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Abstract  Banana production is threatened by 
Black Sigatoka disease caused by the fungus Pseu-
docercospora fijiensis (M. Morelet) Deighton, 
which is considered one of the most destructive dis-
eases of this crop. Black Sigatoka control primar-
ily relies on the use of chemical fungicides, which 
increases production costs and may have negative 
impacts on health and the environment when applied 

inappropriately. In addition, their extensive use may 
select for resistant strains, causing reduced efficacy 
of fungicides. Therefore, alternative control options 
for Black Sigatoka are urgently needed. In the pre-
sent study, we evaluated plant resistance inducers as 
an alternative for disease management. The effect of 
resistance inducers on the growth and development 
of P. fijiensis and on banana defence-related gene 
expression was measured. Banana plots were treated 
with five resistance inducers and the best three were 
included in a commercial programme of Black Siga-
toka management. Each resistance inducer, either 
applied individually or mixed with standard fungi-
cides, showed significant reductions of Black Siga-
toka severity when compared to the control. It was 
confirmed that resistance inducers reduced in vitro 
growth and development of P. fijiensis as shown for 
other pathogens. Banana defence-related genes were 
found to be up-regulated after application of resist-
ance inducers. These results suggest that the reduc-
tion of disease severity in banana crops after appli-
cation of resistance inducers may be due to a direct 
effect on P. fijiensis in addition to the activation of 
plant responses. Resistance inducers are a poten-
tially effective alternative to Black Sigatoka disease 
management.
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Introduction

Banana crops are one of the most important crops 
in the Colombian economy (AUG​URA​, 2021) and 
in banana export countries worldwide (FAO, 2023). 
However, fruit production faces limiting problems 
such as pests and diseases that constrain crop sus-
tainability. The main disease in banana and plantain 
production systems worldwide is Black Sigatoka, 
caused by the fungus Pseudocercospora fijiensis 
(M. Morelet) Deighton. Despite cultural practices 
such as removing diseased leaves, managing weeds 
and maintaining drainage, the control of Black Siga-
toka is mainly dependent on fungicide applications, 
representing the highest cost of banana production 
(Friesen, 2016).

In addition to economic issues, synthetic fungi-
cides may have negative impacts on human health 
and natural ecosystems when applied inappropriately. 
Furthermore, inadequate applications may select fun-
gicide-resistant pathogen populations, thus increas-
ing the frequency of fungicide applications and ulti-
mately leading to the withdrawal of some fungicides 
from management programmes (Chong et  al., 2021; 
Churchill, 2011; FRAC, 2021).

In addition, The European Union Commis-
sion launched the Green Deal´s Farm to Fork Plan 
to reduce pesticide usage by 50% to 2030 and this 
includes many fungicides currently used for Black 
Sigatoka control (Beckman et al., 2020). Therefore, it 
is crucial to investigate novel methods for Black Siga-
toka disease management.

The ability of resistance inducers to activate plant 
defence responses has made them a research priority 
for many scientists worldwide (Vallad & Goodman, 
2004). It has been observed that resistance induc-
ers have several advantages over traditional chemi-
cal fungicides, including minimal impact on human 
health and the environment, and lower risk of resist-
ance emergence in pathogen populations (Oliveira 
et  al., 2016). As alternatives to chemical fungicides, 
several studies on different pathosystems have dem-
onstrated the effectiveness of resistance inducers 
in protecting plants from disease. Hence, it is very 
important to perform research to implement them 
in commercial programmes of crop protection (San-
droni et al., 2020). However, some resistance induc-
ers act as hormones, activating metabolic pathways 
with effects several physiological parameters of plant 

growth and development and their effectiveness 
can depend on the plant genotype and environmen-
tal conditions (Reglinski et  al., 2023). In addition, 
phytotoxicity has been observed for some resist-
ance inducers, largely in a dose dependent manner 
(Castaño-Monsalve et al., 2015). Therefore, it is cru-
cial for researchers and farmers to obtain prior knowl-
edge of the potential phytotoxic effects of different 
doses of each resistance inducer in plants before their 
commercial application. Physiological and growth 
parameters such as leaf emission rate of plants treated 
with resistance inducers should also be measured, to 
avoid unintended effects on commercial banana crops 
(Ramírez et al., 2015; Sandroni et al., 2020). To the 
best of our knowledge, this crucial previous research 
has not been performed in banana crops. Recently, 
various strategies have been suggested to overcome 
potential limitations and maximize the benefits of 
resistance inducers, e.g., by changing the application 
frequency and doses to avoid phytotoxicity (Sandroni 
et al., 2020; Yassin et al., 2021).

Several studies in Musa spp. have demonstrated the 
potential of biotic and abiotic resistance inducers for 
managing diseases such as Black Sigatoka (Patiño-
Hoyos, 2001; Mogollón-Ortíz & Castaño-Zapata, 
2012; Elizalde-Largo, 2013; Wang et  al., 2015; Zhu 
et  al., 2016; Cheng et  al., 2018; Dhakshinamoorthy 
et  al., 2020; García-Bastidas et  al., 2022; Sun et  al., 
2022). Resistance inducers activate plant defence 
responses, but they may also inhibit the growth and 
development of the fungus to some extent, as seen 
in in vitro studies of P. fijiensis treated with salicylic 
acid (SA), acibenzolar-S-methyl (ASM), 2,6-dichlo-
roisonicotinic acid (INA), 3-aminobutanoic acid 
(BABA) and potassium phosphite (Mogollón-Ortiz & 
Castaño-Zapata, 2012).

Potassium phosphite is a known resistance inducer 
and was found to be equally as effective as the chemical 
fungicide propiconazole in controlling Black Sigatoka 
in young plantlets of the plantain cultivar Dominico 
Hartón (Musa balbisiana AAB) (Mogollón-Ortiz & 
Castaño-Zapata, 2011). In addition, the application of 
ASM and potassium phosphite alone or in combination 
with the fungicide propiconazole resulted in a higher 
level of control of Black and Yellow Sigatoka in a field 
crop of the plantain cultivar Dominico Hartón (Ramírez 
et al., 2012). ASM also led to a reduction in Black Siga-
toka severity in the banana cultivar Grand Naine under 
field conditions when combined with standard chemical 
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fungicides (Patiño-Hoyos, 2001). Similarly, Zuluaga-
Amaya et al. (2007) reported a reduction in Black Siga-
toka severity in banana plantations when ASM and 
sodium salicylate were applied together or in rotation 
with fungicides.

The application of jasmonic acid (JA) in banana 
plantlets of cv. Grand Naine resulted in a reduction of 
Black Sigatoka disease severity (Pérez-Peláez, 2018). In 
addition, the application of JA and SA under field condi-
tions reduced the severity of Black Sigatoka. Moreover, 
the application of SA led to an increase in the net weight 
of the banana bunches (Terrero-Yepez et al., 2020).

Previous studies have demonstrated the potential of 
resistance inducers to be integrated into Black Sigatoka 
management in banana crops, either alone or in combi-
nation with chemical fungicides and other management 
methods such as biological control using antagonistic 
microorganisms (Patiño-Hoyos, 2001). Most studies 
have been performed at the net-house level. However, 
the effectiveness of resistance inducers under field condi-
tions depends on several edaphoclimatic and physiologi-
cal parameters. In addition, appropriate doses, mixtures 
or rotations with other resistance inducers or chemical 
fungicides as well as studies of phytotoxicity should be 
determined prior to their application in a commercial 
programme of Black Sigatoka management.

