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l. INTRODUCTION

Sugar beet is one of the most important sugar-producing crops in the
world, with a contribution of 40 % on world sugar production. Germany, with
415.000 ha and an average productivity of 54.68 ton/ha during the last
decades is ranking on fourth position in sugar beet production in the world,
next to USA, China and France (Wirtschaftliche Vereinigung Zucker-Verein
der Zuckerindustrie, 2003).

Problems of pests and diseases substantially are limiting factors in
sugar beet production. In Germany, damping-off is one of the most important
soil borne diseases caused by a complex of pathogens and mainly by
Pythium ultimum and Aphanomyces cochlioides. It is an important sugar beet
disease in Germany since 1880’es (Koble, 1987). Damping-off contributes in
substantial amount to yield losses due to fungal diseases, e.g. 16 % and
16.5 % in USA and worldwide respectively (James, 1982). Until now, disease
management is mainly based on chemical control by applying fungicides
which are incorporated into pelleted seeds. Other control strategies, such as
the use of resistant varieties and other agronomical practices, do not provide
effective control. However, decreasing of public acceptance of the use of
chemicals and their environmental risks makes it important and relevant to
develop novel biological control strategies by using microbial antagonist.

One of effective bacterial antagonists against P. ultimum is
Pseudomonas fluorescens B5 (Pf B5) which had been studied intensively in
the Institute of Plant Pathology and Plant Protection Georg-August University
Germany (Heupel 1992, Maass, 1996; Schulz et al., 1994; Schulz and Wolf,
2002). The antagonist showed a biocontrol efficacy of 44% against damping-
off in sugar beet seedlings in controlled environment under high inoculum
pressure of pathogen, and has also been proven effective in field experiments
(Heupel, 1992).

Some important features associated with the antagonistic activity of
Ps. fluorescens B5 have been characterized. Heupel (1992) described that

under in vitro conditions, besides the production of cyanide (HCN) and the



ferric iron binding siderophores, hydrolytic enzymes such as glucanases,
xylanases and amylases were detected in the culture filtrate of B5. Further
investigations with transposon (Tn 5) mutants had been done to identify the
antagonistic mechanisms of Pf B5 (Schulz et al., 1994; Schulz and Wolf,
2002). The study showed that siderophore production plays a minor role in
biocontrol in the system Pythium ultimum - sugar beet seedlings — Ps.
fluorescens B5. Moreover, no strong correlation between adhesion to roots,
motility and colonisation in the rhizosphere was observed. Even though all
examined traits of Pf B5 ie. production of antibiotics and siderophores,
adhesion, motility and colonization ability contributed to the antagonistic
activity of Pf B5, it was apparent that antibiosis is one of the most important
mechanism of its biocontrol performance (Schulz and Wolf, 2002).

Application of mutants that overproduce antifungal metabolites is one
alternative to improve the antagonistic activity of an antagonistic strain (Walsh
et al., 2001). For instance, biocontrol performance of Ps. fluorescens CHAO
against P. ultimum in cotton seedlings could be improved by applying
antibiotics overproducing mutants (Maurhofer et al., 1992; Maurhofer et al.,
1995). Moreover, Delany et al. (2001) could found a similar effect using
Ps. fluorescens F113 against Pythium ultimum in sugar beet by altering the
production of 2,4-diacetylphloroglucinol. The possibility to enhance the
biocontrol activity of Ps. fluorescens B5 by applying its antibiotic
overproducing mutants was studied in this research.

It is well known that some biocontrol strains of the pseudomonads
produce regulators of plant growth such as indole acetic acid (IAA) (Nautiyal
et al., 1997; Zhao, 2001; Bano and Mussarat, 2003), and therefore could act
as plant growth-promoting rhizobacteria (PGPR) (Xie et al., 1996; Barazani
and Friedman, 1999; Asghar et al., 2002). Studies on IAA production with
fluorescent pseudomonads are mostly related to its role as growth regulator,
excluding studies on its fungicidal activity.

Ps. fluorescens B5 produces IAA in a considerable amount in vitro and

preliminary research showed that IAA inhibits also the growth of P. ultimum in



vitro. Indeed, the required concentration of IAA to suppress the disease ad
planta, and the relation of IAA production in vitro and biocontrol activity ad
planta are still unknown. Therefor the role of IAA in biocontrol and growth
promotion by Ps. fluorescens B5 was investigated in this study.

Host properties are components often neglected in the development of
biological control. In some studies, host varieties had no effect on the activity
of antagonistic pseudomonads (Hebar et al., 1998), while Smith and
Goodman (1999) could find an affect of host plant genotypes on biocontrol
efficiency. Regarding the application of Ps. fluorescens B5 in the system
sugar beet — Pythium ultimum, the role of sugar beet varieties on biocontrol is
poorly understood. But this aspect was found to be essential to optimise
biocontrol activity of Ps. fluorescens B5 and hence was integrated into the
studies.

An important step to establish biocontrol of plant disease with microbes
is the development of appropriate formulation techniques. It plays a crucial
role to guarantee success of the biocontrol strategy in the field. There are two
approaches for the optimisation of an antagonist formulation ie. the
screening for appropriate carrier materials like wood—flour (Vidyasekaran,
1997; Imam Ali et al. 2001, Krishnamurthy and Gnanamanickam, 1998b), and
formulation additives (Schmidt et al., 2001). Wood flour-based materials
seem to be suited for the formulation of fluorescent pseudomonads as seed
pellet (Heupel, 1992; Tilcher, 2002). Since fluorescent pseudomonads do not
produce spores, the development of appropriate carrier materials, which
protect cells from desiccation and sustain long-lasting survival and
antagonistic activity of microorganisms, is essential. For that reason, the
study to find suitable pelleting materials was enforced.

Moreover, a further technique to improve an antagonist formulation is
the use selective additives. Ideal formulation additives should provide the
advantages for disease control in antagonist-pathogen-host plant system.
This means, additives should improve the biocontrol efficacy of

pseudomonads without enhancing the growth and activity of pathogens and



should not have detrimental effects on host plants. Studies on formulation
additives of fluorescent pseudomonads are very limited. Some foregoing
research indicated the importance of formulation additives for the use of
Bacillus mycoides against Cercospora beticola under green house and field
conditions by adding 1 % 1,3-B-glucan (Kiewnick and Jacobsen, 1996).
Moreover, addition of glycine into the seed pellet could improve rhizosphere
colonization of Ps. fluorescens B5, and calcium gluconate increased the
efficacy of B5 against P. ultimum in sugar beet seedlings (Schulz and Wolf,
1998).

With the exception of Schulz and Wolf (1998), who incorporated the
addities directly into the seed pellet, nutrients were applied as fertilizer or as
soil applications in most of the studies to improve activity of fluorescent
pseudomonads. For instance, soil applications of nitrogen fertilizers
containing mixtures of NO3"and NH4" enhanced the capacity of Pseudomonas
fluorescens strains to promote plant growth and to inhibit Fusarium growth on
rye (Kurek and Jaroszuk-Sciset, 2003). Glucose and zinc applied into the soil
were reported to enhance the biocontrol ability of Pseudomonas fluorescens
CHAO and Pseudomonas aeruginosa |E-6S+, both in vitro and ad planta
against Macrophomina phaseolina in soybean (Shaukat and Siddiqui, 2003).
Moreover, Hamid et al. (2003) stated that soil application of ammonium
molybdate mediated the enhancement of biocontrol efficacy of Ps.
fluorescens CHAO against the root knot nematode Meloidogyne javanica in
soybean. On the contrary, information on the use of nitrogen compounds and
trace elements as formulation additives to improve biocontrol performance of
fluorescent pseudomonads is very limited or even not available. Therefore, in
the last part of this work the possibility of the use of nitrogenous compounds

and trace elements as formulation additives was examined.



Based on the above reasons, a series of experiments was done to

achieve the following objectives:

1.

To optimise biological control activity of Ps. fluorescens B5 against
Pythium ultimum in sugar beet by means of mutants overproducing
antifungal metabolites.

To study the role of indole-3-acetic acid (IAA) in the biological control
activity of Ps. fluorescens B5 and its growth promoting effect on sugar
beet seedlings.

To study the role of sugar beet varieties in antagonistic activity of Ps.
fluorescens B5 against P. ultimum.

To optimise biological control activity of Ps. fluorescens B5 by
improving formulation techniques through a) appropriate pelleting
materials which support long term survival and antagonistic activity of
B5 and, b) formulation additives from nitrogen sources and trace
elements which enhance biocontrol activity of Ps. fluorescens B5

against P. ultimum.



2. MATERIALS AND METHODS

2.1. Location and Time

Experiments were done in the Institute of Plant Pathology and Plant
Protection, Georg-August University Gottingen, Germany from August 2000
until July 2003.

2.2, Materials
2.2.1. Chemicals
All chemicals are purchased from Merck, Darmstadt, Germany except
the following ones:
«lIAA (indole-3-acetic acid), Sigma Aldrich Steinheim, Germany
«IBA (indole-3 butyric acid) Sigma Aldrich Steinheim, Germany
« IPA (indole-3-propionic acid) Sigma Aldrich Steinheim, Germany
. Streptomycin sulphate, Serva Heidelberg, Germany
- Kanamycin acetic sulphate, Serva, Heidelberg, Germany
« Tetracyclin hydrochloride, Fluka, Germany
. Casamino Acid, Becton Dickinson France, le Pont de Clax, France
. Yeast Extract, Becton Dickinson France, le Pont de Clax, France
. Tryptone, Scharlau, Barcelona, Spain
. Bacto Casitone Peptone (pancreatic digest of casein), Becton Dickinson, le
Pont de Clax, France
« Glycerin, Carl Roth GmBH and Co, Karlsrihe, Germany
«Agar AG 002 (for microbiological purpose), Scharlau, Barcelona, Spain
. Proteose Peptone, Scharlau, Barcelona, Spain
. Tryptic Soy Broth (TSB), Scharlau, Barcelona, Spain
. Kieselgur (diatomaceous earth) , KWS, Einbeck, Germany
«Wood flour 1, KWS Einbeck, Germany
« Wood flour 2, KWS Einbeck, Germany
. Cotton flour, KWS Einbeck, Germany
- Peat, KWS Einbeck, Germany



. Potato Dextrose Broth, Scharlau, Barcelona, Spain
« Wheat Oil, Weizenkeimdl, Dr Ritter GmbH, Germany

2.2.2 Media

Soil Extract Agar (SEA)
660 g sieved field soil were autoclaved in 100 ml tap water and filtered up to

clear after cooling.

Soils extract 500 ml
Agar 8¢
aqua bidest up to 1000 ml

pH adjusted to 7.0

King’s Medium B (KB)
Proteose Peptone 20 g
K2HPO,4 - 3 H,O 29
MgSQO4 -7 H,O 159

Glycerin 109
Agar 16 g
Aqua bidest up to 1000 mi

pH adjusted to 7.0

King B* Agar (amended with Fe **)
Proteose Peptone 20 g

KoHPO4 - 3 H0 29

Glycerin 109
Agar 16 g
Aqua bidest up to 1000 ml

FeCls; is amended in a final concentration of 200 nM
pH adjusted to 7.0



Phosphate Buffer

25 mM Naz;HPO,4 3.45¢
11 mM KH,PO4 1499
Aqua bidest up to 1000 mi

pH adjusted to 7.0

Kings B Agar* (KB*) for HCN determination

Proteose Peptoneno 3. 20¢g

K2HPO,4 - 3 H,O 29

MgSQOy4- 7 HO 159
Glycerin 109

Glycin 449

Aqua bidest up to 1000 ml

pH adjusted to 7.0

Mineral media for screening of formulation additives in vitro
(modified from succinic medium)

KH,PO4 3g

KoHPO4 69
(NH4)2S0O4 19

Glucose 15¢g

Mg SO4- 7H0O 0.2g

CaCl; 10 mg

Agar 16 g

Aqua bidest up to 1000 ml

Tryptic Soy Broth (TSB)

TSB 20g

Aqua bidest up to 1000 mi
pH adjusted to 7 or 6.5



Tryptic Soy Agar (TSA)

TSB 2049
Aqua bidest up to 1000 ml
Agar 16 g

pH adjusted to 7 or 6.5

Water Agar (WA)
Agar 16 g
Aqua bidest up to 1000 ml

pH adjusted to 7.0

Luria Berthani (LB) Medium

Glucose 59

Tryptone 1049
Casamino Acids 59

NaCl 19

Aqua bidest up to 1000 mi

pH adjusted to 7.0

Maize Extract Agar (MEA)

10 g of corn meal was mixed with 200 ml tap water, boiled, and sieved. After
cooling, it was centrifuged with 4000 g for 10 min.. The supernatant was filled
up to 1000 ml with aqua bidest,

Agar 16 g

pH adjusted to 5.5

Maize Extract Broth (MB)

10 g of corn meal was mixed with 200 ml tap water, boiled, and sieved. After
cooling, it was centrifuged with 4000 g for 10 min.. The supernatant was filled
up to 1000 ml with aqua bidest,

Agar 16 g

pH adjusted to 5.5
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100 ml of corn broth were filled in 250 ml erlenmeyer flask and supplemented

with 5 drops of wheat germ oil.

Potato Dextrose Broth (PDB)

Potato Dextrose Broth 209

Aqua bidest up to 1000 mi
pH adjusted to 5.5

Potato Dextrose Agar (PDA)

Potato Dextrose Broth 20 g
Aqua bidest up to 1000 ml
Agar 16 g

pH adjusted to 5.5

Tryptone Agar (Semi Liquid Agar) for evaluation of motility

Trypton 59
Agar 549
Aqua bidest up to 1000 ml

pH adjusted to 7

Malt Yeast Extract Agar (MYEA)

Malt Extract Agar 109
Yeast Extract 5¢g
Aqua bidest 1000 ml

Pelleting Materials
Kieselgur (Diatomaceous Earth) Fluka GmBH

Peat KWS
Bentonite KWS
Wood flour 1 KWS
Wood flour 2 KWS

Cotton flour KWS
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2.2.3. Organisms

Fungal and bacterial isolates were obtained from departmental culture
collection, Prof. Wolf, Institute of Plant Pathology and Plant Protection,

Georg-August Universitat, Goéttingen.

Fungi

Pythium ultimum var. ultimum

Bacteria

Pseudomonas fluorescens B5 WT (wild type)

Pseudomonas fluorescens B5 'S (Streptomycin resistant strain)
Escherichia coliTn 5 (E. coli S 17-1 with Plasmid pSUP 5011) (pBR 325-
Tn5-Mob) from Simon (Simon et al, 1983)

Sugar beet
Cultivar EVA-MSV as pelleted seeds used for most of the experiments from

KWS Einbeck, Germany and the following varieties as unpelleted seeds:

300-0132B (V1)
300-0088B (V2)
300-0364B (V3)
300-0483B (V4)
300-0448B (V5)
300-0520 A (V6)
300-0226B (V7)

300-0493B (V8)

Sugar beet seeds were supplied by Dr. Ralph Tilcher (KWS Einbeck,

Germany)
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2.3. Methods

2.3.1. Production and testing of antifungal metabolite-overproducing
mutants

2.3.1.1 Strain maintenance

Bacteria:

For long time storage bacteria were stored on soil extract agar (SEA)
media, pH 7.0, at 5°C supplemented with antibiotics, if needed. Every 6
months the bacteria were recultured on TSA medium. In addition, bacteria in
75% glycerin in Eppendorf tubes were stored in refrigerator at -20° C. For ad
planta experiments one day old luria berthani broth (LB)-cultures of bacteria
were used and supplemented with antibiotics, if needed. The bacterial

cultures were prepared by transferring 1% (v/v) of the pre-cultures.

Pythium ultimum:
P. ultimum was stored on maize extract agar (MEA, pH 5.5) at 5° C. For in
vitro treatments a two-day-old potato dextrose agar (PDA) culture was used

and for ad planta experiments a 5 d old MEA culture.

2.3.1.2. Production of antifungal metabolite - overproducing mutants

Pseudomonas fluorescens B5°" (Schulz and Wolf, 1998) was provided
by the culture collection of Prof. Wolf, Institute of Plant Pathology and Plant
Protection, Georg August University Gottingen. This spontaneous mutant that
has similar properties (vitality and antifungal activity) compared to its wild type
strain. Ps. fluorescens B5°" was cultured in LB containing 400 ppm
streptomycin sulphate at 100 rpm and 20°C for 24 h. The donor strain
Escherichia coli Tn 5®" was cultured in LB medium supplemented with 150
ppm kanamycin sulphate at 28°C and 100 rpm for 24 h.

Ten milliliters of the bacterial cultures were centrifuged at 5 °C and
18.000 g, washed twice with 10 ml of tryptone soy broth (TSB), pH 7.0, to
remove the antibiotics. Finally, the bacterial pellets were concentrated 10 fold
by dissolving itin 1 ml TSB, pH 7.0.
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The transmission of transposon was carried out by the ‘spot-agar-
mating’ technique according to Friedrich et al. (1981). 0.5ml of a
concentrated bacterial suspension was vigorously mixed in a sterilized
Eppendorf tube and 0.4 ml was plated on TSA, pH 7.0 and incubated at 25°C
for 24 h. Bacteria were washed off the agar with sterilized 5 ml phosphate
buffer.

