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Role of Siderophores in Biocontrol of Fusarium solani
and Enhanced Growth Response of Bean
by Pseudomonas fluorescens GL20
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Plant growth-promoting Psudomonas fluorescens GL20 was isolated from a ginseng rhizosphere on
chrome azurol S agar. P. fluorescens GL20 produced a large amount of hydoxamate siderophore in an
iron-deficient medium. The siderophore showed significantly high specific activity of 20.2 unit. Using an
in vitro antifungal test, P. fluorescens GL20 considerably suppressed growth of phytopathogenic fungus
Fusarium solani, inhibiting spore germination and germ tube elongation. In pot trials of kidney beans
with P. fluorescens GL20, disease incidence was remarkably reduced up to 68% compared with that of F.
solani alone, and plant growth was also increased nearly 1.6 fold as compared to that of the untreated con-
trol, promoting elongation and development of the roots. These results indicate that the plant growth-pro-
moting activity of P. fluorescens GL20 can play an important role in biological control of soil-borne
plant disease in a rhizosphere, enhancing the growth of plants.

Iron is an essential element for microbial growth, but
it is often not readily available to microorganisms in a
natural environment. In aerobic conditions, iron is oxidized
to extremely insoluble ferric oxyhydroxide polymers at
physiological pH (13). The solubility constant of ferric
oxyhydroxide is 10%*’ (2) and the maximum con-
centration of free iron is 10™ M at pH 7 (21), a value
too low for microbial requirements. To counter these
iron-deficient environment, most microorganisms have
developed high-affinity iron transport systems, in which
siderophores of low molecular-weight high-affinity iron
(II)-chelating agents are synthesized, excreted, and con-
sequently the iron complex is transported into the cytosol
via a cognate-specific receptor in the outer membrane
(14). Although siderophores exhibit a great diversity of
structures, most siderophores are classified as either
catechol-phenolates or hydroxamates (7).

In recent years, considerable attention has been given
to plant growth-promoting rhizobacteria (PGPR). This
group of bacteria consists primarily of fluorescent pseu-
domonads, which are aggressive root colonizers. An im-
portant ecological factor in biological control of soil-
borne plant disease by PGPR is the production of ex-
tracellular siderophores. Siderophores play an essential
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role in the microbial interactions in a rhizosphere,
enhancing the growth of plants and yield of agricultural
crops. The mechanism of growth promotion and disease
reduction by PGPR is generally believed to be one of
antagonistic interactions by siderophore-mediated com-
petition for iron which results in the exclusion of patho-
genic and deleterious microorganisms from a rhizosphere.
The siderophores of PGPR have been extensively studied,
and the introduction of PGPR into a plant rhizosphere to
control plant disease or enhance plant growth has been
explored (5, 6, 8, 10-12, 15-19, 23-25).

In this study, we describe (i) the isolation of naturally
occurring plant growth-promoting rhizobacteria pro-
ducing siderophores with high activity as biocontrol
agents, (ii) the characterization of siderophore activity
from selected PGPR, (iii) the mechanism of antagonism
of PGPR against Fusarium solani, and (iv) the role of
siderophores in biological control to fusarial wilt of kidney
bean.

MATERIALS AND METHODS

Chemicals and Glassware

Chrome azurol S (CAS) and hexadecyltrimethylammo-
nium bromide (HDTMA) were purchased from Fluka Chem-
ical Corporation. Anhydrous piperazine, PIPES, 2,3-dihy-
droxybenzoic acid (2,3-DHBA), deferoxamine mesylate, 8-
hydroxyquinoline, S-sulfosalicylic acid, hydroxylamine hy-
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drochlorde, and chitin were purchased from Sigma Chem-
ical Company. All other chemicals were special grade
products.

All glassware was rendered iron free with 6 N HCl,
rinsed once in distilled water, and finally rinsed in deionized,
double-distilled water before sterilization. All media and
solutions were prepared with deionized, double-distilled
water.