In the present study, we examined the effect of sev-
eral resistance inducers on the growth of P. fijiensis 
in vitro and investigated the development and severity 
of Black Sigatoka in banana plots treated with resist-
ance inducers. Additionally, we evaluated the effect of 
integrating resistance inducers applied alone or in com-
bination with chemical fungicides in a Black Sigatoka 
management programme in the field. Lastly, we studied 
the effect of several resistance inducers on the induc-
tion of expression of some pathogenesis-related genes, 
using quantitative PCR. Through these experiments, we 
aimed to investigate the potential of resistance inducers 
as a sustainable tool for managing Black Sigatoka dis-
ease in banana crops.

Materials and methods

Plants and pathogen

Net-house experiments were carried out using plants 
of Musa AAA cultivar Williams, obtained from the in 
vitro growth facilities of the Biotechnology unit from 

Universidad Católica de Oriente, Rionegro, Antio-
quia-Colombia. Two-month-old plants were grown 
under net-house conditions at 29 ºC and relative 
humidity above 95%, standard fertilization and irriga-
tion and 12:12 h of light / darkness. Percent ascospore 
germination and germ tube length tests were per-
formed with leaf samples collected in two planta-
tions from Urabá, Antioquia, Colombia; one regularly 
treated with chemical fungicides for Black Sigatoka 
control and the other located in a buffer zone for pre-
vention of spray drift and therefore not treated with 
chemical fungicides. Phytotoxicity and disease tests 
were conducted in a banana crop located in Urabá, 
Antioquia, Colombia, South America (7°48´09″ N 
76°39´17″ W), using plants of cv. Williams that were 
1.10 m in height with five functional leaves and man-
aged with standard agronomic practices. P. fijiensis 
isolate C139 (monoascosporic, CIB microorganism 
collection, Medellín, Colombia) was grown on potato 
dextrose agar (PDA, Becton Dickinson, Franklin 
Lakes, NJ, USA) for use in the gene expression stud-
ies by qRT-PCR experiments (described below).

Effect of resistance inducers on percent ascospore 
germination and germ tube length of P. fijiensis on 
culture media

The length of the germ-tube is a standard measure-
ment recommended by the Fungicide Resistance 
Action Committee (FRAC) to determine the sen-
sitivity of fungal pathogens to a molecule. As fre-
quent applications of fungicides may select for resist-
ant strains of P. fijiensis, leaf samples intended for 
ascospore discharge were collected from the two 
plantations mentioned above, i.e., one treated and the 
other not treated with chemical fungicides, to exam-
ine whether or not treatments with resistance induc-
ers could influence the ascospore germination and 
germ tube length. In the plantation with application 
of chemical fungicides, samples were collected at a 
minimum of five days after the application of fungi-
cides took place.

Leaf fragments were used to discharge ascospores 
on Petri dishes containing water-agar (DifcoTM, 
Oxford, UK) supplemented with each resistance 
inducer: 10 mM methyl jasmonate (Aldrich® 392,707; 
Burlington, MA, USA) (MeJa), 4  g/L sodium salicy-
late (NaSa) (Merck®, Darmstadt, Germany), 1  g/L 
β-aminobutyric acid (Aldrich® A44207, Burlington, 
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MA, USA) (BABA), 10  mL/L potassium phosphite 
(Merck®, Darmstadt, Germany) (FosK), a control treat-
ment with 10 ppm of the fungicide Boscalid (BASF®, 
Bogotá, Colombia) and a control with water-agar with 
no amendment. Boscalid was used as a control because, 
unlike contact fungicides, it is a systemic fungicide rou-
tinely monitored for risk of loss of sensitivity (FRAC, 
2022). Contact fungicides usually do not develop or 
present a low risk of resistance in pathogen populations. 
Therefore, sensitivity tests are usually performed with 
systemic fungicides as Boscalid (FRAC, 2022). After 
48  h of incubation, the germination of 30 ascospores 
of P. fijiensis and the length of 15 germ tubes were 
measured per Petri dish using a light microscope. Three 
Petri dishes were used per treatment and all measure-
ments were repeated two times. Results are expressed 
as the percentage of ascospore germination and average 
germ tube length for each treatment. The whole trial 
was performed twice and repetitions were compared by 
Levene´s analysis of homogeneity of variance (p < 0.05) 
(Levene, 1960). Data were combined if variances of 
repetitions were homogeneous.

Potential phytotoxicity on banana plants

Several molecules used for agronomical practices may 
induce phytotoxicity when applied to crops. As no previ-
ous studies have described these effects, we performed 
evaluations with the resistance inducers tested to find 
appropriate doses for their application to banana plants. 
In a completely randomized design, 19 treatments with 
three plants per treatment of 20–24-week-old banana 
plants cv. Williams were applied to banana plots, includ-
ing different concentrations of five resistance inducers 
(MeJa, NaSa, BABA, ASM, FosK), a treatment with the 
solvent (mixture of 10 mL Tween 20® (Merck®, Darm-
stadt, Germany), 100  mL 70% ethanol (v/v, Merck®, 
Darmstadt, Germany) and 890  mL sterile distilled 
water) as well as a control (water). The concentrations 
used were: MeJa (1, 2.5, 5, 10, 15 mM), NaSa (0.1, 1, 2, 
4 g/L), BABA (0.01, 0.1, 1 g/L), ASM (5 mL/L), FosK 
(0.1, 1.5, 3, 10 mL/L). Approximately 18–20 cm3 was 
sprayed per leaf on the abaxial side of fully expanded 
leaves using a portable pressure pump sprayer, until run-
off (Handy portable sprayer, Royal Condor®, Soacha, 
Cundinamarca, Colombia, coupled with a hollow cone 
nozzle with a discharge rate of 470 cc/min). The whole 
experiment was performed two times with the same 
number of replications and treatments.

Any morphological change or visible damage of 
plant tissues compared to the healthy control was 
registered as potential phytotoxicity. The response 
variables measured were Leaf Emission Rate (LER) 
and plant height, which are standard physiological 
parameters to indicate variations in plant growth and 
development for banana (Dita et al., 2021). The leaf 
emission rate (LER) of each plant is defined by the 
difference of leaf unfolding between two consecu-
tive assessments, taking into account the loss of older 
or damaged leaves. LER was expressed on a weekly 
basis according to the unfolding degree of the leaf 
with values between 0.2 and 1, being 1 for complete 
leaf unfolding.

Development and severity of Black Sigatoka in 
banana plots sprayed with resistance inducers

For banana field experiments, 80 plants with an average 
height of 1.10 m (20–24-week-old) were selected. In a 
completely randomized design, eight treatments with ten 
plants per treatment (a total of 80 experimental units), 
including five resistance inducers (5  mM MeJa, 1  g/L 
BABA, 2 g/L NaSa, 5 mL/L ASM, 10 mL/L FosK), a 
fungicide control (5 g/L mancozeb, Corteva agriscience, 
Bogotá, Colombia), a treatment with the solvent (mix-
ture of 10 mL Tween 20® (Merck®, Darmstadt, Ger-
many), 100 mL 70% ethanol (v/v, Merck®, Darmstadt, 
Germany) and 890 mL sterile distilled water) as well as 
water (control), were sprayed, covering all leaves of each 
plant on the abaxial side until run-off. Mancozeb was 
used as a control because it is the most widely used fun-
gicide for Black Sigatoka chemical management under 
field conditions, but its application has been phased out 
from the European Union (release G/SPS/N/EU/ 384 of 
24 April 2020, Marín et  al., 2003; FRAC, 2022). The 
whole experiment was performed two times with the 
same number of replications and treatments.