A serial dilution of the bacterial suspension was made from 10°,
10", 102 and 10 in phosphate buffer and plated on TSA amended with 150
ppm kanamycin sulphate and 400 ppm streptomycin sulphate. Pseudomonas
fluorescens B5°" and Escherichia coli Tn5 @ were plated together on the
same media. Controls of the bacterial strains were plated separately on

antibiotic agar and incubated at 25°C for 24 h.

2.3.1.3. Screening for antifungal metabolites — overproducing mutants

Prescreening

5000 transconjugants from transposon mutagenesis were selected for
a first screening towards overproduction of antifungal metabolites. Two
transconjugants and Ps. fluorescens B5 WT were streaked out in triangle on
9 cm petri dishes containing TSA, pH 6.5, and were incubated at 20°C for 24
h. An agar plug of a one day old MEA based culture of P. ultimum was placed
in the centre and the petri dishes were incubated for another 24 h. Evaluation
was carried out by comparing the inhibition zone of transconjugants with the
standard wild type strain Ps. fluorescens B5. Promising transconjugants were

tested in a second assay more in detail.

Screening

Always only one of the selected transconjugants was tested per petri
dish. Transconjugants were streaked out on TSA pH 6.5 in the middle of the
petri dish. After incubation for 24 h an agar plug of P. ultimum was placed on
both sides 2 cm apart from the growing bacterial colony. After further

incubation at 20° C for 48 h the inhibition zones of each side were measured.
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Treatments were done with six replications with two repeatings of the whole

experiment. Ps. fluorescens B5 WT and Pf B5°" were used as standards.

2.3.1.4. Characterisation of mutants in vitro
2.3.1.4.1 Antifungal activity of culture filtrate produced by mutants
Selected mutants were grown in 20 ml LB and KB" (KB amended with
FeCls in a final concentration of 200 nM) at 20°C in rotary shakers with 100
rpm. Culture filtrate (CF) was harvested at 24 h, 48 h, 72 h after inoculation.
The culture was adjusted its pH to 6.0, centrifuged at 20,000 g and filter
sterilized (membrane filter ® 0,2 pm, MinisArt, Sartorius, Gottingen,
Germany). LB based culture filtrates (LB-CF) and KB*-based culture filtrate
(KB*-CF) were obtained. PDB, pH 5.5, containing 10 % (v/v) of the filtrate
was inoculated with an agar plug of a one day old culture of Pythium ultimum
and incubated at 20°C at 100 rpm for 48 h. The mycelium of the fungus was
harvested and its dry weight determined. Treatments were carried out with 5

replications each with two repeatings of the whole experiment.

2.3.1.4.2. Growth

Selected mutants were grown in Luria Berthani (LB) medium and
King's B* (amended with 200 nM FeClz) pH 7.0, and cultivated at 20 °C and
100 rpm. Bacterial growth was measured by determining the OD at A=592 nm
(Spectra Il, Fa Tecan, Belgium) at 0, 3, 6, 9, 12, 24, 36, 48, 72, 90 h after
inoculation. The experiment was carried out with three replications. A
regression line was made between the measured values at ODsgonm and the
viable cells by plating the bacterial suspension on LBA. Moreover, the

generation time of each mutant was determined according to the formula:
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t
G = —_—
3.3 log Nz/ N1

Where

G = generation time

t = time between two measurements

N> = OD at second measurement

N4 = OD at first measurement

N2 and N1 were determined during exponential growth

2.3.1.4.3. Bioassay of volatile antifungal metabolites

The bioassay of volatile antifungal metabolites was done in split plate
petri dishes, one side containing PDA, pH 5.5, and the other with KBA
supplemented with glycine. The two parts of the plate are separated, but air
and other volatile substances can pass the barrier (Figure 1). Mutants were
grown on KBA" (KBA amended with glycine) and incubated for 24 hour at 20
°C. Then an agar plug of a 24 h old PDA based culture of Pythium ultimum
was placed on the other side on PDA and the petri dishes were sealed with

parafilm an incubated for 48 hours.

Tested
mutants

Figure 1. Bioassay of volatile antifungal metabolites produced by mutants (left:
control; right: inhibition of P. ultimum by a mutant)
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The effect of volatile antifungal metabolites was assessed by
comparing the colony diameter of P. ultimum treated with bacteria and its
diameter in absence of bacteria. The experiment was set in completely

randomised design with four replications.

2.3.1.4.4. HCN production

The determination of HCN was conducted by colorimetric technique
using Spectroquant < rapid test (Merck, Darmstadt). Culture of mutants grown
in KB" (KB amended with glycine) were harvested 24h, 48h and 72 h after
inoculation, centrifuged at 10,000 g and filter sterilized (membrane filter, pore
diameter 0.2 pm, Fa. Sartorius, Goéttingen). The determination of HCN is
based on the colorimetric reaction performed by Asmus and Garschagen
(1953). Cyanide and chlor salt (reagent CN-1A) build chlorcyan, and this
reacts with pyridin (reagent CN-3A) and forms glutacondialdehyde, that
afterward reacts with 1,3 dimethyl barbituric acid (reagent CN-2A) to form a
violet polymethin.

The sample were collected in microplates with 350 pl wells, then
measured at A=592 nm (Spectra Il, Fa Tecan, Belgium). HCN-containing
samples change their colour from yellow-brown to pink, with intensity
proportional to the HCN content (Figure 2). Each treatment was replicated 4

times.

2.3.1.4.5. Indole-3-acetic acid (IAA) production

The production of indole acetic acid (IAA) was determined by
colorimetric methods (PC Methods that was firstly perfomed by Pilet and
Chollet) (Glickmann and Dessaux, 1995). Transconjugants were grown in KB
medium containing 0.5 g/l tryptophan for 24 h, centrifuged at 10,000 g and
the supernatant filter sterilized (membrane filter, pore diameter 0.2 um, Fa.
Sartorius, Gottingen). Reagent consists of 12 g of FeCls per litre in 7.9 M
H,SO4. One millilitre of reagent was added to 1 ml of sample solution in 1,5

ml Eppendorf tube and mixed vigorously. The mixture was left in the dark for
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30 minutes at room temperature. The samples were filled into microplates
with 350 pl wells and the OD was measured at A=550 nm using a
spectrometer (Spectra Il, Fa Tecan, Belgium). IAA content was calculated
from a regression made with indole -3- acetic acid in concentrations from 0,
6.25, 12.5, 25, 50, 75 and 100 ug/ml (Figure 3).

Figure 2. Cyanide determination using Spectroquant R. Dark violet brown
colour on the left indicates a HCN positive samples, clear yellow
colour on the right indicates a HCN negative sample.

2.3.1.4.6. Motility

The method of Scher et al. (1988) was used to determine the motility
of mutants. 10 ul of a bacterial suspension was transferred onto petri dishes
containing semi liquid tryptone agar (1% tryptone and 0.5 % agar) and
incubated for 24 h at 20 C. Motility was determined by measuring the
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diameter of the swarming colony. Each treatment was done with four

replications.
2.5
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Figure 3. Regression line for IAA production (PC Methods)
2.3.1.5. Root Colonisation

Colonisation experiments were done in microcosm in controlled
environment under light intensity of 3000 lux, photoperiods of L:D=18:6,
temperature of 18°C, and soil water content of 60% of field capacity. Seeds
were dipped for 20 minutes in the suspension of one-day old-LB-based
culture of Ps. fluorescens B5 " with an ODsg, of 0.25. Excess of water or
bacterial suspension was removed. Six seeds were planted into each
microcosm. At the end of experiment, 13 day after sowing, plants with roots
were removed carefully. Soil adhering to the roots was used for estimation of
rhizosphere colonization. Sugar beet plants were put on a wet sheet of paper
towels to keep them fresh. Two equally grown plants with acceptable root

recovery were taken from each of 2 columns to make 3 replicates with 2
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plants each. Roots were measured and an 8 cm long root section beginning
with the hypocotyl was used for the determination of rhizoplane colonisation.
They were put into a universal, weighed, and kept cold at 5°C (overnight).
Next day, universals were filled with 3 parts of saline solution (of root fresh
weight with soil). Dilutions were made in Eppendorf cups to estimate
colonization in the rhizosphere (soil). Roots were washed twice gently with
sterile Ringer solution to remove adhering soil and grinded in a mortar with 10
parts of saline. Dilutions till 10° were made in Eppendorf cups and 10 pl
drops were plated onto petri dishes containing TSA with 400 ppm

streptomycin to estimate the rhizoplane colonization of antagonists.

2.3.1.6. Efficacy of antifungal metabolite - overproducing mutants
ad planta

The inoculum was produced by growing one-day-old PDA-culture of
P. ultimum in maize broth at 20°C for 5 days on a rotary shaker at 90 rpm.
The mycelium was harvested with a sieve, rinsed with sterile water, weighted
and homogenized in a blender at low speed. The water suspension
containing mycelia and oospores of the required dry weight (100 mg dry
weight ~2.6 g fresh weight/ treatment) containing 2000 oospores /g soil, was
filled to 200 ml with water and mixed with 2.8 kg of a sand-compost mixture
for each seed treatment (six pots).

Monogerm-seeds  (cultivar EVA-MSV) were obtained from
Kleinwanzlebener Saatzucht AG (KWS, Germany). Seeds were planted in a
mixture of 2.6 kg steamed compost soil sieved to particle size of 4mm with
0.4kg fine sand and 200 ml of tap water or water containing the
homogenized mycelium and oospores of the pathogen respectively to give a
soil moisture content of 60 % field capacity determined according to
Laermann (1972). 16 seeds were sown 2-cm deep in each 10*10 cm plastic
pot containing 500 g of infested soil. Six replicates were planted for each
seed treatment in a completely randomised experimental design. 3 kg of
compost soil were infested with 1.25 g fresh weight of mycelia of P. ultimum

corresponding to 100 mg dry weight. Pots were covered with foils and set at
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15°C until emergence. Further incubation carried at a temperature of 18°C
with illumination from mercury vapour lamps (3000 Lux) for 16 h per day.
After emergence pots were watered to maximum field capacity for 2 days.
Thereafter the soil moisture contents of the pots were adjusted gravimetrically
daily to maintain 60 % of maximum field capacity

The disease suppression [DS] was evaluated 2 weeks after seedling

emergence by number of healthy plants:

X-C+
DS [%]= —— . 100%
Cc-C’

Where:
X = number of healthy plants in the treatments
C-=number of healthy plants in non infected control

C+= number of healthy plants in infected control

2.3.2. The role of indole-3-acetic acid (IAA) in biocontrol activity of
Ps. fluorescens B5 against Pythium ultimum in sugar beet
seedlings

2.3.2.1. Relation between IAA - production of mutants in vitro and their
efficacy ad planta
The total in vitro production of IAA in the whole culture and the
production per 10%cells were plotted against biocontrol efficacy ad planta of
the corresponding mutants. Pearson’s correlation coefficient was calculated
between the two variables (N=18) using the Statistica package program. A

value of P<0.05 shows a significant correlation.

2.3.2.2. Antifungal activity of IAA and some indole derivatives against
P. ultimum in vitro.

Stock solutions of Indole-3-acetic acid (IAA), indole-3-butyric acid (IBA)
and indole-3- propionic acid (IPA) were prepared in aqua bidest. The

solutions were filter sterilized and added to PDB, pH 5.5, to provide a final



21

concentration of 12,5; 25; 50; 75 and 100 ppm (ug/ml) respectively. An agar
plug (diameter 5 mm) of a one-day-old PDA-culture of P. ultimum was used
as inoculum and incubated for 48 h at 20°C and 100 rpm. Sterilized aqua
bidest instead of indole derivative in PDB served as a control. The mycelium
of the fungus was harvested for dry weight estimation after drying mycelium
overnight in an oven at 121°C. The experiment was done in a completely

randomised design with four replications per treatment.

2.3.2.3. Effect of IAA and other indole substances and its combination
with Ps. fluorescens B5 in suppressing
P. ultimum ad planta

The fungicidal effects of IAA and of other indole growth regulators i.e.
IBA and IPA against P. ultimum ad planta were tested in concentrations of 0,
12.5; 25; 50; 75; and 100 ug/ml (w/v). Sugar beet seeds were dipped in the
solution for 20 minutes, than sown in plastic boxes with 16 seeds per box
containing compost-soil and pathogen as used in the standard ad planta
assay (Chapter 2.3.1.6). The experiment was set in a completely randomised
design with 5 replications.

The effect of exogenous IAA application and its combination with Ps.
fluorescens B5 in controlling P. ultimum in sugar beet seedlings was studied
in the standard biocontrol assay except for the seed treatment. Experiment
was set in a completely randomised design with the concentration of I1AA i.e
12.5; 25; 50; 75; and 100 ug/ml as a first factor and the application of Pf B5
(Pf B5 absent or in combination with IAA derivatives) as the second factor.
Naked unpolished seeds, variety 300-0132B (KWS), were dipped in aqueous
IAA in appropriate concentrations for 20 minutes, with or without Ps.

fluorescens B5 ODsgonm depending on treatment of 0.25 for 20 minutes.

2.3.2.4. Bioassay for the effect of mutants on the root growth of sugar beet
seedlings in vitro

The effect of IAA on the growth of sugar beet seedling in vitro was

determined by a modified technique of Barazani and Friedman (1999). Surface
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sterilized unpelleted sugar beet seeds were grown on NA and incubated for 48
hours. Pf B5 and the mutants were grown on three different media i.e. MYEA,
KBA, and TSA in petri dishes equally for 48 h. The seeds were transferred to
these petri dishes parallel to the colony of the test bacteria (Figure 4). Root

length was measured at 48 h.

2.3.2.5. Effect of IAA and Ps. fluorescens B5 on the growth of sugar beet
seedlings

Naked unpolished sugar beet seeds were dipped in aqueous I|AA
concentrations of 12.5; 25; 50; 75; and 10 pg/ml for 20 minutes. Seeds
inoculated with Ps. fluorescens B5 ODsg, =0.25 served as a positive control,
noninoculated seeds as a negative control. The seedlings were grown under
controlled conditions in the standard microcosm assay in absence of the
pathogen. Seedlings were harvested 20 days after sowing and shoot height and
shoot weight were estimated. The experiment was done in a completely

randomised design with six replications per treatment.

Figure 4. Effect of IAA produced by tested mutants on the growth of sugar
beet seedlings in vitro (modified from Barazani and Friedman,
1999; MYEA, pH 7.0, 20° C)
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2.3.3. The role of sugar beet varieties in biological control of
P. ultimum by using Ps. fluorescens B5

2.3.3.1. Antagonistic activity of Ps. fluorescens B5 in different sugar
beet varieties ad planta under controlled conditions

The standard biocontrol assay (2.3.1.6) was used in this experiment
Experiment was set in a completely randomised design with the varieties as
the first factor (i.e. 300-0132B (V1), 300-0088B (V2), 300-0364B (V3), 300-
0483B (V4), 300-0448B (V5), 300-0520 A (V6), 300-0226B (V7), 300-0493B
(V8)), and the application of Pf B5S (Pf B5 absent or in use with the varieties)
as the second factor. Two controls (without and with Pythium inoculation)
were used for each tested variety. Each treatment was replicated four times

and the whole experiment was repeated three times.

2.3.3.2. Antagonistic activity of Ps. fluorescens B5 in different sugar
beet varieties with two inoculum concentrations of the
pathogen under controlled conditions
The antagonistic activity of Ps. fluorescens B5 was estimated for eight
sugar beet varieties and two concentrations of the pathogen. Experiment was
set in completely randomised design with three factors. The first factor was
the sugar beet varieties, the second the application of PF B5, and third the
pathogen inoculum, i.e. high inoculum at ~2000 oospores /g soil  (equivalent
to mycelial dry weight of 33 pg/g soil) and low inoculum at 400 oospores/g
(equivalent to mycelial dry weight of 6.2 pg/g soil). The first and second
factors were the same as in chapter 2.3.3.3. The whole experiment was

repeated twice.

2.3.3.3. Root colonisation

The experiment was carried out with the methods described in 2.3.1.6
except seeds were not pelleted. Each treatment (eight varieties) was
replicated 4 times and the experiment was repeated twice, with two control

Pythium-infected and healthy control.
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2.3.3.4. Root adherence

Eight varieties of sugar beet, 300-0132B (V1), 300-0088B (V2), 300-
0364B (V3), 300-0483B (V4), 300-0448B (V5), 300-0520 A (V6), 300-0226B
(V7) and 300-0493B (V8) were used in this experiment with 6 replications,
and three seedlings (roots) per replication. Adherence test was carried out
using the method of Glandorf et al. (1994). Seeds were surface sterilized in
5 % NaOCI and rinsed two times with sterilized distilled water. Then they
were incubated in moist paper in petri dishes (d 15 cm) for 5 days. The roots
were cut and weighed and immersed in a bacterial suspension of Ps.
fluorescens B5°" with an ODsgonm = 0.25 for 15 minutes in a ernlemeyer flask
and agitated on shaker at 100 rpm for 15 minutes. Roots were removed and
gently shaken to remove excess of bacterial suspension. Roots were washed
with 0.1 M MgSO4 one times and shaken vigorously in universal glass with 5
ml 0.1 M MgSO, in the ratio of 1:25 (w/v). The washing solution was
considered as W1. Roots were macerated in 0.1 M MgSOy in the ratio of 1:5
(w/v) by using pestle and mortar. The resulting suspension was considered
as W2. W1 was used to characterize adherence type 1 after determination of
the cfu in the washing solution on TSA, pH 7.0 containing 400 ppm

streptomycin sulphate. W2 was used to characterize adherence type 2.