Strains, Media, and Growth Conditions

Siderophore-producing bacteria originally isolated from
a rhizosphere in ginseng root-rot suppressive soil, were
used in this study. In all experiments, bacteria were
grown at 28°C and maintained on a King's B (KB) agar
(9). To remove traces of iron, Difco proteose peptone No.
3 was deferrated by extraction with 3% (w/w) 8-hy-
droxyquinoline in chloroform solution for 2 days as des-
cribed by Waring and Werkman (22). For the production
of chitinase, bacteria were grown on a chitin-minimal
agar (CMA) containing 0.5% colloidal chitin, 0.07%
K,HPO,, 0.05% MgSO,-7H,0, 0.03% KH,PO,, 0.0001%
FeSO,-7H,0, 0.0001% ZnSO,, 0.0001% MnCl,, and 0.2%
(NH,),S0,. Fusarium solani, which causes plant root-rot,
was kindly provided by the Korea Ginseng and Tobacco
Research Institute and was grown at 28°C on a potato-
dextrose agar (PDA). All strains were maintained in 30%
glycerol at -70°C for long-term storage.

Isolation of Siderophore-producing Bacteria

Bacteria were isolated from roots as well as soils of a
ginseng rhizosphere. For the isolation of bacteria from
the external root zones (rhizosphere including the rhizo-
plane), plant roots were gently washed twice in sterile
0.01 M phosphate buffer (pH 7.0-7.2) for 5 min to re-
move adhering soil, and then shaken for 15-40 min in
sterile 0.1% water agar supplemented with 0.1% MgSO,-
7H,0 to collect the remaining root soils. For the isolation
of bacteria from the internal root zones (endorhizosphere),
the adhering soil was carefully removed from plant roots,
and the surface disinfected by gently shaking them in 1%
sodium hypochiorite (NaOCl) for 30 sec. Roots were then
macerated in sterile 0.01 M phosphate buffer (pH 7.0-7.2)
with a mortar and pestle. Appropriate serial dilutions of
the suspensions from roots as well as rhizosphere soils
were plated on chrome azurol S (CAS) blue agar plates as
described by Schwyn and Neilands (20), except that KB
medium was substituted for the MM9 salts/casamino
acids medium. The plates were incubated at 28°C for iso-
lation of siderophore-producing bacteria. An orange halo
around a colony on the CAS blue agar plates indicated
the production of a siderophore.

Identification of Bacteria

Bacterial isolates were identified by microscopic ex-
amination, colonial and cellular morphology, pigmentation,
Gram stain, oxidase test, glucose fermentation, and growth
on single carbon sources. Gram-negative oxidative bacteria
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were further identified with API 20NE diagnostic strips
(Analytical Products, France) and Gram-negative fer-
mentative bacteria were identified with API 20E
diagnostic strips (Analytical Products, France). Gram-po-
sitive Bacillus species were identified with API S0CH di-
agnostic strips (Analytical Products, France).

Siderophore Assay

The production of extracellular compounds with
siderophore activity was determined using the CAS
colorimetric assay (20). This assay utilizes a dye com-
plex of CAS and hexadecyltrimethylammonium bromide
(HDTMA) that has a high affinity for iron. The iron dye
complex is blue with an absorption maximum at 630 nm
using a spectrophotometer (Hitachi U-2000). When a
strong chelator, a siderophore, removes the iron from the
dye, its colour turns from blue to red by the decolor-
ization of a blue-coloured ferric-CAS complex. In this
assay, the siderophore production was estimated by measur-
ing the decrease in absorbance at 630 nm after allowing
the solution to equilibrate for 3 h, with deferoxamine
mesylate as the standard. The assay mixture consisted of
0.5 ml of CAS assay solution and 0.5 ml of culture
supernatant.

A faster-reacting assay solution, termed a CAS-shuttle
solution (20), was prepared by adding 4 mM S5-sul-
fosalicylic acid to the CAS assay solution to destabilize
the ferric-CAS complex. The CAS-shuttle assay was con-
ducted at 37°C with a culture supemnatant, and the de-
crease in absorbance at 630 nm was recorded over 20
min. The end-point of the reaction was the time at which
no further decolorization of the CAS complex was ob-
served. Total siderophore activity (TSA) was calculated
from the initial rate of decolorization, where one unit of
activity was a decrease of 0.001 in A, per sec. The total
siderophore specific activity was calculated as the TSA
units per mg of cell protein present in 1 ml of a culture.

