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Fusarium wilt caused by Fusarium oxysporum has
become a serious problem world-wide and relies heavily
on chemical fungicides. We selected Pseudomonas sp.
NJ134 to develop an effective biocontrol strategy. This
strain shows strong antagonistic activity against F. oxy-
sporum. Biochemical analyses of ethyl-acetate extracts
of NJ134 culture filtrates showed that 2,4-diacetyl-
phloroglucinol (DAPG) was the major compound inhibit-
ing in vitro growth of F. oxysporum. DAPG production
was greatly enhanced in the NJ134 strain by adding
mannitol to the growth media, and in vitro antagonistic
activity against F. oxysporum increased. Bioformulations
developed from growth of NJ134 in sterile bean media
with mannitol as the carbon source under plastic bags
resulted in effective biocontrol efficacy against Fusarium
wilt. The efficacy of the bioformulated product depend-
ed on the carbon source and dose. Mannitol amendment
in the bean-based formulation showed strong effective
biocontrol against tomato Fusarium wilt through increas-
ed DAPG levels and a higher cell density compared to
that in a glucose-amended formulation. These results
suggest that this bioformulated product could be a new
effective biocontrol system to control Fusarium wilt in
the field.
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Fusarium wilt caused by Fusarium oxysporum is a serious

soilborne disease in tomato cultivation areas worldwide

(Ishikawa et al., 2005). The rapid adoption of organic

agriculture in the past decades has dramatically increased

the demand for biopesticides that can be used to control

tomato Fusarium wilt. Several antagonist microorganisms

with broad-spectrum activity show promise for suppressing

tomato Fusarium wilt. Biocontrol agents such as Pseudo-

monas spp., the fungus Trichoderna spp., and non-patho-

genic Fusarium have reduced tomato Fusarium wilt in

greenhouse experiments (Shishido et al., 2005; Yigit and

Dikilitas, 2007). A talc-based bioformulation of Strepto-

myces sp. has been used to control Fusarium wilt in the

greenhouse (Anitha and Rabeeth, 2009).

Numerous fluorescent Pseudomonas spp. have been

isolated and characterized for their ability to suppress soil-

borne diseases through the production of various secondary

metabolites, such as phenazines, pyrrolnitrin, and 2,4-

diacetylphloroglucinol (DAPG) (Keel et al., 1996). DAPG

is a polyketide antibiotic with broad spectrum antimicrobial

properties and is produced by fluorescent Pseudomonas

spp. of diverse genotypes and geographic origins (Keel et

al., 1996; Mavrodi et al., 2001; McSpadden-Gardener et al.,

2000). Fluorescent pseudomonads that produce DAPG play

a key role in the natural biological control of most

important crop diseases, such as tomato crown and root rot,

wheat take-all, black root rot of tobacco or cucumber, sugar

damping off, and tomato Fusarium wilt (Dwivedi and Johri,

2003; Keel et al., 1996; KeU et al., 1992; Nowak-Thompson

et al., 1994). 

The growth medium and nutrients affect the levels of

antibiotics and population densities in biocontrol bacteria.

In Pseudomonas spp., the antibiotic DAPG is produced at

high levels in the presence of glucose, gluconic acid, and

zinc (Duffy and Défago, 1997; 1999; Werra et al., 2009).

Although several potential biocontrol agents to control

tomato Fusarium wilt have been isolated and characterized,

no reports are available on effective biocontrol in the field.

For development of biological control agents against

tomato Fusarium wilt, strain NJ134 was isolated from

rhizosphere and suppressive soils in Jeonnam province,

South Korea (Lee, 2009). A rhizobacterium NJ134 showed

most effective inhibition against mycelial growth of the

pathogen (KACC 40037). Based on 16S ribosomal DNA

sequence analysis, the bacterial strain was identified as

Pseudomonas sp. (GenBank: FJ627993.1, National Center

for Biotechnology Information (NCBI), U.S.A.). An anti-
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fungal compound purified from NJ134 cultures was a

polyketide, 2,4-diacetylphloroglucinol (DAPG) by GC-

MS, IR, and NMR analysis (Kang, 2011 submitted paper).

The main goal of this study was to develop an effective

bioformulation for the DAPG producer Pseudomonas sp.

