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Field suppression of Fusarium wilt disease in banana by the combined 
application of native endophytic and rhizospheric bacterial isolates 
possessing multiple functions
Raman THANGAVELU and Muthukathan GOPI

National Research Centre for Banana, Tiruchirapllai-620102, TN, India

Summary. To develop effective biological control methods for management of Fusarium wilt of banana, 71 endo-
phytic bacteria were isolated from root and corm tissues and 37 bacteria were isolated from the rhizospheres of 
21 different banana accessions. The in vitro screening of these microbes against Fusarium oxysporum f.sp. cubense 
(causal agent of Fusarium wilt in banana) demonstrated that six endophytic and four rhizospheric bacterial iso-
lates reduced the severity of Fusarium wilt while not totally suppressing the disease. These effective bacteria were 
mixed in different combinations and evaluated in cv. Grand Naine. Soil applications of five different combinations 
resulted in complete suppression of Fusarium wilt and increased plant growth parameters and number of roots 
compared to control plants. Field evaluation of these five combinations of bacterial isolates in an area of heavy 
inoculum and using cv. Grand Naine indicated that all the bacterial combinations suppressed Fusarium wilt and 
increased the number of banana hands (up to 155%) and bunch weight (up to 214%) as compared to untreated 
controls. These bacterial antagonists survived in the rhizosphere for up to 35 d and completely colonized roots, 
corms, pseudo stems and petioles 15 d after inoculation. The combination of bacterial antagonists could provide 
sustainable management of Fusarium wilt in banana under field conditions.

Key words: combined application, multiple functions. 

Introduction
Among the various production constraints af-

fecting banana cultivation, Fusarium wilt is consid-
ered as one of the most important destructive dis-
eases in the tropical and subtropical regions of the 
world (Ploetz et al., 2003). This diseases is caused by 
Fusarium oxysporum f.sp. cubense (Foc). In India, the 
disease is widespread in almost all banana grow-
ing regions, affecting most of the commercial culti-
vars grown except Red Banana (AAA) and Nendran 
(AAB) (Thangavelu and Mustaffa, 2010).

Use of biocontrol agents to protect and promote 
plant growth is generally considered as a potential 

approach for management of plant diseases (Harish 
et al., 2009). This method also offers an attractive and 
environmentally sound alternative for the control of 
Fusarium wilt of banana (Berg et al., 2001). Smith et al. 
(2003) reported that the introduction of Pseudomonas 
strains 84 and 4B to banana roots of tissue-cultured 
plants at de-flasking stage improved plant growth 
and reduced infection of Foc in rhizomes under 
greenhouse conditions. Several soil antagonistic bac-
teria, including Pseudomonas fluorescens (Saravanan 
et al., 2003), P. aeruginosa (Ayyadurai et al., 2006), Bur-
kholderia cepacia (Pan et al., 1997), and Streptomyces sp. 
(Getha et al., 2005) have also been assessed for man-
agement of the disease. However, none of these have 
completely suppressed the disease, possibly because 
single antagonists are not effective against the Fusar-
ium wilt pathogen (de Boer et al., 2003). This has led 
to inconsistent performance of biocontrol agents and 



Phytopathologia Mediterranea242

R. Thangavelu and M. Gopi

poor activity in all soil environments in which they 
are applied or against all pathogens that attack the 
host plants. To overcome these problems, applica-
tion of combinations of biocontrol agents having 
multiple traits is advocated, particularly under field 
conditions where they are highly influenced by abi-
otic and biotic conditions (Duffy et al., 1996; Raupach 
and Kloepper 1998; Guetsky et al., 2001). Increasing 
the genetic diversity of the biological control system 
through the use of mixtures of microbes may result 
in treatments that persist longer in host rhizospheres 
and utilize several biocontrol mechanisms under a 
broad range of environmental conditions. Pierson 
and Weller (1994) showed that combinations of 
several fluorescent Pseudomonads have the poten-
tial for greater biocontrol activity against take all 
of wheat as compared to same strains applied indi-
vidually. Similarly, Lemanceau et al. (1993) described 
increased suppression of Fusarium wilt of carnation 
by combining Pseudomonas putida WCS358 with non-
pathogenic Fusarium oxysporum Fo47. 

Hence, in the present study, an attempt was made 
to evaluate combinations of endophytic and rhizos-
pheric bacteria for effective management of Fusarium 
wilt in banana. The objectives formulated were: i) to 
isolate native endophytic and rhizospheric bacteria; 
ii) to identify the effective bacteria having multiple 
functions against Foc under in vitro conditions; and  
iii) to assess the efficacy of individual and combined 
applications of these bacteria against Fusarium wilt 
of banana under in vivo conditions.

Materials and methods
Isolation and maintenance of the fungal pathogen

From naturally wilt affected banana samples (cv. 
Cavendish), Foc (VCG 0124 of race-1) was isolated 
and purified by single conidium isolation (Riker and 
Riker, 1936). Single conidium cultures were main-
tained in Potato Dextrose Agar (PDA) slants at 25ºC. 
Filter paper cultures of Foc were also prepared and 
stored at 4ºC.