The CAS assay is a universal chemical assay for the
detection of siderophores and operates independently of the
siderophore structure. The presence of catechol-phenolic
type siderophores in culture supernatant was detected by
the Amow phenolic acid assay (1), with 2,3-dihydroxy-
benzoic acid (2,3-DHBA) as the standard. One unit of ac-
tivity was pg of 2,3-dihydroxybenzoic acid equivalents
per ml. The presence of hydroxamate-type siderophores
in culture supematant was determined by the modified
Csaky hydroxylamine/hydroxamic acid assay (4). The
assay standard was prepared with hydroxylamine hy-
drochloride. One unit of activity was ug of hydroxy-
lamine hydrochloride equivalents per ml. The assay was
modified as follows. The acid hydrolysis step was con-
ducted by autoclaving at 120°C for 4 h. A 2,5% sodium
thiosulfate solution rather than 2% sodium arsenite solu-
tion was used as an iodine decolorizing agent. A 0.05%
N-(1-naphthyl) ethylenediamine solution instead of a



Vol. 7, 1997

0.3% o.-naphthylamine solution was used as a coupling
agent.

Analysis of Antifungal Activity

All bacterial isolates were initially screened for the
ability to inhibit fungal growth by extracellular sidero-
phores on agar plates. All isolates were spotted on the
center of iron-deficient KB agar plates and of KB agar
plates supplemented with 100 uM FeCl,, respectively.
After 24 h of incubation, these agar plates were lightly
oversprayed with a suspension (10° cfu/ml) of F. solani.
The plates were incubated at 28°C for 4 days. Alter-
natively, all isolates were inoculated on 2 cm from the
edge of KB agar plates prepared as described above.
After 24 h of incubation, an agar disk (5 mm in diameter)
of F. solani inoculum from the leading edge of a mycelium
of F. solani grown at 28°C for 3 days on PDA was placed
on the center of the plates. The plates were incubated at
28°C for 4 days. Inhibition zone of F. solani was measured
by the distance between the edge of the bacterial colony
and fungal mycelium.

Antifungal activities of extracellular siderophores in
iron-deficient liquid cultures were investigated. Bacterial
isolates were grown at 28°C for 40 h in an iron-deficient
KB broth and in a KB broth amended with 100 uM FeCl,,
respectively. The bacterial cultures were inoculated with
a suspension (10° cfu/ml) of F. solani. After 4 days of in-
cubation, the fungal mycelia were collected on an oven-
dried preweighed paper (Whatman No. 2 filter paper)
and dried at 105°C, and dry weights were determined.
The inhibition ratios were expressed relative to a control
with water.

Bacterial isolates were screened for other antagonistic
properties such as antibiotic or chitinase production.
Antibiotic production was assayed on PDA plates. The
plates were lightly oversprayed with a suspension @aot
cfu/ml) of F. solani and incubated at 28°C for 4 days.
The production of an antifungal zone around the bacterial
colony suggested the presence of an antibiotic. All iso-
lates were characterized for the lytic ability by the use of
a colloidal chitin agar for chitinolytic bacteria. Chitinase
production was tested on a chitin-minimal agar (CMA).
The production of a clear zone around the bacterial colony
indicated the production of a chitinase.

In vivo Biocontrol Assay

To determine the efficacy of siderophore-producing
bacteria as biocontrol agents against root-rot disease caus-
ed by F. solani, kidney bean {(Phaseolus vulgaris L.) seed-
lings were used as a test plant. Seeds of kidney bean
were surface-sterilized twice with a 10 ml immersion in
1% NaOCl and washed in sterile distilled water. The se-
eds were germinated for 3 days between sterile moist
cheesecloth in the dark at 28°C. A bacterial suspension
was prepared by washing cells grown in KB medium at
28°C for 2 days in sterile 0.1 M MgSO, solution. A
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spore suspension of F. solani was prepared by growing
in potato dextrose broth (PDB) at 28°C for 7 days. The
culture was sieved aseptically through 10 layers of sterile
cheesecloth, centrifuged, and washed five times in sterile
0.1 M MgSO, solution. The spore suspension was air-dri-
ed and stored at 4°C.

Plastic pots (50X 50% 50 mm) were filled up to two-
thirds with a vermiculite soil, and 3-day-old seedling
was transplanted in each pot. A seed cover layer (one-
third of the pot's depth) was infested with a preparation
of F. solani (3X10° cfu per gram of soil) and mixed
with 5 ml of the bacterial suspension (approximately 1 X
10° cfu/ml) except for a untreated control. The plants
were grown in a growth chamber at 22°C with 65% re-
lative humidity (RH) by using a 6 h light-8 h dark cycle.
The plants watered daily with 500 ml of plant nutrient
solution (3). The plant nutrient solution was prepared by
adding 2 ml of the following stock solutions to 1 liter of
water: 0.5 M KNO;, 0.5 M Ca(NO,),, 0.2 M MgSO,,
and 0.1 M K,HPO,. The plants were harvested 14 days
after transplanting. Seedlings of kidney bean were ex-
amined for the presence of root-rot. The number of healthy
kidney beans was recorded for disease incidence. The
weights of the whole plant were recorded to measure
growth promotion, and the weights compared with that
of the untreated control.