NJ134 in a cost-effective growth medium containing

mannitol and sucrose, ect. as the carbon source. The

formulated bacterial product was tested to determine

biocontrol efficacy and long term survival. Additionally, the

most effective dosages were determined for efficient

suppression of Fusarium tomato wilt under field conditions.

We demonstrated that Pseudomonas sp. NJ134 produced

DAPG as a major antibiotic to inhibit F. oxysporum growth

and control tomato Fusarium wilt. Fluorescent pseudo-

monads produce various antibiotics, such as phenazines,

pyrrolnitrin, and DAPG, and these secondary metabolites

play important roles in the biocontrol of crop diseases (Keel

et al., 1996). The antifungal activity of NJ134 was extracted

from culture medium using ethyl acetate. Antibiotic pro-

duction by strain NJ134 in culture was detected by methods

described previously (Whister et al., 2000). Strain NJ134

was grown in 5 ml of modified KB (proteose peptone #3 20

g, K2HPO4 1.5 g, MgSO4·7H2O 0.4 g per L) containing 1%

(wt/v) mannitol or glucose, respectively. High performance

liquid chromatography analyses of the NJ134 ethyl acetate

extracts showed that the peak with an elution time of 3.4

min had the highest antifungal activity (data not shown).

DAPG (0.07 µg/ml/105) colony forming units (cfu) was

produced by the NJ134 strain during the stationary phase

after growth on KB with glucose. However, adding

mannitol significantly increased DAPG levels by approxi-

mately 50-fold to 3.97 µg/ml/105 cfu (Table 1). Produc-

tion of antibiotic com-pounds is influenced by the presence

of different carbon sources. In P. chlororaphis O6, pyrro-

lnitrin production is eliminated by glucose in the growth

medium, whereas phenazine production is enhanced (Park

et al., 2011).

In this study, we demonstrated that very high levels of

DAPG were produced by Pseudomonas sp. NJ134 using

mannitol in the growth medium. In addition, strain NJ134

showed significantly higher cell densities with the addition

of mannitol (1.72 × 109 cfu/ml) compared to amend-

ments with glucose, 1.63 × 108 cfu/ml (Table 1).

More profound inhibition of F. oxysporum was observed

with the NJ134 strain grown in mannitol than that with

glucose as the sole carbon source (Table 1). DAPG pro-

duction was about 1.5 times higher when cells were grown

with mannitol as the sole carbon source than when sucrose

was the carbon source. However, the others media was

poorly produced in these media in which lactose and

glucose were used as a sole carbon source. The NJ134

conditions that produced significant amounts of DAPG and

suppressed the pathogen could have been relatively high in

mannitol content. Glucose has been used to optimize

pyrrolnitrin (PLT) production by P. fluorescens HV37a

(Douglas and Gutterson, 1986) and DAPG by P.

fluorescens Pf-5 (Nowak-Thompson et al., 1994), whereas

it does not improve PLT production by some fluorescent

pseudomonads (Karus and Loper, 1995; Park et al., 2011;

Shanahan et al., 1992). Thus, the production of biocontrol

agents is influenced by the carbon source in the medium

(Park et al., 2011; Shanahan et al., 1992; Yuan et al., 1998).

Ethanol as the sole carbon source enhances the production

of PLT and DAPG by P. fluorescens S272 (Yuan et al.,

1998), rhamnolipids by P. aeruginosa and Pseudomonas

strain BOP100 (Matsufuji et al., 1997; Osman et al., 1996).

Pyoluteorin production by P. fluorescens Pf-5 is promoted

in glucose media, but less pyoluteorin is produced with

Table 1. Effect of carbon source on antibiotic production, density, and in vitro antifungal activity by Pseudomonas strain NJ134

Carbon sourcea 2,4-diacetylphloroglucinol
(μg/ml/105 cfu)b

Population density
(cfu/ml)c Inhibition rate (%)d

Mannitol 3.97 ± 0.12 ae 1.72 × 109 a 83.3 ± 5.52 a 

Glucose 0.07 ± 0.02 d 1.63 × 108 b 66.4 ± 2.17 c

Sucrose 3.01 ± 0.08 ab 1.19 × 109 ab 76.1 ± 2.48 ab

Glycerol 0.75 ± 0.05 b 1.01 × 109 ab 74.5 ± 5.70 b

Lactose 0.31 ± 0.04 c 4.52 × 108 b 68.2 ± 4.06 bc

aBacteria was grown for 7 days in modified KB containing different 1% carbon sources.
b2,4-diacetylphloroglucinol (DAPG) production was determined by high performance liquid chromatography and is expressed as the amount of
DAPG produced per population unit (105 cfu) of strain NJ134. 

