy agar (TSA) medium was used as a general growth medium and

contained tryptic soy broth (Difco 3"/owlv) and Difco Bacto-Agar (1.5%) made up in

RO water.
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Yeast mannitol medium (YM)

This medium was used to grow Rhizobium sp. used as reference strains for PCR and

rRNA hybridisation studies.

The rnediunì was prepared as follows: mannitol (10 g/l); Bacto yeast extract (0.4 g/l);

K2HPO4 (0.5 g/l); MgSOa.THzj (0.2 g/l); NaCl (0.1gll); Difco Bacto-agar (t5g/l). The

pH was adjusted to 6.8 with 1 N NaOH.

Stonier's medium for antagonism studies

Stonier's medium \Mas prepared to test isolates for antagonistic lesponses to each other.

The medium was prepared as an agar base and an overlay mediurn.

Stonier's agar (10 ml) was poured into the base of a Petri dish. The medium included

the following reagents g/1. Agar (15 g), Biotin (0.002 g), Fe(NOr)r.9H20 (0.008 g),

Potassium citrate (10.00 g), L-Glutamic acid (2 g), NH¿N} (2.7 g), NaSOa.TH2O (0.2

g), MgSOa.7H20 (0.2 g), NaCl (0.2 g), MnCl2 (0.0009 g),ZnCl2 (0.0005 g), H20 (1 l),

pH 7.0.

Overlay medium (5 ml) comprised g/1, Na2HPO4 (I7 .3 g), Na2H2PO4 022 g), Agar
(Oxoid,7 g), HzO (1 l).
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