RESULTS AND DISCUSSION

Isolation of Siderophore-producing Bacteria

For isolation of plant growth-promoting rhizobacteria
(PGPR) as biological agents which suppress soil-borne
disease and promote the health and productivity of crop
plants, appropriate serial dilutions of washed soils and
roots from a ginseng rhizosphere were plated on a chrome
azurol S (CAS) blue agar and tested for the presence of a
siderophore by observing a color change from blue to
orange after 2 or 3 days of incubation. The results of this
analysis are shown in Table 1 and Fig. 1. On this medium
most isolates, except for those grown without halo pro-
duction, gave orange-colored haloes around colonies in-
dicating siderophore-mediated iron removal from the ternary
complex CAS-Fe(IIl)-hexadecyltrimethylammonium bro-
mide (HDTMA). Of 24 bacterial isolates, 10 strains pro-
duced haloes of larger than 1.0 cm in distance between
the edge of the bacterial colony and halo, presumably
due to synthesis and excretion of large amounts of sidero-
phores.

Identification of Isolates

Of 5 isolates, which showed strong antifungal ac-
tivities of extracellular siderophores, isolates GL.7, GL17,
GL19, and GL20 were identified as Pseudomonas flu-
orescens and isolate GL14 was identified as Bacillus sub-
tilis on the basis of their reactions to standard biochem-
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Table 1. Siderophore-producing bacteria isolated from a gin-
seng rhizosphere by CAS analysis.

CAS blue agar KB agar

Strain Growth® Halo Fluorescent

Tow formation® pigment’
GlL1 ++ +
GL2 ++ ++
GL3 ++ +++
GL4 +4 ++
GL5 ++ +
GL6 ++ +++ +
GL7 ++ +++ +
GLS ++ ++ +
GL9 ++ +++ +
GL10 ++ ++
GL11 ++ +++
GL12 ++ ++
GL13 ++ ++
GLi14 ++ +H+
GL15 ++ +
GL16 ++ +
GL17 ++ +++ +
GL18 ++ ++ +
GL19 ++ +++ +
GL20 ++ +++ +
GL21 + +
GL22 ++ ++
GL23 ++ +++
GL24 + +
Control - -

Serial dilutions of the suspensions from roots as well as rhizosphere soils
were plated on a chrome azurol S (CAS) blue agar and tested for the
presence of a siderophore by observing a color change from blue to
orange after 3 days of incubation. * —, No growth; +, minimal growth;
++, normal growth. " —, Absence of halo formation; +, small halos < 0.5
cm wide surrounding colonies; ++, medium halos > 0.5 cm wide sur-
rounding colonies; +++, large halos > 1.0 cm wide surrounding colonies.
‘Diffusible fluorescent pigment on KBA plates.

ical tests from Bergey' s manual and API diagnostic tests.

Production of Siderophores

The production of extracellular compounds with sidero-
phore activity was determined using a CAS colorimetric
assay. All bacterial isolates were grown for 40 h at 28°C
in an iron-deficient KB medium. The siderophore pro-
duction in cuture supernatants was estimated by measur-
ing the decrease in absorbance at 630 nm after allowing
CAS assay solution to equilibrate for 3 h. The values
were compared with optical density (O.D.) of non-ino-
culated KB medium as the reference. A standard curve
for the CAS assay was prepared by analyzing the ab-
sorbance at 630 nm with a standard solution of de-
feroxamine mesylate divided by the absorbance of refe-
rence solution (A/A,;) as a function of siderophore con-
centration. The relationship was proportional to the con-
centration of siderophore (Data not shown). The CAS
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Fig. 1. Growth and siderophore production on CAS blue agar.
The plate was spotted with 2 pl of inoculum pregrown in an iron-de-
ficient KB medium and incubated at 28°C for 2 days: A, non-sidero-
phore-producing bacteria; B, GL7;, C, GL14; D, GL17; E, GL19; F,
GL20.

assay measured the removal of Fe(Ill) from the blue
CAS-Fe(Il)-HDTMA complex in the medium, a value
of A/A,¢ smaller than one at 630 nm indicates a positive
siderophore reaction. Of supernatants from 24 isolates, 11
showed strong positive rteactions, with A/A., ranging
from 0 to 0.25, and 7 showed weak positive, with A/A,;
ranging from 0.5 to 1 (Table 2).