The response variables measured were percentage 
disease severity (DS %) and the stage of evolution of 
the disease (SED), in accordance with the guidelines 
reported by Fouré and Ganry (2008). Severity was 
measured weekly by adding the percentage of the 
foliar area affected of each leaf and the result of this 
sum was divided by the total number of leaves present 
on each plant tested. SED was measured to implement 
an early biological forecasting system to control Black 
Sigatoka disease, which monitors the development 
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of the disease allowing timely application of control 
measures (Fouré and Ganry, 2008). It is based on the 
early detection of new attacks through the calcula-
tion of SED, which represents the speed of develop-
ment of the disease, reflecting the climatic conditions 
and the intensity of the infection. It is crucial to stop 
disease development before necrotic lesions develop 
and sexual sporulation takes place. If new infections in 
young leaves are controlled, their development toward 
coalescent necrosis will be blocked. When there are 
favourable climatic conditions for disease develop-
ment, the first symptoms will appear on leaf no. 2. In 
contrast, if less favourable climatic conditions are pre-
sent, the first symptoms will appear on leaf no. 3 or 
older. Therefore, there is a gradient of development of 
the disease from the top to the bottom of the banana 
plant. SED is calculated using LER and coefficients 
selected from Foure and Ganry (2008), representing 
the speed at which the disease develops. The coeffi-
cients are values assigned to each different association 
of leaf number/stage of the disease of banana plants 
affected by Black Sigatoka and are available in Table 
II of Foure and Ganry (2008).

For calculating SED, the gross sum of disease 
was estimated by the coefficients described before 
on leaves II, III and IV reported by Foure and Ganry 
(2008). Severity and gross sum were normalised by 
subtracting the initial stage of each variable from 
the starting point of evaluation. The area under 
disease progress curve (AUDPC) was determined 
either using DS % or SED recorded at six weeks 
after inoculation (Van der Plank, 1963). AUDPC 
was calculated using the formula of the middle 
point, where t is the time of recording of each value 
in days, y is DS % or SED value at the ith observa-
tion and n the numbers of evaluations.

Integration of resistance inducers applied alone or in 
mixture with chemical fungicides in a management 
programme of Black Sigatoka

Seventy 20–24-week-old plants located in a banana 
plot were selected for the field experiments, with a 
minimum distance of 80 cm from drainage channels. 

AUDPC =

n−1
∑

i=1

(

yi + yi+1

2

)

(

ti+1 − ti
)

The plants located at the border of the plot were 
excluded from the study. The solutions: 5 mM MeJa, 
1 g/L BABA, 2 g/L NaSa and the mixture of resist-
ance inducers 1:1:1 (v/v/v) of MeJa:BABA:NaSa, 
were applied using a portable sprayer (Handy port-
able sprayer (Royal Condor®, Soacha, Cundi-
namarca, Colombia), covering the upper portion of 
each experimental unit by applying 20 mL per plant 
(Table  1). The experiment comprised seven treat-
ments with 10 plants per treatment. The standard 
programme of aerial spray of fungicides for the con-
trol of Black Sigatoka used by farmers in the Urabá 
region of Antioquia, Colombia was used as control 
(Table 1) (Sebastián Zapata, Director of the Banana 
Research Center, pers. Comm.). This programme of 
fungicide applications is part of a standard scheme of 
disease management in Urabá, and product selection 
depends on the criteria of a private company based on 
the monitoring of the disease. In addition, chemical 
fungicides are rotated to prevent fungicide resistance 
emergence in pathogen populations. Hence, as the 
whole experiment was repeated two times, the first 
repetition did not necessarily include the same chemi-
cal fungicides as the second repetition because they 
represent different times through the year (Table  1). 
Each treatment included eight applications spaced 
over a time period of 10  weeks. The application of 
resistance inducers or their mixture were interspersed 
with chemical fungicides for each treatment in the 
second, the fifth and the eighth application (Table 1).

The active ingredients of fungicides (doses and 
manufacturer in parentheses) used in the field exper-
iments, and the doses recommended by the manufac-
turers, were: Mancozeb (1.5 kg/ha, Corteva agrisci-
ence, Bogotá, Colombia), Difenoconazole (0.4 L/
ha, Syngenta, Bogotá, Colombia), Pyrimethanyl (0.5 
L /ha, Bayer, Soledad, Atlántico, Colombia), Fen-
propimorph (0.7 L/ha, BASF, Bogotá, Colombia), 
Fenpropidin (0.6 L/ha, Syngenta, Bogotá, Colom-
bia), Fenpicoxamid (0.385 L/ha, Corteva agrisci-
ence, Bogotá, Colombia), Boscalid (0.3 L/ha, BASF, 
Bogotá, Colombia), Flutriafol (0.2 L/ha, FMC, 
Bogotá, Colombia) (Table 1).

The trial was conducted for 10 weeks, correspond-
ing to eight applications in a banana farm located in 
Carepa, Antioquia, Colombia, as indicated in Table 1. 
DS % and SED were evaluated following the proto-
cols of Fouré and Ganry (2008).
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Determination of the relative expression levels of 
genes related to banana defence responses

Previous studies have shown a role for different plant 
hormones such as jasmonates in the banana responses 

to Black Sigatoka (Rodríguez et  al., 2020). Hence, 
we selected the pathogenesis-related gene 1, PR-1 
as indicator of the salicylate pathway and LOX and 
MYC2 as indicators of the activation of the jasmonate 
pathway (Rodríguez et  al., 2016; Rodríguez et  al., 

Table 1   Programme for application of treatments for Black Sigatoka management

*Mixture of the resistance inducers MeJa, BABA and NaSa in proportion 1:1:1 (v/v/v). Resistance inducers were applied after every 
two applications of chemical fungicides. As control, the standard programme of aerial spray of fungicides for the control of Black 
Sigatoka used by farmers in the Urabá region of Antioquia, Colombia, was used. As the whole experiment was repeated two times, 
the first repetition not necessarily include the same chemical fungicides as the second repetition because correspond to different 
times through the year

A. First experiment of application of treatments

Application of treatments

Treatment First  
Application

Second  
Application

Third  
Application

Fourth  
Application

Fifth  
Application

Sixth  
Application

Seventh 
Application

Eighth  
Application

T1 Control (water) Control (water) Control (water) Control (water) Control (water) Control 
(water)

Control 
(water)

Control (water)

T2 Mancozeb Difenoconazole Fenpropimorph Fenpropidin Boscalid Flutriafol Fenpropi-
morph

Spiroraxamine

T3 Mancozeb Methyl jasmonate 
(MeJa)

Fenpropimorph Fenpropidin Methyl jasmonate 
(MeJa)

Flutriafol Fenpropi-
morph

Methyl jasmonate 
(MeJa)

T4 Mancozeb β-aminobutyric acid 
(BABA)

Fenpropimorph Fenpropidin β-aminobutyric acid 
(BABA)

Flutriafol Fenpropi-
morph

β-aminobutyric acid 
(BABA)

T5 Mancozeb Sodium salicylate 
(NaSa)

Fenpropimorph Fenpropidin Sodium salicylate 
(NaSa)

Flutriafol Fenpropi-
morph

Sodium salicylate 
(NaSa)

