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A new bioorganic fertilizer can effectively control banana
wilt by strong colonization with Bacillus subtilis N11
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Abstract Fusarium wilt is one of the most serious
diseases caused by a soil-borne pathogen affecting
banana production. The goal of this study was to
evaluate the capability of a novel bio-organic fertilizer
(BIO2) that integrated the biocontrol agent Bacillus
subtilis N11, and mature composts to control Fusarium
wilt of banana in pot experiments. The results showed
that the application of the BIO2 significantly decreased
the incidence rate of Fusarium wilt compared to the
control. To determine the antagonistic mechanism of the
strain, we also studied the colonization of the natural
biocontrol agent on banana roots using a GFP marker.
The studies were performed in a hydroponic culture
system, a sand system and a natural soil system. The
results indicated that the bacteria colonized predomi-
nantly by forming biofilms along the elongation and
differentiation zones of the roots. The fact that similar
observations were obtained in all three systems suggests
that colonization by N11 can be studied in a defined
system. The population of B. subtilis N11 in the
rhizosphere and on banana roots was also monitored.
We speculate that the colonization pattern of B.subtilis

N11 can be linked to the mechanism of protection of
plants from fungal infection.
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Abbreviations
BIO Bioorganic fertilizer
CFU Colony forming unit
CLSM Confocal laser scanning microscopy
FOC Fusarium oxysporum f. sp. cubense
GFP Green fluorescent protein

Introduction

Fusarium wilt of banana (Musa spp.), commonly
known as Panama disease, is caused by Fusarium
oxysporum f. sp. cubense (FOC, E.F. Smith) Snyder
and Hansen (Snyder and Hanson 1940). It is one of
the most serious fungal diseases of banana, and it is
reported to be one of the major limiting factors for
banana production worldwide (O’Donnell et al. 1998;
Lin et al. 2009). Currently, among the options for the
control of FOC, including the use of resistant banana
varieties, crop rotation, and chemical pesticides,
biocontrol is the most promising one for the
management of soilborne diseases (Sivamani and
Gnanamanickam 1988; Raguchander et al. 1997;
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Getha and Vikineswary 2002; Saravanan et al. 2003;
Getha et al. 2005). Because directly deploying the
biocontrol agent into the soil may lead to poor
activity, integrated approaches that enhance the
activity of the biocontrol agents by the addition of
organic amendments are more attractive (Saravanan
et al. 2003). Saravanan et al. (2003) reported that
significant biocontrol of Fusarium wilt of banana
could be obtained by the application of a mixture of
neem cake and Pseudomonas fluorescens. Trichoderma
spp. and agricultural compost were also used together
to suppress rhizoctonia disease in cucumbers (Trillas
et al. 2006). Currently, it is believed that a combination
of antagonistic microbes with mature compost may be
more efficient in inhibiting disease than using single
antagonistic microbe (Cotxarrera et al. 2002; Trillas
et al. 2006).

There are three main aspects contributing to the
biocontrol of soil-borne pathogens by antagonistic
bacteria (bio-control agents): (1) the secrection of
antibiotics; (2) competition for places and nutrition in
the rhizosphere; and (3) the induction of plant
resistance against the pathogen (Dunne et al. 1996;
Bloemberg et al. 2000; Compant et al. 2005). Root
colonization by the added bio-control agents is
considered as a prerequisite for successful biological
control. For P. fluorescens 2–79 and Bacillus spp., the
soil-borne disease control efficiency was directly
related to root colonization by the microbes (Duffy
and Weller 1996; Cavaglieri et al. 2005).

Reporter gene technology is very useful in studies
of the metabolic status of bacteria introduced into
natural environments (Prosser 1994), and different
markers have been used to identify cells and assess
physiological activities in the rhizosphere; these
markers include lacZ (de Weger et al. 1993) and
luxAB (Unge and Jansson 2001). Green fluorescent
protein (GFP), isolated from the jellyfish Aequorea
victoria, has been the most revolutionary reporter in
biology since its first application as a marker by
Chalfie et al. (1994). The major advantage of GFP as
a reporter is its noninvasive analysis without the need
for exogenous substrates or energy. Therefore, GFP is
widely used to identify and quantify specific microbes
or activities in a complicated environmental sample
such as soil and plant tissues (Chelius and Triplett
2000). The potential for in situ monitoring of GFP-
tagged bacteria on plant roots has previously been

demonstrated (Timmusk et al. 2005; von der Weid
et al. 2005; Liu et al. 2006; Njoloma et al. 2006).
However, to our knowledge, the colonization of B.
subtilis on banana roots has not been reported.