Isolation of endophytic bacteria

Endophytic bacteria were isolated from different 
plant parts of banana germplasm accessions, which 
are maintained at the farm of the National Research 
Centre for Banana, Tiruchirapalli, Tamil Nadu, In-

dia. The samples of roots, corms, stems and petioles 
were washed thoroughly with tap water to remove 
dust and soil particles. Portions (5 g) of these sam-
ples were separately and individually immersed in 
70% ethanol for 3 min, followed by washing with 
fresh sodium hypochlorite solution (2.5% available 
chlorine) for 5 min, rinsed with 70% ethanol for 30 s 
and subsequently washed five times with sterile dis-
tilled water. Aliquots of the distilled water used in 
the final rinse were spread on tryptic soy agar (TSA) 
in Petri plates to confirm the successful sterilization 
process, and that the isolates were of endophytic ori-
gin. The samples were then each macerated with 1 
mL of sterile distilled water in a sterile mortar and 
pestle, and each sample was serially diluted in test 
tubes containing 9 mL of sterile distilled water. The 
dilutions of 10-3, 10-4, and 10-5 were plated separately 
on King’s B (KB) agar medium. The plates were then 
incubated at 28°C for 3 d and observed for bacterial 
growth. Each colony obtained was sub-cultured on 
KB medium and maintained at –80°C as a glycerol 
stock culture until further use.

Isolation of bacteria from rhizospheres

One gram of rhizospheric soil was collected from 
each different banana cultivar and transferred to a 
250 mL conical flask containing 100 mL of sterile dis-
tilled water. The flask was placed in rotary shaker 
for 10 min at 120 rpm. From the soil solution, 1 mL 
of the supernatant was taken and serially diluted to 
10-5 dilutions. One mL from 10-3, 10-4, 10-5 dilutions 
was poured separately at the centre of sterilized 
Petri plates. Sterilized KB agar medium was cooled 
to 45°C and 15 mL of the medium was poured into 
each plate and rotated clockwise and anticlockwise. 
The plates were then incubated at 28°C for 2 d and 
observed for bacterial colonies. Individual colonies 
were then purified by streaking onto plates contain-
ing KB agar medium. Glycerol stock cultures of the 
bacterial isolates were maintained at -80°C.

In vitro screening of endophytic and rhizospheric 
bacterial isolates for multiple biocontrol activity 

The bacterial isolates were assessed for the fol-
lowing biocontrol activities against Foc (VCG0124): 
conidium germination (CSFT, 1943), mycelial growth 
inhibition in dual culture plates (Dennis and Webster, 
1971) and production of volatiles (Dennis and Web-
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ster, 1971), antifungal activity using the agar well dif-
fusion method (Mehmood et al., 1999), production of 
fungal cell wall degrading enzymes including pro-
teases (Simbert and Krieg, 1994) and chitinase (Ren-
wick et al., 1991), siderophore production (Schwyn 
and Neilands, 1987), and HCN production. In ad-
dition, the plant growth promotion capabilities, in-
cluding indole acetic acid (IAA) production (Brick et 
al., 1991) and phosphate solubilization (Gaur, 1990), 
were also assessed for all of the bacterial isolates.

Pot trial evaluations of bacterial isolates for the 
suppression of Fusarium wilt

The six endophytic and four rhizospheric bacteri-
al isolates which showed multiple functions such as 
biocontrol activities (inhibition of conidium germi-
nation and mycelial growth, production of volatile 
metabolites, chitinase, protease enzymes, HCN, and 
siderophore production) and plant growth promot-
ing characters (phosphate solubilization and IAA) 
were selected for further screening for suppression of 
Fusarium wilt under pot culture conditions. Tissue-
cultured banana plants (cv. Grand Naine), obtained 
from Jain irrigation, Udumalpet, Tamil Nadu, India, 
were used for all the pot experiments. The bacterial 
isolates were evaluated individually and in combi-
nations, as described below.

Evaluation of individual bacterial isolates 

Suspensions of individual endophytic bacte-
rial isolates were prepared by centrifuging 48 h cul-
tures at 10,000 rpm for 15 min. and adjusting to 108 

cells mL-1 using distilled water. The roots of tissue-
cultured banana plants (cv. Grand Naine) were im-
mersed in the 500 mL of each bacterial suspension 
for 90 min and then planted into pots containing 
sand and soil (1:1 ratio). After 10 d, a sand/maize 
culture of Foc was applied at 30 g plant-1. Five repli-
cations were maintained for each treatment, and Foc 
alone-inoculated plants were used as untreated ex-
perimental controls.