2.3.4. Optimisation of the biocontrol activity of Ps. fluorescens B5 by
improving its formulation technique

2.3.4.1. Screening for appropriate pelleting materials

2.3.4.1.1. Growth of Pf B5 in different materials

In order to obtain a pelleting material, which support long-term survival,
different materials i.e. wood flour 1, wood flour 2, kieselgur (diatomaceous
earth), cotton flour, bentonite and peat were tested. Materials (5% w/v) were
add to 100 ml TSB in 250 ernlemeyer flasks and the pH was adjusted up to
7.0 after autoclaving. TSB containing materials were inoculated with 1 % of

one-day old culture of Ps. fluorescens B5°" and incubated at 20°C with 100
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rom for 48 hours. The density of bacteria in each culture was determined by
serial dilutions followed by plating onto TSA supplemented with 200ppm
streptomycin sulphate 6h, 12h, 24h, 36h, and 48 h after inoculation. At 48 h,
bacterial culture was filtered through a fibreglass filter paper (&J 90 cm,
Scheichel-Schuell, Germany) using a vacuum pump. The residues of the
pelleting materials were than mixed with aqua bidest to remove remaining
nutrients and filtered again. The liquids passing the filter paper after the first
and second filtration are considered as liquid part and washing water
respectively. In order to compare the binding capacity of each material, the
number of bacteria in the residue of pelleting materials, in the liquid part and
in the washing water as well, was determined by serial dilution followed by

plating onto TSA containing 400 ppm streptomycin sulphate.

2.3.4.1.2. Survival of Ps. fluorescens B 5 in different materials

Residues of pelleting materials, except bentonite, after vacuum
filtration had moisture content of ~60% (determined gravimetrically).
Bentonite with 60 % moisture was received by air-drying for 24 h. Two
moisture contents of the residues were used in this experiment i.e. 60 % and
10 %. 10 % of moisture in the residues was obtained by air drying at 20°C for
24 h, except bentonite (48 h). The residues of various pelleting materials
containing bacteria were stored in parafilm sealed petri dishes at 5 °C until
use.

The survival of pseudomonads was assessed monthly from zero up to
12 month. 100 mg of pelleting material was diluted up to 10° with 0.1 M saline
solution (0.9 g NaCl/l aqua bidest) and plated onto TSA, pH 7.0, amended
with 400 ppm streptomycin. The experiment was set in completely
randomised design with six replications of each treatment. The whole

experiment was repeated twice.
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2.3.4.1.3. Antagonistic activity in vitro of Ps. fluorescens B5 after
storage in different materials

To investigate the influence of different materials on the antagonistic

activity during storage Ps. fluorescens B5 was recovered from each material

after 12 months storage and grown on TSA, pH 7. A one-day-old colony was

used to test antagonistic activity using the methods described in chapter

2.3.1.4. The experiment was set in complete randomised design with five

replications, and whole experiment was repeated twice.

2.3.4.2. Screening for additives to improve formulation of
Pseudomonas fluorescens B5

Nitrogen sources and trace elements should serve as additives to

improve the formulation of antagonists, to stimulate the production of

antifungal metabolites in vitro and increase the efficacy of Ps. fluorescens B5

ad planta, but do not favour the pathogen and do not give detrimental effects

on host plant.

2.3.4.2.1. Screening for nitrogen sources and trace elements as
formulation additives in vitro

Urea, (NH4)2S04, NH4NO3, casamino acids and tryptone were used as
nitrogen sources in three concentrations i.e. 0.5 %; 0.1 %; 0.02 % (w/v) in
modified succinic media, where succinic was replaced by glucose, pH 7.0.
Trace elements were: H3B04, CuSO4 5 H,0, FeCls 2 H,0, ZnSO4 7 H-0,
MnSO 4 H>0O, CoCl, 12 H,0, HsMo7NgO24. The used concentrations of trace
elements were 1 mM, 0.2 mM, and 0.05 mM. Because of the toxicity of Cu
and Co to the growth of Ps. fluorescens B5, i.e. 0.05 mM of these elements
inhibited the growth of PF B5, the substances were not further tested. One
percent of one-day old culture of PF B5 was used as inoculum at 20°C and
100 rpm. The culture was harvested after 4 days (stationary growth phase).
Growth was determined by measuring the OD sg2nm after 24 h, 48 h, 72 h and
96 h. The culture was centrifuged at 9.600 rpm at 5°C for 20 minutes. The pH

of supernatant was adjusted to 6.5, then filter sterilized using a sterile
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membrane filter (J 0.2 ym, Minisart, Sartorius, Germany). Culture filtrate was
add to 100 ml erlenmeyer flasks containing 20 ml of PDB, pH 5.5, at the rate
of 10 % (v/v) and inoculated with an agar plug of a one day culture of Pythium
ultimum. Controls were made by amending standard media with the solution
of the tested nitrogen source or trace element in appropriate concentration.
After incubation for 48 h mycelium of fungus was harvested and dry weight
was determined after drying in an oven at 121 °C for one day. The
experiment was carried out in a completely randomised design with 5

replications each.

2.3.4.2.2. Screening for nitrogen sources and trace elements as
formulation additives ad planta

Selected trace elements (H3BOs;, MnSO,4 and ZnSO4) and nitrogen
compounds (ammonium nitrate and casamino acids) in two concentrations for
trace elements (0.05 and 0.2 mM) and for nitrogen compounds (0.1% and
0.5% ) were further tested ad planta. Concentration optimisation of tested
trace elements ad planta was investigated by testing at the concentration of
0.2 mM, 0.05 mM, 0.01 mM and 0.005 mM. Combined treatment of MnSO4
and ZnSO4 with concentration of each substance of 0.01 mM and 0.05 mM
was also tested. Pelleted sugar beet seeds were dipped in a mixture of Ps.
fluorescens B5 WT (ODsg2nm = 0.25) with an appropriate concentration of the
additive for 20 minutes, and excess of liquid was removed. Biocontrol activity
of Pf B5 was than tested in the standard pot assay (2.3.1.6). Experiment was
set in completely randomised design with five replications each and the whole
experiment was repeated twice.

A direct effect of MnSO4 and ZnSO, on the disease ad planta was also
tested. Seeds were dipped into the corresponding solution containing the
additives and planted in Pythium infested soil but without Pf BS treatments.
The experiment was carried out with five replications.

Effect of MnSO,4 and ZnSO4 on the emergence and growth of sugar

beet in absence of Pythium ultimum and Pf B5 was also investigated. Seeds
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were dipped with the solution of MnSO4 or ZnSO,4 at the concentrations of
0.05 and 0.2 mM were grown under controlled conditions without Pf B5S and
Pythium ultimum. Emergence, total and individual fresh weight of seedlings

were determined 27 days after sowing.

2.3.5. Statistical analysis

Obtained data were organized by Excel (Microsoft), than statistically
analysed using Statistica program package. Before analysed, data
distribution was tested its normality by a nonparametric test of Kolmogorov-
Smirnov (K-S). Data passing K-S test were directly analysed using Analysis
of Variance (ANOVA). Data, which were not normally distributed, were
transformed mostly by log (x+1), and arc sin (x) for the variety antagonist
interaction. If the calculated F-value according to the ANOVA showed a
significant difference, mean comparison was made by Duncan Multiple
Range Test (DMRT) at P < 0.05 (Gomez and Gomez, 1984). Correlation
analysis (Pearson’s) was also performed among physiological and
antagonistic traits among mutants in mutant experiment (N=18), and among
colonisation-adhesion-antagonistic activity of Pf B5 in different varieties
(N=24). The resulting correlation coefficients were furthermore tested their
significance at P < 0.05, and P < 0.01.
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3. RESULTS

3.1. The use of antifungal metabolite-overproducing mutants to
enhance antagonistic activity of Ps. fluorescens B5

3.1.1. Production and screening of antifungal metabolite-

overproducing mutants

In order to create antibiotic-overproducing mutants, transposon
mutagenesis was done with Escherichia coli TnS containing the resistance
gene for kanamycin as donor strain while the streptomycin resistant Ps.
fluorescens B5 was used as recipient. The resulting transconjugants were
resistant to streptomycin and kanamycin. Table 1 shows that transposon
mutagenesis with E. coli Tn 5 was efficient to produce transconjugants. It was
revealed by the very few number or almost negligible spontaneous mutants.

Totally, about 5000 mutants were obtained.

Table1. Numbers of spontaneous and Tn5-mutants resistant to streptomycin +
kanamycin in the conjugation experiment with Ps. fluorescens B5 ="

Spontaneous mutants Mutants after conjugation with E.coli Tn 5

in the dilution in the dilution
10° 10" 107 10° 107" 107
2 0 0 >500 75 5

Mutants were screened in vitro towards overproduction of antifungal
metabolites effective against P. ultimum. There was a first indication that 3
out of 5000 mutants (No. 010, No. 029, No. 311) were antifungal metabolite-
overproducing mutants. This was indicated by a bigger inhibition zone in dual
culture against P. ultimum compared to wild type of Ps. fluorescens B5 (Pf
B5 WT) (Figure 5, Table 2). Four other antifungal metabolites-overproducing
mutants i.e. N 24, Tn 12, Tn XIl and No. 825 obtained by similar technique
(transposon mutagenesis) were supplied by Dr. Dietmar Schulz. Antagonism
test in-vitro of those seven mutants against P. ultimum on TSA shows that

only No. 825 had a significant larger inhibition zone compared to Pf B5 WT.
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Figure 5. Screening for antifungal metabolite - overproducing mutants of Pf
B5 (in Figure No 311 and Tn 12) by dual culture technique. Both

mutants produced bigger inhibition zone than wild type.
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Table 2. Inhibition zone of antifungal metabolite-overproducing mutants of
Pf BS against P. ultimum on TSA (pH 6.5) and King’s B Agar (pH 6.5;
24-h pre-incubation, evaluation 24 h after fungus inoculation).

Mutants Inhibition Zone (mm)
TSA KBA

P. fluorescens B5 WT 13.25b 11.25 A
P. fluorescens B5 " 12.42 ab 11.00 A
No. 010 14.00 b 13.17 B
No. 029 11.83 a 13.00 B
No. 311 14.25 bc 12.50 B
N 24 13.00 ab 12.50 B
Tn 12 14.58 bc 13.00 B
Tn Xl 12.83 ab 11.42 A
No. 825 15.41 ¢ 12.08 AB

Values in the same column followed by the same letter are not significantly
different with DMRT test (P < 0.05). Each treatment has five replications (the whole

experiments was repeated twice).
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While on KBA'(KB containing 200 nM FeCl;) except for Tn XlI, all tested
mutants had a significant greater inhibition zone than Pf BS WT (Table 2).

3.1.2. Characterisation of antifungal metabolite - overproducing mutants
3.1.21 Antifungal activity of the culture filtrate in vitro

Antagonism test was carried out with culture filtrate from different
media (LB and KB™) with different culture age (24 h and 48 h). The results
obtained in this experiment are not parallel to that obtained in dual culture test
on solid media (TSA and KBA"). With the exception of No. 010 and No. 825,
LB-based culture filtrate of the remaining mutants inhibited the growth of P.
ultimum more effective compared to Pf B5 WT. LB-based culture filtrates of
mutants No. 311 and Tn 12 appeared to be the most strongest ones. Except
for No 010, and No 311, KB*-based culture filtrates of the mutants provided
higher inhibitory effects against P. ultimum than of Pf B5 WT.

The antifungal activity of some culture filtrates was influenced by its
culture age. A 24 h old LB-based culture filtrate of the mutants No. 311, N 24
and Tn 12 showed higher antifungal activity compared to 48 h old LB-based
culture filtrate (Figure 6). In contrast, the effect of culture age was not
observed for other tested mutants. Except for No. 010 and No. 029, a 24 h
old KB"based culture filtrate of all mutants had a higher antifungal activity
than a 48 h old filtrate (Figure 7).
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Figure 6. Effect of culture filtrate of antifungal metabolites-overproducing mutants of Pf B5
against P. ultimum in vitro (bacteria grown in LB medium pH= 7.0, 20°C, 100 rpm, harvested
24 h and 48 h after inoculation, 5 replications each, whole experiment repeated 2 times.
Same shaded bars with the same symbols are not significantly different at P< 0.05).
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Figure 7. Effect of culture filtrate of antifungal metabolite-overproducing mutants of Ps.
fluorescens B5 against P. ultimum in vitro (bacteria grown in KB® medium pH 7.0, 20°C, 100
rom, harvested 24 h and 48 h after inoculation, 5 replications each, whole experiment
repeated 2 times. Same shaded bars with the same symbols are not significantly different at
P< 0.05).
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Figure 8. The growth of antifungal metabolite- overproducing mutants of
Ps. fluorescens B5 (LB, pH 7.0, 20°C, 100 rpm).
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Figure 9. The growth of antifungal metabolite-overproducing mutants of
Ps. fluorescens B5 (KB *, pH 7.0, 20°C, 100 rpm).
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Table 3. Doubling time of the antifungal metabolite - overproducing mutants

Doubling Time (h) in

Mutants

LB KB*
Ps. fluorescens B5 WT 1.07 1.86
Ps. fluorescens B5 5" 1.01 2.11
No. 010 0.93 1.76
No. 029 0.68 1.85
No. 311 0.95 1.87
N 24 0.76 1.92
Tn 12 0.70 2.04
Tn XIl 0.86 1.87
No. 825 0.88 1.87

3.1.2.2. Growth

Great inhibition zones in dual culture and high antifungal activity of
culture filtrates may also be due to the better growth of mutants, therefore
growth was evaluated as well. All tested mutants grew faster in LB media and
cfu in stationary growth phase was higher than in KB* media. In KB* media,
no difference in growth behaviour among tested mutants was detected. In LB,
except for No. 029 and Tn XII, the growth of most mutants was similar to wild
type of Pseudomonas fluorescens B5. Mutant No. 029 grew slower and cfu in
stationary phase was lower than cfu of Pf B5 WT in LB media. On the
contrary, mutant Tn Xll grew faster and growth estimated during stationary
phase was better than that of Pf B5 WT in LB media (Figure 8 and 9). In LB
media, all mutants reached stationary phase of growth after 30 h, whereas in
KB* media this phase started already after 20 h.

Bacterial growth can also be characterised by comparing doubling or
generation time of the mutants during exponential growth phase. Doubling

time of wild type strain of Ps. fluorescens B5 and tested mutants are shown in
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Table 3. The results indicated that doubling times of all mutants in LB are
slightly shorter compared to Pf B5 WT. In KB" media, doubling time of the
mutants and Pf B5 WT, except for Tn 12 and Pf B5 Str, are nearly the same.

3.1.2.3. Bioassay of volatile antifungal substances

It is well known that antagonistic fluorescent pseudomonads can
produce volatile antifungal substances such as HCN and ammonia, therefore
a bioassay of volatile antifungal substances produced by mutants against

Pythium ultimum was conducted.

ab b

Colony Diameter (cm)

R N N I AR

o PO

Mutants
Figure 10. Effect of volatile antifungal substances produced by mutants of Ps.
fluorescens B5 on the growth of P. ultimum in vitro (split plate petri dishes,
20°C, bacteria on KB*, P. ultimum on PDA, pH 5.5) Bars with the same
symbols are not significantly different at P<0.05.
The bioassay, indicated by the growth of P. ultimum, shows that only the
mutants No. 029, No. 311 and No. 825 showed a significantly stronger

production of volatile antifungal substances compared to Pf BS WT.
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Figure 11. HCN production of antifungal metabolite-overproducing mutants of Ps.
fluorescens B5 detected in 24 h, 48 h, and 72 h old culture filtrate (HCN detection
kit, Merck, Germany).
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Figure 12. HCN production per 10° cells of antifungal metabolite-overproducing

mutants of Ps. fluorescens B5 detected in 24 h, 48 h, and 72 h old culture
filtrate (HCN detection kit, Merck, Germany).

HCN Production (OD unit/10° cells)
—
—




37

3.1.2.4. HCN production

HCN is a known antifungal substance produced by various biocontrol
strains of fluorescent pseudomonads and therefore HCN production of
mutants production was investigated in vitro. It was obvious from Figure 11
that mutants No. 311, N 24, Tn 12 and No. 825 produced HCN in vitro to a
greater extent than wild type strain of Ps. fluorescens B5. The highest level of
total HCN in vitro was achieved by Tn 12 and followed by No. 311, N 24, 825,
Tn XlI, and No. 29 respectively.