A novel bio-organic fertilizer (BIO) by fermenting
mature compost with a mixture of two antagonistic
microbes, Paenibacillus polymyxa SQR21 and
Trichoderma harzianum T37 was developed to
suppress Fusarium wilt disease of watermelon plants
in pot experiments (Ling et al. 2010). Here we
isolated one Bacillus subtilis strain, N11, from soils
in which banana was continuously cropped and the
strain could significantly inhibit the growth of the
FOC. The present study was, therefore, carried out to
assess the capability of the combination of organic
fertilizer and antagonistic microorganisms to control
Fusarium wilt of banana. In addition, to reveal the
antagonist mechanism of the biocontrol agent, the
natural isolate of B. subtilis N11 was tagged with
GFP, and the localization of the bacterium on banana
roots in a hydroponic culture system, a sand system
and a natural soil system was investigated by
confocal laser scanning microscopy (CLSM) to
evaluate the root colonization abilities and locations
of the strain on plant root. This increases our
understanding of the mechanisms of interaction
between plant roots and soil microbes.

Materials and methods

Strains, plasmids and media

P. polymyxa SQR21 from BIO1, which was isolated
and identified in our laboratory and found to be
highly efficient against Fusarium oxysporum causing
cucumber and watermelon wilt disease (Zhang et al.
2008; Ling et al. 2010), was incubated in a beef
extract and peptone liquid culture on a shaker at
170 rpm at 30°C.

T. harzianum T37 from BIO1 was also isolated and
screened in our laboratory from composts and
commonly showed antagonistic effects against Fusarium
oxysporum in cucumber, watermelon, tomato and
banana plants (Chen et al. 2010).

B. subtilis N11 in BIO2 was isolated and identified
in our laboratory from the roots of a healthy banana
plant surrounded by banana plants that died of
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Fusarium wilt disease in a banana field in Ledong
county, Hainan province. The strain was found to be
specifically and highly effective against Fusarium
oxysporum f.sp. cubense (FOC) race 4, with a 68.2%
growth inhibition rate. It was grown in liquid LB
medium on a shaker at 170 rpm at 30°C.

The plasmid pHAPII (GenBank accession number
HM151400), an Escherichia coli-Bacillus subtilis
shuttle vector that contains the GFP gene under the
control of the strong constitutive promoter hapII, was
constructed in our laboratory.

Bio-organic fertilizer (BIO) preparation

The BIO1 used in this experiment was described by
Zhang et al. (2008) and Ling et al. (2010). The
organic substrates in the BIO were composed of
amino acid fertilizer and pig manure composts (1:1,
w/w). The amino acid fertilizer was made from oil
rapeseed cakes that were microbe-enzymatically
hydrolyzed for 7 days to obtain a mixed amino acid
fertilizer (Zhang et al. 2008). This amino acid
fertilizer contained 44.2% organic matter, 12.93%
total amino acids, small molecular peptides and
oligopeptides, 4.4% nitrogen (N), 3.5% P2O5 and
0.67% K2O. The pig manure compost was made by
Tianniang Ltd in Suzhou by composting pig manure
at a temperature range of 30–70°C for 25 days. This
compost contained 30.4% organic matter, 2.0% N,
3.7% P2O5 and 1.1% K2O.

The BIO product used in this experiment was obtained
as follows: 1,000 ml of a suspension of 109 ml−1 CFU
N11, 2.5 kg of pig manure compost and 2.5 kg of the
amino acid fertilizer were thoroughly mixed in a 500×
360×175 mm plastic case for secondary fermentation.
The mixture was maintained at 40–45% moisture at
room temperature (20–31°C) for 6 days and manually
turned every day. On the 7th day, the mixture was
spread for air-drying in a ventilation room at room
temperature for 2 days until its water contents was less
than 30%. During the secondary fermentation stage, the
temperature and bacterial density of the substrate were
measured daily. The finished bioorganic fertilizer
contained N11 more then 1×109 CFU g−1 DW of
N11, and, therefore, was putatively defined as a bio-
organic fertilizer (BIO2) especially for suppressing the
growth of F. oxysporum f. sp. cubense. The BIO2 was
stored at 4°C prior to use in pot experiments.