The CAS assay is a universal chemical assay for the
detection of siderophores. The assay can be applied for
any kinds of siderophores. Culture supernatants of all
isolates were determined quantitatively by the Arnow
test for the presence of phenolate-catechol and by the
Csaky test for hydroxamate siderophores. The results of
these analyses are shown in Table 2. Of supemnatants
from 24 isolates, 15 were positive in the Csaky test, in-
dicating the production of hydroxamate siderophores. Ad-
ditional phenolate-catechol siderophores were produced
by 12 isolates. Among them, GL4, GL11, and GL22, pro-
duced hydroxamate with phenolate-catechol siderophores.
Of 5 isolates with strong positive reactions in the CAS
assay, GL7, GL17, GL19, and GL20 produced large
amounts of hydoxamate siderophores and GL14 also show-
ed a stronig activity of phenolate-catechol siderophore.

Total siderophore activity in culture supernatants of the
5 isolates was confirmed using a CAS-shuttle assay. The
assay is based on the acceleration of ferric exchange to
siderophore by the addition of 4 mM 5-sulfosalicylic acid
to CAS assay solution. The ability of siderophore in the
culture supernatants to decolorize the ferric-CAS complex
was observed by measuring the Ay, at 10 sec internals
until no further decolorization occurred. As the CAS-
shuttle assay was conducted at 37°C with culture super-
natant, the reaction was faster than 30°C (Data not shown).
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Table 2. Characterization of siderophores in iron-deficient
medium.
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Table 3. Total siderophore activity by CAS shuttle assay.

Total siderophore Total siderophore End-point

Strain CAS liquid Catechol Hydroxamate Strain activity specific activity (min)°
assay’ assay’ assay’ (TSA; Uy (TSSA; UY

GL1 0.881° 5.45 0 GL7 15.8 17.6 15~20
GL2 0.415" 0 2.74 GL14 13.8 12.5 15~20
GL3 0.324™ 10.54 0 GL17 15.2 15.9 15~20
GL4 0.648" 3.78 244 GL19 14.6 18.2 20~25
GL5 0.691" 6.72 0 GL20 16.5 202 15~20
GL6 0-165M 0 4.03 All strains were grown at 28°C for 40 h in an iron-deficient KB medium.
GL7 0.096 0 25.73 Assay was conducted at 37°C with culture supernatant. *Total sidero-
GL8 0.144™" 0 3.51 phore activity was calculated from the initial rate of decolorization,
GL9 0.190""* 0 3.65 where one unit of activity was a decrease of 0.001 in Ag, per sec. "Total
GL10 0.830" 5.92 Q0 sidetophore specific activity was calculated as the TSA units (mg cell
GL11 0.116™" 11.25 4.16 protein)” present in 1 ml of culture. “End-point of the reaction was the
GL12 0.209"* 0 272 time at which no further decolorization of the CAS complex was ob-
GL13 0:8 40" 3.46 0' served. All values are means of three replicates.
GL14 0.112"" 26.36 0
GL15 0.321" 14.35 0
GL16 0.369" 6.48 0
GL17 0.103"* 0 18.75
GL18 0.196™" 0 398
GL19 0.096™" 0 7.59
GL20 0.084™ 0 28.54
GL21 0.632" 0 251
GL22 0.426™ 10.93 1.93
GL23 0.486" 0 221
GL24 0.610° 4.02 0

Reference 1.000 0 0

All strains were grown at 28°C for 40 h in an iron-deficient KB medium.
*Siderophore production was determined by measuring the decrease in
absorbance at 630 nm by the method of Schwyn and Neilands. Scaled
values of absorbancy/absorbancy reference (A/A.) at 630 nm: +++, 0.0
to 0.25; ++, 0.25 to 0.5; +, 0.5 10 1.0. "The presence of catechol-phenol-
ic type siderophores was detected at 510 nm by the method of Amow.
The value is the concentration of 2,3-dihydroxybenzoic acid equivalents
(ug/ml). “The presence of hydroxamate type siderophores was detected
at 543 nm by the method of Csaky. The value is the concentration of hy-
droxylamine hydrochloride equivalents (ug/ml). All values are means of
three replicates.