T6 Mancozeb Methyl jasmonate:β-
aminobutyric 
acid:Sodium 
salicylate 
(MeJa:BABA:NaSa) 
(proportion 1:1:1)*

Fenpropimorph Fenpropidin Methyl jasmonate:β-
aminobutyric 
acid:Sodium 
salicylate 
(MeJa:BABA:NaSa) 
(proportion 1:1:1)*

Flutriafol Fenpropi-
morph

Methyl jasmonate:β-
aminobutyric 
acid:Sodium 
salicylate 
(MeJa:BABA:NaSa) 
(proportion 1:1:1)*

T7 Mancozeb Methyl jasmonate Fenpropimorph Fenpropidin β-aminobutyric acid 
(BABA)

Flutriafol Fenpropi-
morph

Sodium salicylate 
(NaSa)

B. Second experiment of application of treatments

Application of treatments

Treatment First  
Application

Second  
Application

Third  
Application

Fourth  
Application

Fifth  
Application

Sixth  
Application

Seventh 
Application

Eighth  
Application

T1 Control (water) Control (water) Control (water) Control (water) Control (water) Control 
(water)

Control 
(water)

Control (water)

T2 Mancozeb Pyrimethanyl Difenoconazole Fenpicoxamid Fenpropimorph Mancozeb Fenpropidin Difenoconazole

T3 Mancozeb Methyl jasmonate 
(MeJa)

Difenoconazole Fenpicoxamid Methyl jasmonate 
(MeJa)

Mancozeb Fenpropidin Methyl jasmonate 
(MeJa)

T4 Mancozeb β-aminobutyric acid 
(BABA)

Difenoconazole Fenpicoxamid β-aminobutyric acid 
(BABA)

Mancozeb Fenpropidin β-aminobutyric acid 
(BABA)

T5 Mancozeb Sodium salicylate 
(NaSa)

Difenoconazole Fenpicoxamid Sodium salicylate 
(NaSa)

Mancozeb Fenpropidin Sodium salicylate 
(NaSa)

T6 Mancozeb Methyl jasmonate:β-
aminobutyric 
acid:Sodium 
salicylate 
(MeJa:BABA:NaSa) 
(proportion 1:1:1)*

Difenoconazole Fenpicoxamid Methyl jasmonate:β-
aminobutyric 
acid:Sodium 
salicylate 
(MeJa:BABA:NaSa) 
(proportion 1:1:1)*

Mancozeb Fenpropidin Methyl jasmonate:β-
aminobutyric 
acid:Sodium 
salicylate 
(MeJa:BABA:NaSa) 
(proportion 1:1:1)*

T7 Mancozeb Methyl jasmonate 
(MeJa)

Difenoconazole Fenpicoxamid β-aminobutyric acid 
(BABA)

Mancozeb Fenpropidin Sodium salicylate 
(NaSa)
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2020). Banana plantlets of cv. Williams, obtained 
from in vitro culture, were acclimatized for nine 
weeks and then transferred to a net-house, where 
the temperature was maintained at 29  °C and rela-
tive humidity above 98%. Resistance inducers, MeJa 
(5  mM), SaNa (2  g/L), and BABA (1  g/L), were 
sprayed on the abaxial side of all leaves of each plant 
using a portable sprayer (Handy portable sprayer 
(Royal Condor®, Soacha, Cundinamarca, Colombia), 
applying approximately 2  mL per leaf. Two hours 
after the application of the resistance inducers, a fun-
gal suspension of P. fijiensis isolate C139 at a concen-
tration of 106 mycelial fragments per mL was applied. 
Mycelial fragment concentration was measured using 
a haemocytometer (Boeco, Hamburg, Germany). 
Three whole leaves from each of two plants (totally 
six leaves) were collected per treatment at each time 
point (0, 24, 72 and 144 h after application of resist-
ance inducers). The three leaves of each individual 
plant were immediately macerated in liquid nitrogen 
and mixed and pooled per plant, which was stored at 
−80 °C for further analysis. Three independent RNA 
extractions and purifications were performed from 
every pool, after infection of banana leaves was veri-
fied by conventional PCR.

Verification of infection of banana leaves by P. 
fijiensis.

To verify infection of banana leaves by P. fijiensis 
by conventional PCR, DNA was isolated and puri-
fied using the CTAB method (Doyle & Doyle, 1987) 
from leaf samples of each treatment at 20 days after 
inoculation with P. fijiensis isolate C139, to perform 
conventional PCR using P. fijiensis -specific primers 
MF137 (5’-GGC​GCC​CCC​GGA​GGC​CGT​CTA-3’) 
and R635 (5’-GGT​CCG​TGT​TTC​AAG​ACG​G-3’). 
Conventional PCR was performed for 35 cycles 
consisting of a denaturation step at 95  °C for 30  s, 
annealing at 60 °C for 30 s and extension at 72 °C for 
30 s. Three replications were performed for each sam-
ple (Leiva-Mora et al., 2013).

Gene expression studies

After verification of infection of banana leaves 
of cv. Williams by P. fijiensis, total RNA was 
extracted from the pools obtained from leaves, 
using the CTAB method as described by White 
et  al. (2008). Samples were treated with DNAse 
I (Thermo Scientific, Wilmington, DE, USA) 

to remove any residual DNA. RNA concentra-
tion was determined by spectrophotometry in a 
Multiskan Skyhigh Microplate Spectrophotom-
eter (Thermo Fisher Scientific, Wilmington, MA, 
USA). Three independent RNA purifications from 
each pool were mixed for the synthesis of cDNA. 
Total RNA (400 ng) was used to synthesize the first 
cDNA strand using the Thermo Scientific Max-
ima Reverse Transcriptase kit (Thermo Scientific, 
Wilmington, DE, USA) as per the manufacturer’s 
instructions. The quality of the cDNA was verified 
in a Bioanalyzer 2100 instrument (Agilent, Wald-
bronn, Germany). For each qRT-PCR reaction, 
200 ng cDNA was used in a CFX96 Touch™ ther-
mal cycler (Biorad, Foster City, CA, USA) with 
the Maxima SYBR Green qPCR Master Mix (2X) 
kit (Thermo Scientific, Wilmington, DE, USA) 
according to the manufacturer’s instructions. The 
ribosomal subunit 26S was used as a reference gene 
(forward primer 5’-ACA​TTG​TCA​GGT​GGG​GAG​
TT-3’, reverse primer 5’-CCT​TTT​GTT​CCA​CAC​
GAG​ATT-3’) (Rodríguez et  al., 2016). The rela-
tive expression levels of the following genes were 
studied: LOX (forward primer 5’-ACT​ACT​TGC​
TCT​TCC​CCA​GCGG-3’, reverse primer 5’-CGT​
CCC​TCA​CAC​CAC​ACG​C-3’) (Rodríguez et  al., 
2020), MYC2 (forward primer 5’-CTC​CCG​CCC​
GCT​CGT​TCA​AG-3’, reverse primer 5’-GCT​CGC​
CCT​GGA​TGT​CGC​TC-3’) (Rodríguez et al., 2020) 
and PR-1 (forward primer 5`-CGC​TTC​GGC​TTT​
GGT​GTG​TG-3’, reverse primer 5’-CGC​TCG​TTG​
GCG​TAG​TTC​TG-3’) (designed in the present 
work using Primer 3 software using default param-
eters (Koressaar & Remm, 2007; Untergasser et al., 
2012). Expression was determined by the 2−ΔΔCT 
method according to Livak and Schmittgen (2001). 
qRT-PCR was performed using the following pro-
gramme: 2 min pre-warming at 50 °C, 10 min dena-
turation at 95  °C, followed by 40 cycles of dena-
turation at 95  °C for 15  s, annealing at 58–60  °C 
for 30 s and extension at 72 °C for 30 s. cDNA was 
quantified by qRT-PCR in triplicate. The whole 
experiment was repeated two times.