Similarly, for the evaluation of rhizospheric bac-
terial antagonists, talc-based formulations (as de-
scribed by Vidhyasekaran and Muthamilan, 1995) of 
individual isolates (applied at 50 g plant-1) were ap-
plied to the plants 1 week after planting. Sand/maize 
culture of Foc (30 g plant-1) was applied 10 d after bac-
terial application. Five replications were maintained 

for each treatment, and Foc alone-inoculated plants 
were used as untreated experimental controls. 

Three months after planting, the plants were as-
sessed for height, girth, number of leaves, leaf area 
and the number of roots. Wilt severity (vascular dis-
colouration) was assessed using a 1–6 score (Orjeda, 
1998) (1 = corm completely clean, no vascular discol-
ouration; 2 = isolated points of discolouration in vas-
cular tissue; 3 = discolouration of up to one-third of 
vascular tissue; 4 = discoloration of below one-third 
and two-thirds of vascular tissue; 5 = discolouration 
of greater than two-thirds of vascular tissue; 6 = total 
discolouration of vascular tissue).

Evaluation of combined effects bacterial antagonists

Roots of tissue-cultured banana plants (cv. Grand 
Naine) were dipped in bacterial suspensions of effec-
tive endophytic bacterial isolates (108 cells mL-1) for 
90 min and the plants were then planted into pots. 
After 7 d, 50 g of talc-based formulation of bacterial 
isolates were applied. The plants were inoculated 
with Foc sand/maize culture (30 g plant-1) 10 d after 
bacterial treatment. For each treatment, five repli-
cations were used, and Foc alone-inoculated plants 
were taken as untreated experimental controls. The 
assessments of plant growth parameters and wilt se-
verity were recorded as described above.

Field evaluation of combined applications bacterial 
isolates

A field experiment was conducted in a wilt-sick 
field in the Theni district of Tamil Nadu, India, us-
ing cv. Grand Naine. Bacterial isolates found effec-
tive under pot culture conditions were assessed for 
suppression of Fusarium wilt. The soil was a red 
loam with a pH of 6.2. Average annual rainfall at the 
site is 1000 mm, average temperature ranges from 
of 20.3 to 38.6°C and relative humidity from 37 to 
80%. The field was abandoned for commercial pro-
duction due to severe wilt incidence. Tissue-cultured 
plants obtained from Jain Irrigation Pvt. Ltd. were 
planted (August 19, 2012) in the field with 2 × 2 m 
spacings between the plants. The talc powder for-
mulations of five combinations of bacterial isolates 
were applied. These were: endophytic Pseudomonas 
putida (C4r4) + rhizospheric Bacillus cereus (Jrb1); 
endophytic Acromobacter spp. (Gcr1) + rhizospheric 
Bacillus cereus (Jrb5); endophytic Rhizobium spp. 
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(Lpr2) + rhizospheric Bacillus cereus (Jrb1); endo-
phytic Bacillus flexus (Tvpr1) + rhizospheric Bacillus 
cereus (Jrb1) and endophytic Bacillus flexus (Tvpr1) + 
rhizospheric Pseudomonas putida (Jrb2). These treat-
ments were applied (50 g plant-1 containing 108 cells 
g-1) around the plants on three occasions, at the time 
planting, 2 months after planting and 4 months after 
planting. Control plants were treated only with talc 
powder formulation. Ten replications per treatment 
with four plants per replication were maintained. 
Timely applications of fertilizers, manures, water 
and other cultural operations were followed accord-
ing to standard production practices. Observations 
on proportions (%) of infected plants, yield param-
eters including total number of banana hands, bunch 
weights, percentage plants yielding bunches and 
internal wilt disease scores (described above) were 
made at the time of banana harvest.

Population dynamics of bacteria in plant tissues and 
soil

Colonization of banana plant tissues
All the effective endophytic and rhizospheric 

bacterial isolates were developed as rifamycin re-
sistant mutants as described by Xianling et al. (2010). 
Colonization of plant tissues by the rifamycin resist-
ant mutants of endophytes were assessed at 0, 3, 5, 
10, or 15 d after the application of bacterial antago-
nists to banana plants (cv. Grand Naine) under pot 
culture conditions. Whole plants were uprooted at 
each sampling time and the roots, corm, pseudostem 
and petiole of each plant were individually washed 
with tap water. One g of tissues taken from the roots, 
corm, pseudostem and petiole of each plant were 
surface sterilized with 3% sodium hyphochlorite for 
1 min and then in 70% ethanol for 1 min. The sam-
ples were washed three times with sterile distilled 
water. To confirm that the sterilization process was 
successful, aliquots of the distilled water used in 
the final rinse were applied to KB plates. The plates 
were examined for bacterial growth after incubation 
at 28°C for 3 d. The samples were each macerated 
in 3 mL of sterile distilled water in a sterile mortar 
and pestle. Each sample was then serially diluted 
up to 10-5 and plated on KB medium in Petri plates. 
The plates were then incubated at 28 °C for 3 d and 
observed for bacterial growth, and each colony ob-
tained was sub-cultured onto KB medium for recon-
firmation (Sun et al., 2011).