Of culture supernatants of the isolates, GL20 showed sig-
nificantly higher total specific siderophore activity (TSSA)
than other isolates with 20.2 unit (Table 3).

Mechanism of Antagonism

The antagonistic properties of 16 isolates against F.
solani were determined by petri plate assay for antifungal
activity (Fig. 2). Among the isolates tested for inhibition
zone production on KBA plates with and without 100
uM FeCl,, all isolates showed decreases of inhibition
zone in the presence of iron (Table 4). This inhibitory
activity generally corresponded with the area of fluorescent
pigment diffusion. This suggests that antagonism against
F. solani is at least partially due to the production of an
iron-chelating siderophore.

To determine whether chitinase or antibiotic were re-
sponsible for the antagonistic properties in addition to
siderophore, we tested for inhibitory activity against F.

Fig. 2. Petri plate assay for antifungal activity of siderophore-
producing P. fluorescens GL20 against F. solani on an iron-
deficient agar.

An iron-deficient KB agar plate was incubated at 28°C for 4 days: Left,
P. fluorescens GL20; Right, F. solani.

solani in the presence of sufficient iron. PDA was used
as a medium to enhance the production of antibiotic be-
cause of its high levels of iron which suppress sidero-
phore production. Fluorescent siderophores were not pro-
duced by any of the 16 isolates on PDA plates. However,
GL14 produced a fungicidal zone against F. solani on
PDA that apparently resulted from antibiotic production
(Table 4). Because the strain inhibited the fungal growth
in ferric iron-rich medium, siderophores may not be in-
volved in the antagonistic response. Next, we mvestigated
the possibility of chitinase production from the 16 isolates.
Only GL11 showed the production of a clear zone around
the bacterial colony on chitin minimal agar (CMA) con-
taining colloidal chitin as a sole carbon source (Table 4).

Antifungal Activity

Siderophore-producing bacteria were screened for their
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Table 4. Antifungal properties of siderophore-producing strains
against Fusarium solani.

Siderophore (mm)a Aﬂtibiotic Extacellularc
Strain productlon chitinase
—Fe +Fe in vitro production
GL3 1.0 - - -
GL5 1.0 - - -
GL7 3.0 05 - -
GL8 1.5 0.5 - -
GL9 15 1.0 - -
GL11 2.0 1.0 - +
GL12 1.0 - - -
GL13 15 - - -
GL14 3.0 2.0 + -
GL15 1.5 - - -
GL16 1.5 0.5 - -
GL17 3.0 0.5 - -
GL19 2.5 1.0 - -
GL20 35 1.0 - -
GL22 15 - - -
GL23 1.0 - - -

*All strains were spotted on the center of iron-deficient KB agar plates
and of KB agar plates supplemented with 100 uM FeCl,, respectively.
After 24 h of incubation, these agar plates were oversprayed with a
suspension (10° cfu/ml) of F. solani. Inhibition zone of F. solani was
measired the distance between the edge of the bacterial colony and fun-
gal mycelium after 4 days of incubation. ® Antibiotic production was test-
ed on potato dextrose agar (PDA). The production of a antifungal zone
around the bacterial colony suggested the presence of an antibiotic. +, an-
tifungal zone present; -, antifungal zone absent. Chitinase production
was tested on chitin minimal agar (CMA). The production of a clear
zone around the bacterial colony suggested the presence of a chitinase. +,
clear zone present; -, clear zone absent. All values are means of three re-
plicates.

ability to inhibit fungal growth. The antifungal activities
of extracellular siderophores against F. solani on iron-de-
ficient KBA plates were investigated. Of 16 isolates, GL7,
GL14, GL17, GL19, and GL20, showed strong an-
tagonistic activities (the degree of antagonism, 2.5 to 3.5
diamjeter) on the plates (Table 4). The isolates also in-
hibited fungal growth considerably in an iron-deficient
KB liquid medium after 4 days of incubation, compared
with that of the untreated control. In the presence of GL
20, F. solani did not grow at all in the medium (Fig. 3).
Also, spore germination and germ tube elongation were
not observed nearly under a phase-contrast microscope
(data not shown). These results showed that GL.20 pro-
dued extracellular siderophore which was strongly in-
hibitory to growth of F. solani in an iron-deficient con-
dition.