Statistical analysis

Data was analysed by ANOVA and post hoc anal-
ysis at a confidence level of 95% (p < 0.05). The 
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assumption of normality of data was verified by 
the Shapiro–Wilk test and the coefficient of skew-
ness. Data that did not meet assumptions of nor-
mality were analysed by non-parametric tests 
(Kruskal–Wallis) and post hoc analysis with Bon-
ferroni adjustments. Differences between means 
were determined by the Tukey HSD test (p < 0.05). 
In vitro tests and field experiments were conducted 
two times. Repetitions were compared by Levene´s 
analysis of homogeneity of variance (p < 0.05) 
(Levene, 1960). If variances of repetitions were 
homogeneous, data were combined. A completely 
random design was used for banana field experi-
ments. The software RStudio, version 1.4.1717 
(Posit, Boston, MA), was used for all analyses.

Results

In vitro effect of resistance inducers on P. fijiensis 
isolates

The control treatment with water (91.6%) showed the 
highest value of the percentage of ascospore germination 
after 48 h of incubation (p = 5.64e−16, Table 2). Media 
supplemented with potassium phosphite at 10  mL/L 
(80.0%), sodium salicylate at 4 g/L (78.9%), or methyl 
jasmonate at 10 mM (72.2%), were not significantly dif-
ferent from the water control (91.6%). Treatment with 

the resistance inducer β-aminobutyric acid—BABA 
[1  g/L] showed a significantly lower percentage of 
ascospore germination (71.6%) than the control (water). 
The lowest value of the percentage of ascospore germi-
nation was observed for the fungicide Boscalid (3.9%).

The fungicide Boscalid showed the shortest aver-
age germ tube length of 7.1  μm for germinating 
ascospores followed by medium supplemented with 
BABA (30.4–35.9  μm) in samples collected from 
fungicide treated and untreated banana crops, respec-
tively (Table  2). All resistance inducers resulted in 
shorter germ tube length compared to the control 
(water) (p < 2e−16). There were no differences in the 
results between samples collected from the two con-
trasting plantations, treated and non-treated with 
chemical fungicides.

Phytotoxicity and physiological effects of resistance 
inducers in banana plots

The solvent for methyl jasmonate (mixture of 10 mL 
Tween 20, 100  mL 70% ethanol (v/v) and 890  mL 
sterile distilled water), the treatment with FosK and 
the control (water) did not show symptoms of phy-
totoxicity (Fig.  1A) at the concentrations tested. 
Leaf atrophy, necrosis, curling, wrinkling, premature 
unfolding, rupture of leaf blades and coiling of the 
flag leaf were identified in 100% of plants treated with 
ASM at 5 mL/L, suggesting phytotoxicity (Fig. 1B). 

Table 2   Percent ascospore germination and average germ tube length of ascospores of P. fijiensis grown on water agar amended 
with resistance inducers or fungicide (Boscalid)

*GT length (μm) + F and GT length (μm) – F: Germ tube length in μm of samples collected from banana crops with or without prior 
application of fungicides, respectively. Data are shown as the average for each treatment (n = 30). The Levene test showed no differ-
ences in homogeneity of variances by between experimental repetitions for the percentage of ascospore germination (p = 0.535), for 
the germ tube length measurements of ascospores collected from banana leaves from crops that had been treated (Fungicide applica-
tion (+ F): p = 0.548) and not treated (No fungicide application (–F): p = 0.926) with chemical fungicides. Therefore, data were com-
bined for the individual experiments

Treatment

Percentage ascospore germina-
tion (%)

GT length (μm) + F * GT length 
(μm) – F *

Control (Water, agar with no amendment) 91.6a 45.5a 55.8ª
Methyl jasmonate [10 mM] 72.2ab 39.0c 48.7b

β-aminobutyric acid—BABA [1 g/L] 71.6b 30.4d 35.9e

Sodium salicylate [4 g/L] 78.9ab 42.8b 41.2d

Potassium phosphite [10 mL/L] 80.0ab 41.7b 47.1c

Boscalid [1.0 ppm] 3.9c 7.1e 7.0f

p-value 5.64e−16  < 2e−16  < 2e−16
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With NaSa at 4  g/L, 67% of the plants exhibited 
symptoms related to phytotoxicity such as leaf burn-
ing (Fig.  1C). Similarly, 67% of plants treated with 
MeJa at 10 mM and 100% of plants treated with MeJa 
at 15 mM showed symptoms of phytotoxicity. In addi-
tion, abnormal gelatinous secretions were observed in 
plants treated with MeJa at 50 mM (Fig. 1D).

The lowest LER (0.12 leaves per week) was 
observed in banana plants treated with NaSa [4 g/L], 
followed by ASM [5  mL/L] (0.35 leaves per week) 
and MeJa [15 mM] (0.40 leaves per week) and these 
treatments showed significantly lower values compared 
to the water control (0.78 leaves per week, p < 2e−16) 
(Table  3). MeJa [15  mM] and NaSa [4  g/L] showed 
significantly lower plant height after six weeks (first 
repetition, p < 2e−16, second repetition, p < 2.85e−08) 
compared to the control (water) (Table 3).

Effect of resistance inducers on development and 
severity of Black Sigatoka disease on banana plots

After six weeks, the highest severity of Black Siga-
toka was recorded for treatment FosK [10 mL/L] as 
well as for the control (water) and solvent control 
(Table  4). In contrast, the lowest values of Black 
Sigatoka severity were observed in banana plants 
treated with MeJa [5 mM], ASM [5 mL/L] and the 
commercial fungicide mancozeb [4  g/L] (AUDPC 
calculated using DS %, p = 9.48e−10; AUDPC calcu-
lated using SED, p = 0.0122). However, despite the 
low severity of Black Sigatoka observed on plants 
treated with ASM, negative effects were detected on 
growth and development such as a decrease in LER 
compared to the water control and leaf malforma-
tion (Table 3, Fig. 1B).

Fig. 1   Phytotoxicity 
observed after treatment of 
banana cultivar Williams 
with resistance inducers. 
A. Healthy plants. B. Symp-
toms after application of 
5 mL/L ASM: 1. Leaf curl-
ing and wrinkling; 2. First 
leaf atrophy and necrosis; 3. 
First leaf atrophy. C. Leaf 
burning after application of 
4 g/L NaSa. D. Abnormal 
gelatinous secretion after 
application of 50 mM MeJa 
on banana plots
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Integration of resistance inducers in a programme for 
Black Sigatoka disease management in banana plots 
in Urabá, Antioquia, Colombia

AUDPC values obtained using two different meth-
ods for calculation (SD% and SED) showed signifi-
cant differences between all treatments containing 
fungicides and/or resistance inducers, when com-
pared to the control where only water was applied 
(p = 4.06e−15 for analysis of AUDPC calculated using 
DS %; p = 8.08e−14 for analysis of AUDPC calculated 

using SED, Table 5). Treatments with three applica-
tions of each of the resistance inducers (MeJa, BABA 
and NaSa) interspersed with five applications of fun-
gicides showed similar results to the control using 
standard chemical fungicides (Table 5). Furthermore, 
three applications of a mixture of resistance inducers 
(1:1:1, v/v/v, BABA, MeJa, NaSa) interspersed with 
five applications of fungicides also showed similar 
results to the control of standard chemical fungicides 
(Table 5). The treatment with MeJa, BABA and NaSa 
interspersed with fungicides, in the second, the fifth 

