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Abstract
Banana is considered an important fruit crop in the livelihood of many people in tropical and subtropical countries. How-
ever, in India, the banana crop is threatened by Fusarium wilt disease incited by the pathogen Fusarium oxysporum f. sp. 
cubense (Foc), a soil-borne fungus. A purposive sampling survey was conducted in 2018 in various districts of Kerala to 
study the extent of disease incidence and its severity. The study revealed that the disease incidence ranged from 1.52 to 
43.65 percent with 20.41 to 49.57 percent severity. During the survey, it was observed that the major cultivating varieties 
such as Rasthali/Poovan, Kadali, Njalipoovan, and Chenkadali were infected by the disease which causes serious economic 
loss to the farmers. Hence, the research was carried out to create an integrated management package against the pathogen 
causing Fusarium wilt disease in bananas by testing various chemical fungicides and biocontrol agents under both as well 
as field conditions. Among the various treatments used, an integrated package including sucker treatment with biocontrol 
agent Pseudomonas fluorescens followed by the soil application of Arbuscular Mycorrhizal Fungi and Trichoderma viride 
(biocontrol agent) enriched cow dung at the time of planting and soil drenching with a triazole fungicide tebuconazole at 2 
and 4 months after planting was recorded best for the disease management. As a result, the management of Fusarium wilt 
of banana may be accomplished by the employment of a combined strategy of biocontrol agents and chemical fungicides 
applied at the prescribed rate.
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Introduction

Banana is an important fruit crop in tropical and subtropi-
cal countries and is the major diet for around 400 mil-
lion people in several regions of the world. It produces 
parthenocarpic fruits whereas, the wild diploid banana 
produces seeds (Li et al. 2013). Its production is seriously 
threatened by several pests and diseases. Higgins (1904) 
reported that a fungus found in banana plants causes lethal 
yellowing and wilting of the entire plants. Thereafter in 
1908, the fungus associated with this wilting was realised 
by Smith (1910) in sick plants collected from Cuba and he 
termed it Fusarium cubense. A detailed explanation of the 
pathogen was given by Ashby (1913). The Koch postulates 
of the causal agent was carried out in Gros Michel (AAA), 
Manzano (AAB), and Bluggoe (ABB) varieties (Brandes 
1919). F. oxysporum causing wilt diseases in banana plants 
was renamed as F. oxysporum f. sp. cubense after the for-
mation of formae specialis system (Snyder and Hansen 
1940).

Banana cultivar Kathali in West Bengal was the first 
cultivar in India on which symptoms of Fusarium wilt 
disease were detected in 1911 (ProMusa 2020). Then it 
became the most destructive disease in banana cultivating 
areas (Thangavelu et al. 1999). The pathogenic isolates 
of Foc have been traditionally grouped into four physi-
ological races based on pathogenicity to host cultivars 
under field conditions. Race 1 infects Gros Michel (AAA), 
causing Gros Michel epidemics in America, it also infects 
AAB group varieties such as Rasthali, Lady Finger and 
Silk. Whereas race 2 affects ABB group cooking bananas 
like Bluggoe and Monthan and Race 3 infects Heliconia 
sp., a close relative of the cultivar banana. Race 4 has 
been divided into 2 groups viz., subtropical R4 (SR4) and 
tropical R4 (TR4). Subtropical race 4 affects the Caven-
dish group and the varieties susceptible to race 1 and 2 in 
subtropics. Tropical race 4 pathogens attack banana both 
in tropical as well as subtropical conditions. The two most 
prevalent races of Foc affecting bananas in India are Foc 
races 1 and 4 (Thangavelu et al. 2022). In Kerala, so far 
race 1 of Fusarium wilt pathogen is reported from banana 
varieties like Rasthali/Poovan (AAB), Njalipoovan (AB), 
Kadali (AA), Monthan (ABB) and Karpooravalli (ABB). 
It causes huge damage to the economy of banana farmers 
of the state (AICRP 2017).

It is a typical wilt and a lethal vascular disease of 
banana. In India, it has become one of the most impor-
tant diseases in all banana-growing states with a report 
of disease incidence of about 30 percent and 85 percent 
in the first crop and ratoon crop respectively (Mustaffa 
and Thangavelu 2011). Foc, the pathogen that causes the 
disease, originates in the soil and can live there for over 

30 years as chlamydospores. Nowadays, biological con-
trol of Fusarium wilt diseases using certain microorgan-
isms has been getting more popular as it is an eco-friendly 
management strategy compared to the indiscriminate use 
of chemical fungicides (Fravel et al. 2003; Weller et al. 
2002). Cherian and Menon (2001) suggested an inte-
grated management package including carbendazim and 
biocontrol agents for the control of Fusarium wilt disease 
in banana.