However, a ranking among the tested mutants is quite different, when
HCN production is related to cell number. The highest level of HCN per 10°
cells was achieved by mutant No. 311 followed by Tn 12, No. 029, No. 24,

Tn X1, No. 825, Pf B5 WT, Pf B5 5" and No. 010, respectively (Figure 12).

3.1.2.5. Indole-3-acetic acid (IAA) production

Indole-3-acetic acid (IAA) is one of the substances commonly
produced by antagonistic and PGPR strains of fluorescent pseudomonads
and production by mutants was also studied in the present work. IAA
production in vitro as measured by colorimetric method (Figure 15) was
variable among the tested mutants ranging from 13.7 uyg/ml to 76.1 yg/ml
(Figure 13). Only the mutants No. 029 and No. 311 produced more total IAA
than wild type strain of Ps. fluorescens B5.

IAA production per 10° cells was higher for the mutants No. 029 No.
311, N 24 and Tn 12 compared to Ps. fluorescens B5 and the other tested
mutants. But the level of IAA production per 10° cells of No 010 and No. 825
was lower compared to Pf BS WT (Figure 14).
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Figure 13. Total production of IAA in vitro of the antifungal metabolite-
overproducing mutants and wild type of Ps. fluorescens B5.
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Figure 14. IAA production in vitro per 10° cells of the antifungal metabolite-

overproducing mutants and wild type of Ps. fluorescens B5.
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Figure 15. Determination of IAA production of antifungal metabolite-
overproducing mutants of Ps. fluorescens B5. Red colour of the
reaction medium indicates positive samples and yellow colour a
negative sample of IAA.

3.1.2.6. Motility

Motility of mutants was also characterised in this study. Figure 16
shows the performance of non-motile and motile mutants on semi-liquid
tryptone agar.

The result shows the variability of motility of the tested mutants
compared to wild type strain of Ps. fluorescens B5 (Table 4). The motility of
the mutants No. 825 and Tn Xll were not significantly different to Pf BS WT,
but N 24 and Tn 12 showed a significantly higher motility.



Table 4. Motility of antifungal metabolites - overproducing mutants

Mutants

Motility
[1 day-old swarm diameter (in mm) on
semi liquid medium, pH 7, at 20°C]

Ps. fluorescens B5 WT
Ps. fluorescens B 55"
No. 010

No. 029

No. 311

N 24

Tn 12

Tn Xl

No. 825

19.25 ¢
26.25d
10.87 b
6.25a
9.88 ab
25.25d
25.25d
19.25¢
22.75 ¢

40

Values in followed by the same symbols are not significantly different with DMRT test

(P<0.05), 5 replications.

Figure 16. Swarm diameter on semi liquid agar showing motility (No 029:non

motile, Tn XII: motile).
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3.1.3. Root colonisation

The mutants were also characterised for their colonisation ability both
in rhizosphere and rhizoplane, under controlled conditions without pathogen
inoculation. Concerning to the rhizosphere colonisation, there was no
significant difference among the tested mutants (Figure 17).

There was only a tendency of higher rhizoplane colonisation of mutant
Tn 12, Tn XIl and No. 825. Mutant No. 029 was found to be a very weak
rhizosphere and rhizoplane coloniser.
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Figure 17. Colonisation of antifungal metabolites-overproducing mutants of
Ps. fluorescens B5 under controlled conditions (T=18°C, photoperiod
of L:D = 18:6, soil moisture = 60% of field capacity, without Pythium
infestation). Each treatment was four times replicated with the whole
experiment repeated two times.
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3.1.4. Antagonistic activity of mutants ad planta

The antifungal metabolites-overproducing mutants were tested in
biocontrol assay in the system Pythium ultimum — sugar beet — antagonist
(mutant) under controlled conditions. To obtain more reliable data, ad planta
experiments were repeated twice. The results of the ad planta test are shown
in Figure 18 and 19. Only three mutants (Tn 12, No. 311 and N 24) showed a
significantly higher (P < 0.05) antagonistic activity than Pf B5 WT and Pf B5
S The mutants Tn 12, No. 311 and N 24 could suppress the disease to an
extent of 74 %, 64 % and 60 %, respectively, while suppression achieved by
Pf B5 WT and Pf B5 " was only 45 % and 43 % respectively.

16

Number of healthy seedlings per pot

Figure 18. Efficacy of antifungal metabolites-overproducing mutants of Ps.
fluorescens B5 against damping off caused by
P. ultimum ad planta under controlled conditions (T = 18°C, photoperiods
of L:D = 18:6, soil moisture = 60% of field capacity, six replications each
and the whole experiment was repeated two times). Number of sown
seeds per pots =16. Bar with the same symbols are not significantly
different at P < 0.05 according to DMRT test.
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. Tn12 _ PfB5WT

=

Figure 19. Improvement of biocontrol activity of Ps. fluorescens B5 ad planta
by applying antifungal metabolite-overproducing mutants under
controlled condition in pot test (Tn 12 show a higher control than
Pf B5 WT, C-=healthy control, C+= Pythium-inoculated control)

Mutants No. 825, Tn XII, and No. 029 showed no significant difference in their

antagonistic activity ad planta compared to Pf BS WT. The mutant No. 010

led to lower biocontrol ad planta than both standard strains Pf B5 and

PfB5 St

3.1.5. Relationship of mutant’s in vitro physiological traits and their
efficacy ad planta of tested mutants

An important result of the present study was the development of a
correlation matrix of in vitro physiological traits of tested mutants and
antagonistic activity ad planta (Table 5). The analysis identified in vitro
physiological traits of mutants, which have a close relationship to the
antagonistic activity ad planta. Among 9 tested mutants (including Pf B5 WT
and Pf B5 "), with 13 characterized traits in vitro, antagonistic activity ad

planta correlated significantly with total HCN production in vitro (r=0.75, P<
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0.001), HCN production/10° cells (r=0.69, P< 0.001), total IAA production in
vitro (r=0.47, p< 0.05), IAA production/10° cells (r=0.60, P <0.05) and mycelial
growth reduction in vitro in KB*-based culture filtrate (r=0.64, P< 0.01)
(Table 5).

Regarding to the colonisation both in rhizosphere and rhizoplane, the
result shows there was no significant correlation between the two types of
colonisation and the antagonistic activity ad planta. Two types of colonisation
correlated significantly to antibiosis - related properties. Rhizosphere
colonisation correlated positively and significantly with the inhibition zone on
TSA medium, mycelial growth reduction with LB-culture filtrate and motility.
Rhizoplane colonisation had a positive siginificant correlation with mycelial
weight reduction in LB-based culture filtrate and motility. Both colonisation
types correlated to each other.

Table 5 also shows a significant correlation among in vitro
physiological traits of mutants. For instance, total HCN production in vitro
correlated significantly to mycelial growth reduction of P. ultimum in bioassay
with volatile substances (r=0.55, P< 0.05), and inhibition zone in TSA test
(=47, P< 0.05). Moreover, total IAA production in vitro and I|AA
production/10° cells correlated significantly with HCN production/10° cells
(each with r=0.68, P< 0.01 and r=0.63, P < 0.01), and fungal growth reduction
in KB*-based culture filtrate (r=0.67, P< 0.01).
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Table 5. Correlation matrix of in vitro physiological traits of mutants and antagonistic activity and colonisation ad

planta
IZ- MWR-CF- MWR- REL REL o
APE DT-LB DT-KB IZ-TSA KBA LB CF-B HCN HCN IAA IAA V-B Motility RC
Ad Planta Efficacy (APE) -
Doubling Time LB(DT- ns )
LB)
Doubling Time KB )
(DT-KB) ns.o e
Inhibition Zone —TSA
(IZ-TSA) ns ns ns -
Inhibition Zone —KBA *k .
(1Z-KBA) ns -0.64 ns ns
Mycel. Weight Red. x
CF-LB (MWR-CFLB) ns ns 0.71 ns ns -
Mycel Weight Red. —— - -
CF-KB (MWR-CFKB) 0.64 0.65 ns ns ns ns
Total HCN Production - * .
(HCN) 0.75 ns ns 0.47 ns ns ns
HCN/10 ° cells(RELHCN) 0.69*** -0.50* ns ns ns ns ns 0.74* -
;I;Zf; IAA Production 0.47* ns ns ns ns ns 0.67* ns 0.68** -
IAA/10 ° cells (REL IAA)  0.60* ns ns ns ns ns ns ns 0.75™ 0.48* -
Fungal Growth reduction- * }
Volatile Bioassay (V-B) ns ns ns ns ns ns ns 0.55 ns ns ns
Motility ns ns 0.72* ns ns ns ns ns ns ns ns ns -
Rhizosphere *x * o -
Colonisation (RC) ns ns ns 0.72 ns 0.53 ns ns ns ns ns ns 0.66
Rhizoplane Colonisation ns ns ns ns ns 0.75** ns ns ns ns ns ns 0.50* 0.61*

Note: N=18, Pearson’s coefficient is used. ns=non significant, * significant at P< 0.05, ** significant at P< 0.01, *** significant at P< 0.001
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3.2. The role of indole-3- acetic acid (IAA) in the biocontrol activity of
Ps. fluorescens B5 against damping-off of sugar beet seedlings
caused by P. ultimum

3.2.1. Correlation between IAA production in vitro and
antagonistic activity ad planta of tested mutants

As mentioned in chapter 3.1 that wild type of Ps. fluorescens B5
and its mutants produced considerable amounts of IAA in vitro. Further
experiment conducted in controlled environment shows that total IAA
production in vitro was significantly correlated (r= 0.47, P< 0.05) to
antagonistic activity of corresponding mutants ad planta (Figure 20). IAA
production/10 ° cells in vitro of the mutants correlated significantly to their
antagonistic activity ad planta (r=0.60, P<0.05). In addition, total IAA
production in vitro of mutants correlated to HCN production/10 ° cells in vitro.
This seems to be an indication for the importance of IAA production in vitro in

biocontrol activity of Pf B5.

3.2.2. Antifungal activity of IAA in vitro

A further study was conducted to assess the role of IAA in the
biocontrol of P. ultimum of sugar beet seedling by using Ps. fluorescens B5.
Biossay in vitro using solid media (PDA) and liquid media (PDB)
demonstrated that |AA alone is able to inhibit the growth of P. ultimum
(Table 6, Figure 22; Figure 23). Fungicidal effect of IAA against P. ultimum
in vitro was obviously detected at the concentration of 50 ug/ml in PDA and
12.5 pg/ml in PDB. Moreover antifungal activity against P. ultimum in vitro
was also provided by other indole plant growth regulators such as indole-3-
butyric acid (IBA) and indole-3-propionic acid (IPA) (Figure 22, 23; Table 6).
Two of later indole substances even resulted in significantly stronger
antifungal effect compare to IAA (Table 6).
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Figure. 21. Correlation between IAA production per 10 ° cells of mutants in vitro and

their biocontrol activity ad planta (N=18, * significant at p< 0.05)
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3.2.3. Antifungal activity of IAA ad planta

Experiment ad planta with seed dipping shows that IAA alone at the
concentration of 50 pg/ml could suppress damping-off of sugar beet
seedling caused by P. ultimum (Figure 24, Table 7). In addition, other indole
plant growth regulators i.e. IBA and IPA with certain concentration can also

directly suppress damping off ad planta (Table 7).

Table 6. The antifungal effect of indole -3 -acetic acid (IAA), indole-3- butyric
acid (IBA), and indole -3- propionic acid (IPA) against P. ultimum
in vitro (PDB pH 5.5, 20° C, 100 rpm, 48 hours)

Concentration Mycelial Weight (mg)
(ng/ml)
IAA IBA IPA
0 89.78 89.78 j 89.78
6.25 81.25 2249 f 26.25 f
12.5 63.00 hi 11.33 e 10.45 e
25 49.25 ghi 5.35cd 9.25 de
50 34.50 fg 3.70 c 3.47c
75 37.25 fgh 1.25b 453 c
100 15.00 fg 0.00 a 5.10 cd
Values in followed by the same symbols are not significantly different with DMRT test
(p< 0.05)

Treatment of exogenous IAA together with Ps. fluorescens B5 at the
low concentration (12.5 pg/ml) tended to enhance the protection of sugar beet
seedlings by Pf B5 against P. ultimum (Figure 24). On the contrary, in higher
concentration, IAA reduced antagonistic activity, and reduction starting to be
significant (P <0.05) at 100 ug/ml.
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Figure 24. Effect of exogenous IAA treatment and its combination with
Ps. fluorescens B5 on the damping- off of sugar beet caused by P.
ultimum ad planta (number of seedlings per pot=16)

3.2.4. Effect of IAA on the seedling’s emergence and growth

IAA is a famous plant growth regulator; hence its effect on sugar beet
seedling’s growth was also investigated. Experiment ad planta without
pathogen infestation shows that addition of exogenous IAA, applied by seed
dipping technique provided different response of different growth traits of
sugar beet seedling. All of tested range of IAA treatment did not influence the
germination rate and seedling’s height of treated seedlings (Figure 25 and
26). In contrast, Figure 27 demonstrates the increase of fresh weight of
seedling’s shoot due to exogenous IAA at the rate of 25 yg/ml, and no
more effect at higher tested concentration. Pf BS WT treatment alone did
not increase significantly seedling’s height, but it increased significantly
seedling’s shoot weight. Generally combination treatment of Pf B5 WT and
IAA 100 pg/ml did have any effect on the observed growth parameters of

seedlings.
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Table 7. Effect of IAA, IBA and IPA on the damping- off of sugar beet ad
planta under controlled environment

Concentration (ug/mil) Number of healthy seedlings (n=16)
IAA IBA IPA

0 0.00 a 0.00 a 0.00 a

6.25 2.25 bc 1.25 ab 1.75b
12.5 Oa Oa Oa

25 0.50 a 2.00b 1.00 ab

50 3.00c 1.25 ab 0.50 a

75 Oa 225b 0.75a

100 0.75 a 0.5a 0.25a

Numbers followed by the same symbols are not significantly different according
DMRT test (p<0.05)

Table 8. Effect of application of Pseudomonas fluorescens B5 WT and its
mutants on the emergence and growth of sugar beet seedlings
(without pathogen infestation, controlled environment)

Mutants Emergence Height Total Individual Root
(%)° (cm)? Weight (g) Seedling’s Length 2
: Weight (g) (cm)
Control 96.21 b 414 a 283b 0.27a 1.27 b
PfB5 WT 81.25 a 429 a 234 b 0.34bc 0.77 a
No. 010 96.71b 433 a 279b 0.29 ab 1.30b
No. 029 91.33 ab 4.36 a 2.58 ab 0.30 ab 0.67 a
No. 311 79.79 a 417 a 218 a 0.38¢c 0.60 a
N 24 91.50 ab 448 a 294 b 0.31b 0.41a
Tn12 87.33 a 3.99 a 272b 0.29 ab 0.67 a
Tn XII 91.33 ab 495D 2.54 ab 0.34 bc 0.69 a
No 825 88.54 ab 3.87 a 247 ab 0.27 a 0.60 a

1) Values followed by the same symbols in the same column are not significantly different
according DMRT test (P < 0.05), 2) determined in petridish-bioassay according modified
technique of Barazani and Friedman (1999), 3) Pot experiment under controlled environment,
4) Each treatment was six times replicated with the number of seed per pot=16
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3.2.5. Effect of antifungal metabolites-overproducing mutants on the

emergence and growth of seedlings

Since some strains of fluorescent pseudomonads promote or inhibit
the growth of associated host, the effect of mutants on this aspect was also
studied. Application of wild type Pseudomonas fluorescens B5 on sugar beet
seeds, without Pythium infestation  significantly reduced germination rate
(Table 8). Some of the mutants also had the similar or even stronger
inhibitory effect (No. 311 and Tn 12) than wild type. Tn XIl treatments

enhanced significantly seedling’s height, and no observed influence of other

mutants.
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Fig 25. Effect of exogenous IAA application on the germination rate of sugar
beet seedlings ad planta (without pathogen inoculation)
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sugar beet ad planta (without pathogen inoculation)
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Table 9. Correlation matrix of the growth of sugar beet seedlings treated
with various mutants and IAA and HCN production of mutants in vitro

Emergence Height Total Indiv. Root Total IAA IAA/ 10° Tot
Weight Weight Length Prod. cells HCN
in vitro in vitro prod.
in vitro
Emergence '
Height " ns
;I'otal Weight 0.81* ns
Individual -0.77* ns -0.66*
weight *
Root length 2 ns ns ns ns
Total IAA ns ns ns ns ns
Production
in vitro
IAA/10 ®cells ns ns ns ns -0.55* ns
In vitro
Tot HCN -0.51* ns ns ns -0.57* ns ns
production
in vitro
HCN/10 ® -0.60* ns ns ns ns 0.70* ns 0.70*
cells
in vitro

Note : N=18, Pearson correlation coefficient is used, 1)determined under controlled environment
in pot without Pythium 2)determined by bioassay in petri dish , *significant at P < 0.05

3.2.6. Correlation of some in vitro physiological features of mutants and
the growth of treated seedlings ad planta

Correlation matrix of growth parameters of sugar beet seedlings

treated with various mutants and total IAA production in vitro was performed

(Table 9). This table shows that germination rate was negatively (significant

at p<0.05) correlated to the total production of HCN in vitro and production of

HCN/10 ° cells in vitro.