Plant material

Banana seedlings (Musa AAA Cavendish cv. Brazil)
were used for experiment.

Design of pot experiments

F. oxysporum f. sp. cubense was incubated in a PDA
liquid culture on a shaker at 170 rpm at 30°C for 3–
4 days. Then the culture was filtered with a sterile
pledget to obtain a spore suspension.

The soils used for the pot experiments were
collected from Yixing, Jiangsu province, China,
which had the following properties: pH 5.4, organic
matter, 7.3 gkg−1, available N 79.0 mg kg−1, available
P 31.0 mg kg−1, and available K 40.0 mg kg−1. The
soil was preinoculated with the F. oxysporum f. sp.
cubense spore suspension to obtain a concentration of
105 g−1 soil.

Banana seedlings were grown in nursery pots
with 350 g soil, and one seedling was maintained in
each pot. After 20 days, the seedlings with 3–4 true
leaves were transplanted into larger pots with 10 kg
soil.

Three treatments in the pot experiment were
designed as follows:

CK (control): Neither the nursery soil nor the pot
soil was supplemented with any bio-organic
fertilizer.
BIO1: The nursery soil and the pot soil were
supplemented with 2% (w/w) and 0.5% (w/w),
respectively, of the bio-organic fertilizer made
with SQR21 and T. harzianum T37.
BIO2: The nursery soil and the pot soil were
supplemented with 2% (w/w) and 0.5% (w/w),
respectively, of the bio-organic fertilizer made
with B. subtilis N11.

Each treatment had three blocks, with ten pots
each. The seedlings were grown in the greenhouse
under natural conditions and the temperature ranged
from 23°C to 30°C.

Disease incidence

Seedling infection by the F. oxysporum f. sp.
cubense was recorded every day, and the cumulative
number of infected plants was also recorded begin-
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ning the after transplantation for 56 days. The
disease incidence was calculated as the percentage
of diseased plants over the total number of growing
plants in each block and was evaluated when the
disease emerged.

Construction of GFP-tagged B. subtilis N11

The shuttle plasmid pHAPII was used to introduce
plasmid-borne GFP genes into B. subtilis by two
electroporation methods, the PEB protocol and the
high-osmolarity protocol.

The PEB electroporation protocol was carried
out as described previously (Brigidi et al. 1991)
with some modifications: Cells for electroporation
were grown overnight at 37°C in 3 ml of LB broth
with shaking. Then 1 ml from the overnight culture
was transferred to 50 ml of fresh LB broth and
shaken at 30°C until the OD600 reached 0.75–0.85
(about 3–4 h). The cells were harvested by centrifu-
gation at 4°C and 5,000 g for 5 min. After three
washes in ice-cold electroporation buffer (PEB
buffer: 272 mM sucrose, l mM MgCl2, 7 mM
KH2P04, (pH 7.4)), the cells were suspended in 1/50
of the culture volume of the electroporation medium.
For electroporation, a 120-μl aliquot of the competent
cells was mixed with 1 μl (50 ng/μl) of DNA and
then transferred to an ice-cold electroporation cuvette
(2-mm electrode gap). After incubation for 1–2 min,
the cells were exposed to a single electrical pulse
using a Gene-Pulser (Bio–Rad Laboratories, Rich-
mond, CA) set at 25 mF and 2.4 kv, resulting in time
constants of 4.5–5.0 ms. Immediately following the
electrical discharge, 1 ml of LB medium was added
to the cells. After incubation at 30°C for 3 h the
cells were plated on LB-agar plates containing
20 μg/ml kanamycin for selection of transformants
containing pHAPII.

In the high-osmolarity protocol, the overnight
culture were transferred to 50 ml LB containing
0.5 M sorbitol and grown to an optical density at
600 nm of 0.85–0.95. The cells were then washed in
ice-cold electroporation medium (0.5 M sorbitol,
0.5 M mannitol and 10% glycerol) for three times.
The recovery medium was LB containing 0.5 M
sorbitol and 0.38 Mmannitol. The remainder of the
transformation procedure was preformed using the
same method as that described in the PEB protocol
(Xue et al. 1999).