Though internationally significant progress has been 
made to manage this pathogen, no attempts have been made 
to control the pathogen isolates from Kerala. Hence, a sus-
tainable approach utilizing disease-free plantlets, cultural 
practices, new generation fungicides, and eco-friendly bio-
agents needs to be formulated to limit the further spread 
of the pathogen and to contain the disease. In view of such 
concerns, the project entitled “integrated management of 
Fusarium wilt disease of banana in Kerala” was undertaken 
to develop an integrated management strategy against the 
disease.

Materials and methods

Survey for the assessment of disease incidence 
and severity

Surveys were conducted in selected banana growing districts 
of Kerala viz., Thiruvananthapuram, Ernakulam, Thrissur, 
Palakkad, Kozhikode, and Wayanad to assess the incidence 
of disease. Percent disease severity (PDS) of the Fusarium 
wilt infected banana plants was assessed with the standard 
score chart using a 0–4 scale given by Mak et al. (2004). 
Where, 0–no streaking or yellowing of the plant, the plant 
appears healthy, 1–slight streaking and/or yellowing of lower 
leaves, 2–streaking and/or yellowing of most of the lower 
leaves, 3–extensive streaking and/or yellowing on most or 
all of the leaves and 4–dead plant.

Preparation of inoculum

The inoculum was prepared in sterilised half-strength potato 
dextrose broth in 250 ml conical flasks by transferring a 
mycelial disc of 5 mm of five to seven days old cultured 
of Foc race 1 grown on PDA. This was incubated at 25 °C 
until the surface of the medium is completely covered by the 
mycelial mat (approximately five to seven days). The culture 
was then shaken in Orbitek shaker for 3 days at 150 rpm 
(Zuo et al. 2018). The concentration of conidial suspen-
sion was finally diluted up to 5 × 106 CFU/ml and used for 
inoculation.
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Pot culture experiment

An experiment was conducted for the management of Fusar-
ium wilt under pot culture conditions in the College of Agri-
culture, Vellanikkara, Kerala in a completely randomized 
design (CRD) with ten treatments and three replications. 
Healthy suckers of Rasthali/Poovan (susceptible to race 1 of 
Fusarium oxysporum f. sp. cubense) cultivar brought from 
Banana Research Station Kannara, Kerala were used as the 
planting materials. The potting mixture was prepared by 
mixing sand: soil: cow dung in a ratio of 1:1:1. Potting mix-
ture was sterilized using 40 percent formaldehyde before fill-
ing the pots. The plants were inoculated by drenching with 
100 ml of spore suspension thrice at the one-month interval. 
Sucker treatment and soil drenching (1 to 3 months after 
planting) of copper hydroxide (0.2 percent), tebuconazole 
(0.1 percent), combination of carbendazim and mancozeb 
(0.2 percent), carbendazim (0.2 percent), Trichoderma viride 
(2 percent), P. fluorescens (2 percent), 2 percent PGPR Mix 
II (P. fluorescens, Bacillus megatherium, and Lactobacil-
lus), soil application of arbuscular mycorrhizal fungi (100 g/
plant) at the time of planting + Trichoderma enriched cow 
dung—neem cake mixture (5 kg/plant) + soil drenching of 
2 percent P. fluorescens and an integrated approach com-
prising of P. fluorescens + arbuscular mycorrhizal fungi and 
Trichoderma enriched cow dung + soil drenching of 0.1 per-
cent tebuconazole were the treatments used for the study 
(Table 1). An untreated control was also maintained. After 
three months of planting, percent wilt index and percent vas-
cular wilt index were calculated for each treatment. The per-
cent wilt index was calculated using the 0–4 standard score 
chart given by Mak et al. (2004). Whereas, percent vascular 

wilt index was calculated using the 0–5 scale described by 
Zuo et al. (2018).

Field experiment

A field experiment to develop a management strategy for 
Fusarium wilt of banana under natural conditions was 
conducted in the sick plot at Banana Research Station 
Kannara. The same treatments used in the pot culture 
experiment were used for field trials. The planting mate-
rial used was 3–4 months old disease-free sword suckers 
of susceptible variety Rasthali/Poovan and the experiment 
was carried out in randomized block design. Pits of size 
50 cm × 50 cm × 50 cm were used for planting the suck-
ers. The suckers were planted at a spacing of 2.1 m × 2.1 m 
and manuring was done as per the Kerala Agricultural 
University’s package of practices recommendation, ie 
180:180:360 g NPK/plant in two split doses (KAU 2016). 
A total of ten treatments with three replications were used 
for the experiment.

