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ABSTRACT RESUMEN

Coffee leaf rust (Hemileia vastatrix) is one of the most devastat-
ing coffee diseases, causing losses ranging from 23% to 50% of 
the crop. Chemical applications are the most employed control 
strategies in countries lacking resistant coffee varieties. In the 
search for new alternatives for integrated management, an in 
vitro and nursery evaluation protocol was developed for Coffea 
arabica cv. Caturra plants using the following resistance induc-
ers: acibenzolar-S-methyl, salicylic acid, potassium phosphite, 
and Harpin protein. These compounds were tested at three 
concentrations, across three intervals between product applica-
tion and pathogen inoculation, and in two response signaling 
pathways (local or systemic) to assess their effects on the in 
vitro germination of rust urediniospores and disease severity in 
6-month-old coffee plants inoculated with the pathogen. In gen-
eral, all compounds inhibited urediniospore germination and 
exerted disease control mediated mainly by the concentration 
of the product with biweekly application intervals and where 
local responses prevailed more than systemic ones. This study 
highlights the potential of these compounds as resistance induc-
ers, especially for acibenzolar-S-methyl, where we observed the 
best effects on disease control. Our findings open new avenues 
for incorporating resistance inducers into integrated disease 
management programs to complement fungicide applications.

La roya del café (Hemileia vastatrix) es una de las enfermedades 
más devastadoras del café, causando pérdidas que van desde el 
23% hasta el 50% del cultivo. Las aplicaciones químicas son las 
estrategias de control más comúnmente empleadas en países 
que carecen de variedades de café resistentes. En la búsqueda 
de nuevas alternativas para el manejo integrado, se desarrolló 
un protocolo de evaluación in vitro y en vivero para plantas de 
Coffea arabica cv. Caturra utilizando los siguientes inductores 
de resistencia: acibenzolar-S-metil, ácido salicílico, fosfito de 
potasio y proteína Harpin. Estos compuestos se probaron en 
tres concentraciones, en tres intervalos entre la aplicación 
del producto y la inoculación del patógeno, y en dos vías de 
señalización de respuesta (local o sistémica) para evaluar sus 
efectos sobre la germinación in vitro de las urediniosporas 
de la roya y la severidad de la enfermedad en plantas de café 
de 6 meses de edad inoculadas con el patógeno. En general, 
todos los compuestos evaluados inhibieron la germinación de 
las urediniosporas y ejercieron un control de la enfermedad 
mediado principalmente por la concentración del producto 
con intervalos de aplicación quincenal y en donde prevalecie-
ron más las respuestas locales que las sistémicas. Este estudio 
destaca el potencial de estos compuestos como inductores de 
resistencia, especialmente del acibenzolar-S-metil, con el que se 
observaron los mejores efectos en el control de la enfermedad. 
Los hallazgos abren nuevas vías para incorporar inductores de 
resistencia en programas de manejo integrado de enfermedades 
como complemento a las aplicaciones de fungicidas.
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Introduction

Coffee leaf rust, caused by the fungus Hemileia vastatrix 
Berkeley & Broome (Basidiomycota, Pucciniales), remains 
the primary disease affecting coffee crops worldwide (Kou-
touleas et al., 2024; Sera et al., 2022; Zambolim, 2016). In 

Colombia, it causes losses exceeding 30% in susceptible va-
rieties of Coffea arabica when preventive control measures 
are not implemented (Rivillas et al., 1999). This disease 
is closely linked to the physiological development of the 
crop, plant yield, and the region’s rainfall distribution and 
amount (Rivillas et al., 2011). Damage from coffee rust is 
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caused by a significant reduction in the photosynthetic 
area due to lesions and generalized defoliation caused by 
the pathogen (Avelino et al., 2015). 