cColony forming units were determined by dilution plating on KB agar.
d Inhibition rates were done on the petri dish containing PDA. A 4-mm mycelial disc from a 7-day-old F. oxysporum culture in PDA was placed
on the opposite side vertical to the bacterial (30 µl) dropped disc in the petri dish. The growth of the fungus was inhibited when it grew toward
the bacterial colony, and the inhibition zone was measured from the edge of mycelium to the bacterial colony edge at 7 days after incubation.
Inhibition rates of the products are represented by the following equation: inhibition rate (%) = (R-r)/R × 100. R is the maximum radius of the
fungal colony away from the bacterial colony, and r is the radius of the fungal colony opposite the bacterial colony.

eMeans within a column followed by a common letter are not significantly different (P = 0.05) by Duncan’s multiple range test. 
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glycerol (Karus and Loper, 1995). These results suggest

that DAPG produced by Pseudomonas sp. NJ134 was a

major antibiotic against F. oxysporum, and that DAPG

production was greatly influenced by the carbon source.

We developed a formulation using a mixture of cracked

lupin bean (Lupinus luteus) and fluorescent Pseudomonas

strain NJ134, which effectively inhibited F. oxysporum

growth in vitro. Briefly, strain NJ134 was grown on liquid

KB medium with different carbon sources for 48 hour on a

shaker (150 rpm) at 26 oC. Beans (1 kg) as carrier materials

were cracked slightly with a wooden hammer and auto-

claved for 30 min on 2 consecutive days. Bacterial cultures

were adjusted to 1 × 108 cfu/ml, and 500 ml of bacterial

suspension was added to the 1 kg of sterilized beans with

1% different carbon sources. Bacterial cultures were mixed

with amendments in sterile polythene bags, sealed, and

incubated at 26 oC for the defined times. The 10 g

formulated product was sampled at 7, 30, 60 days after

incubations to measure the production of DAPG and viable

cell densities (Table 2). DAPG production of purified

compound of formulation amendment mannitol showed a

major peak at a retention time of 4.58 min that corre-

sponded to the peak obtained for the DAPG standard (2,4-

diacetylphlorogulcinol, Toronto Research Chemicals Inc.)

at a retention time of 4.48 min after 60 days (Supple-

mentary Fig. 1). The production titer was significantly

higher about 2.7 times in mannitol medium than in glucose

medium. When strain NJ134 was grown on formulated

mannitol, it was used for optimization of DAPG produc-

tion. However, glucose did not improve for the antibiotic

production. Significantly higher DAPG production occurr-

ed in the bean-based formulation, and the highest in vitro

antifungal activity against F. oxysporum was observed

when the NJ134 strain was grown with added mannitol

(Table 2). We demonstrated that the bioformulated DAPG

producer NJ134 showed strong antifungal activity against

F. oxysporum in media with added mannitol and was

effective for suppressing tomato Fusarium wilt.

We examined long-term survival rates to investigate

whether the nutrient amendment affected long-term survi-

val under room temperature storage conditions. The long-

term survival of the NJ134 cultures grown in glucose or

control conditions was significantly less compared with that

of the NJ134 cultures grown in media amended with

mannitol for 60 days in single inoculation studies (Table 2).

The growth medium and nutrients affect population

densities in biocontrol bacteria. Our results are similar to

those showing that high molecular weight compounds such

as sucrose enhance survival of Pseudomonas and Entero-

bacteriaceae (Caesar and Burr, 1991) or improve survival

of Rhizobium spp. in powder formulations (Bushby and

Marshall, 1977). Also, the synergistic effects of the

mannitol in a bean-based formulation could be stable in the

rhizosphere. Activation of antibiotic substances and

increased population density has been reported (KeU et al.,

1992; Leeman et al., 1996; Raaijmakers et al., 1999; Wood

et al., 1997). We do not have direct evidence on enhanced

long-term survival in the presence of mannitol. We are

currently investigating the possible roles of mannitol in

long-term survival. Mannitol acts as a compatible solute

and osmoprotectant. In Gram-negative bacteria, cell viabi-

lity under nutrient limiting conditions, such as those during

the stationary phase, gradually diminish because of acid

and oxidative stresses (Ferreira et al., 2001; Kets et al.,

1996; Nystrom, 2001). The natural environments in which

either introduced or naturally occurring DAPG-producing

Table 2. Effect of 2,4-diacetylphloroglucinol (DAPG) production, survival, and in vitro inhibition rate of formulated P. strain NJ134 with
different carbon sources