Results

Sampling survey

The percent disease incidence (PDI) and percent disease 
severity (PDS) were recorded from surveyed locations. 
During the survey, it was observed that the disease inci-
dence ranged from 1.52 to 4.64 percent in Thiruvanan-
thapuram, 19.44–27.40 percent in Ernakulam, 6.40–23.78 
percent in Thrissur, 5.33–7.58 percent in Palakkad, 

Table 1   Schedule of treatments for pot culture experiment

Sl. no Treatment Schedule of application

T1 0.2 percent Copper hydroxide (Kocide 2000) Sucker treatment
Soil drenching at 1, 2 and 3 MAP

T2 0.1 percent Tebuconazole (Folicur 25.9 EC) Sucker treatment
Soil drenching at 1, 2 and 3 MAP

T3 0.2 percent Carbendazim + mancozeb (Saaf) Sucker treatment
Soil drenching at 1, 2 and 3 MAP

T4 2 percent Trichoderma viride Sucker treatment
Soil drenching at 1, 2 and 3 MAP

T5 AMF (100 g/plant) + Trichoderma enriched cow dung—neem cake mixture 
(5 kg/plant) + Soil drenching of 2 percent P. fluorescens

At the time of planting
Soil drenching at 1, 2 and 3 MAP

T6 IDM:
P. fluorescens + AMF and Trichoderma enriched cow dung + Soil drenching of 

selected best fungicide

Sucker treatment at the time of planting
Soil drenching at 1 and 2 MAP

T7 2 percent PGPR Mix II (P. fluorescens, Bacillus megatherium and Lactobacil-
lus)

Sucker treatment and soil drenching at 1, 2 and 3 MAP

T8 2 percent P. fluorescens Sucker treatment and soil drenching at 1, 2 and 3 MAP
T9 0.2 percent Carbendazim Sucker treatment and soil drenching at 1, 3 and 5 MAP
T10 Untreated control
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12.30–17.22 percent in Kozhikode and 17.66–43.65 per-
cent in Wayanad district. The PDI was lowest (1.52%) in 
Thiruvananthapuram and highest (43.65%) in Wayanad 
district.

The results of the survey revealed that the lowest 
(20.41%) PDS was recorded in Ernakulam while the 
highest PDS of 49.57 percent was recorded in Wayanad 
district. The PDS varied from 21.30 to 38.18 percent, 
20.41–42.22 percent, 20.67–32.63 percent, 28.70–34.11 
percent, 26.81–29.68 percent and 34.74–49.57 percent 
in Thiruvananthapuram, Ernakulam, Thrissur, Palakkad, 
Kozhikode and Wayanad districts respectively.

Pot culture study

Statistically significant differences were noticed in the 
PDI with various treatments and the treatments were sig-
nificantly superior to the control plants. The lowest PDI 
was recorded in plants applied with T6 (IDM – P. fluores-
cens + AMF and Trichoderma enriched cow dung + tebu-
conazole) followed by T2 (tebuconazole) and T9 (carben-
dazim) (Table 2).

The highest disease severity was observed in control 
plants (T10) (Table 3). While the lowest disease sever-
ity was recorded in T6 (IDM—P. fluorescens + AMF and 

Trichoderma enriched cow dung + tebuconazole) applied 
plants (Fig. 1).

Field experiment

The percent disease incidence was recorded at 8 MAP as well 
as 10 MAP (Table 4). The disease incidence was observed 
in all treatments. The highest PDI was noticed in control 
plants whereas the lowest PDI (6.67%) was recorded in plants 
applied with T6 (IDM – P. fluorescens + AMF and Tricho-
derma enriched cow dung + tebuconazole). At 10 MAP, the 
disease incidence has increased in all treatments. During this 
period also the highest PDI was recorded in control plants 
(T10) and the lowest PDI was recorded in plants treated with 
T6 (IDM—P. fluorescens + AMF and Trichoderma enriched 
cow dung + tebuconazole).