Growth curve

Overnight cultures of GFP-tagged N11 and wild-type
N11 were adjusted to a suspension of OD600 1.0.
Next, 0.3 ml of the suspension was used to inoculate
30 ml of fresh LB broth that was then shaken at 30°C
for 72 h. During the first 24 h after inoculation, the
OD600s of the cultures were measured every 2 h;
after 24 h, the OD600s were measured every 4 h until
72 h after inoculation.

In vitro antagonism against FOC

GFP tagged B.subtilis N11 and the wild-type strain
were tested for antagonism against FOC on PDA by
the dual culture technique as described elsewhere
(Anith and Manomohandas 2001). A mycelia plug
from actively growing FOC on PDAwas taken with a
cork borer of 1-cm in diameter and put in the center of
the agar medium in a 90-mm Petri plate. Four spots
were made on the edges of the plate with an actively
growing suspension of the bacterial isolate 24 h after
the fungal inoculation. The plates were incubated at
25°C, and the inhibition of fungal growth was noted
after 5–7 days.

Inoculation of plants with B. subtilis N11

A colony of the corresponding GFP-tagged B. subtilis
N11 was inoculated into 50 ml of LB broth containing
20 μg/ml kanamycin, and the culture was incubated at
30°C until it reached the stationary phase (about
16 h). The cells were washed twice in M8 buffer
(22 mM Na2HPO4, 22 mM KH2PO4, 100 mM NaCl)
and suspended in 500 ml M8 buffer prior to use.

The banana seedlings were soaked in 500 ml
bacterial suspension for 30 min at 30°C. Then, the
seedlings that had been treated with GFP-tagged N11
were transferred to containers with 200 ml of 1/2
Hoagland culture medium, quartz sand or natural soil.
In the sand system and the soil system, the seedlings
were irrigated with 1/2 Hoagland medium. The plants
were incubated in a growth chamber at 28°C with a
16-h light regimen.

Enumeration of GFP-tagged N11 in the rhizosphere
and on banana roots. The numbers of GFP-tagged N11
in the rhizosphere were determined 2, 4, 6, 8 and 15 days
after inoculation, and the population of cells on the root
surface after treatment was also monitored.
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For the collection of rhizosphere soil, the banana
seedlings were delicately uprooted from the soil and
gently shaken to remove all loosely adhering bulk soil.
Then, the roots were soaked in distilled water and
slightly shaken to obtain rhizosphere soil samples. The
soil suspension from the rhizosphere was serially diluted
and plated onto LB medium with 20 μg/ml kanamycin.

For the collection of root-surface samples, 0.2 g of
roots were homogenized in 1.8 ml of PBS buffer using a
mortar and pestle until a free homogenate was obtained.
The homogenates were serially diluted and plated onto
LBmedium with an appropriate antibiotic. After culture
at 30°C for 2 days, the bacterial colonies were examined
using fluorescence microscopy (Olympus DP71), and
those emitting green fluorescence were counted.

Microscopy

In the hydroponics system, the root samples were
monitored at 2 days after inoculation, the roots in the
sand system were monitored at 4 days after treatment,
and the roots in the soil condition were observed at 2,
4 and 8 days after inoculation.

The collected roots were cut into 1–2 cm in length,
put on microscope slides, and visualized using a
confocal laser scanning microscopy (CLSM, Leica
Model TCS SP2, Heidelberg, Germany) with excita-
tion wavelengths of 488 nm. Emitted light in the
range of 500–600 nm was collected for GFP
visualization. Images were obtained using Leica
confocal software, version 2.61. For SEM, the root
samples were cut to 0.5 cm in length and observed
under a XL-30 ESEM (Philips, Netherlands).

Statistical analysis

Differences among the treatments were calculated and
statistically analyzed using the analysis of variance
(ANOVA) and Duncan’s multiple range tests (p<
0.05). SPSS, version 17.0 was used for statistical
analysis (SPSS Inc., Chicago, IL).