Quantification in soil
From pots where bacteria were applied, 1 g of 

rhizospheric soil was collected separately and added 
to 10 mL sterile distilled water in a 100 mL conical 
flask. The flask was placed on a rotary shaker for 10 
min at 120 rpm. One mL of the soil suspension was 
then serially diluted up to 10-5 dilutions, and 1 mL 
from the 10-3, 10-4, or 10-5 dilution was added sepa-
rately at the centre of sterilized Petri plates. Steri-
lized KB agar medium was cooled to 45°C and 15 
mL was poured into each plate and which was then 
rotated clockwise and anticlockwise. The plates were 
then incubated at 28°C for 2 d and observed for bac-
terial colonies (King et al., 1954).

Molecular identification of bacterial isolates

The genomic DNA from cultures of bacteria which 
showed complete suppression of Fusarium wilt was 
extracted using the method of Moore et al. (1987). The 
nearly full-length 16S rRNA gene of each isolate was 
amplified using primer FD1- 5’- AGT TTG ATC CTG 
GCT CA-3’, RP2, - 5’-ACG GCT ACC TTG TTA CGA 
CTT-3’, and the band of approx. 1400 bp size was ex-
cised from an agarose gel and purified using a Gen 
elute kit (Sigma laboratories, USA). Each purified gene 
was then sequenced. Forward and reverse sequences 
were then assembled within Bioedit and compared to 
sequences already available in the GenBank database 
using the BLAST algorithm (Altschul et al., 1990). The 
sequence results showed that the 16S rRNA sequences 
of the endophytic bacterial isolates had BLAST homol-
ogy as follows: C4r4, Pseudomonas putida; Gcr1, Achro-
mobacter sp.; Lpr2, Rhizobium sp.; and Tvpr1, Bacillus 
flexus. The rhizospheric isolates had BLAST homology 
as follows: Jrb1, Bacillus cereus; Jrb2, Pseudomonas puti-
da; and Jrb5, Bacillus cereus. The sequences of these po-
tential biocontrol agents were deposited in GenBank 
(Accession numbers KJ131490 to KJ131496), and cul-
tures of these isolates were deposited at Indian Type 
Culture Collection, New Delhi (Pseudomonas putida 
(C4r4)- ITCCBG0002; Achromobacter sp. (Gcr1)- ITC-
CBO0001; Rhizobium spp. (Lpr2)- ITCCBP0001; Bacillus 
flexus (Tvpr1)- ITCCBJ0004; Bacillus cereus (Jrb1)- ITC-
CBJ0006; Pseudomonas putida (Jrb2) –ITCCBG0003 and 
Bacillus cereus (Jrb5)- ITCCBJ0006.

The sequence of the Foc culture (VCG 0124 of race 
1) isolated from banana cv. Cavendish used in this 
study was also deposited in GenBank (KJ131497) 
and in the ITCC (ITCC7441).
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Statistical analyses

All the experiments were repeated at least once 
for confirmation of the results. All the data on the 
effect of bacterial isolates against Foc pathogen were 
analyzed by multivariate analysis (MANOVA). The 
effects of bacterial isolates on plant growth param-
eters and root numbers were analyzed by analysis of 
variance (ANOVA) and treatment means were com-
pared by Duncan’s Multiple Range Test (DMRT) at 
P≤0.05. The effect of bacterial isolates on disease se-
verity was analyzed by chi-square tests and the treat-
ment means were compared by DMRT at P≤0.05. The 
data of inhibition of conidium germination, percent-
age colonization, percent of plants infected with Foc 
and percent of plants yielding good bunches were 
arcsine transformed before analysis (Gomez and 
Gomez, 1984). Percentage tissue colonization was 
further subjected to analysis of variance (ANOVA) 
for roots, corms, pseudostems and petioles. The 
package used for statistical analyses was IBM SPSS 
statistics version 21 developed by the International 
Business Machines Corporation.

Results
Isolation and screening of bacterial isolates 

A total of 71 endophytic (57 from roots and 14 
from corms), and 37 rhizospheric bacterial isolates, 
belong to different genomic groups, were obtained 
from different banana accessions. All of these iso-
lates were screened for bio-control activity against 
Foc and also for plant growth promoting characters 
under in vitro conditions.