The severity of the disease in the field experiment was 
assessed by calculating the percent wilt index (PWI) and per-
cent vascular wilt index (PVWI) at 10 MAP (Table 5). The 
treatments were statistically superior over the control plants. In 
the field condition also, the maximum disease severity based 
was noticed in plants kept as control the lowest disease sever-
ity was recorded in plants treated with T6 (IDM—P. fluores-
cens + AMF and Trichoderma enriched cow dung + tebucona-
zole (Fig. 2).

Table 2   Effect of treatments on percent disease incidence under pot 
culture experiment

Values in the parenthesis are Arc sin transformed
Values with different superscripts differ significantly (p-value < 0.05)
*Critical difference

Sl. no PDI* (%) Percent reduc-
tion over 
control

T1 (Copper hydroxide) 88.89 (77.14)ab 11.11
T2 (Tebuconazole) 55.56 (48.25)bc 44.44
T3 (Carbendazim + mancozeb) 77.78 (65.94)ab 22.22
T4 (Trichoderma viride) 88.89 (77.14)ab 11.11
T5 (Trichoderma enriched cow 

dung—neem cake mix-
ture + Pseudomonas fluores-
cens)

77.78 (65.94)ab 22.22

T6 (P. fluorescens + AMF and 
Trichoderma enriched cow 
dung + selected best fungicide)

22.22 (24.06)c 77.78

T7 (PGPR Mix II) 88.89 (77.14)ab 11.11
T8 (P. fluorescens) 88.89 (77.14)ab 11.11
T9 (Carbendazim) 66.67 (54.74)b 33.33
T10 (control) 100.00 (88.35)a

CD* (0.05) 30.020

Table 3   Effect of treatments on percent disease severity based on 
PWI and PVWI under pot culture experiment

Values with different superscripts differ significantly (p-value < 0.05)
*Percent wilt index
**Percent vascular wilt index

Sl. no PWI* Percent reduc-
tion over control 
(PWI)

PVWI** Percent reduc-
tion over control 
(PVWI)

T1 44.43b 33.33 48.91ab 11.39
T2 13.89ef 79.16 20.01de 64.00
T3 33.33bcd 49.98 31.13 cd 43.99
T4 36.10bcd 45.83 28.90 cd 48.00
T5 22.22def 66.66 33.35c 40.00
T6 8.33f 87.50 13.34e 76.00
T7 41.60bc 37.58 35.57c 36.00
T8 36.05bcd 45.90 37.80bc 31.99
T9 27.77cde 58.33 26.68 cd 52.00
T10 66.64a – 55.58a –
CD (0.05) 14.871 11.915
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Discussion

Fusarium wilt of banana causes significant economic loss 
in the agriculture scenario of tropical and subtropical 
countries in the world. It is a major threat to banana cul-
tivation with 80 to 90 percent disease severity (Sivamani 
1987). In India, the pathogen causes up to 80 percent of 
disease incidence and yield loss of up to 40 percent in 
northern states. Whereas, in southern states yield loss up 
to 90 percent have been reported (Thangavelu et al. 1999). 

In the present study, it was observed that the PDI ranged 
from 1.52 percent (Thiruvananthapuram) to 43.65 (Way-
anad) percent and thus varied from place to place. The 
PDS in the surveyed districts varied from location to loca-
tion. The minimum PDS (20.41%) was noticed in the field 
at Aluva (Ernakulam) and the maximum PDS (49.57%) 
was observed at Kenichira field (Wayanad).

In the integrated management strategy of plant diseases, 
biocontrol agents and chemical fungicides can be used in a 

Fig. 1   Banana rhizome discolouration in various treatments under the pot culture experiment for the management of Foc

Table 4   Effect of treatments on percent disease incidence under field 
experiment

Values with different superscripts differ significantly (p-value < 0.05)
*Percent disease incidence

Sl. no PDI* at 8 MAP PDI at flower-
ing

Mean Percent 
reduction 
over control

T1 46.67ab 66.67ab 56.67 10.52
T2 13.33 cd 20.00ef 16.67 73.68
T3 20.00bcd 33.33cdef 26.67 57.89
T4 33.33abcd 53.33abcd 43.33 31.58
T5 20.00bcd 40.00bcdef 30.00 52.63
T6 6.67d 13.33f 10.00 78.95
T7 40.00 abc 60.00abc 50.00 21.05
T8 26.67abcd 46.67abcde 36.67 43.00
T9 13.33 cd 26.67def 20.00 68.42
T10 53.33a 73.33a 63.33 –
CD (0.05) 28.705 31.218

Table 5   Effect of treatments on percent disease severity under field 
experiment