It did not correlate to the total IAA production and

production of IAA per 10 ? cells in vitro. Furthermore, negative significant

correlation existed between the root length of sugar beet seedlings in

petridish-bioassay and IAA production/10 °cells and total production of HCN

in vitro.
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3.3. The role of sugar beet varieties in biological control of

P. ultimum by using Pseudomonas fluorescens B5

There is an existing phenomenon that host genotype can influence
antagonist activity. The aim of the following studies was to investigate the role
of sugar beet varieties on the antagonistic activity of Ps. fluorescens B5 and

the involved mechanisms.

3.3.1. Efficacy of Ps. fluorescens B 5 against Pythium ultimum ad planta
in different sugar beet varieties under controlled condition

To study the antagonistic activity of Ps. fluorescens B5 in different
varieties, an ad planta experiment under controlled conditions was carried
out. Analysis of variance (ANOVA) of the effect of sugar beet varieties on the
activity of PfB5 based on direct observed variables, i.e. the number of
healthy seedlings, shows a very high significant interaction (P<0.01) between
the application of PfB5 and sugar beet varieties (Table 10). ANOVA on
variables based on biocontrol activity or relative disease suppression (Table
11) gave a similar result, i.e. a high significant effect of the varieties (P<0.01).
The results show that biocontrol activity of Ps. fluorescens B5 against P.
ultimum ad planta depends on the sugar beet varieties.

Without antagonist (Pf B5) treatment, the tested varieties showed a
variable susceptibility to P. ultimum (Figure 28). According to their resistance
against damping-off, the sugar beet varieties can be classified into two
groups. The first group consists of the fairly resistant varieties V6, V2, V4 and
V7. The more susceptible varieties V1, V3, V5 and V8 form the second group.
There was a significant difference in disease incidence between varieties in
the two different groups, but not within the group. Because of the different
resistance against damping-off detected among the tested varieties, the
number of healthy plants is not an appropriate parameter to assess biocontrol
activity of Pf B5. Disease suppression, which include the contribution of

resistance of each variety in the calculation is more reliable.
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(based on number of healthy plants; 3 experiments with 4 replications

control performance of Ps. fluorescens B5 against P. ultimum ad planta
each).

Table 10. Analysis of variance of the effect of sugar beet varieties on biological

Mean Degree of Mean F
square

Degree

Effect

of error

freedom
error

square

of
freedo
m

32.85 0.0000***
1922.96 0.0000***

1.41
1.41
1.41
1.41
1.41
1.41
1.41

144

46.25
2707.51

7

1

Varieties
Pf B5
Time

144

0.49 0.6124

144

0.69
9.42
0.95
3.76
0.74

6.69 0.0000***

0.68 0.7929
2.67 0.0728

0.53 0.9132

144

7
14
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Table 11. Analysis of variance of the effect of sugar beet genotypes on
biological control performance of Ps. fluorescens B5 against
P. ultimum ad planta (based on disease suppression, 3 experiments
with 4 replications each, data are transformed to arc sin x )

Effect Degree of Mean Degree of Mean F p-level
freedom Square freedom square of
error error
Varieties 7 0.270 72 0.0229 11.795 0.0000****
Time 2 0.023 72 0.0229 1.036 0.3600
Varieties x Time 14 0.018 72 0.0229 0.784 0.6824
100 8

EZZ2 Disease Suppression
O Rhizosphere Colonisation
A Rhizoplane Colonisation
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Figure 29. Biocontrol activity of Ps. fluorescens B5 against damping-off of sugar beet
seedlings in different varieties (based on disease suppression calculated as
DS = ((X-C"/CC")x 100%)* and bacterial colonisation. Inoculum: mycelial dry weight
of 100 pg/g soil. * X = number of healthy seedlings in the treatment, C" = number of
healthy seedlings in uninoculated control, C* = number of healthy seedlings of
pathogen inoculated control
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Figure 30. Biocontrol activity of P. fluorecens B5 in different sugar beet varieties with
two concentration levels of pathogen inoculum

Biocontrol activity of Pf B5 with the eight tested varieties could be
equally classified into two groups (Figure 29-30). The first group comprises
varieties in which the biocontrol activity of Pf B5 is more than 65% (V1, V6,
V7, V8). The second group comprises the varieties in which biocontrol activity
of PfB5 is less than 55% i.e. V2, V3, V4 and V5. There was a significant
difference for biological control between the groups but not within the groups.
Grouping of biocontrol activity is not always parallel to resistance grouping, as
can be seen for variety V1, grouped into the susceptible group but supported

high biocontrol activity of Pf B5.

3.3.2. Efficacy of Ps. fluorescens B 5 against Pythium ultimum ad planta
in different sugar beet varieties with two levels of pathogen
inoculum under controlled conditions
To investigate the influence of pathogen concentration on biocontrol

performance of Pf B5 in different sugar beet varieties an ad planta experiment

with two rates of Pythium ultimum inoculum (mycelial dry weight of 100 ug/g
soil and 20 ug/g soil) was conducted. The effect of disease pressure levels

and varieties acted separately and additively. There was no significant
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interaction between pathogen concentration and sugar beet varieties on
biocontrol activity of Ps. fluorescens B5 (Table 12). However, with low
pathogen inoculum, the antagonistic activity of Pf B5 in the varieties V3 and
V4 tend to be much higher than the additive effect. The experiment reveals
that biocontrol activity of Ps. fluorescens B5 was higher with lower
concentrations of the pathogen and vice versa, and this was valid for all of the

tested varieties (Fig. 30).

Table 12. Analysis of variance of the effect of varieties and inoculum level of
pathogen on biocontrol activity of Pseudomonas fluorescens B5

Effect Degree of Mean Degreeof Mean F p-level
freedom Square freedom square of
error error
Varieties 7 0.3048 48 0.0848 3.59 0.003448**
Pathogen concentration 1 0.8481 48 0.0848 9.99 0.002718***
Varieties x Path. conc. 7 0.0202 48 0.0848 0.23 0.973374

*** significant at P < 0.005
3.3.3. Root colonisation

Colonisation is believed to be an important feature of antagonists
related to its efficacy ad planta. Therefore a study on the colonisation of
Ps. fluorescens B5 with eight sugar beet varieties was carried out. The result
of the experiment as described in Figure 31 shows that colonisation both of
the rhizosphere and rhizoplane was variable among the tested varieties.
Rhizosphere colonisation is defined as the number of cells isolated from root-
adhering soil. Rhizoplane colonisation refers to the number of bacteria in the
root tissue isolated by root tissue maceration. With regard to the rhizosphere,
best colonisation of Pf B5 was found with variety V7 and the worst with V5
and V1. A significant difference was found only between varieties V7 and
V5/V1 (P<0.05). Moreover, the highest rate of rhizoplane colonisation was

found for V2 and the lowest for V8, which was significantly different (P<0.05).
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Figure 31. Rhizosphere and rhizoplane colonisation of Ps. fluorescens B5 on
different sugar beet varieties (assessed at 13 days after sowing).
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Figure 32. Adherence of Pseudomonas fluorescens B5 to the seedling roots

of different sugar beet varieties.
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3.3.4. Root adherence

Root adherence of antagonistic bacteria is considered as an important
trait in root colonising ability. The experiment was done to study the root
adherence of Pseudomonas fluorescens B5 on eight sugar beet varieties.
Root adherence was classified into two groups according to Glandorf et al.
(1994), i.e. type 1 (cell number obtained by gently washing of roots), type 2
(cell number isolated by root maceration). There was no significant difference
in root adherence of type 1 among the tested varieties for Ps. fluorescens B5
(Figure 32). In contrast, a significant difference was found for the adherence
type 2, where a significantly higher root adherence was found for variety V4

compared to V8.

3.3.5. Relation between antagonistic activity ad planta of Pseudomonas
fluorescens B 5, colonisation and adherence on different sugar
beet varieties

To assess the relation of adherence, colonisation, biocontrol activity ad

planta of Pf B5 in different sugar beet varieties, correlation analysis was
applied (Table 13). The correlation was made on 32 (N) pairs of data set of
tested variables. There was no significant correlation of antagonistic activity
and colonisation of different sugar beet varieties. In addition, adherence did

not correlate to both types of colonisation.

Table 13. Correlation matrix of adherence, colonisation and antagonistic
activity of Ps. fluorescens B5 ad planta against P. ultimum in eight
sugar beet varieties. "2

Antagonistic Rhizosphere Rhizoplane Adherence 1 Adherence 2

activity colonisation  colonisation
Antagonistic
activity
Rhizosphere 0.31 ns
colonisation
Rhizoplane 0.19 ns -0.02 ns
colonisation
Adherence 1 0.26 ns -0.08 ns 0.27 ns
Adherence 2 0.34 ns 0.13 ns 0.28 ns 0.14 ns

Note:(1) correlation value depicted in the table are Pearson’s correlation coefficient. (2)
N=32, ns= not significant
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3.4. Optimisation of the antagonistic activity of Pseudomonas

fluorescens B5 by improving formulation techniques

Sugar beet seeds are commercially available in pelleted form with wood
flour as the main ingredient. Incorporation of Pseudomonas fluorescens B5
into the sugar beet pellet is one of the most promising formulation of this
bacterium. The success of such kind of formulation depends on the suitability
of pelleting materials and pelleting process. In addition, the use of selective
defined nutrients as formulation additives is another approach to improve the
antagonistic activity of bacteria. For this purpose, the study was conducted to
obtain: 1) pelleting materials which favour survival and activity of Ps.
fluorescens B5, 2) nitrogen compounds and trace elements which can be

used as formulation additives.

3.4.1. Effects of different pelleting materials on the growth, adhesion,
survival and antagonistic activity of Pf B5

3.4.1.1. The growth of Pseudomonas fluorescens B5 in different
pelleting materials.

Six seed pelleting materials i.e. two kinds of wood flour, diatomaceous
earth, bentonite, cotton flour and peat were evaluated. Growth of PF B5 in
TSB amended with various material as depicted in Figure 33 reveals that in
most of the TSB media supplemented with pelleting materials Ps. fluorescens
B5 grew slower than in TSB alone, but growth during stationary phase,

estimated as cfu, was nearly always the same, except for wood flour.

3.4.1.2. Adhesion of Pseudomonas fluorescens B5 in different pelleting
materials

Ps. fluorescens B5 adhere in different rates to the tested materials.

Wood flour 2 and cotton flour gave highest adhesion rates, in contrats to

bentonite and diatomaceous earth with the lowest adhesion. The rates for

peat and wood flour 1 were in the middle (Figure 34).
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Figure 33. The growth of Pseudomonas fluorescens B5 in TSB suplemented with
different pelleting materials (5% w/v, pH after autoclaving adjusted to 7.0,
20°C, 100 rpm). Bacterial density was assessed by serial dilutions followed
by plating on TSA containing 400 ppm streptomycin.
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Figure 34. The density of Pseudomonas fluorescens B5 in different parts of
pelleting materials (bacteria grown in TSB with 5% (w/v) of
material, pH 7, harvested 48 h after inoculation. Solid and liquid
parts of the medium were separated by vacuum filtration, remaining
residues were washed out using saline solution).
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Figure 36. The survival of Ps. fluorescens B5 in different dry materials (initial
water content ~10 %, storage at 5°C).
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3.4.1.3. Survival of Pseudomonas fluorescens B5 in different materials

Long time survival of the antagonists in the pelleting materials is one of
the most important features of the formulation of Pf B5. Therefore, the
survival of Pf B5 with two initial water contents, wet (60%) and dry (10%), at
5°C during storage, was assessed for a period of 12 months Fig. 35 and Fig.
36 show obviously that in all tested materials, survival of Pf B5 in wet
materials was superior to survival in dry materials. The survival of B5 in the
wet materials was very stable, especially in wood flour type 1 and 2 and peat.
The survival rate of cells at the end of observation (12 months) was as high
as the initial density with 9 log cfu/ g dry material. Survival rate in the other
tested materials was quite high with 7 log cfu/g, 7 log cfu/g and 8 log cfu/g dry
material for bentonite, diatomaceous earth and cotton flour respectively.

In contrast to the very stable survival in wet materials, the survival of Pf
B5 declined rapidly in dry materials, except for bentonite and peat
formulations (Figure 36) with a considerably high cfu of 7.6 logio and cfu of
7 logqo, respectively, was found at the end of estimation (12 months). The
initial density of Pf BS was about 8 logio/g dry material. Survival of bacteria
decreased rapidly in dry diatomaceous earth and cotton flour and could not
be detected after 4 months for the diatomaceous earth and after 6 months for
cotton flour formulations. Bacterial survival in both types of wood flour
declined drastically up to 2 logi cfu/g after 7 months, and could not be

detected after 12 months.

3.4.1.4. Antagonistic activity of Pseudomonas fluorescens B5 in vitro
after storage in different materials
Besides the survival rate, the stability of antagonistic activity during
storage in tested materials is a prerequisite for a material that would be used
in formulations. The in vitro antagonistic activity of Pf B5 was determined at
the end of evaluation after 12 months. Except in wet bentonite and wet peat
no significant decrease of antagonistic activity in until one year (Figure 37).

But antagonistic activity of PF B5 in wet bentonite vitro was found among the
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tested materials which support survival of Pf B5 and wet peat stored under

the same conditions declined significantly (p<0.05).

16

- - -
o N &~
1 1 1

Inhibition Zone (mm)
(o]

S A\ A\ A\ W A\ \! Q Q
o N <@ < N «@ N
o o oo o@(& eo\°°‘\ K 9&0& o
R R 20 &
\“00 @00 O
Materials

Figure 37. Antagonistic in vitro activity of Ps. fluorescens B5 against
P. ultimum in different materials stored for 12 months (W=Wet
D=Dry, at 5 °C. Dual culture test on TSA, pH 6.5, and evaluated
24 h after fungal plating).

3.4.2. Effect of nitrogen compounds and trace elements as additives in
the formulation of Ps. fluorescens B5
It is well known that nutrition i.e. carbon and nitrogen source and trace
elements could have an effect on the production of antifungal metabolites of
fluorescent pseudomonads. Their use as pelleting additives in the formulation
of Ps. fluorescens B5 to support their antagonistic effect should therefore be

studied.

3.4.2.1. Effect of an addition of nitrogen compounds and trace elements
on the in vitro production of antifungal substances by Ps.
fluorescens B5
The stimulatory effect of trace elements and nitrogen compounds on in

vitro production of antifungal substances of antagonists was studied.. Among
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the trace elements tested, H3BO;3; (0.2 and 0.05 mM), MnSO,4 (0.2 and
0.5mM) and ZnSO4 (0.2 and 0.05 mM) have been proven to enhance the
inhibitory effect of culture filtrate of Ps. fluorescens BS against P. ultimum
(Figure 38). Within the tested concentrations, except for H3BOgs, all trace
elements alone showed an inhibitory effect against P. ultimum in vitro (Figure
38). There was no significant increase of the inhibitory effect of the culture
filtrate of Pf B5 if one of the five nitrogen materials was added (Figure 39).
Addition of nitrogen sources in certain concentrations i.e. urea (0.5 %
and 0.1 %), ammonium sulphate (0.5 % and 0.02 %), ammonium nitrate
(0.02 %) and tryptone (all tested concentration), even eliminated the inhibitory
effect of the culture filtrate produced by Pf B5 in vitro (Fig. 39). On the

contrary, control media containing urea (0.5%),
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Figure 38. Effect of trace elements on the inhibitory effect of the culture filtrate
of Ps. fluorescens B5 against P. ultimum in vitro (mineral medium,
pH=7.0, CF from 96 h old culture). Control media is the mineral
medium containing appropriate trace elements to check if tested
elements have any direct effect on P. ultimum. Hz4Mo7NgO24 at
concentration 0.2mM (1) and 0.05 mM (2)



68

50

HE Control Media

_ 40 A B Culture Filtrate

o

E

-—

c

D 30 A

2

>

Q 2 -

8

©

(&)

>

= 10

0 | 6 ma| nu| imi| ms| um| 1 mal In
S o\e o\o o\o 0\0 0\ 0\0 0\0 0\0 o\e o\o o\o 0\0 o\o o\o
@Q’Qb@‘%@ 00 0,5,5 o of 000@
\(\Q 2 \y@ \y@ e’b % 60 éo $O $O“-) C)v QV o?“ oﬂ\e \0(\ @
@?\ ég\ N X SN \*

\ﬁltrogen Treatment

Figure 39. Effect of an amendment of nitrogen sources on the inhibitory effect of the
culture filtrate of Ps. fluorescens B5 against P. ultimum in vitro (Mineral
medium, pH 7.0, CF from 96 h-old culture). Mineral medium with
appropriate concentrations of nitrogen compounds served as a control to
check if tested compounds have any direct effect on P. ultimum.