Endophytic bacteria

The in vitro screening of endophytic bacteria 
against Foc revealed that only six out of the 71 iso-
lates were effective. These were Pseudomonas putida 
(C4r4), Achromobacter spp. (Gcr1), Rhizobium sp. 
(Klr4), Ochromobactrum sp. (Klc2), Rhizobium sp. 
(Lpr2) and Bacillus flexus (Tvpr1). These six isolates 
gave 98–100% inhibition of Foc conidium germina-
tion, 68–83% inhibition of mycelial growth of Foc in 
dual culture plates and 100% inhibition of Foc myce-
lial growth in agar well diffusion tests. All these six 
isolates also produced siderophores (5–10 mm lytic 
zone) and protease enzymes (5–13 mm lytic zone). 
However, only four of these isolates, P. putida (C4r4), 

Ochromobactrum sp. (Klc2), Rhizobium sp. (Lpr2) and 
B. flexus (Tvpr1), were able to produce chitinase 
(10–12 mm lytic zone), while three, P. putida (C4r4), 
Achromobacter sp. (Gcr1), and Bacillus flexus (Tvpr1), 
produce hydrogen cyanide. With regard to plant 
growth promoting characters, five of the isolates, 
including P. putida (C4r4), Achromobacter sp. (Gcr1), 
Ochromobactrum sp. (Klc2), Rhizobium sp. (Lpr2), and 
B. flexus (Tvpr1) produced IAA (5–40 μg mL-1), and 
two of the isolates, Achromobacter sp. (Gcr1) and B. 
flexus (Tvpr1), solubilized phosphate producing lytic 
zones of 5 mm diameter (Table 1).

Rhizospheric bacteria

The results of in vitro screening of rhizospheric 
bacterial isolates for multiple functions (biocontrol 
activity and plant growth promotion) indicated that 
only four isolates (B. cereus Jrb1, P. putida Jrb2, Ba-
cillus sp. Jrb6 and Bacillus sp. Jrb7) were effective 
against Foc (data not presented). These four isolates 
gave 95–100% inhibition of conidium germination, 
30–50% inhibition of mycelial growth of the Foc in 
dual plate assays and 100% inhibition of mycelial 
growth in antifungal assays. All of these isolates 
also produce siderophores, proteases and chitinase. 
Three of these isolates (B. cereus (Jrb1), P. putida (Jrb2) 
and Bacillus sp. (Jrb6)) produced IAA (1-3 μg mL-1), 
and one isolate (P. putida (Jrb2)) produced hydrogen 
cyanide. None of the rhizospheric isolates solubi-
lized phosphate (Table 2).

Pot culture evaluation of bacterial isolates 

Individual effects
Individual soil application of four rhizospheric 

bacterial isolates significantly decreased mean inter-
nal wilt severity scores compared to Foc alone-inoc-
ulated control plants. Among these isolates, B. cereus 
(Jrb1) gave the lowest internal wilt score of 2.0, while 
isolate P. putida (Jrb2) and Bacillus sp. (Jrb7) each gave 
internal wilt scores of 3.0. Foc alone-inoculated plants 
had a mean score of 5.0. These bacterial isolates also 
significantly increased the plant growth parameters, 
including plant height (92% increase), girth (up to 
+80%), number of leaves (up to +52%) and number of 
roots (up to +101%) compared to the Foc alone-inocu-
lated control plants (data not presented).

In the case of endophytic bacterial isolates, the in-
dividual applications of B. flexus (Tvpr1) and Rhizo-
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bium sp. (Klr4) gave the lowest mean internal wilt 
score of 1.4, followed by the four other isolates P. puti-
da (C4r4), Achromobacter sp. (Gcr1), Ochromobactrum 
sp. (Klc2) and Rhizobium sp. (Lpr2) which gave mean 
scores of 2.0, when compared to Foc alone-inoculated 
plants (mean score of 5.0). These isolates also signifi-
cantly increased plant growth parameters, including 
plant height (up to +70%), girth (up to +197%), num-
ber of leaves (up to +70%) and number of roots (up 
to +180%), compared to Foc alone-inoculated control 
plants (data not shown).

Combined effects

Among different combinations of bacterial iso-
lates tested, the combined application of endophyt-
ic bacteria P. putida (C4r4) + rhizospheric B. cereus 
(Jrb1); endophytic Acromobacter sp (Gcr1) + B. cereus 
(Jrb5); endophytic Rhizobium sp (Lpr2) + rhizos-
pheric B. cereus (Jrb1); endophytic B. flexus (Tvpr1) + 

rhizospheric B. cereus (Jrb1) and endophytic B. flexus 
(Tvpr1) + rhizospheric P. putida (Jrb2) recorded total 
suppression (100%) of Fusarium wilt (mean severity 
score 1.0 = healthy). These combinations also gave 
significant increases in the plant growth parameters, 
including plant height (up to +103%), girth (up to 
+116%), number of leaves (up to +107%) and number 
of roots (up to +99%) compared to Foc alone-inocu-
lated control plants (Table 3).