Plant Growth-premoting Activity

To determine the efficacy of siderophore-producing
strains as biocontrol agents, the cells of the 5 isolates
were treated in pots containing kidney beans (Phaseolus
vulgaris L.). F. solani is the causal agent of root rot of
kidney bean. The disease is characterized by reddish-
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Fig. 3. Antifungal activity of siderophore-producing strains
against F. solani in iron-deficient liquid cultures.
Bacterial strains were grown at 28°C for 40 h in an iron-deficient KB
broth (Z) and in a KB broth ([]) amended with 100 uM FeCl,, respec-
tively. The bacterial cultures were inoculated with a suspension (10° cfu/
ml) of F. solani and dry weights of the cultures were determined after 4
days of incubation at 28°C. Each data point represents the mean of
three replications; vertical bars represent standard deviations.

Fig. 4. Growth response on root of kidney bean by P. flu-
orescens GL20.

The plants were harvested 14 days after transplanting: A, F. solani with
P. fluorescens GL20; B, None; C, F. solani.

brown lesions that develop on the hypocotyl and lateral
roots. The effect of inoculation with 5 isolates on the
root rot caused in kidney bean by F. solani was ex-
amined. After 3 days of seed emergence, each seedling
infected with F. solani rapidly developed a red-brown
lesion at the root-stem interface (Fig. 4C). After 14 days,
the disease incidence caused by F. solani alone reached
to 72% (Fig. 5). Application of the isolates resulted in
significant suppression of the disease as compared to that
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Fig. 5. Discase suppression on fusarial wilt of kidney bean
(Phaseolus vulgaris L.) by siderophore-producing strains.
Plastic pots (50X 50x50 mm) were filled up to two-third with a ver-
miculite soil, and 3-day-old seedling of kidney bean was transplanted
in each pot. A seed cover layer (one-third of the pot's depth) was in-
fested with a preparation of F. solani (3x 10° cfu per gram of soil) and
mixed with 5 ml of bacterial suspension (approximately 1x 10° cfu/ml).
Each data point represents the mean of three replications of 50 see-
dlings each; vertical bars represent standard deviations.

Table 5. Plant growth response of F. solani infested-kidney
bean by siderophore-producing strains.

Average Increase

Treatement weight compared to

per plant (g) control (%)
Control 6.5 100
GL7 8.2% 126
GL14 7.2 110
GL17 8.8* 135
GL19 7.5 115
GL20 10.3* 158

All seedlings were infested with a preparation of F. solani (3% 10° cfu
per gram of soil) and mixed with 5 ml of the bacterial suspension
(approximately 1x 10° cfu/ml) except for the untreated control. The
plants were harvested 14 days after transplanting, and the weights of the
whole plant were recorded. Each value is the everage of 50 seedlings.
*indicates significant increase compared to control (P=0.05).

of F. solani alone (Fig. 5). Disease incidence was reduc-
ed up to 68% by co-inoculation of seeds with GL20
(Fig. 5). In addition, root development of the kidney be-
ans was enhanced, and plant weight was also con-
siderably increased by comparison with that of the un-
treated control (Table 5). As a result, GL20 occurred sig-
nificant increases in plant growth, promoting elongation
and development of the roots (Fig. 6). These results in-
dicate that the plant growth-promoting activity of GL20
on kidney bean results from the potential biocontrol
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Fig. 6. Enhanced plant growth of kidney bean by P. fluorescens
GL20.

The plants were harvested 14 days after transplanting: A, F. solani; B,
None; C, F. solani with P. fluorescens GL20.

ability of the strain to suppress F. solani by production of
siderophore.

Acknowledgement

This research was supported by a grant from the
Korea Science and Engineering Foundation (951-0503-
053-2) and the Agricultural Research Promotion Center
(95 Advanced Rescarch Project).

REFERENCES

1. Armnow, L. E. 1937. Colorimetric determination of the com-
ponents of 3,4-dihydroxyphenyalanine-tyrosine mixtures. J.
Biol. Chem. 118: 531-537.

2. Biedermann, G. and P. Schindler. 1957. On the solubility
of precipitated iron (IIT) hydroxide. Acta Chem. Scand. 11:
731-740.