Carbon sourcea DAPG
 (μg/g of formulation) b

cfu/g of formulationc 
at different days after treatment Inhibition rate (%)d

7 30 60

Mannitol 0.19 ± 0.02 ae 8.27 × 108 a 2.97 × 108 a 1.65 × 107 a 71.5 ± 0.73 a

Glucose 0.07 ± 0.01 b 5.79 × 107 b 1.90 × 106 b 2.41 × 105 b 65.5 ± 0.52 b

Control 0.04 ± 0.01 c 4.06 × 106 b 2.20 × 104 b 8.05 × 102 b 40.9 ± 1.51 c

aBacterial suspension was mixed with 1 kg sterilized beans and 1% different carbon sources, and then dried. The control was treated with the for-
mulated product without a carbon source.

bDAPG production was determined by liquid chromatography/mass spectrometry (LC/MS/MS) and is expressed as the amount of DAPG pro-
duced per 1 g unit (bean-based formulation) by strain NJ134. 

cColony forming units were determined by dilution plating on KB agar containing glycerol. 
d Inhibition rates were done on the petri dish containing PDA. A 4-mm mycelial disc from a 7-day-old F. oxysporum culture in PDA was placed on
the opposite side vertical to the bacterial (30 µl) dropped disc in the petri dish. The growth of the fungus was inhibited when it grew toward the
bacterial colony, and the inhibition zone was measured from the edge of mycelium to the bacterial colony edge at 7 days after incubation. Inhibi-
tion rates of the products are represented by the following equation: inhibition rate (%) = (R-r)/R × 100. R is the maximum radius of the fungal
colony away from the bacterial colony, and r is the radius of the fungal colony opposite the bacterial colony.

eMeans within a column followed by a common letter are not significantly different (P = 0.05) by Duncan’s multiple range test. 
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Pseudomonas spp. function are subjected to change under

abiotic and biotic conditions. Several abiotic factors such as

specific carbon and nitrogen sources have been identified or

proposed to influence in situ antibiotic production by

Pseudomonas spp. (Duffy and Defago, 1997; Shanahan et

al., 1992; Slininger and Jackson, 1992). The biotic factors

that may play an important role in the regulation of anti-

biotic production include the cell density of the producing

strain (Raaijmakers et al., 1999). 

A bean-based bioformulation with different carbon sources

was assessed for efficiency in controlling Fusarium wilt in

tomatoes under greenhouse conditions. The different for-

mulation treatments were mixed in plastic pots (200 × 40 ×

30 cm) containing an autoclaved mixture of a 1:1 (v:v) ratio

of vermiculite and sand. Leaf-stage tomato seedling (n =

18–20; Unicorn, Hungnong Seeds, Korea) were transferred

to pots treated with the formulation. After 7 days in a

planting tray, the pathogen was inoculated with infested soil

(Marjan et al., 2003). 

The pathogen was cultured in aerated CMCLM (15 g of

carboxymethyl cellulose, 1 g of (NH4)2SO4, 1 g of KH2PO4,

0.5 g of MgSO4·7H2O, and 1 g of yeast extract per liter)

medium at 25 oC (Cappellini and Peterson, 1965). After 21

days of growth, cultures were filtered through sterile glass

wool to remove mycelia mats. Macroconidia were harvest-

ed by centrifugation at 8,000 × g for 20 min, resuspended in

10 mM MgSO4, and mixed through a potting soil-sand

mixture (12:5, v/v) to a density of 1 × 103 spore/g of soil.

Inoculated soil was incubated in polyethylene bags for 3

days at 25 oC before use in the potting soil bioassays by the

pathogen. 60 days after treatment, plants were scored for

both external wilting and internal browning symptoms

(Leeman et al., 1996). The experiment was conducted two

times with 30 plants per treatments. An assessment of the

biocontrol activity of the bioformulated product against

tomato Fusarium wilt showed that the mannitol amendment

affected biocontrol efficacy. The severity of tomato Fusarium

wilt was reduced significantly after soil application of the

product, and the biocontrol efficacy of the formulated

product amended with mannitol was much higher (Table 3).