Field evaluation

In general, soil application of all the endophytic 
and rhizospheric bacterial isolate combinations 
gave significant reductions of Fusarium wilt (mean 
disease score 1.8 to 2.3) as compared to untreated 
control plants [mean score 5.1 (Figure 1)]. Treat-
ment of all these combinations also significantly 
increased the banana yield parameters, including 

Table 3. Mean host plant parameters and Fusarium wilt severity scores from combined applications of endophytic and 
rhizospheric bacterial isolates in banana cv. Grand Naine (VCG-0124), assessed in pot experiments.*

Endophytic + rhizospheric bacterial isolates Height
(cm)

Girth
(cm)

Total No. 
of leaves

Total No. 
of roots

Internal wilt disease score
(1–6 scale)

Pseudomonas putida (C4r4) + Bacillus cereus (Jrb1) 26.2abc
(72.37)

10.4a
(108.0)

6.2a
(106.67)

20.2abc
(44.29)

1.0a

Achromobacter sp. (Gcr1)  + Bacillus cereus  (Jrb1) 26.8ab
(76.32)

10.0ab
(100.0)

4.6bc
(53.33)

20.0abc
(42.86)

1.2b

Achromobacter sp. (Gcr1)  + Bacillus cereus  (Jrb5) 22.2bcde 
(46.05)

8.5bc
(70.0)

4.2cd
(40.00)

14.6c
(4.29)

1.0a

Rhizobium sp. (K lr4)  + Pseudomonas putida  (Jrb2) 24.8abcd 
(63.16)

9.2abc
(84.0)

5.2ab
(73.33)

26.2a
(87.14)

1.0a

Rhizobium sp.  (Lpr2)  + Bacillus cereus (Jrb1) 18.8de
(23.68)

7.8c
(56.0)

5.4a
(80.00)

23.4ab
(67.14)

1.0a

Bacillus flexus  (Tvpr1) + Bacillus cereus (Jrb1) 30.2a
(98.68)

9.0abc
(80.0)

3.6de
(20.00)

19.2abc
(37.14)

1.0a

Bacillus flexus (Tvpr1) + Pseudomonas putida (Jrb2) 25.8abcd 
(69.74)

9.0abc
(80.0)

4.0cd
(33.33)

22.0ab
(57.14)

1.0a

Control  (without anything) 19.4 cde
(27.63)

5.4d
(8.0)

6.0a
(100.00)

17.0bc
(21.43)

1.0a

Foc alone inoculated control 15.2e
(0.0)

5.0 d
(0.0)

3.0e
(0.0)

14.0c
(0.0)

5.0c

	 Values are means of five replications. Figures in parenthesis are percent increases over Foc pathogen alone-inoculated experimental 
controls.

	 Means within a column that are followed by the same letter are not significantly different (DMRT at P ≤ 0.05).
*	 Data in this table are for the effective bacterial isolates and not for all the bacterial combinations tested.
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number of banana hands (up to 155% more), bunch 
weight (up to 214% greater) and percent of plants 
yielding good bunches (82 to 94% increase) than the 

untreated control plants. The percentage of plants 
affected by Fusarium wilt was also significantly less 
(61 to 72% fewer) when compared to control plants, 

     1 
 2 Figure 1. The internal symptom of vascular discolouration in corm tissues of field-grown banana plants of cv. Grand Naine, 
in untreated control plants (A) and bacterial isolates-treated plants (B). The plant in B was treated with endophytic Bacillus 
flexus (TvPr1) + rhizospheric Bacillus cereus (Jrb1).

Table 4. Field evaluation of combined applications of endophytic (endo.) and rhizospheric (rhizo.) bacterial isolates for the 
suppression of Fusarium wilt in banana cv. Grand Naine 

Treatment details
Internal wilt 

disease score 
(1–6 scale)

Plants infected 
with Fusarium 

wilt (%)

Plants 
harvested with 
good bunches 

(%)

No. of hands/
bunch

Bunch weight
(kg)

Endo. Pseudomonas putida (C4r4) + 
rhizo. Bacillus cereus (Jrb1) 

2.2 a a 72.2 b 88.9 b 12.3 a (151) b 26.4 a 
(210.6)

Endo. Achromobacter sp. (Gcr1) + 
Bacillus cereus (Jrb5) 

2.0 a 57.8 a 84.5 b 12.5 a (155.1) 26.1 a  
(207)

Endo. Rhizobium sp. (LPr2) + 
Bacillus cereus (Jrb1) 

2.1 a 61.1 a 88.9 b 12.5 a (155.1) 26.7 a  
(214.1)

Endo. Bacillus flexus (TvPr1) + 
rhizo. Bacillus cereus  (Jrb1) 

1.8 a 61.1 a 94.4 a 12.2 a  (148.9) 26.0 a  
(205.8)

Endo.  Bacillus flexus (TvPr1) + 
rhizo. Pseudomonas putida (Jrb2) 

2.3 a 70.5 b 82.3 b 12.5 a (155.1) 26.3 a  
(209.4)

Control (untreated) 5.1 b 100.0 c 52.6 c 9.7 b (0.0) 8.5 b 
(0.0)

a	 Values are means of 10 replications. Means within a column that are followed by the same letter are not significantly different (DMRT 
at P≤0.05).

b	 Figures in parentheses are the percent increases over untreated experimental control plants
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of which all of the plants were affected by the dis-
ease (Table 4).