Table 3   Phytotoxicity and physiological effects of induc-
ers on banana plots. Banana cv. Williams plants were sprayed 
with different doses of resistance inducers. Significant changes 
of the physiological parameters LER and plant height during 

10 weeks in plants treated with resistance inducers compared 
to the control (water) were considered as indications of phyto-
toxicity

*Solvent for methyl jasmonate: mixture of 10  mL Tween 20, 100  mL 70% ethanol (v/v) and 890  mL sterile distilled water. No 
variance inhomogeneity was observed between repetitions for the variable leaf emission rate (LER, p = 0.0714) and therefore data 
were combined. **LER is given in leaves per week. LER data are shown as the average for each treatment (n = 42, p < 2e−16). Data 
represents total change in plant height growth during the 10 weeks of the experiment, expressed in cm. Analysis for variance homo-
geneity showed differences between repetitions for the variable plant height (p = 0.0449) and therefore data of each repetition are 
shown separately for the two experiments. ***Plant height (cm) first repetition (p < 2e−16). ****Plant height (cm) second repetition 
(p < 2.85e−08). Plant height data are shown as the average for each treatment in each repetition of the experiment (n = 21). Means fol-
lowed by different letters are significantly different between treatments according to Kruskal Wallis test´s and Post hoc analysis with 
Bonferroni adjustments

Treatment Concentration Leaf emission 
rate (LER)**

Change in plant height during 
10 weeks (cm).  
First Repetition***

Change in plant height during 
10 weeks (cm).  
Second Repetition****

Control (Water) - 0.78 11.3 3.9
Methyl jasmonate 1 mM 0.72 10.5 3.6
Methyl jasmonate 2.5 mM 0.74 10.2 4.3
Methyl jasmonate 5 mM 0.75 11.6 3.0
Methyl jasmonate 10 mM 0.55  6.1 4.1
Methyl jasmonate 15 mM 0.40  5.4 1.6
Sodium salicylate 0.1 g/L 0.76 12.5 3.6
Sodium salicylate 1 g/L 0.70 12.1 3.7
Sodium salicylate 2 g/L 0.70 12.5 4.0
Sodium salicylate 4 g/L 0.12  5.1 0.6
β-aminobutyric acid 0.01 g/L 0.74 10.8 3.4
β-aminobutyric acid 0.1 g/L 0.76  8.7 3.7
β-aminobutyric acid 1 g/L 0.79 15.8 3.9
Acibenzolar-S-methyl 5 mL/L 0.35 8.5 3.3
Potassium phosphite 0.1 mL/L 0.72 11.5 3.4
Potassium phosphite 1.5 mL/L 0.80 11.9 3.6
Potassium phosphite 3 mL/L 0.74 13.9 3.4
Potassium phosphite 10 mL/L 0.74 13.4 2.2
Solvent for methyl jasmonate* * 0.85 11.1 3.7
p-value  < 2e−16 2e−16  < 2.85e−08
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and the eighth application, respectively, exhibited the 
lowest AUDPC value (calculated as DS%) (182.52) at 
11 weeks after the first application, compared to the 
control of the standard chemical fungicide application 
programme. Interestingly, the lowest AUDPC value 
(calculated as SED) was observed for the treatment 
with three applications of BABA interspersed with 
five applications of fungicides (Table 5).

Molecular confirmation of P. fijiensis infection by 
conventional PCR

Twenty days after application, chlorosis and necro-
sis were observed in the treatment inoculated with P. 
fijiensis only (Fig. 2A). Using the P. fijiensis-specific 
primers Mf1375’ and R635, a PCR-amplified prod-
uct of ~ 1018  bp was obtained, which is consistent 
with the reported fragment, indicating infection by 
P. fijiensis of banana leaves (Fig. 2B). After infection 
was verified in banana leaves, RNA was purified for 
gene expression analysis (Fig. 2C).

Relative expression of defence‑related genes in 
banana plants after induction of resistance inducers

Expression of the defence-related banana genes PR-
1, LOX and MYC2 was studied at three time points: 
24, 72 and 144 h after individual application of resist-
ance inducers BABA, MeJa, NaSa. P. fijiensis was 

inoculated two hours after application of resistance 
inducers and thus, the time points corresponded to 
22, 70 and 142 h after pathogen inoculation (Fig. 3). 
The gene expression level for each treatment and time 
point was compared to the corresponding expression 
level of the water control. Thus, each expression level 
value reflects the effect of treatment and time point.

Significant differences were identified for the 
expression level of each individual gene between the 
different time points and between treatments with 
resistance inducers within each time point evaluated. 
Significantly higher expression of PR-1 was observed 
at 22  h after pathogen inoculation in plants treated 
with BABA and NaSa (p = 2.24e−14, Fig.  3). The 
lowest significant expression of PR-1 was observed 
in plants treated with MeJa and NaSa at 142 h after 
pathogen inoculation (Fig. 3). LOX exhibited signifi-
cantly (p = 3.41e−14) higher up-regulation in plants 
treated with MeJa at 22, 70 and 142 h after pathogen 
inoculation (Fig. 3). The lowest significant expression 
of LOX was observed in plants treated with BABA, 
NaSa, P. fijiensis and water at 22  h after pathogen 
inoculation, BABA, P. fijiensis and water at 70 h after 
pathogen inoculation and NaSa and water at 142  h 
after pathogen inoculation (Fig.  3). MYC2 was sig-
nificantly (p = 1.35e−08) up-regulated in plants treated 
with MeJa at 22, 70 and 142 h after pathogen inocu-
lation (Fig.  3). The lowest expression of MYC2 was 
recorded in plants treated with water at 22  h after 

Table 4   Black Sigatoka severity on banana plots treated with resistance inducers. The Area Under Disease Progress Curve was cal-
culated using the percentage of Disease Severity (AUDPC, DS %) or the Stage of Evolution of the Disease (AUDPC, SED)

*Solvent for methyl jasmonate: mixture of 10 mL Tween 20, 100 mL 70% ethanol (v/v) and 890 mL sterile distilled water. No dif-
ferences in variance homogeneity were found between repetitions of the experiment (p = 0.4779) and therefore data were combined. 
Response variable values are shown as average for each treatment (n = 20). Means followed by different letters are significantly dif-
ferent according to Tukey’s test (p < 0.05). **AUDPC: area under disease progress curve calculated using the percentage of disease 
severity (DS %) at six weeks. ***AUDPC area under disease progress curve calculated using the stage of evolution of the disease 
(SED) at six weeks

Treatment Concentration AUDPC 
(calculated with DS %)**

AUDPC 
(calculated with SED)***

Mancozeb 4 g/L 17.3 c 18.8b

Control (Water) 100% 29.1 a 194.5a

Methyl jasmonate 5 mM 19.1 bc 164.5ab

Sodium salicylate 2 g/L 24.3 abc 170.4ab

Potassium phosphite 10 mL/L 30.8 a 176.8ab

Acibenzolar-S-methyl 5 mL/L 17.2 c 189.5a

β-aminobutyric acid 1 g/L 26.3 ab 167.0ab

Solvent for methyl jasmonate* * 30.9 a 229.6a

p-value 9.48e−10 0.0122
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pathogen inoculation and 70 h after pathogen inocu-
lation and NaSa and water at 142  h after pathogen 
inoculation (Fig. 3).