For both bioformulated products amended with mannitol

and glucose, the higher dose (300 g/pot) showed signifi-

cantly higher biocontrol efficacy compared to that of the

lower dosages (100 or 200 g/pot). Furthermore, Pseudo-

monas sp. NJ134 showed significantly higher cell densities

in the formulated product amended with mannitol (5.33 ×

106 cfu/g of root) compared to that with a glucose

amendment (6.33 × 104 cfu/g of root; data not shown) at 60

days after treatment. Although bioformulated products for

Gram-positive bicontrol bacteria, such endospore forming

Bacillus strains, have been developed and commercialized,

only a few biopesticides for Gram-negative bacteria have

been reported due to the short shelf life. An effective

biocontrol bioformulation containing a complex of chitinase-

producing biocontrol bacterial strains and chitin under large

batch conditions has been developed and used effectively to

control Phytophthora blight in pepper (Kim et al., 2008)

and Alternaria blight and anthracnose disease in Korean

ginseng under field conditions (Kim et al., 2008; 2010).

In conclusion, our results indicate that DAPG in the

NJ134 formulation is a major player and enhanced pro-

tection against Fusarium wilt. A bean-based formulation

can be used as nutrients to grow Gram-negative bacterial

strains in a cost-effective way. Adding mannitol can be used

to aid in the production of high DAPG levels and long-term

survival in the NJ134 bioformulated products. Culture

suspensions of bioformulated products could be effective to

control tomato Fusarium wilt, because of the high DAPG

production levels and sustainable long-term survival. This

result showed the usefulness of the formulation for

controlling tomato wilt and indicated the feasibility of

commercial production of this product. This study also

demonstrated that using a mannitol source for the strain

NJ134 strain to produce DAPG regulates the density of

tomato Fusarium wilt.

We developed an effective bioformulated product to

control tomato Fusarium wilt and to increase shelf life of

the product. The formulation can serve as biocontrol mana-

gement for agricultural systems to increase productivity, as

the action of such bacteria is highly specific, ecofriendly,

and cost-effective (Commarea et al., 2002; Vidhyasekaran

Table 3. Effect of carbon source and dosage on disease suppre-
ssion by formulated strain NJ134 in the greenhouse

Carbon sourcea

Disease index (0−5)b

at dosage of application (g/pot) 

100 200 300

Mannitol 1.5 ± 0.46 ae 1.4 ± 0.20 a 0.7 ± 0.15 a

Glucose 2.7 ± 0.11 b 2.1 ± 0.23 b 1.4 ± 0.16 b

Control 3.3 ± 0.12 b 3.0 ± 0.22 c 2.9 ± 0.10 c

Control (Bean) 3.9 ± 0.31 c 3.5 ± 0.30 c 4.1 ±0.13 d

aBacteria was grown for 2 days in modified KB containing 1% carbon
sources. Bacterial suspension (500) ml containing 1 × 109 cfu/ml was
added to 1 kg of carrier with 1% carbon source and mixed well in
sterile polythene bags, sealed, and then dried. The bean-based formu-
lations were incorporated with application dosages in a greenhouse.
Control (bean) was the formulation product without the bacterium
and carbon source. The experiment was conducted two times with 30
plants per treatment.

bThe disease index was as follows: 0 (0% disease severity) = healthy
plant, all leaves were green; 1 (1–24% disease severity) = the first
leaf yellow; 2 (25–49%) = lower leaves yellow; 3 (50–74%) = lower
leaves dead and some upper leaves yellow; 4 (75–99%) = upper
leaves wilted, lower leaves dead; 5 (100%) = dead plant. 

eMeans within a column followed by a common letter are not signifi-
cantly different (P = 0.05) by Duncan’s multiple range test. 
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et al., 1997). In addition, the usefulness of the formulation

in the control of tomato wilt indicates it feasibility as a

commercial product. The biocontrol activity and long-term

survival of the DAPG producer in the bioformulation was

greatly affected by mannitol in the medium, because it

increased DAPG production. The effect of mannitol as a

regulator of secondary metabolism may be linked to

differing biocontrol efficacies of biocontrol bacteria under

field conditions, as the level of carbon sources available to

bacteria vary substantially.
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