(NH4)2SO4 (all tested concentration), NH4sNO3 (0.02 %) and tryptone (all

tested concentration) stimulated the mycelial growth of P. ultimum.

3.4.2.2. Effect of an addition of nitrogen compounds and trace elements
on the growth of Ps. fluorescens B5 in vitro

The direct toxicity of tested trace elements and nitrogen compound on
Ps. fluorescens B5 is also an important factor for the selection of formulation
additives. Trace elements and nitrogen sources had also direct effects on the
growth of Pf B5. Figure 40 demonstrates that all tested trace elements at the
rate of 1 mM inhibited the growth of Pf B5. The inhibitory effect of these
tested substances to Pf B5 was strongly reduced in the concentration of 0.2
mM and finally in a concentration of 0.05 mM no inhibitory effect was

observed.
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Figure 40. Effect of the addition of trace elements on the growth of Ps.
fluorescens B5 in vitro (mineral medium, pH 7.0, 25°C, 100 rpm)
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Figure 41. Effect of nitrogen sources on the growth of Ps. fluorescens BS in
vitro (Mineral medium, pH=7.0, 25 °C, 100 rpm, 94 h)
Moreover, Figure 41 reveals that none of the nitrogen substances in
the tested concentrations was toxic to Pf BS in vitro. On the contrary, they

stimulated the growth of Pf BS and tryptone was the most effective one.
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3.4.2.3. Effect of trace elements and nitrogen compounds as
formulation additives on the antagonistic activity of
Pseudomonas fluorescens B5 ad planta

The promoting effect of the tested trace elements on antagonistic
activity ad planta is a determining factor for their selection as formulation
additives. The results of the ad planta experiments as depicted in Figure 42
and 44, were different to those in the in vitro test. Only MnSO4 in the
concentration of 0.05 mM and 0.2 mM and 0.05 mM of ZnSO,4 enhanced the
antagonistic effect of Pf B5 against P. ultimum. Although H3BO3 (0.2 and 0.05
mM) and 0.2 mM ammonium molybdate increased the inhibitory effect of the
culture filtrate of Pf B5 (Figure 38) in vitro, these elements had no effect on
the antagonistic activity ad planta (Figure 42 and 43).

A concentration of 0.05 mM of the two trace elements MnSO, and
ZnS0O4 improved the antagonistic activity of Ps. fluorescens B5 ad planta
(Figure 42, 43, and 44). The treatment of the pelleted seed with MnSO4
resulted in an increased activity of PF B5 of ~ 21 %, 16 % and 19 % in the
first, second and third experiment, respectively. Without additives, the activity
was ~ 50 %, 39 %, and 40 % in the corresponding experiments. ZnSOy4 in
pelleted sugar beet seeds at the rate of 0.05 mM enhanced the antagonistic
activity of Pf B5 in average of ~ 20 % in three experiments. Figure 48 and
Figure 49 reveal clearly the enhancement of the biocontrol activity of Pf BS ad
planta after dipping pelleted seeds in a solution of these two trace elements.
A high concentration of ZnSO4 at the rate of 0.2 mM had a direct antifungal
effect against P. ultimum ad planta (Figure 42, 43, 44 and 45). Interestingly,
there was no longer an antagonistic effect of Pf B5 against P. ultimum ad
planta if combinations of the two compounds were applied in two different
concentrations of 0.05 mM and 0.01 mM (Figure 43).



71

I \Vithout Pf B5

XXX With PfB5

S YA oV AV AV AV AV AV AV A AV A AV AV AV A VAV
ERRRZZKZKKKKKLKKLKLLLL

) 9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.4

44444444444444444444

7

RS

A
XXX

16

T
<
—

T T
N o [ee] © < N o
~ ~

sBulpass Ayjjeay jo JaquinN

Additive Treatments
Figure 42. Effect of trace elements and nitrogen compounds in pelleted seeds

on the antagonistic activity of Ps. fluorescens B5 against damping-

off of sugar beet seedlings ad planta (EXP 1)

1 === Without PfB5

E== With PfB5

f!«‘(\\&
50

(2
Q

86
S

sbBulipass Ayyeay jo JaquinN

S
>
Y

\>\'5

$O

Additives Treatments

Figure 43. Effect of trace elements and nitrogen compounds in pelleted seeds on

the antagonistic activity of Ps. fluorescens B5 against P. ultimum in sugar

Combination of Mn+Zn with concentration in the

beet seedling ad planta (EXP Il). H,sMo;NeO24 at concentration 0.01mM
mixture 0.05mM (1), and 0.01 mM each (2)

(1) and 0.05 mM (2)



72

18

I \Vithout Pf B5
XX With Pf B5 ]

Number of healthy seedlings

AR RRA

X

X

XX

N

Additives

Figure 44. Effect of MNnSO4 and ZnSO, in various concentrations in pelleted
seeds on the biological control activity of Ps. fluorescens B5
against P. ultimum in sugar beet seedlings.

3.4.2.4. Direct effect of trace elements incorporated into pelleted
seeds as formulation additives on emergence and growth of

sugar beet seedlings
It is well known that trace elements have direct effects on plants. The
experiment was carried out to investigate the effect on emergence and
growth of sugar beet seedlings. Among the tested concentration range and
observed variables a toxicity of MnSO,4 and ZnSO, to sugar beet seedlings
could no be observed (Figure 46 and 47). The germination rate was not
significantly (p<0.05) reduced (Figure 46). On the other hand, it is also
demonstrated that a combined treatment of MnSO, and ZnSO4 in a
concentration of 0.05 mM each, reduced significantly the germination rate
(Figure 46). The application of the two substances increased significantly the

total and individual shoot weight of treated sugar beet seedlings.
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4, DISCUSSIONS

Fluorescent pseudomonads belong to a group of rhizobacteria that
was intensively studied in the context of biological control of plant pathogenic
fungi. This is due to the fact that Pseudomonas spp. has the following
biological properties: 1) good root colonization, 2) easy to grow in the
laboratory, 3) various modes of action in controlling plant diseases, 4) a
relative high growth rate (Weller, 1988; Whipps, 1997; Chin-A- Woeng, 2000).

Most studies on biocontrol of fungal plant diseases by using
Pseudomonas spp. are focused on finding effective antagonists and modes of
action. Fluorescent pseudomonads have various mechanisms in controlling
plant disease. The first is antibiosis, proven by reduction of its efficacy ad
planta of antibiotic negative- producing mutants (Defago and Haas, 1990;
Chaterjee et al., 1996; Schulz and Wolf, 2002). Pseudomonas spp. is well
known to produce a diverse array of antifungal compounds such as
phenazines, pyoluteorin, 2,4-diacetylphloroglucinol, pyrrolnitrin, oomycin,
hydrogen cyanide, pseudobactin, rhamnolipids (Duffy and Defago, 1999;
Chin-A-Woeng et al., 2003; Hwang et al., 2002; Lee et al., 2003). Even
though Pseudomonas spp. produces hydrolytic enzymes in vifro such as
chitinase, glucanase (Heupel, 1992), gelatinase, proteinase and arginin
dihydrolase (Fakhouri and Buchenauer, 2002). The role of these enzymes in
antagonistic activity ad planta is not clear. The second mechanism involved is
siderophore production by fluorescent pseudomonads, which can compete for
ferric iron with pathogen in an iron-limited environment (Whipps, 1987;
Defago and Haas, 1990). The third mode of action is induced systemic
resistance of host by fluorescent pseudomonads as stated by Ongena et al.
(1999), Chen et al. (1999) and Ramamoorthy et al.(2001). The mechanisms
of induced resistance include structural and ultra-structural cell wall
modifications of host plants, biochemical/physiological changes in the host
plant (Zhang et al., 2002), especially the activation of pathogenesis-related-
proteins (PR protein) such as 3-1,3 glucanases and endochitinases and other

chemical defence (Ramamoorthy et al., 2002).
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The main aim of the present work was to improve antagonistic activity
of Ps. fluorescens B5 by a multiple approach i.e. 1) by applying antifungal
metabolite-overproducing mutants 2) by selecting compatible sugar beet
varieties, 3) by improving formulation technique through selection of
appropriate pelleting materials and the use of formulation additives. In
addition, one of the physiological characteristics of Ps. fluorescens B5 i.e. IAA
production and its possible involvement for biological control was also
studied.

4.1. The use of antifungal metabolite-overproducing mutants to enhance
antagonistic activity of Ps. fluorescens B5 against damping-off
disease of sugar beet caused by Pythium ultimum.

Since antibiosis seems to be a main mode of action of fluorescent
pseudomonads in controlling plant diseases (Defago and Haas, 1990;
Chatterjee et al., 1997; Chin-A-Woeng, 2000; Walsh et al. 2001; Schulz and
Wolf, 2002), its antagonistic activity may be improved by applying antibiotic-
overproducing mutants. The main aim of the first part of this work was to
optimise biological control of damping-off by using antifungal metabolite-
overproducing mutants of Pseudomonas fluorescens B5.

It could be clearly demonstrated that antagonistic activity of Pf BS can
be improved by applying Tn-5-antifungal metabolites-overproducing mutants,
however, only three out of 7 mutants found in vitro had also a higher activity
up to about 30% against damping-off ad planta, than wild type Pf BS WT. This
result is in agreement with foregoing research on other strains of antagonistic
fluorescent pseudomonads. For example Maurhofer et al. (1992 and 1995)
reported that biocontrol efficacy of P. fluorescens CHAO against P. ultimum in
cucumber can be improved by applying pyoluterin-overproducing mutants.
Application of 2,4-diacetyl-phloroglucinol-overproducing P. fluorescens F113
could increased its antagonistic activity against P. ultimum in sugar beet
seedlings (Delany et al. , 2001). Moreover, Legon et al. (2000) stated the
enhancement of biocontrol efficacy by Pseudomonas biocontrol strains by

applying pyrrolnitrin-overproducing mutant.
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In the present work, screening of mutants in vitro by dual culture
technique only reveals the production of total antifungal metabolites, indicated
by the size of the inhibition zone, without determining the type of antibiotic.
However, a more detailed study of the two antifungal metabolites HCN and
IAA showed that the mutants produced higher amounts of these two
antifungal substances in vitro than the wild type Pf B5 WT. The question
whether the main antibiotics known to be produced by Ps. fluorescens B5
show a clear correlation with the antagonistic activity has to be studied in
more detail

Even though some mutants (No. 010, No. 825, Tn Xll) showed
significantly higher inhibition in vitro (dual culture on TSA), they did not result
in higher control level ad planta than the wild type. This indicates the poor
relationship between antagonistic test in vitro and ad planta which is also
supported by the fact that there is no significant correlation between inhibition
zone on TSA or KBA culture with the antagonistic activity ad planta (Table 4).
Poor correlations between antagonism in vitro and biocontrol activity ad
planta were reported in many papers on biocontrol (Smilanick, 1994; Ongena
et al., 1999; Folman et al., 2003). The fact indicates multiple factors affecting
biocontrol activity ad planta of Pf BS.

There is no general pattern of relation between in vitro and ad planta
tests with bacterial antagonists. Some papers stated a strong correlation
between inhibition zone in vitro and efficacy ad planta (Hultberg et al., 2000;
Zhao, 2001) but others found contrasting results (Ongena et al., 2001;
Folman et al., 2003). In vitro features of antagonists were also analysed for
their relationship with antagonistic activity ad planta to determine the main
mechanism involved in biocontrol (Nautiyal, 1997;Hultberg et al., 2000,;
Schulz and Wolf, 2002; Folman et al. 2003,). In addition, studies on the
relation between the in vitro and ad planta activity are very useful for the
improvement of screening techniques. For this reason, correlation analysis
was performed to examine the relationship between in vitro traits and ad
planta antagonistic activity of mutants. Among the in vitro properties of the

tested mutants (doubling times in LB, doubling time in KB, inhibition zone in
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TSA, inhibition zone in KBA", mycelial growth reduction in LB-based culture
filtrate, mycelial growth reduction in KB+-based culture filtrate, total HCN
production, HCN production/‘IO9 cells, total IAA production, IAA
production/10° cells, mycelial growth reduction in volatile substances
bioassay, and motility), only four characteristics i.e. production of HCN,
production of HCN/10° cells, total production of IAA and mycelial growth
reduction in KB+-CF exhibited significant correlations to biocontrol activity of
the bacteria ad planta. Correlation of HCN production in vitro with
antagonistic activity of fluorescent pseudomonads ad planta was also
reported by Hulterg et al.(2000), Ellis et al. (2000), and Folman et al. (2003),
although Hultberg (1999) stated the minor role of these traits. A weak but
significant correlation of total IAA production in vitro (r=0.47, P<0.05), IAA
production/10° cells of mutants (r=0.60, P<0.05) as well as mycelial growth
reduction in KB*-based CF with ad planta antagonistic activity was firstly
reported by this experiment. Nautiyal (1997) reported that isolates of Ps.
fluorescens that produced high amount of HCN and IAA in vitro has relatively
high antagonistic activity ad planta. Therefore, it can be concluded that total
HCN production in vitro, HCN produc:tion/109 cells, total IAA production in
vitro, 1AA production/10° cells and mycelial growth reduction in KB*-based
culture filtrate allow a prediction on the biocontrol efficacy of different mutants
of Pf B5 ad planta.

Total HCN production in vitro correlated (0.55, P<0.05) significantly to
mycelial weight reduction in volatile antifungal metabolites—bioassay. This
shows that most of the volatile antifungal substances produced on TSA is
HCN. Zhao (2001) reported among tested media i.e. TSB and straw extract,
Ps. fluorescens RII2 produced more HCN in vitro on TSB. A further volatile
antifungal substance produced by Pf B5 WT in vitro is ammonia (Schulz et
al., 1994), which was not determined in this study.

Colonisation is considered as an important prerequisite of an effective
antagonist. Three antifungal metabolites-overproducing mutants had higher
control level than Pf B5 WT, i.e. No. 311, N 24 and Tn 12 but the ability to

colonize the rhizosphere was not significantly different to Pf B5. Moreover,
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there was no significant correlation between colonisation and antagonistic
activity ad planta among the tested mutants. This may be due to that
colonisation alone doesn’t play a direct role in controlling pathogens, but
other mechanisms such as production of non volatile antibiotics and
siderophores are much more important.

The first indication of the role of antibiosis in colonisation was revealed
by significant correlations between rhizosphere and rhizoplane colonisation
and antibiosis-related properties among tested mutants. Rhizosphere
colonisation correlated significantly to inhibition zone on TSA (0.72, p< 0.01),
mycelial growth reduction in CF-LB (r=0.53, p< 0.05), and total IAA
production in vitro (r=0.76, p< 0.01). A significant correlation of mycelial
growth reduction in CF-LB (r=0.75, p< 0.05) and rhizoplane was also found.
In contrast, Toyota and lkeda (1997), who worked with antibiotic-negative
mutants, stated little contribution of antibiosis in colonisation of Pseudomonas
fluorescens MelRC2Rif on tomato and melon. The importance of antibiosis in
root colonisation was also confirmed for other rhizobacteria i.e. Azospirillum
brasilense (van de Broek et al., 1998). More direct evidence using antibiotic-
negative mutants of Pf B5 is necessary to determine more exactly the role of
antibiosis in colonisation.

Since colonisation is considered to be one of the limiting factors in the
success of antagonist application, bacterial properties affecting it have been
widely investigated. Some properties related to the colonisation ability of
fluorescent pseudomonads are motility, chemotaxis, growth rate, ability to
utilize root exometabolites, synthesis of O-antigen lipopolysaccharide,
flagella, biosynthesis of vitamine B1 and amino acids (Dekkers et al., 1999;
Jiemba and Alexander, 1999; Lugtenberg and Dekkers, 1999; Lugtenberg et
al., 2001). Other publications demonstrated that growth rate, chemotaxis, and
motility had no siginificant effect on colonisation (Scher et al., 1988; Toyota
and lkeda). The result of the present study is in agreement with the latter, and
suggests no significant correlation between growth in vitro, motility and
colonisation of tested mutants. Toyota and lkeda (1997) stated that motility of

fluorescent pseudomonads is important in movement towards the root, when
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fluorescent pseudomonads are applied as soil amendment. The significant
correlation between rhizosphere colonisation and motility among tested
mutants indicates that motility may play a role in movement in the
rhizosphere.

Among four screening techniques in vitro i.e. dual culture test on TSA,
dual culture test on KB*A, LB-based culture filtrate (CF-LB) and KB*-based
culture filtrate (CF-KB™), only CF-KB™ has a significant correlation (r=0.64,
P<0.01) to biocontrol efficacy ad planta. This finding highlights the importance
of this technique in in vitro screening of fluorescent pseudomonads for

biocontrol agent purpose.