Infection of H. vastatrix begins with the germination of 
uredospores on the underside of the leaves, requiring op-
timal conditions of humidity, temperature, and low or an 
absence of light intensity (Haddad et al., 2009; Hernández-
Amasifuen et al., 2023). Following germination, appressoria 
form on the stomata, allowing the penetrating hypha to 
enter the substomatal chamber. There, the hyphae develop 
haustoria, enabling intracellular colonization (Gichuru 
et al., 2012; Ramiro et al., 2009). During colonization, 
the hyphae intertwine within the substomatal cavities, 
eventually forming protosori. These mature into uredos 
over approximately three weeks, protruding through the 
stomata to form orange pustules that are visible structures 
characteristic of the infection on the leaf ’s underside 
(Salazar-Navarro et al., 2024; Talhinhas et al., 2017). Severe 
attacks result in excessive defoliation, exposing growth 
nodes on the plant branches and buds to direct radiation, 
leading to progressive cell death. This continuous cell 
death and necrosis of growth nodes affect potential plant 
yields during the current and subsequent harvest seasons 
(Kushalappa & Eskes, 2019).

Chemical control is a crucial component of integrated 
coffee rust management, particularly in Coffea arabica 
varieties such as Caturra and Typica, susceptible to the 
disease. In Colombia, chemical control is applied using 
cupric compounds or systemic fungicides such as triazoles 
and strobilurins (Rivillas et al., 2011). However, this ap-
proach can increase the presence of multiple rust races due 
to changes in pathogen virulence and dynamics in planting 
varieties with complete and partial resistance. This leads to 
new isolates infecting previously resistant materials (Rozo-
Peña & Cristancho, 2010). The appearance of new races 
is often related to increased selective pressure on certain 
pathogenic races due to improper fungicide application, 
such as using higher or lower doses than recommended or 
increasing spraying frequency (Deising et al., 2008). Fortu-
nately, until 2012, no rust races resistant to commonly used 
fungicides, such as triazoles, have been found in Colombia 
(Cristancho et al., 2012).

Induced resistance against plant pathogens represents an 
alternative disease control method, activating latent defense 
mechanisms in plants. This resistance can be triggered by 
biotic agents (plant extracts, microorganisms, or parts of 
these organisms) or abiotic agents (chemicals) (Cavalcanti 
et al., 2005; Reglinski et al., 2023; Resende et al., 2006). 
Induced resistance (IR) is divided into systemic acquired 

resistance (SAR) and induced systemic resistance (ISR) 
(Van Loon, 1997). In IR, resistance operates systemically 
or locally in response to a pathogen causing necrotic le-
sions (hypersensitivity reaction) or through exogenous 
application of synthetic compounds primarily mediated 
by the salicylic acid (SA) metabolic pathway. Unlike SAR, 
ISR is mediated by jasmonic acid and ethylene metabolism 
triggered by beneficial or endophytic plant microorganisms 
or by the exogenous application of synthetic compounds 
(Flors et al., 2024; Pieterse et al., 2001). According to Gust 
et al. (2012), initiating plant defense processes against pos-
sible infection or colonization by microorganisms requires 
molecular dialogue between the organisms involved, con-
sidering 1) the perception of pathogen-associated molecular 
patterns (PAMPs) by plant pattern recognition receptors 
(PRRs) or 2) the perception of microbial pathovar-specific 
proteins by the receptors of the plant immune system 
(Akhter et al., 2021; Chisholm et al., 2006; Dangl & Jones, 
2001; Spoel & Dong, 2012).

The success of induced resistance depends not only on the 
compound itself but also on factors such as 1) the concen-
tration of the molecule, achieving the best effects without 
affecting the biology of the pathogen, 2) the prolonged 
duration of the inducing effect, and 3) the type of signaling 
for the immune response (Hönig et al., 2023).

Extensive research has been conducted to find and imple-
ment such inducers in integrated coffee disease manage-
ment. Examples include extracts of rust-infected coffee 
leaves (Amaral et al., 2005, 2007; Barguil et al., 2005), 
suspensions of inactive spores from H. vastatrix (Costa et 
al., 2007; Leonel & Barros, 2013), foliar fertilization with 
phosphites or potassium silicates (Carré-Missio et al., 
2009, 2012; Costa et al., 2007; Lopes et al., 2013; Mehta et 
al., 2022; Pereira et al., 2009), or the foliar application of 
exogenous molecules such as ASM (Fernandes et al., 2013; 
Galdeano et al., 2010; Ito et al., 2024; Marchi et al., 2002; 
Patrício et al., 2008), harpin proteins (Chuang et al., 2014; 
de Capdeville et al., 2003; Galdeano et al., 2010; Sands et 
al., 2022), xanthan gum (Guzzo et al., 1993; Hassanisaadi 
et al., 2025), and SA (Berumen et al., 2015; McLaughlin et 
al., 2024; Mogollón Ortiz & Castaño Zapata, 2023), etc.