Colonization of banana tissues and quantification of 
rifampicin resistant bacterial isolates

The colonization study clearly showed that 
among the endophytic bacterial isolates, P. putida 
(C4r4), Achromobacter sp. (Gcr1) colonized root tis-
sues after 3 d, corms after 10 d, and stem and petiole 
tissues after 15 d. Rhizobium sp. (Lpr2) and B. flexus 
(Tvpr1) colonized only root and corm tissues, respec-
tively, after 3 and 10 d. The rhizospheric bacterial iso-
lates did not colonize root, corm, stem or petiole tis-
sues. In general, the population of these endophytes 
was 105 cfu g-1 of tissues up to 20 to 35 d after appli-
cation, and thereafter the bacteria were mostly not 
detected. The exception was P. putida (Jrb2), which 
was detected up to 40 d in root, corm and stem tis-
sues (data not presented). 

With regard to quantification of rifampicin resist-
ant bacterial isolates in sterile soil, the endophytic 
and rhizospheric bacteria were detected at up to 105 
cfu g-1 of soil until 30 d after inoculation. Thereafter, 
the populations decreased to 104 cfu g-1 of soil at 40 d 
after application, and no bacteria were detected after 
this period. (data not presented). 

Discussion

The Fusarium wilt pathogen of banana can sur-
vive in soil for several years as chlamydospores, 
and enters host plants through roots. It is there-
fore important to identify a mixture of antagonists 
against the pathogen, which can reside and act 
both in the host rhizospheres and endophytically 
in plants. Several previous studies have been car-
ried out on the use of mixtures of microbes possess-
ing multiple functions, but very little research has 
been done on the selection of mixtures of antago-
nists, which can act both in rhizospheres and endo-
phytically. Hence, the present study, attempted to 
identify mixtures of microbes, which could act in 
both domains, with multiple functions (including 
biocontrol activity and plant growth promotion), 
and to evaluate these organisms for suppression of 
Fusarium wilt in banana.

Six endophytic and four rhizospheric bacterial 
isolates were shown to be effective in vitro inhibi-
tors of mycelial growth and conidium germination 

of Foc. This could be due to direct action by produc-
tion of antibiotics, lytic enzymes such as chitinase 
and protease, and/or hydrogen cyanide by these 
isolates. The presence of plant growth promoting 
characters such as phosphate solubilization and IAA 
production was also demonstrated. This is in accord-
ance with the findings of Akila et al. (2011) who re-
ported that the plant growth promoting rhizobacte-
rial (PGPR) strains Pf1 and TRC 54 were effective in 
reducing the mycelial growth of Foc. They concluded 
that the observed inhibition might be due to direct 
action of the enzymes and antibiotics produced by 
PGPR. O’Sullivan et al. (1992) and Nagrajkumar et 
al. (2004) also reported that the production of si-
derophores, other secondary metabolites and lytic 
enzymes by Pseudomonas strains may be responsible 
for the effective control of plant root pathogens in-
cluding F. oxysporum and R. solani. 

Successful colonization of host rhizospheres and 
plant tissues by introduced microbes is very impor-
tant for effective control of soilborne pathogens, in-
cluding the Fusarium wilt pathogen of banana (Foc) 
(Ploetz, 2005). The present study revealed that the 
endophytic bacterial isolates colonized plant tissues 
(roots, corms, pseudostems and petioles) within 15 d 
after inoculation, whereas the rhizospheric isolates 
did not colonize plant tissues. However, all the en-
dophytic and rhizospheric isolates survived in rhizo-
spheres and maintained populations of 105 cfu g-1 of 
soil for up to 35 d after application. Similarly, Sun et 
al. (2011) demonstrated that the Bacillus subtilis strain 
KY-21 was detected in banana root, corm and pseu-
dostem tissues until 20 d after inoculation.

The pot trial evaluation in cv. Grand Naine 
showed that only the endophytic B. flexus (Tvpr1) 
and Bacillus sp. (Klr4) recorded maximum reduction 
of wilt severity (disease score 1.4), and also enhanced  
plant growth parameters compared to Foc alone-
inoculated plants. This could be due to the greater 
biocontrol activities (inhibition of conidium germi-
nation and mycelial growth, production of volatile 
metabolites, hydrogen cyanide, siderophores and/
or lytic enzymes) and plant growth promoting traits 
(IAA production and phosphate solubilization) ex-
hibited by these isolates. Several reports have pre-
viously demonstrated the use of different species of 
Trichoderma, Pseudomonas, Streptomyces, or non-path-
ogenic Fusarium (npFo), of both rhizospheric and en-
dophytic origin, against Fusarium wilt under glass-
house and field conditions (Sivamani and Gnana-
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manickam, 1988; Lemanceau and Alabouvette, 1991; 
Thangavelu et al., 2001; Nel et al., 2006; Fishal et al., 
2010; Gopalakrishnan et al., 2011; Sun et al., 2011). 
However, none of these studies have reported com-
plete suppression of Fusarium wilt by employing 
these antagonistic microbes.