In experiments on the direct effect of the antagonist on plant growth i.e.
without Pythium inoculation, slight toxicity of Pf B5 WT and almost all tested
mutants except No. 010 was observed, indicated by the reduction of
emergence rate of sugar beet seedlings. This effect may be true only for
young plants because other growth parameters of sugar beet seedlings such
as height and weight were not affected. The toxicity of antifungal substances
such as pyoluterin and pyrrolnitrin on seedlings of cotton and tobacco
(Maurhofer et al., 1992), HCN on various plants (Cambell, 1985; Blumer and
Haas, 2000) may explain this phenomenon. Phytotoxicity of antifungal
metabolites produced by fluorescent pseudomonads can be a limiting factor
in the application of antifungal metabolites-overproducing mutants as also
mentioned by Maurhofer et al. (1995).

The experiments using antifungal metabolites-overproducing mutants
allow the following conclusions, firstly they may improve biocontrol efficacy of
Ps. fluorescens B5, secondly they are supporting the hypothesis that
antibiosis is the pre-dominant mechanism in biocontrol activity of Pf B5,

thirdly they underline the role of antibiotics in colonisation.
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4.2. The role of indole-3- acetic acid (IAA) in the biocontrol activity of Ps.
fluorescens B5 against damping-off and growth promotion of sugar
beet seedlings

Previous research on IAA produced by fluorescent pseudomonads is
focused on its role as plant growth regulator (Kumari and Srivastava, 1999;
Kaur et al., 2003). For example, IAA produced by plant growth promoting
rhizobacteria (PGPR) is responsible for many variables of growth parameters
i.e. increasing of shoot weight, root elongation and increasing root biomass
(Xie et al. 1996; Barazani and Friedman, 1999; Asgar et al. 2002; Gamalero
et al., 2002). In the present work the role of IAA in antagonistic activity of Ps.
fluorescens B5, and also on plant growth was examined.

Pseudomonas fluorescens BS produced indole acetic acid (IAA) in vitro
in considerable amounts. Moreover, some mutants such as No. 029, and No.
311 produced a higher amount of total IAA in vitro than wild type Pf BS WT,
however related to cell number No. 29 and N 24 are producing a higher rate
of IAA in vitro than wild type Pf BS WT. It is well known that IAA is produced
by various antagonists and/or plant growth promoting fluorescent
pseudomonads (Hultberg, 1999; Zhao, 2001; Bano and Mussarat, 2002).
Among the tested mutants, there was a weak but significant correlation
(r=0.47*, P<0.05) between total production of IAA in vitro and antagonistic
activity ad planta. On the contrary, no significant correlation could be found
between IAA production/10° cells and antagonistic activity ad planta.

Further experiments showed that the antifungal effect of IAA against
Pythium ultimum in vitro started at 6.25ug/ml. This antifungal activity of IAA in
vitro against P. ultimum is comparable to that of the antibiotic 2,4-
diacetylphloroglucinol. De Souza et al. (2003) found an ECsy for 2,4-
diacetylphloroglucinol against P. ultimum of 34.7 ug/ml, even though the
reliable value of ECsy of IAA on P. ultimum can not be calculated due to the
lack of a representative number of concentrations tested, the predicted value
of IAA on P. ultimum is between 75-100 ug/ml.

Futhermore, ad planta tests reveal that seed dipping with IAA in

concentrations of 12.5 pg/ml and 25 pg/ml can suppress significantly
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damping-off of sugar beet seedling caused by Pythium ultimum. To our
knowledge, this is the first described example for an antifungal effect of IAA
against P. ultimum ad planta. Till now only limited information on fungicidal
activity of IAA is available. In vitro experiments revealed that IAA is able to
inhibit the growth of P. ultimum in vitro (Schulz!, pers. comm.). Previous
research studying antifungal activity of plant growth regulators showed
different results. Roco and Perez (2001) reported that IAA, gibberelic acid
(GA) and BAP (benzyl amino purin) in the rate of 15, 30, 40 ppm in vitro did
not affect mycelial growth and spore germination of Alternaria alternata and
Trichoderma harzianum. Furthermore, Al-Masri et al. (2002) reported that
another plant growth regulator ie. naphthalene acetic acid (NAA), has
fungicidal activity against Sclerotinia minor infecting mungbean and
cucumber, both in vitro and in vivo. Defago and Haas (1990) reported on two
approaches assessing the role of particular metabolites in biocontrol
performance of fluorescent pseudomonads. Firstly, by adding known purified
metabolites to a pathogen-infested soil, and examining its effect on disease
suppression. Secondly, applying Pseudomonas mutants that do not produce
an extracellular metabolite and comparing disease suppression with its wild
type. The technique used in the experiment belongs to the first approach, with
the advantages to get results faster and easier. However its disadvantage
such as difficulties to test whether Pf B5S produces IAA in the rhizoplane, and
not being able to exclude a possible inactivation or adsorbtion by the soil. The
result of this experiment is a first indication that IAA production is involved in
biocontrol activity of Ps. fluorescens B5 ad planta.

The effect of IAA on the growth of sugar beet seedling was also
examined. Addition of exogenous IAA did not affect the germination rate and
seedling’s height. On the contrary, all of the tested concentrations increased
seedlings weight.

Observations on the growth parameters of mutants-treated seedlings
show that there was no significant correlation between total IAA production in

vitro, production of IAA/10° cells in vitro with observed growth variables of

! Institut fur Zierpflanzenziichtung , Bornkampsweg 31 Ahrensburg
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sugar beet seedlings treated with corresponding mutants. On the contrary, a
significant negative correlation exists between total HCN production in vitro
and germination rate of seedlings treated with mutants. IAA produced by
fluorescent pseudomonads in PGPR groups has reported to play an
important role in plant growth. This plant growth regulator is involved in root
development (Mayak et al., 2001) and root elongation (Barazani and
Friedman, 1999; Xie at al., 1996). Ashgar et al. (2002) stated that total
production of IAA in vitro of various IAA-producing rhizobacteria correlated
significantly with the increasing height, pod number and yield and oil content
of corresponding treated Brassica juncea. However, Xie et al. (1996) reported
the loss of root elongating ability of IAA-overproducing mutants of Ps.
aeruginosa GR 12-2 compared to its wild type. Based on the results of this
experiment, there was no correlation between total production of IAA and the
growth parameters of seedlings treated with the corresponding mutants. The
role of IAA production by various mutants in seedling growth is not clear
because other physiological factor i.e. HCN production is also involved,
indicated by a significant correlation between IAA production/10° cells and
total HCN production, which may be toxic to various plants species
(Schippers et al., 1987; Campbell, 1989; Blumer and Hass, 2002;). Goel et al.
(2002) reported that co-inoculation of Sternorhizobium with HCN-producing
strains of antagonistic pseudomonads caused significant lower shoot dry
weight and shoot nitrogen of chickpea, in comparison to non HCN-producing

strains.

4.3. The role of sugar beet varieties in the antagonistic activity of
Pseudomonas fluorescens B5 against damping-off disease

The success of biocontrol by fluorescent pseudomonads in the field is

influenced by many abiotic and biotic factors. Abiotic factors affecting growth,

colonisation and antagonistic activity of fluorescent pseudomonads are soil

physical and chemical characteristics such as pH, temperature, water

content, the content of macro and microelements and cation exchange

capacity (Harris and Adkins, 1999; Ownley et al., 2003; Clays-Josserand et
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al., 1999; Naseby and Lynch, 1999). Biotic factors influencing the antagonistic
activity of microorganism are other soil biota such as bacteria, nematodes
and protozoa (Mauerhoffer et al., 1995; Elsherrif and Grossman, 1996; Clays-
Josserand et al., 1999; Whipps, 2001), host species (Maurhofer et al., 1995;
Marschner et al., 1999), and host varieties (Leeman et al., 1995; Siddiqui and
Shaukat 2003).

Most of biological control researches are focused on the interaction of
antagonists and pathogens. On the contrary, the role of the host plant on the
biocontrol activity of antagonists attracts little attention (Smith and Goodman,
1999). As a consequence, there are still limited informations on the role of
host genotype. On the one hand, some reports show an interaction between
antagonistic activity of biocontrol agents and plant genotypes i.e. in the
system Pseudomonas fluorescens - Fusarium oxsyporum - tomato as studied
by Leeman et al. (1995), Pseudomonas fluorescens CHAO - Meloidogyne
incognita - soybean (Siddiqui and Shaukat, 2003), non pathogenic Fusarium
oxxsyporum -  Fusarium oxysporum - pea (Hervas et al., 1997),
Pseudomonas chlororapis -Fusarium oxysporum f.sp. ciceris - chickpea
(Landa et al., 1997). In contrast, other publications show the contrary i.e. no
effect of host genotypes on biocontol activity of antagonists as reported by
Hebbar et al. (1998), who studied the system Pseudomonas fluorescens -
Fusarium moniliforme — maize.

The results of the work show high a significant interaction (P<0.001)
between application of Pf B5 and sugar beet varieties. With regard to the
antagonistic activity of Ps. fluorescens B5, eight tested varieties can be
classified into two groups. The first group is a group with an ad planta efficacy
above 65 % (V1, V6, V7, V8) and the second with an effect lower than 50 %
(V2, V3, V4, V5). It also became apparent that there was no relationship
between resistance level and biocontrol activity of Pf B5 on tested varieties.
This finding was in agreement with the results of Leeman et al. (1995) for
tomato, Hebbar et al. (1992) for maize and for the Pseudomonas fluorescens

CHAO - Meloidogyne incognita - soybean system (Siddiqui and Shaukat,
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2003). Thus, it can be stated that antagonistic activity of Pf B5 WT is
dependent on the sugar beet variety.

So far studied the main theory is that the different colonizing ability of
antagonists and/ or PGPRs explains the different efficacy on different
varieties (Lemanceau et al., 1995; Smith & Goodman, 1999; Simon et al,,
2001; Dasti et al., 2000). In the present work, significant different root
colonization abilities of Pf B5 among eight tested sugar beet varieties was
found. Interestingly, this does not fit with the antagonistic activity on the
corresponding varieties. Furthermore, the correlation of colonisation and
antagonistic activity was weak (0.31) and not significant. This aspect may be
explained by differences among varieties with respect to the regulation of
secondary metabolite synthesis. It is supported by the observation that
production of antibiotics of P. fluorescens CHAO ad planta is influenced by
host species (Maurhofer et al., 1995) and also found most recently for maize
varieties and P. fluorescens CHAO (Notz et al., 2001). Differences with
respect to chemical and physical properties of roots among sugar beet
varieties may influence this effect. It could be that different compositions of
sugar beet root exudates are responsible. Further studies on the role of host
varieties in the regulation of the synthesis of secondary metabolites such as
antibiotics, siderophores, and enzymes of Ps. fluorescens B5 and the relation
with antagonistic activity are necessary.

Since colonisation is considered as one of important factors in the
success of antagonist application, factors affecting it has been widely
investigated. Some factors related to the colonisation ability of fluorescent
pseudomonads are motility, growth rate, ability to utilize root exometabolites,
synthesis of O-antigen lipopolysaccharide, flagella, the biosynthesis of
vitamine B1 and amino acids (Dekkers et al., 1999 Lugtenberg et al., 1999;
Lugtenberg et al, 2001). Unfortunately most of intensively investigated factors
are related to the antagonistic microorganism, whereas limited information
about factors depending on the host plant is available.

Howie et al. (1987) described that root colonisation by rhizobacteria

involves two phases: phase | is the attachment of bacterial cells on the root
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surface, also called adherence and phase Il is the multiplication of the
bacteria on the root. Adherence is affected by several bacterial characteristics
such as the presence of pili (Vesper, 1987), the presence of root-adhesive
protein, surface-charge properties (James et al., 1998) and a plant specific
glycoprotein termed agglutinin (Anderson et al., 1988). The present study
indicates that there was no significant correlation between both types, root
adherence and colonisation and also antagonistic activity of Pf B5 on eight
tested varieties. This is in agreement with Glandorf et al. (1994) who reported
no correlation of adherence and colonisation in different tomato varieties. The
results suggest that adherence play a minor role in colonisation among

different tested varieties.

4.4. Optimisation of biological control efficacy by improving
formulation techniques

In biological control, some antagonists which are effective in laboratory
and greenhouse fail to provide high efficacy in the field. Besides ecological
factors, inappropriate formulation often contributes to such failure. Hence,
formulation is a critical step in developing biocontrol methods. Burges and
Jones (1998) defined formulation of biocontrol agents as a technique to
preserve and deliver organisms (antagonists) to their targets and to improve
their activities. Furthermore Jones and Burges (1998) stated that basic
functions of formulations are: 1) stabilizing the organisms during production,
distribution and storage, 2) facilitating the handling and application of
products, 3) protecting the agent from harmful environmental factors at target
sites, thereby increasing persistence, 4) enhancing activities of antagonist.

Antagonistic strains of fluorescent pseudomonads can be formulated
as i.e. aqueous cell suspensions (Fravel et al., 1998), seed coating (Imam Ali
et al., 2001; Krishnamurti and Gnanamanickam, 1998), powder formulation
(Vidhyasekaran et al., 1997), alginate encapsidation (Russo et al., 1996;
Bashan and Gonsales, 1999) and seed pellet (Tilcher, 2002; Pedersen et al.,
2002).



87

4.4.1. Testing for Appropriate Pelleting Materials for Pseudomonas
fluorescens B5

Sugar beet seeds are commonly available in pelleting form. Hence, in
previous studies fluorescent pseudomonads were incorporated into sugar
beet seed pellet (Heupel, 1992; Tilcher, 2002; Pedersen et al., 2002).
However, a normal pelleting process of sugar beet seeds provide adverse
effect on Pseudomonas mainly due to high temperature (60°C) during drying
process. Heupel (1992) stated that the survival of Pf B5 in pelleted seeds
depends on the drying technique, which caused a drastic decrease of survival
during machine-drying process. She found that only 6.35 x 10" cfu survived in
storage at 4°C up to 8 week under these conditions, whereas in air-dried pills
could survive up to 4.18 x 10° cells/pills. Special pelleting methods as done by
Schulz and Wolf (1998) who applied air drying provided high survival of Pf B5
after storage at 5°C for 6 months. Briefly, seed pelleting of sugar beet with Pf
B5 can be improved by two approaches, firstly by applying appropriate
pelleting materials and secondly by optimising the pelleting process, mainly
the drying temperature.

Sugar beet seeds are industrially pelleted with wood flour as the main
ingredient. Concerning the compatibility for Pf B5, different pelleting materials
i.e. two types of wood flour, diatomaceous earth, bentonite, cotton flour, and
peat were tested in the present study.

The peculiarities of this experiment were that bacteria are cultivated in
TSB amended by tested materials 5% (w/v). The vacuum filtrated, washed
and air-dried materials were furthermore stored and evaluated. The
experiment with eight tested materials with two initial water contents (60%
and 10%) showed that under storage at 5°C, survival of Pf B5 was very stable
in all materials under wet conditions. On the contrary, under dry conditions
survival of Pf BS was only sufficient in bentonite (material containing mostly
montmorillonite) and peat. The high sensitivity of fluorescent pseudomonads
to desiccation can be explained by the fact that they are non spore-forming
bacteria compared to the more resistant Bacillus species, which are able to

survive as spores. The high survival of Pf B5 in wet tested materials makes it
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possible to develop these materials as wet carrier in formulation of Pf B5,
which has also been reported by Fravel et al. (1998) and Warrior et al.
(2003).

In tested dry materials (10% moisture), only bentonite and peat
provided high survival of Pf B5 that was 7.7 log10 cfu for both materials after
12 month of storage. This is quite high compared to the initial density of
pseudomonad cells of 8.14 and 8.45 log10 cfu for bentonite and peat
respectively. Moreover, the antagonistic activity in vitro in the two carriers did
not decrease significantly after 12 months of storage. Bentonite was reported
as a useful fine clay that can be used as carriers for preserving fluorescent
pseudomonads. Dandurrand et al. (1994) reported that clay with small
particle size such as montmorrilonite, vermicullite and zeolite support higher
survival of Ps. fluorescens compared to larger particle size such as talc,
kaolinite and pyrrophillite. The survival of Ps. fluorescens in bentonite in the
present experiments was even better than reported by Kurdish et al. (1999),
in which bentonite with initial moisture of 30% after 12 month storage at 4°C
resulted in a decreased survival of Ps. aureofaciens of about two fold log10
cfu. The mechanism how bentonite can support long-term survival of bacteria
is not yet clearly known. Other publications stated that betonite has positive
effect on the activity of beneficial rhizobacteria if it was amended to the soil
under field conditions. For instance, bentonite added in the field enhanced the
activity of Ps. fluorescens against Fusarium culmorum in rye (Kurek and
Jarozuk-Schisel, 2002). Robert and Cenu (1992) hypothesized the
mechanism how different types of clays (such as bentonite with main content
montmorrilonite) can provide different protection of microbes under dry
condition: 1) clay provides more available water to bacteria upon dessication,
2) related to water retention properties of different clay minerals, clay with
higher water retention such as montmorrilonite provided better protection, 3)
related to drying rate, clay with slower drying rate protects microbes better
than the fast drying type, 4) ‘encapsulation’, bacteria (especially gram
negative bacteria) or bacterial colonies are embedded in polysaccharides,

which are surrounded by a layer of clay mineral. The ability of bentonite to
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absorb and detoxify toxins has been already well known in animal nutrition
science (Rosa et al., 2001). Kurdish and Titova (2001) reported that addition
of 1% montmorrilonite into growth media increased the growth and
resistance of Agrobacterium radiobacter against adverse effects of supra
optimal temperatures. Moreover, Hwang and Latte (1997) reported altered
metabolic activity of other soil bacteria like Arthrobacter crystallopoietes
which was grown in media added with clay minerals.