Despite using conventional management strategies, such 
as the recurrent application of fungicides and the planting 
of resistant varieties, disease control remains a challenge 
due to the genetic variability of the pathogen and the 
favorable environmental conditions for its development. 
In this context, resistance-inducing products represent 
a promising alternative within integrated management 
programs. However, even though these types of exogenous 
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compounds have been widely studied and evaluated in a 
wide variety of pathosystems in Colombia, the informa-
tion on the efficacy of these products in coffee cultivation 
is limited and poorly verified; this makes it challenging to 
integrate and adopt them in integrated coffee rust manage-
ment programs at a national level. Therefore, this research 
seeks to generate knowledge by evaluating four molecules 
currently marketed in the country as resistance inducers 
and their efficiency in controlling coffee rust. The results 
will contribute to the development of innovative and 
sustainable strategies for disease management, benefit-
ing producers by reducing the use of agrochemicals and 
strengthening the resilience of coffee plantations in the 
face of this crucial phytosanitary problem. 

Materials and methods

Four molecules with high potential for induced resistance 
were selected with documented results for managing and 
controlling foliar diseases in economically important 
crops. All evaluation parameters of these molecules were 
designed according to selection criteria proposed by Steiner 
and Schönbeck (1995). They classified as inducing agents 
all compounds that met the following characteristics: 1) 
absence of direct toxic effects by the inducer on pathogen 
germination, 2) increase in the magnitude of resistance, 
regardless of the applied concentration, 3) prolonged dura-
tion of the inducing effect between the expression of resis-
tance and plant exposure to the pathogen, and 4) systemic 
response. The protocol development was proposed in the 
following two stages:

Effect of the inducer on H. vastatrix 
urediniospore germination
Aqueous solutions of each inducer treatment were prepared 
at three different doses, considering the concentration of 
the active ingredient in the commercial product (Tab. 1). 
The pH of the water used ranged between 7.05 and 7.10. The 
source products were ASM (BION 50WG®, Syngenta Crop 
Protection LLC, Greensboro, NC, USA), SA (Re-Leaf®, 
Stoller International Inc., Houston, TX, USA), Potassium 

phosphite (PhytoGard Phosphyte®, Stoller International 
Inc., Houston, TX, USA), and Harpin protein (Messenger®, 
Plant Health Care, Holly Springs, NC, USA).

Coffee leaves (Coffea arabica var. Caturra) were collected 
from experimental plots at the Naranjal Central Station of 
Cenicafé (Chinchiná, Caldas) to obtain the rust inoculum. 
The leaves exhibited characteristic symptoms and signs of 
the disease. They were free of biological control agents such 
as Simplicillium sp. and Lecanicillium sp. mycoparasites of 
rust uredospores that are visually easy to identify due to the 
whitish color of the rust pustules. Subsequently, the leaves 
were stored in paper bags and taken to the Phytopathology 
Laboratory at the National Research Center of Coffee (Ce-
nicafé), where they were placed for 48 h in moist chambers 
at 25°C in the dark to preserve the inoculum. Once the 
lesions showed abundant sporulation, the urediniospores 
were harvested by scraping the undersides of the leaves with 
a #22 scalpel blade and then storing them in gelatin capsules 
at room temperature for no longer than 24 h.