Results

Disease incidence of Fusarium wilt

In the pot experiments, at 56 days after transplan-
tation, the incidence of Fusarium wilt in the control

plants was 93.3% (Fig. 1). Application of BIO1
significantly decreased the incidence rate to 33.3%.
The lowest incidence rate of 16.7% was detected in
the BIO2 treatment; thus, the biological control of
Fusarium wilt of banana plants by application of
BIO2 reached 82%, indicating that this specific bio-
organic fertilizer could more effectively control
Fusarium wilt of banana plants than the common
bio-organic fertilizer (BIO1).

GFP-tagging of the B. subtilis isolate

We attempted to transform B. subtilis strain N11 cells
with GFP-tagged pHAPII by both the PEB method
and the high-osmolarity electroporation method. The
latter method failed to yield any transformed cells.
Although the transformation frequency by the PEB
method was also very low (less than 102 transformants
μg−1 DNA), the B. subtilis transformants could be
easily distinguished by their GFP fluorescence when
visualized by fluorescence microscopy. The N11 trans-
formants containing the plasmid pHAPII were
chosen for further studies. The growth rate of the
N11 transformant on LB medium (Fig. 2a) and its
antagonistic ability against the FOC on PDA plate were
similar to those of the wild type (Fig. 2b), indicating that
the presence of plasmid did not interfere with its
normal metabolism.

The stability of the pHAPII plasmid in B. subtilis
N11 was analyzed by plating a culture of this strain
on LB with or without antibiotic. Without antibiotic,
approximately 22% of the tagged N11 culture no
longer exhibited the GFP phenotype after 72 h
incubation in LB medium. In addition, 38% of the
plasmid was lost after 15 days when the tagged N11
bacteria were inoculated into soils. Therefore the
experiment was carried over 20 days.

The colonization of Bacillus subtilis N11 on the roots
of banana seedlings

In the natural soil system, 2 days after inoculation
with GFP-tagged B. subtilis N11, the root systems
were examined by CLSM for the presence of the
bacterial cells. The GFP-tagged cells could easily be
distinguished from the background fluorescence of
the root. A biofilm consisting of B. subtilis N11
bacterial cells and a semitransparent extracellular
matrix had formed on the root surface (Fig. 3).
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Colonization occurred preferentially in defined
regions of the elongation and differentiation zones
of the plant roots, mainly as microcolonies, while
only a small number of single cells were found at the
root tip (Fig. 3c).

Four and 8 days after inoculation, the colonization
pattern of the two GFP-tagged B. subtilis N11 strains
was similar to that 2 days after inoculation, though the
bacterial population seemed slightly decreased

(Fig. 4a and c). No bacteria entered the inner parts
of the roots (Fig. 4b).

In the hydroponic system and the sand system,
the CLSM images showed that the localization of
GFP-tagged N11 on the root surface was consis-
tent with the results in the soil system. After
inoculation, the bacteria preferred to assemble in
defined regions of the elongation and differentia-
tion zones of the banana roots, while only a small
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number of single cells was found at the root tip
(Data not shown).

Enumeration of the two GFP-tagged B. subtilis
N11 strains in rhizosphere soil and on banana roots

The enumeration of GFP-tagged B. subtilis N11 in
the rhizosphere soil and on banana roots was
monitored at 2, 4, 6, 8 and 15 days after inoculation,
as described in the Materials and methods.

Fig. 3 CLSM micrographs
of banana roots colonized
by GFP-tagged N11 2 days
after inoculation. a Control.
The N11-gfp strain colo-
nized predominantly along
the elongation zones of the
roots (b), while there were
nearly no cells located along
the root tip (b). The bacteria
also colonized along the
lateral roots (c) and at the
junctions between the
roots (d)

Fig. 4 CLSM micrographs of banana roots colonized by GFP-
tagged N11 4 and 8 days after inoculation. The cells showed
the same pattern as previous results 4 days after inoculation (a),

while no cells entered into the root (b). By 8 days after
inoculation, the number of cells on the roots had slightly
decreased (c)
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Approximately 107 CFU of N11 per g of root were
detected immediately after inoculation (Fig. 5). On
the 2nd day, the N11 population decreased to
106 CFU per g of root, and the rhizosphere soil also
contained 106 CFU of N11 per g of soil. On the 4th
day, the number of the cells on the root surfaces
further decreased to 105 CFU g−1 root, while the
population in the rhizosphere reached a peak value of
107 CFU g−1 soil. After that, on the 6th and 8th days,
the bacterial population remained between ca. 105 and
106 CFU g−1 on the roots and approximately
106 CFU g−1 soil in the rhizosphere, indicting that
the bacteria had reached a balance between the root
surface and the rhizosphere. However, on the 15th
day, the bacterial population on the root surface had
decreased to 105 CFU g−1 root, whereas it had not
significantly decreased in the rhizosphere soil.