Aside from bentonite, other tested material i.e. peat also supported
sufficient survival of Pf B5S under dry condition. Peat has been previously
reported as a good carrier for rhizobacteria formulations (Fravel et al., 1998).
If it was used as material for coating pigeon pea seeds with
Ps. fluorescens, shelf life of bacteria under room temperature was 60 days
(Vidhyasekaran et al., 1997). Georgakopoulos et al. (2003) is claiming that
Ps. fluorescens B5 (the same strain used in this study) is able to survive in
peat carrier at ambient temperature for 2 years with a decrease of survival of
1 log10 cfu/g peat. In addition, peat is also reported as the best carrier in
formulations of Rhizobium (McQuilken et al., 1998)

The ability of the two materials supporting long-term survival of Pf B5
under dry conditions without significant loss of antagonistic activity in vitro
highlights that bentonite and peat can be furthermore tested as filling
materials in seed pelleting process of sugar beet with Pf B5. However, further
research is needed to study the survival of Pf B5 in the mixture of bentonite

and peat in different ratios.

4.4.2. Effect of formulation additives on the antagonistic activity of
Pseudomonas fluorescens B5.

It is well known that antagonistic activity of fluorescent pseudomonads is
affected by nutrients, like carbon and nitrogen sources as well as trace
elements. Almost all studies on the effect of nutrients on antagonistic activity of
fluorescent pseudomonad were done by their applying as plant fertilizer by soil
application. Only Schulz and Wolf (1998) investigated the role of defined

nutrients (C and N source) as formulation additives on the efficacy ad planta of
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Pseudomonas fluorescens B5. The aim of the experiment was to study the
effect of nitrogenous compounds and trace elements as formulation additives
on the antagonistic activity of Pf BS.

None of the screened nitrogen compounds (urea, ammonium sulphate,
ammonium nitrate, tryptone and casamino acids) increased the antifungal
activity of Pf B5 in vitro and antagonistic activity ad planta as well. The effective
concentration of these tested nitrogen compounds to enhance the production of
antifungal substances and antagonistic activity of fluorescent pseudomonads is
unknown, this may explain the phenomena. There was no previous research on
the role of nitrogen compounds as formulation additives on the antagonistic
activity of fluorescent pseudomonads. The use of nitrogenous compounds as
formulation additives is reported for other groups of bacteria, e.g. the
formulation of Bacillus thuringiensis containing organic nitrogen compounds
such as D-L tryptophane and L-tyrosine as synergists (Bernhard et al., 1998).
Schmidt et al. (2001) also reported that the application of peptone (1%) as
additive can enhance the efficacy of Bacillus subtilis and Erwinia herbicola
against Eutypa lata on grape. The effects of nitrogen fertilizer applications on
plant disease in the presence of biocontrol agent were variable. Hofflich et al.
(2001) reported that the application of mineral nitrogen fertilizers on winter
wheat, winter rye, spring barley, and pea did not affect the abundance of
indigenous Pseudomonads on rhizosphere. In contrast, treatment with nitrogen
fertilizers containing mixtures of NOs™ and NH,* enhanced the capacity of
Pseudomonas fuorescens strains to promote plant growth and inhibited
Fusarium growth on rye (Kurek and Jaroszuk-Sciset, 2003). The present
experiment reveals that among the tested nitrogen compounds in the range of
0.05% to 1%, ammonium nitrate and urea promoted the growth of Pythium
ultimum in vitro but did not enhance disease ad planta. An enhancement of the
biocontrol activity of Pf BS by the addition of nitrogen compounds into sugar
beet pills could not be demonstrated in the experiment. However, this should
not underestimate the role of nitrogen compounds in formulation. A study of
WeRendorf (1988) showed that incorporation of nitrate into clay soil at the rate

of 0.8 mg/kg improved the survival rate of Pseudomonas fluorescens W1
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applied to the soil. Further studies on the use of nitrogenous compounds as
formulation additives towards the survival rate of Psudomonas spp. would be
useful.

Screening of various trace elements (FeCl;, H3BO3, CoCl,, ammonium
molybdate, MnSO4 and ZnSO,) at different concentrations as additives had
been done in vitro and ad planta. The results clearly show that the addition of
0.05 mM ZnSO4 and MnSO,4 could enhance the production of antifungal
metabolites in vitro and applied to sugar beet pellets increased the antagonistic
activity of Pf B5 ad planta against Pythium. The increase ad planta was
between 13 % - 21 % and 18 - 20 % for MnSO4 and ZnSO4 respectively. To our
knowledge, this is the first report on a positive effects of these trace elements
applied as formulation additive on the antagonistic activity of Pseudomonas
spp.. The previous research on the role of trace elements on the production of
antibiotics and antagonistic activity of fluorescent pseudomonads, both in vitro
and ad planta, generally is conducted by applying these substances as fertilizer
or soil application. For example, the increase of the antagonistic activity of
some other biocontrol strains of the fluorescent pseudomonads in vitro and at
planta was mediated by amending zinc as a soil application as reported by
Duffy and Defago (1997), Siddiqui et al. (2002), Hamid et al. (2003) and
Ownley et al. (2003). The possible explanation of his effect may be an
increased production of antifungal metabolites that has also been reported for
Ps. fluorescens CHAO by Duffy and Defago (1999) and Shaukat et al. (2003).
A further mechanism is that a ZnSOg4-solution can increase the ability of the cell
attachment of Ps. fluorescens to target fungi by increasing its agglutination as
reported by Sritivasta et al. (1996) for Macrophomina phaseolina. Further
research is needed to answer the question whether Zn®* can increase
antifungal metabolites production of fluorescent pseudomonads in the
rhizosphere.

There are limited informations on the effect of manganese on the
production of antibiotics and antagonistic activity of fluorescent pseudomonads.
It turned out in the present study that addition of 0.05 mM MnSQ;, to sugar beet

seed pellet increased the antagonistic activity Pf BS against Pythium ultimum
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under controlled conditions. In addition, the stimulation of antifungal substances
in vitro by amendment of 0.05 mM MnSQO,4 has also been proven. In contrast, in
vitro studies of Duffy and Defago (1999) with Ps. fluorescens CHAO made it
clear that amending MnCl; into mineral media containing glycerol or glucose as
carbon source did not have any effect on the production of antibiotics and
siderophores in vitro. Antagonistic bioassays in vitro using Pseudomonas
aeruginosa |E-6S+ and Pseudomonas fluorescens CHAO against
Macrophomina phaseolina showed that MnCl, amendment enhanced the
inhibition of Pseudomonas fluorescens CHAO but not that of Pseudomonas
aeruginosa (Shaukat and Siddiqui, 2003). In contrast, experiments under
gnotobiotic conditions revealed that manganese fertilization does not affect the
antagonistic activity of Pseudomonas fluorescens CHAQO against take-all
disease of wheat (Wuthrich et al., 1990). Thus, in contrast to zinc that appeared
to have a general effect, manganese seams to be strain specific in case of
pseudomonads.

Other ideal features of formulation additives are that they should not
favour the pathogen. This is also fulfilled by the two microelements Mn and Zn
in the effective concentration of 0.05 mM. On the contrary, the two compounds
in the tested range (0.05 mM-0.2mM) alone significantly inhibited the growth of
Pythium in vitro. Manganese and zinc are already known as fungicidal
substances (Anderson, 2002). Moreover, application of manganese as a soil
application could induce cowpea resistance against Rhizoctonia solani and
Rhizoctonia bataticola by stimulating the increase of defense enzymes such as
polyphenol oxydase (PPO) and peroxidase (PO) and total phenol (Kalim et al.,
2003a; Kalim et al., 2003b). However, the fungicidal activity ad planta against
P. ultimum in the present study was only provided by Zn in higher concentration
(0.2 mM) and not by Mn.

Other advantages of the two compounds as formulation additives are
that MnSO4 and ZnSO, at effective ratse did not have any detrimental effects
on sugar beet seedlings. The two compounds applied as formulation additives
did not reduce the emergence rate, but even increased height (Mn), total and

individual fresh weight (Mn and Zn). Increasing of growth parameters due to
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soil applications in low concentrations of Mn and Zn was reported in sunflower,
in which Mn increased the height and Mn and Zn increased the number of
leaves (El-Fouly, 2001). Growth inhibition due to Zn fertilizer application such
as in Mentha spicata, reported by Bekiaroglou and Karataglis (2002) did not
occur in the present system. Therefore, the effective rate at which MnSO4 and
ZnS0O4 enhance the antagonistic activity of Pf B5 against P. ultimum is
equivalent to 12.33 mg/kg pills and 14.37 mg/kg pills respectively. In these
concentrations the two compounds can act also as plant fertilizer.

Although single applications of Mn or Zn as formulation additives had a
positive effect but this was no longer true if the two microelements were applied
in combination. Surprisingly, the antagonistic activity ad planta was even lower.
The reason for this phenomenon is not understood yet. One explanation is
given by Anderson (2002), who stated that two trace elements i.e. Mn and Zn
are antagonists in the uptake by plant root system.

Whereas MnSO4 and ZnSO,4 had a positive effect on the antagonistic
activity of Ps. fluorescens in vitro and ad planta, H;BO3; promoted an inhibitory
effect in vitro but not ad planta. The reason why one of the tested compound
like boric acid significantly enhanced the production of antifungal metabolites in
vitro but not the antagonistic activity ad planta is also not known. Ad planta
tests of antibiotics non-stimulating compounds (ammmonium molybdate,
ammonium nitrate and casamino acids) did not provide any enhancement of
antagonistic activity of Pf B5. Based on the tested compounds (5 trace
elements, 5 nitrogenous compounds), it can be concluded that compounds that
stimulate the inhibitory effect of the antagonist Pf BS in vitro should be further
investigated ad planta, however, the finding also underlines that it is not
worthwhile to carry out ad planta tests with compounds which do not have any
effect in vitro.

Even though Hamid et al. (2003) reported that ammonium molybdate
can stimulate the production of nematicidal compounds in vitro and antagonistic
activity ad planta of Ps. fluorescens CHAQO against Meloidogyne javanica, the
similar effects could not be found with Ps. fluorescens B5 in the present

investigation. Probably, the effect of ammonium molybdate acts strain-specific.
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The significance of the two microelements to enhance the antagonistic
activity ad planta, their effect on the growth of Pseudomonas fluorescens B5 in
vitro, and the effect on host and Pythium supports the theory that further
research in the field of nutrition should attract more attention in the context of

developing biological control methods.
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5. OUTLOOK

In recent time a lot of research was focused on the biological control of
fungal plant diseases including the use of fluorescent pseudomonads.
However, compared to pest control, their introduction into the practice is very
limited.

The success in development of biological control programs depend on
the three following technical steps: 1) screening of antagonists in vitro and ad
planta, 2) study on the physiological and ecological properties of antagonists
in the context of the corresponding agroecosystem, 3) testing under field
conditions 4) developing a suitable mass production, formulation and delivery
system.

This lack of application of antagonists of plant diseases may be
explained by the fact that most research in this field is mainly conducted at
universities focused mainly on a more basic knowledge about processes on
the molecular level. More practical aspects of biological control of fungal plant
diseases such as mass production, formulation and application technique did
not get enough attention and resource allocation. To ensure the success of
biological control of fungal plant diseases in practical level these aspects
should be more elaborated.

There are many efforts that can still be done after a superior antagonist
is discovered. The present work using Pseudomonas fluorescens BS as
model is supporting the suggestion that there is still a reservoir of different
factors or agents for improving biocontrol methods of fungal plant diseases.
Innovations in the area of preservation, formulation and application of

antagonists may contribute to a better acceptance in the agricultural practice.
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6. SUMMARY

A series of experiments was carried out with the aim to optimise
biological control of damping-off of sugar beet caused by Pythium ultimum by
using Pseudomonas fluorescens B5 (Pf B5). The research consisted of the
four following aspects: 1) the use of Tn-5 antifungal metabolites-
overproducing mutants to improve antagonistic activity of Pf B5, 2) the role of
indole-3-acetic acid (IAA) in biocontrol activity of Pf BS, 3) the significance of
plant varieties in biocontrol of P. ultimum in sugar beet by using Pf B5, and 4)
improvement of formulation techniques by applying appropriate pelleting
materials and additives which can improve the antagonistic activity of Pf B5.

5000 transconjugants were obtained from transposon mutagenesis
with E. coli Tn5 and PfB5°". Seven mutants i.e. No. 010, No. 029, No. 311,
N 24, Tn 12, Tn XII and No. 825 showed a higher antagonistic activity in vitro
than wild type strain Ps. fluorescens B5. The application of the mutants
No. 311, N 24 and Tn 12 ad planta improved biological control up to 19 %,
8 % and 29 % respectively compared to Pf BS WT.

Studies on seven Tn5-mutants and on Pf B5 WT and PfB5 5" reveal
that the antagonistic activity ad planta correlated significantly with some
physiological features in vitro i.e.: total HCN production(r=0.75, P < 0.001),
production of HCN/10° cells (r=0.69, P < 0.01), total production of IAA (r=0.47,
P < 0.05), IAA production/10° cells (r=0.60, P < 0.05) and mycelial growth
reduction using KB*-based culture filtrate (r=0.64, P <0.01). No significant
correlation found between antagonistic activity of mutants ad planta
colonisation on rhizosphere and rhizoplane. A significant correlation was
found between rhizosphere and rhizoplane colonisation and mycelial growth
reduction in LB-based culture filtrates, and inhibition zone on TSA. Motility
correlated significantly with the rhizosphere colonization but not with the
colonization in the rhizoplane.

The second study of the research has proved a first indication for the
importance of indole-3-acetic acid (IAA) in biological control of Pf B5. A

significant correlation was found between IAA production in vitro and
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antagonistic activity ad planta. The growth of P. ultimum was suppressed in
vitro using commercially available IAA at the rate of 6.25ug/ml, 12.5ug/ml,
25ug/ml, 50pg/ml, 75 pg/ml 100pug/ml and 200 pg/ml. Moreover, seeds
dipping with 12.5 ug/ml and 25 ug/ml I1AA before planting suppress damping-
off of sugar beet seedlings. On the other hand, seeds dipping with IAA
increased fresh weight of sugar beet seedlings.

Eight tested sugar beet varieties treated with Pf B5 showed a different
level of disease suppression in standard biocontrol assay in pot test against
P. ultimum. The level of disease suppression was 74.8%, 58.3%, 47.9%,
44.0%, 51.2%, 80.2%, 72.1%, and 67.8 % for the varieties 300-0132B, 300-
0088B, 300-0364B, 300-0483B, 300-0448B, 300-0226B and 300-0493B
respectively. Under the same environmental condition and disease pressure,
eight-tested sugar beet varieties show different resistance against P. ultimum.
However, resistance level of sugar beet varieties against tdamping-off did not
correlate to the biocontrol performance of Pf B5. Even though the adherence
and colonising ability of Pf BS5 was significantly different among these
varieties, no correlation of these two features with the antagonistic activity
was found.

Six different materials i.e., two kinds of wood flour, diatomaceous
earth, bentonite, cotton flour and peat were used to screen for appropriate
pelleting materials. All tested pelleting materials in wet form (60% initial water
content) and cold storage at 5°C supported survival of PfB5 without
significant loss after one year of storage. However, only peat and bentonite
were able to support high survival of Pf BS in the case of using the pelleting
material in dry form (10% initial water content), with loss of only 1 log cfu/g
material after one year and without significant reduction of antagonistic
activity in vitro.

Various nitrogen compounds i.e. urea, ammonium nitrate, ammonium
sulphate, tryptone, and casamino acids and trace elements i.e. boric acid,
ferric chloride, manganese sulphate, ammonium molybdate, cobalt (Il)
chloride, copper (ll) sulphate and zinc sulphate were tested for their use as

formulation additives. None of the tested nitrogen compounds could enhance
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the antagonistic activity of PfB5 in vitro and ad planta. The production of
antifungal metabolites of PfB5 in vifro was improved with the addition of
MnSQO4, ZnSO4 and H3BO3; at the rate of 0.05 mM. Moreover, a treatment of
sugar beet seeds with MnSO,4 and ZnSQO;, at the rate of 0.05 mM increased
the biocontrol activity of Pf BS ad planta under controlled conditions, but the
two compounds did not favour the pathogen in vivo and ad planta and also
did not have any detrimental effects on sugar beet seedlings, but increased

height (Mn?*) and fresh weight of treated seedlings (Mn?* and Zn**).
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