Inoculum solutions were prepared at a rate of 0.3 mg ml-1 
urediniospores in sterile distilled water, yielding a final 
concentration of approximately 4000 urediniospores ml-1. 
These solutions were homogenized by ultrasound for 30 s at 
50 Hz and maintained under constant stirring. Ten reading 
units were subsequently evaluated, each consisting of 4 µl of 
the inducing compound solution plus 4 µl of the suspension 
containing homogenized urediniospores. These tests were 
performed on slides covered with Parafilm® M. Once all 
the slide covers were prepared, they were placed in moist 
chambers at a temperature of 22°C in complete darkness. 
After 4 h, 2 µl of lactophenol cotton blue dye was added to 
each slide to stop germination and facilitate counting ger-
minated and non-germinated spores using an Axio Lab. A1 
stereomicroscope (Zeiss Company, Oberkochen, Germany) 
located in the Phytopathology Laboratory at Cenicafé. All 
processes of counting germinated and non-germinated 
spores were supported by Carl Zeiss® ZEN image acquisi-
tion software and processed using an algorithm designed 
for this purpose in ImageJ® (version 1.49).

TABLE 1. Products and doses used.

Inducer (treatment)
Active ingredient per ml of water

Low dose Recommended dose* High dose

Acibenzolar-S-methyl (ASM) 50 µg 200 µg 800 µg

Salicylic acid (SA) 0.3 µl 1.2 µl 5.0 µl

Potassium phosphite 0.2 µl 0.8 µl 3.3 µl

Harpin 7.5 µg 30 µg 120 µg

*According to the product manufacturer.
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Spores were considered germinated when they exhibited 
a germinative tube measuring more than one-third of the 
diameter of the urediniospore (Kushalappa & Eskes, 1989). 
The germination rate variable was calculated by randomly 
applying the treatment doses to the experimental units 
(slide mounts) and the doses of each inducer as the treat-
ments. Since each molecule was evaluated separately, a 
daily evaluation of the absolute control (germination only 
in distilled water) was necessary to determine the quality 
of the inoculum. If the germination rate was lower than 
50%, the treatment readings were not taken, and the trial 
was discarded. The percentage of inhibition in germina-
tion was obtained by percentage difference, considering 
the germination rates obtained for the absolute control of 
each treatment.

Effects of inducers on the control of coffee leaf rust
The coffee plants were obtained from the harvested seeds 
of self-fertilized C. arabica cv. Caturra populations to avoid 
genetic variability. These plants, located at the Naranjal 
Central Station of Cenicafé, are highly susceptible to all 
physiological races of H. vastatrix. The seedlings were 
transplanted into 17 x 23 cm seedbed plastic bags filled 
with soil supplemented with organic matter and placed in 
a mesh house under 40% shade, an average temperature of 
25°C, and an average relative humidity of 70% until they 
reached six months of age or developed five pairs of fully 
expanded leaves. The application of fungicides or other 
products that could interfere with disease development was 
restricted. The seedbed was fertilized before treatment ap-
plication with 2 g of diammonium phosphate (DAP) every 
two months, and irrigation was scheduled twice weekly.

When the plants reached the required number of leaves 
(four pairs of fully extended leaves), aqueous solutions of 
each inducer treatment were prepared at three different 
concentrations, as shown in Table 1. Each treatment was 
applied using a Gast® spray pump (Gast Manufacturing 
Inc., Benton Harbor, MI, USA) at a pressure of 5 psi, with 
a volume of 0.5 ml/leaf, maintaining a 30 cm distance 
between the applicator nozzle and the plant. For evalua-
tions of the local and systemic response of the inducers, 
the second and fourth pairs of leaves were protected with 
a waterproof plastic cover to avoid direct contact during 
spraying (systemic response). The first and third pairs of 
leaves were applied on upper and lower surfaces to ensure 
uniform distribution (local response). Control treatments 
were applied using only distilled water, following the same 
spraying method.

Each treatment had an exposure time interval between 
product application and pathogen inoculation of 15, 30, 
and 45 d. Inoculation with H. vastatrix was performed on 
the same day for all intervals to avoid variations. As previ-
ously described, an inoculum solution of approximately 4 
x 104 spores ml-1 was prepared. The inoculation was ap-
plied to the first through fourth pairs of leaves from the 
apex, including those previously protected using a Gast® 
spray pump at a constant pressure of 5 psi, with a volume 
of 0.5 ml/leaf, maintaining a 30 cm distance between the 
applicator nozzle and the plant. Once inoculated, the 
plants were placed in a dark room for 72 h at 23°C with a 
relative humidity of 90% or more, maintained by a Bahn-
son® humidifier (DnB Humidifier Manufacturing Inc., 
Winston-Salem, NC, USA), to favor pathogen germination 
and penetration. Afterward, the plants were returned to 
the mesh house under the same conditions (40% shade, 
average temperature 25°C, and average relative humidity 
70%) until the first symptoms appeared.