Values with different superscripts differ significantly (p-value < 0.05)
*Percent wilt index
**Percent vascular wilt index

Sl. no PWI* Percent reduc-
tion over control 
(PWI)

PVWI** Percent reduc-
tion over control 
(PVWI)

T1 43.33b 23.53 45.00ab 22.85
T2 16.67de 70.58 18.33 cd 68.58
T3 21.67cde 61.76 23.33bcd 60.00
T4 33.33bc 41.19 36.67abcd 37.13
T5 28.33 cd 50.01 25.00bcd 57.14
T6 11.67e 79.41 13.33d 77.15
T7 30.00c 47.06 41.67abc 28.56
T8 25.00 cd 55.88 33.33bcd 42.86
T9 23.33cde 58.83 20.00 cd 65.71
T10 56.67a – 58.33a –
CD (0.05) 12.119 24.947
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scheduled manner (Nel et al. 2007). Fungicides and biocon-
trol agents have been shown in prior research to be effec-
tive at reducing pathogens or enhancing plant disease toler-
ance (Meyer and Roberts 2002). Minuto et al. (1995) used 
a chemical fungicide, carbendazim along with antagonistic 
Fusarium spp. for the effective management of Fusarium 
wilt of cyclamen. Similarly, other researchers such as Elmer 
and McGovern (2004) also proved better efficiency of com-
bining biological control agents and chemical fungicides for 
the control of Fusarium wilt diseases. Thus, the combined 
application of chemical fungicides and biocontrol agents can 
be effectively used for the management of Fusarium wilt in 
banana.

Demethylation inhibitor (DMI) fungicides, which include 
triazoles are among the most important groups of fungicides 
(Baldwin and Rathmell 1988). Tebuconazole is an important 
fungicide that belongs to the group of triazoles, which have 
DMI mode of action in fungi. Demethylation is an impor-
tant phase required for sterol synthesis in fungi. Sterol is 
necessary for fungal cell wall growth. In the present study, 
the treatment with the application of tebuconazole fungicide 
showed a higher degree of suppression. Similar results were 
reported on the use of tebuconazole by Sreeja (2014) for 
the control of F. oxysporum causing wilt disease in cowpea. 
Here, the fungicide was applied by means of soil drench-
ing, which is the effective method for the application rather 
than stem injections in banana (Herbert and Marx 1990). 
Soil drenching of the fungicides was found very effective 

in the management of Fusarium oxysporum f. sp. dianthi in 
carnation (Manasa et al. 2017). Shukla (2019) reported that 
the maximum inhibition of PWI and PVWI in banana could 
be achieved by the treatment with the triazole fungicide, 
tebuconazole.

It is widely known that certain Trichoderma species pro-
duce a range of biologically active toxic substances with 
fungicidal and bactericidal activities. Therefore, a range of 
phytopathogens, including Fusarium species, can be con-
trolled with this (Sood et al. 2020). The application of bio-
control agents decreased the incidence of Fusarium wilt in 
banana and increased the yield (Bubici et al. 2019). The 
present study was in tune with the experiment conducted 
by Bubici et al. 2019, who reported that the application of 
Pseudomonas spp., Trichoderma spp., and arbuscular myc-
orrhizal fungi could manage the plant diseases. Chawla 
and Gangopadhyay (2009) revealed that the bioagents such 
as T. harzianum, T. viride and P. fluorescens in the pres-
ence of farmyard manure can be effectively used against 
F. oxysporum f. sp. cumini. The application of cow dung 
along with other fertilizers increases the vegetative growth 
of the plants (Solaiman and Rabbani 2006). The application 
of AMF enhances the root growth and nutrient uptake of 
plants. Thus, the plant growth and yield attributes would 
be increased (Jefwa et al. 2008). The present study was in 
accordance with the study conducted by Emara et al. (2018) 
which revealed that the application of AMF in banana 
enhanced the plant height, pseudostem girth, number of 

Fig. 2   Banana rhizome discolouration in various treatments under field experiment for the management of Foc
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leaves, and root dimensions. Similar observations were also 
reported by Yano-Melo et al. (1999) and Rodriguez-Romero 
et al. (2005) in banana plants.

Conclusions

An integrated disease management approach including 
biocontrol agents and chemical fungicides (P. fluores-
cens + AMF and Trichoderma enriched cow dung + tebu-
conazole) at recommended rate could be used for the man-
agement of Fusarium wilt of banana. Adopting preventive 
measures by farmers are also taken into consideration for the 
effective management of Fusarium wilt of banana.
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