Discussion

Fusarium wilt of banana plants (Musa spp.) caused by
Fusarium oxysporum f. sp. cubense (E.F. Smith)
Snyder and Hansen is a serious and destructive
disease worldwide (Ploetz 1990). Increased concern
about the impact of chemicals on the environment
has resulted in an increased interest in biocontrol
strategies (Getha et al. 2005). Here we tested the
effects of novel bio-fertilizers, which combined an
amino acid fertilizer and mature pig manure compost
with the antagonists Paenibacillus polymyxa SQR21,
Trichoderma. harzianum T37 and Bacillus subtilis
N11 (isolated from the healthy banana roots in a severely
Fusarium wilt-diseased field) on the suppression of
Fusarium wilt of banana in pot experiments. The
bio-organic fertilizers significantly suppressed the

incidence of wilt disease, decreasing it by 64–82%
by application of BIO1 and BIO2, respectively,
compared to the control (Fig. 1). The more effective
control of Fusarium wilt than observed in previous
studies (Sivamani and Gnanamanickam 1988; Getha
et al. 2005) may be due to the application of the
antagonists in combination with suitable organic
amendments (Saravanan et al. 2003; Trillas et al.
2006). Here we also found that the best biocontrol
effect was obtained in the treatment with the BIO2
that contains N11. This strain was isolated and
screened from the roots of a healthy plant that was
growing in the midst of banana plants that had all
died of Fusarium wilt in a field in Ledong county,
Hainan province. This finding suggested that the
antagonistic microbes specific for wilt diseases
affecting different plant species in situ and using suitable
organic substrates are very important to achieve good
biological control. These results together with other
reports (Zhang et al. 2008; Ling et al. 2010; Luo et al.
2010; Zhao et al. 2010) provide a breakthrough in
research into the biological control of diseases caused
by soil-borne pathogens.

To further study the mechanism of biocontrol of
Fusarium wilt of banana plants by B.subtilis N11, we
tagged the strain with a GFP-marked plasmid and
investigated its colonization pattern on the plant roots.
Because of the low frequency of transformation of wild
B. subtilis, and its complexity compared the transfor-
mation of gram-negative species (Trevors et al. 1992),
we chose two different protocols to transform the
plasmid into the bacteria. We were only able to obtain
transformants with one method, PEB, suggesting that
different transformation methods might have different
efficiencies in different strains, though the mechanisms
underlying this observation should be studied further.

3.00

4.00

5.00

6.00

7.00

8.00

0 2 4 6 8 10 12 14 16

day

lo
gC

FU
 g

-1
 r

oo
ts

Rhizosphere
Root surface

Fig. 5 The population of
GFP-tagged N11 in the
rhizosphere and on the
plant roots. The data are
expressed as log10CFU per
gram (fresh banana root or
rhizosphere). The error
bars indicate the standard
deviations for three
samples

94 Plant Soil (2011) 344:87–97



The GFP-tagged N11 strains could be easily
distinguished from the background by their fluores-
cence under CLSM. The plasmid did not disturb the
growth or antagonism of the N11 strains. However,
the instability of plasmid pHAPII in the transformant
limited its usefulness in long-term experiments. Some
researchers have reported that the plasmid was stably
maintained for several months in the transformants
without selection (Njoloma et al. 2006; Timmusk
et al. 2005), while others demonstrated that the
plasmid was lost even within several days without
antibiotic selection (von der Weid et al. 2005). Thus,
different strains and plasmids may show different
plasmid maintenance. In further research, we will try
to tag cells with a marker that can stably integrate into
the bacterial chromosome.