Discussion

Here, we show for the first time a comprehensive 
model of an integrated management programme 
for Black Sigatoka in banana in commercial plots, 
testing the resistance inducers methyl jasmonate, 
β-aminobutyric acid and sodium salicylate, alone, in 
mixture or in combination with synthetic fungicides. 

We demonstrate the usefulness of resistance inducers 
to manage the Black Sigatoka under field conditions. 
In addition, we describe symptoms of phytotoxic-
ity on banana plants when resistance inducers were 
applied at high doses, highlighting the importance 
of previous and careful determination of concentra-
tion thresholds, timing and other factors to prevent 
unwanted effects during their practical commercial 
use.

Previously, several inducers of resistance in Musa 
spp. against the fungal pathogen P. fijiensis were 
tested (García-Bastidas et  al., 2022; Patiño-Hoyos, 
2001; Sun et al., 2022). Additionally, plant hormones, 

Table 5   Resistance inducers integrated in a commercial pro-
gramme for Black Sigatoka disease management in banana 
plots located in Urabá, Antioquia, Colombia. Each treat-
ment included eight applications. The application of resist-
ance inducers or their mixture were interspersed with chemi-
cal fungicides for each treatment in the second, the fifth and 

the eighth application. As control, eight applications of water 
was used. As control of standard chemical fungicides, the 
usual programme performed by farmers of aerial spray for the 
control of Black Sigatoka in the Urabá-Colombia region was 
implemented

No differences in variance homogeneity were seen between repetitions of the experiment (p = 0.194) and therefore, data were com-
bined. Response variable values are shown as the average for each treatment (n = 20). Means followed by different letters are sig-
nificantly different according to Tukey’s test (p = 0.05). *AUDPC: area under disease progress curve calculated using the percentage 
of disease severity (DS %) at six weeks. **AUDPC area under disease progress curve calculated using the stage of evolution of the 
disease (SED) at six weeks

Treatment Applications AUDPC (DS %)* AUDPC (SED)**

Control (Water) Eight 358.2a 2368.3a

Fungicide control (standard in the Urabá-
Colombia region)

Eight 233.3bc 1194.5b

Methyl jasmonate Three applications of MeJa interspersed with 
five applications of fungicides in the follow-
ing order: fungicide-MeJa-fungicide-fungi-
cide-MeJa-fungicide-fungicide-MeJa

205.6bc 831bc

β-aminobutyric acid Three applications of BABA interspersed 
with five applications of fungicides in the 
following order: fungicide-BABA-fungi-
cide-fungicide-BABA-fungicide-fungicide-
BABA

214.6bc 216.2c

Sodium salicylate Three applications of NaSa interspersed with 
five applications of fungicides in the follow-
ing order: fungicide-NaSa-fungicide-fungi-
cide-NaSa-fungicide-fungicide-NaSa

247.9b 746.1bc

Mixture (1:1:1, v/v/v) of methyl jasmonate: 
β-aminobutyric acid: sodium salicylate

Three applications of the mixture of resist-
ance inducers interspersed with five appli-
cations of fungicides in the following order: 
fungicide-mixture-fungicide-fungicide-
mixture-fungicide-fungicide-mixture

236.6b 803.5bc

Rotated (methyl jasmonate / β-aminobutyric 
acid / sodium salicylate)

Application of each resistance inducer inter-
spersed with five applications of fungicides 
in the following order: fungicide-MeJa-
fungicide-fungicide-BABA-fungicide-
fungicide-NaSa

182.5c 952.5b

p-value 4.06e−15 8.08e−14
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such as jasmonates, have been found to play key roles 
in the defence response of the Black Sigatoka-resist-
ant banana cultivar Calcutta 4 (Torres et  al., 2012; 
Rodríguez et al., 2016; Rodríguez et al., 2020). These 
studies identified new potential tools to be included 
in the management of the Black Sigatoka, such as the 
use of resistance-inducers.

Previous research suggested that resistance induc-
ers activate plant defence mechanisms, but do not 
inhibit pathogen growth directly. However, recent 

findings (Mogollón-Ortíz & Castaño-Zapata, 2012) 
suggested that some resistance inducers might exert 
a direct inhibitory effect on plant pathogens as was 
observed in the current study, where all resistance 
inducers at high concentration reduced the length of 
the germ tube of P. fijiensis. In addition to reducing 
germ tube length, Mogollón-Ortíz & Castaño-Zapata 
(2012) found that BABA also decreased in vitro spor-
ulation and colony size indicating a direct inhibitory 
effect on growth and development of P. fijiensis. Our 

Fig. 2   Black Sigatoka on banana plants cv. Williams inocu-
lated with P. fijiensis. A. Top row: control leaves only treated 
with water at 0, 1, 3, 6 and 20 days after application. Bottom 
row: symptoms of Black Sigatoka in banana leaves at 0, 1, 3, 
6 and 20  days after inoculation with P. fijiensis. B. Agarose 

gel electrophoresis (1%) showing a specific PCR-amplification 
fragment of P. fijiensis. C. Agarose gel electrophoresis (1.5%) 
showing RNA purified from banana plants treated with resist-
ance inducers and P. fijiensis 
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results confirm that resistance inducers exert a detri-
mental direct effect on P. fijiensis in addition to acti-
vating plant resistance mechanisms.

It has been found that the application of resist-
ance inducers to crops may cause some negative side 
effects on growth, development and production as well 
as causing phytotoxicity (Sandroni et al., 2020). Nega-
tive side effects depend on a number of factors such 
as the plant genotype, pathogen, environment, type 
of resistance inducer, mode of application, dose etc., 

suggesting that rigorous testing should be performed 
under every particular condition (Castaño-Monsalve 
et  al., 2015; Sandroni et  al., 2020; Walters et  al., 
2013). Therefore, caution should be taken before their 
widespread use in commercial plantations, and pre-
liminary experiments should be mandatory to deter-
mine the appropriate doses that do not induce negative 
effects on banana production. In the present study, we 
tested several concentrations of MeJa, NaSa, BABA 
and FosK to find the concentration that could be 

Fig. 3   Relative expression of defence-related genes PR-1 of 
banana treated with resistance inducers + P. fijiensis. Samples 
were treated with MeJa [5 mM], BABA [1 g/L], NaSa [2 g/L], 
P. fijiensis [106 mycelial fragments per mL], with water as con-
trol. Gene expression was evaluated at 24, 72 and 144 h after 
application of resistance inducers, which corresponded to 22, 
70 and 142 h after pathogen inoculation. No differences in the 

homogeneity of variances were observed between independ-
ent repetitions for the variable 2ΔΔCt (p = 0.08) and therefore, 
data were combined. Values represent the mean of six replica-
tions for each gene relative to the reference gene 26S. Means 
with different letters indicate statistical differences between 
treatments according to the Kruskal Wallis test´s and Post hoc 
analysis with Student’s T-test (p < 0.05)
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applied to induce effective resistance against P. fijien-
sis without causing adverse effects on physiological 
parameters of production of banana plants.