3. Brisbane, P. G. and A. D. Rovira. 1988. Mechanisms of in-
hibition of Gaewnannomyces graminis var. tritici by flu-
orescent pseudomonads. Plant Pathol. 37: 104-111.

4. Csaky, T. 1948. On the estimation of bound hydroxylamine.
Acta Chem. Scand. 2: 450-454.

5. De la Cruz, A. R., A. R. Poplawsky, and M. W. Wiese.
1992. Biological suppression of potato ring rot by flu-
orescent pseudomonads. Appl. Environ. Microbiol. 58:
1986-1991.

6. Elad, Y. and L. Chet. 1987. Possible role of competition for
nutrients in biocontro! of Pythium damping-off by bacteria.
Phytopathol. 77: 190-195.

7. Hider, R. C. 1984, Siderophore mediated absorption of
iron. Struct. Bonding 58: 25-87.

8. Hubbard, J. P, G. E. Harman, and Y. Hadar. 1983. Effect
of soilborne Pseudomonas spp. on the biological control
agent, Trichoderma hamatum, on pea seeds. Phytopathol.
73: 138-145.

9. King, J. V., J. 1. R. Campbell, and B. A. Eagles. 1948. Min-
eral requirements for fluorescin production by Pseu-



20

10.

11.

12.

13.

14.

15.

16.

17.

18.

LIM AND KIM

domonas. Can. J. Research 26C: 514-519.

Kloepper, J. W, J. Leong, M. Teintze, and M. N. Schroth.
1980. Pseudomonas siderophore: a mechanism explaining
disease suppressive soil. Curr. Microbiol. 4: 317-320.
Kloepper, J. W, J. Leong, M. Teintze, and M. N. Schroth.
1980. Enhanced plant growth by siderophores produced by
plant growth-promoting rhizobacteria. Nature 286: 885-
886.

Leong, J. 1986. Siderophores; Their biochemistry and pos-
sible role in biocontrol of plant pathogens. Ann. Rev. Phy-
topathol. 24: 187-209.

Lindsay, W. L. 1979. Chemical equilibria in soils. John
Wiley, New York.

Neilands, J. B. 1982. Microbial envelope proteins related
to iron. Ann. Rev. Microbiol. 36: 285-309.

Neilands, J. B. and S. A. Leong. 1986. Siderophores in re-
lation to plant disease. Ann. Rev. Plant Physiol. 37: 187-
208.

Paulitz, T. C. and J. E. Loper. 1991. Lack of a role for flu-
orescent siderophore production in the biological control
of Pythium damping-off of cucumber by a strain of Pseu-
domonas putida. Phytopathol. 81: 930-935.

Scher, F. M. and R. Baker. 1980. Mechanism of biological
control in a Fusarium-suppressive soil. Phytopathol. 70:
412-417.

Scher, F. M. and R. Baker. 1982. Effect of Pseudomonas
putida and a synthetic iron chelator on induction of soil

19.

20.

21.

J. Microbiol. Biotechnol.

suppressiveness to Fusarium wilt pathogens. Phytopathol.
72: 1567-1573.

Schippers, B., A. W. Bakker, and P. A. H. M. Bakker.
1987. Interactions of deleterious and beneficial microor-
ganisms and the effect of cropping practices. Annu. Rev.
Phytopathol. 25: 339-358.

Schwyn, B. and J. B. Neilands. 1987. Universal chemical
assay for the detection and determination of siderophores.
Anal. Biochem. 160: 47-56.

Spiro, T. G. 1977. Chemistry and biochemistry of iron, p.
23-32. In E. B. Brown, P. Aisen, J. Fielding, and R. R.
Crichton (eds.), Proteins of iron metabolism. Grune and
Stratton, New York.

22. Waring, W. S. and C. H. Werkman. 1942. Growth of

23.

24.

25.

bacteria in an iron-free medium. Arch. Biochem. 1: 303-

310.

Weller, D. M. 1988. Biological control of soilborne plant

pathogens in the rhizosphere with bacteria. Annu. Rev.

Phytopathol. 26: 379-407.

Weller, D. M. and R. J. Cook. 1983. Suppression of take-

all of wheat by seed-treatments with fluorescent pseu-

domonads. Phytopathol. 73: 463-469.

Xu, G. W. and D. C. Gross. 1986. Field evaluations of the

interactions among fluorescent pseudomonads, Erwinia

carotovora, and potato yields. Phytopathol. 76: 423-430.
(Received November 25, 1996)