In present study, the biocontrol agent B. subtilis
N11, tagged with the marker GFP, was monitored in
situ during its colonization of banana roots. It has
previously been shown that bacteria could colonize
plant surfaces, such as roots and leaves, often by
forming aggregates or microcolonies (Assmus et al.
1995; Dandurand et al. 1997; von der Weid et al.
2005). Different biocontrol strains are known to
colonize different regions of plants (Tombolini et al.
1999; Ramos et al. 2000; Walker et al. 2002). We
observed that GFP-tagged B. subtilis N11 introduced
into soil could be found as aggregates attached to the
surface of plant roots after inoculation. The colonization
occurred preferentially in defined regions of the
elongation and differentiation zones of the plant roots,
as well as in the lateral roots and the junctions between
the roots. These results are consistent with those of a
previous study (Liu et al. 2006), and the colonization
pattern observed is predicted to stop the pathogen from
invading the plant roots (Compant et al. 2005;
Timmusk et al. 2005). Further, we plan to study the
interactions of the GFP-tagged strains with FOC in the
rhizosphere and on the rhizoplane. The population of
the inoculated bacteria attached to the root tip was very
low, but this finding is not consistent with some reports
that bacterial colonization occurred mostly around the
root tip (Ramos et al. 2000; Timmusk et al. 2005).

One of the most important factors that affected
bacterial colonization on the plant roots was root
exudation (Walker et al. 2003; Ramey et al. 2004;
Compant et al. 2010). Carbon fixed by plant
photosynthesis is known to be partly translocated into
the root zones and released as root exudates (Bais

et al. 2006). The secretion differed along the
longitudinal axis from the base to the root tip (Gilroy
and Jones 2000). The root cap is a source of hydrated
polysaccharides sloughed from the root tip. Apoplastic
sucrose could also diffuse from the root tips because of
the concentration gradient. Sucrose does not leak from
mature root sections because a suberized layer of
endodermal cells blocks its diffusion (Jaeger et al.
1999). Microorganisms that prefer this type of nutrition
might be attracted to these rich sources of nutrients
(Timmusk et al. 2005). However, other studies have
indicated that root exudation is greatest at the root tips,
where the microbial density is low (Schonwitz and
Ziegler 1989). With increasing distance from the root
tip, exudation generally decreased and the microbial
density increased. Thus, the region of greatest release
of root exudates was spatially separated from the
region of highest microbial population density
(Marschner and Rengel 2007). These different results
might be due to the different chemotaxis behaviors of
different strains responding to various exudates
(Ramey et al. 2004). The detailed mechanisms need
to be studied further.

Previous studies had proposed that some Bacillus.
spp. (Mcinroy and Kloepper 1994; Liu et al. 2006)
could be isolated as endophytes. In this study, GFP-
tagged N11 cells introduced into the soil could not be
found inside the banana root tissue, indicating that this
Bacillus strain was not an endophyte of banana roots.

Our other aim was to study whether the colonization
of roots varied in different culture systems, such as
hydroponic, sand and soil systems. The inoculated
bacteria showed a similar colonization patterns in these
systems, indicating that some models could represent
real soil conditions to a certain extent.

We also monitored the bacterial populations on the
root surface and in the rhizosphere. We found that the
bacteria had colonized banana roots at a level of
approximately 105 CFU g−1 root to 106 CFU g−1 root
and 106 CFU g−1 soil to 107 CFU g−1 soil 6 days after
inoculation, which was in accordance with earlier
reports (Getha et al. 2005; Timmusk et al. 2005). Our
study showed that the population of the biocontrol
agent had decreased by 15 days after inoculation,
which was consistent with a previous study (Hiddink
et al. 2005). Perhaps this reduction in the apparent
population of the biocontrol agent resulted from
competition by the indigenous microorganisms in
the soil or the loss of the plasmids.
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In summary, our results demonstrated that well-
organized combinations of organic fertilizer with the
antagonistic strain Bacillus subtilis N11 significantly
suppressed Fusarium wilt of banana. We also reported
here that B. subtilis N11 formed biofilms around the
elongation and differentiation zones of banana roots.
This biofilm formation will be pursued as a possible
mechanism underlying the biocontrol of Fusarium
wilt disease by B. subtilis N11.
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