All resistance inducers produced symptoms of phy-
totoxicity and reduced LER (Leaf Emission Rate) and 
plant growth when applied at the highest doses tested. 
To our knowledge, this is the first report of such 
symptoms in banana treated with resistance inducers. 
Morphological changes in the banana plant, caused 
by phytotoxicity, may reduce fruit yield (Aeberli 
et al., 2023; Batte et al., 2021; Guimarães et al., 2021; 
Israeli et al., 1993; Jayasinghe et al., 2022; Woomer 
et  al., 1999). However, fruit yield measurement was 
out of the scope of this research and therefore, further 
studies should be performed to analyse fruit quality 
and yield to observe whether Black Sigatoka control 
based on or including resistance inducers may affect 
banana production and postharvest quality negatively. 
Nevertheless, when resistance inducers are applied at 
lower doses, they do not cause symptoms, suggest-
ing that with appropriate management, they can be 
included in an integrated disease management pro-
gramme. Hence, the information obtained is crucial 
to determine concentrations to be applied in banana 
crops. Further research must include determination 
of the frequency of application of each resistance 
inducer to control the disease, but without causing 
phytotoxicity.

Based on the information obtained, we used low 
doses of the resistance-inducers that did not cause 
adverse effects on banana plants for further field 
experiments. The first and second repetition of the 
experiment to measure phytotoxicity showed differ-
ent plant heights, but with a similar tendency between 
repetitions. It has been observed that banana plant 
growth rate depends on edaphoclimatic and physi-
ological conditions such as precipitation, temperature 
and others (Turner, 1995). In the Urabá region, these 
factors are variable in a way that probably favours a 
higher plant growth rate during the second half of the 
year (from July to December, Sánchez & Mira, 2013). 
This may partially explain why the two independent 
experiments to measure plant height showed differ-
ences, because the second repetition was performed 
during the first half of the year (from January to June) 
and the first repetition of the experiment was per-
formed during the second half of the year (from July 
to December), resulting in higher plants as observed 
in Table 3.

Previous research has shown that phosphonates 
are effective resistance inducers in various pathosys-
tems, including the banana-P. fijiensis pathosystem 
(Patiño-Hoyos, 2001; Mogollón-Ortiz & Castaño-
Zapata, 2011; Mogollón-Ortíz & Castaño-Zapata 
2012; Ramírez et al., 2012). However, in the present 
research, banana plants treated with FosK showed the 
same level of Black Sigatoka severity as the control 
(water) or solvent controls. In contrast to FosK, MeJa 
and ASM were found to be as effective in reducing 
Black Sigatoka severity as the chemical fungicide 
mancozeb. Additionally, incorporation of applica-
tions of MeJa, BABA and NaSa in a programme of 
Black Sigatoka control, exhibited similar results as 
the commercial programme of chemical fungicide 
applications. Importantly, treatment T7 (Table  1), 
which consisted in the following eight applications 
spaced over ten weeks – the first with mancozeb, 
second with MeJa, third with difenoconazole, fourth 
with fenpicoxamid, fifth with BABA, sixth with 
mancozeb, seventh with fenpropidin and eighth with 
NaSa – was found to be the most effective in reduc-
ing Black Sigatoka severity, suggesting that rotating 
chemical fungicides with resistance inducers may be 
a good approach to control the disease.

In several pathosystems, resistance inducers have 
been tested in rotation or combined with chemical 
fungicides for integrated disease management (Patri-
cio et al., 2007; Liljeroth et al., 2010; Monsalve et al., 
2012; Cohen et  al., 2016). The synergistic effects 
between resistance inducers and fungicides on plant 
protection has been attributed, at least in part, to 
the anatomical and biochemical changes observed 
in plants after product application (Li et  al., 2018). 
The results obtained in the present study suggest that 
incorporating resistance inducers in commercial pro-
grammes for Black Sigatoka control may reduce the 
number of chemical fungicide applications needed.

Complex molecular and biochemical signalling 
has previously been identified in the Musa spp.-P. 
fijiensis interaction (Noar et  al., 2022; Rodríguez 
et  al., 2016). Understanding the molecular and bio-
chemical signalling pathways involved in this plant-
pathogen interaction is very important to understand 
the key factors determining plant resistance and in 
designing novel or improved strategies for Black 
Sigatoka management. A set of genes, which indicate 
the onset of the defence response have been described 
(Rodríguez et  al., 2016; Rodríguez et  al., 2020). 
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Here, we measured the relative expression of some 
of those genes to test whether they were activated 
after the application of resistance inducers in banana 
plants inoculated with P. fijiensis. Our results showed 
increased relative expression of defence-related genes 
PR-1, LOX and MYC2, dependent on the treatment 
and time point tested, suggesting that the defence 
responses in banana plants were effectively activated 
against P. fijiensis by the resistance inducers applied. 
This finding constitutes an advancement in the under-
standing of the plant defence activation after applica-
tion of resistance inducers. This knowledge that may 
be useful to improve or design novel strategies for the 
Black Sigatoka disease management.

In the present study, PR-1 was up-regulated during 
the biotrophic phase of the infection in plants treated 
with NaSa and BABA and down-regulated in plants 
treated with MeJa. Menéndez et  al. (2020) found 
a similar association of PR-1 to defence responses 
regulated by the hormone methyl-salicylate. The 
PR-1 protein shows antimicrobial activity by seques-
tration of sterols from pathogens, and evidence sug-
gests an involvement in systemic acquired resistance 
(Gamir et al., 2017; Han et al., 2023). The PR-1 pro-
tein is also significantly up-regulated after infection 
of Musa sp. by several pathogenic fungi including P. 
fijiensis (Portal et  al., 2011; Rodriguez et  al., 2016; 
Anuradha et al., 2022). P. fijiensis requires sterol for 
membrane biosynthesis and growth (Cañas-Gutiér-
rez et al., 2009). In fact, azole fungicides such as the 
DMI fungicides imidazoles and triazoles act through 
the inhibition of sterol 14α-demethylase (CYP51) and 
are widely used for Black Sigatoka control (Cañas-
Gutiérrez et al., 2009; Chong et al., 2021; Lepesheva 
& Waterman, 2004). Plant PR-1 may target pathogen 
sterols, as do bacteria, with the production of antimy-
cotic polyene antibiotics that bind to ergosterols in 
fungal membranes to cause cellular leakage and azole 
fungicides that act as sterol biosynthesis inhibitors 
(Gamir et al., 2017; Han et al., 2023).

In the present study, it was found that application 
of MeJa up-regulated the expression of LOX and the 
transcription factor MYC2, which are known to be 
associated to jasmonate-mediated signalling (Rod-
ríguez et al., 2016; Rodríguez et al., 2020). Similarly, 
MYC2 was up-regulated in cv. Calcutta 4 after infec-
tion with P. fijiensis, which in turn may activate PR-
proteins and defence-related transcription factors of 
the WRKY family (Rodríguez et al., 2016; Rodríguez 

et  al., 2020). Pérez-Peláez (2018) showed that jas-
monic acid and salicylic acid reduced Black Siga-
toka severity and, in addition, the application of SA 
increased the banana bunch net weight. These results 
are consistent with the molecular pathways appar-
ently activated in our research (Rodríguez et al., 2016; 
Rodríguez et al., 2020; Terrero-Yepez et al., 2020).

Resistant cultivars of banana, such as cv. Calcutta 4, 
displayed a stronger and earlier response of jasmonate 
regulated defence-related genes, compared to the sus-
ceptible cv. Williams (Rodríguez et al., 2016; Rodríguez 
et al., 2020). The effect of resistance inducers on banana 
plants found in the present study apparently resembles 
the response of resistant banana genotypes such as cv. 
Calcutta 4 described by Rodriguez et al. (2020).
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