Similarly in the present study although signifi-
cant suppression of Fusarium wilt was achieved by 
employing the effective bacterial isolates individu-
ally, the ultimate aim of complete control of the dis-
ease could not be achieved. Therefore, combinations 
of bacterial strains containing both rhizospheric 
and endophytic bacterial isolates were tested after 
confirming their compatibility in vitro. Compatible 
interactions are an important pre-requisite for suc-
cessful development of an integrated approach for 
the control of plant diseases (Baker, 1990). Moreo-
ver, by combining antagonistic microbes, multiple 
antifungal traits and plant growth promoting traits 
can also be combined. Under these circumstances, 
at least one biological control mechanism is likely 
to be functional under the varied environmental 
conditions faced by the released biocontrol agents. 
It is also possible that by combining both rhizos-
pheric and endophytic microbes, the antagonists 
can reside and act against the Fusarium wilt patho-
gen in host rhizospheres and also as endophytes 
inside host tissues. In this study, a total of 24 differ-
ent combinations of rhizospheric and endophytic 
bacterial isolates were evaluated under pot trial 
conditions. Results showed that the treatment of 
banana plants with the endophytic bacterial isolate 
Pseudomonas putida (C4r4) + rhizospheric Bacillus 
cereus (Jrb1); endophytic Acromobacter spp. (Gcr1) 
+ Bacillus cereus (Jrb5); endophytic Rhizobium spp. 
(Lpr2) + rhizospheric Bacillus cereus (Jrb1); endo-
phytic Bacillus flexus (Tvpr1) + rhizospheric Bacillus 
cereus (Jrb1) and endophytic Bacillus flexus (Tvpr1) 
+ rhizospheric Pseudomonas putida (Jrb2) gave com-
plete suppression of Fusarium wilt. Similarly, the 
field evaluation of all these five combinations of 
bacterial isolates, in an area of severe disease risk, 
demonstrated that soil application of these bacterial 
combinations gave effective suppression of Fusar-
ium wilt in cv. Grand Naine. The treatments also 
increased banana yield parameters including bunch 
weight. These bacterial combinations decreased the 
percent of Fusarium wilt infected plants, and also 
increased the proportion of banana plants yielding 
good bunches in the field. This is similar to the find-

ings of Sundaramoorthy et al. (2012), who reported 
that among different bacterial bio-formulations, the 
combined application of rhizospheric and endo-
phytic bacterial strains (talc-based bio-formulation 
of P. fluorescens (Pf1) and B. subtilis (EPCO16 and 
EPC5) strains) reduced Fusarium wilt incidence 
in chilli pepper by 17–30% compared to untreated 
plants. Similarly, the production of siderophores, 
other secondary metabolites and lytic enzymes by 
Pseudomonas strains was most effective in control-
ling plant root pathogens including F. oxysporum 
and R. solani (O’Sullivan et al., 1992; Nagarajkumar 
et al., 2004). Several other reports have documented 
that the use of biocontrol agents in combinations 
were more effective than individual agents for 
management of plant diseases (de Boer et al., 2003; 
Domenech et al., 2006; Thilagavathi et al., 2007; 
Ganeshmoorthi et al., 2008; Latha et al., 2009). 

In the present investigation, soil application of the 
effective bacterial combinations also promoted plant 
growth parameters compared to other bacterial com-
binations. This could be due to combined effects of 
suppression of Fusarium wilt by different biocontrol 
activities and plant growth promoting characters. 
Similarly, Ayyadurai et al. (2006) also demonstrated 
that the strain FP10 increased banana plant height 
and reduced vascular discoloration, compared with 
Foc alone-inoculated plants. Although the combined 
application of endophytic and rhizospheric bacterial 
antagonists have resulted in the complete suppres-
sion of Fusarium wilt, the modes of action of these 
biocontrol agents both in soil and in plants have yet 
to be fully assessed. This will provide increased un-
derstanding of the interactions between biocontrol 
agents and Foc in banana.

We have demonstrated that the combined ap-
plication of endophytic and rhizospheric bacterial 
strains possessing multiple functions of both bio-
logical control activity and plant growth promotion 
characters resulted in effective suppression of Fusar-
ium wilt of banana, both in pot trials and in the field. 
The field trial was in an area of severe wilt potential, 
in the Tamil Nadu region where the disease inci-
dence was very high in cv. Grand Naine. It was also 
observed that these bacterial antagonists were able 
to survive in the rhizosphere for up to 35 d, and colo-
nized root, corm, stem and petiole tissues within 15 
d after inoculation. These studies have therefore pro-
vided useful information to assist determination of 
the intervals required to replenish biocontrol agents, 
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as well as the selection of biocontrol agents for the 
successful suppression of a very important disease 
of banana.
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