The test was completely randomized with a 3x3x2 facto-
rial arrangement (three doses x three-time intervals x two 
response types). The experimental unit was the seedling 
or nursery plant. The treatments were the interaction of 
the three doses (low, recommended, and high), the time 
intervals (15-, 30-, and 45-d post-inducer application), and 
the response signaling pathways (local and/or systemic). 
Each treatment, including the control, had six plants as 
replicates, each with eight leaves as reading units (n = 48). 
After 60 d post inoculation (the date on which the control 
reached maximum pustule development), the evaluation 
process of each treatment began. To do this, each leaf 
corresponding to the reading units was removed with the 
help of a scalpel, trying not to cause disturbance or loss 
of the generated pustules. The leaves were then placed in 
previously labeled trays and taken to the Phytopathology 
laboratory of Cenicafé. 

Each treatment was evaluated by recording the percent-
age of the affected area as disease severity using a UMAX 
Powerlook® scanner (Model 2100XL). Each image was 
processed at 500 dpi on a black background with a quadratic 
area-preserving map. Images were individually processed 
with ImageJ® (version 1.49) software, calibrated to identify 
each lesion’s minimum and maximum visible spectral 
ranges to determine the final severity on each reading 
unit. The percentage of control was obtained by percentage 
difference, considering the final severity obtained for the 
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absolute power. The test duration was 6 months and was 
not repeated over time.

Statistical analysis
For both the in vitro germination rate of urediniospores 
and the disease severity in the leaves, we checked for nor-
mal distribution and homogeneity of variance with the 
Shapiro-Wilk and Levene test. Then, a descriptive analysis 
of variance (ANOVA) was performed using the statistical 
arithmetic mean, standard deviation, and coefficient of 
variation. Variables showing significant differences were 
subjected to Duncan’s means comparison test (α = 0.05). 
Data analysis was performed with a Dunnett’s means 
comparison test (α = 0.05) for the germination rate vari-
able since each treatment was individually compared to the 
absolute control. All statistical analyses were conducted 
using R version 3.3.2 (R Core Team, 2023).

Results and discussion

Effect of the inducer on H. vastatrix 
urediniospore germination 
None of the treatments were statistically equal to the ger-
mination rates obtained for the absolute control (without 
product application) across the three evaluated doses (Fig. 
1). On average, the germination rate for the absolute control 
was 67.9%, followed by potassium phosphite treatment 
(15.7%), ASM (15.1%), harpin (6.3%), and SA (0%). The 
treatment with the highest inhibition rate was SA (100%), 
followed by harpin (90.9%), potassium phosphite (76.4%), 
and ASM (74.5%).

According to the ANOVA, there were significant differenc-
es among treatments in terms of urediniospore germination 

after 4 h of exposure to the three different doses (F = 230.9, 
df = 4, P-value <0.0001). None of the evaluated molecules 
exhibited germination rates close to those of the absolute 
control (water alone without product application), which 
ranged from 59.2% to 76.2%. The germination inhibition 
displayed an inversely proportional relationship between 
the dose and the urediniospore germination rate. However, 
this effect did not occur with SA, which prevented spore 
germination even at the lowest dose, demonstrating the 
compound’s marked direct inhibitory effect (Fig. 2). 

Germination at the low dose (0.2 µl ml-1) was only 27.9% 
germination, followed by the recommended dose (0.8 µl 
ml-1) with 19.1% germination, and finally, the high dose 
(3.3 µl ml-1) where germination did not occur. These find-
ings are consistent with Costa et al. (2007), who evaluate 
the biocidal effect of 7.5 µl ml-1 potassium phosphite on 
the in vitro germination of H. vastatrix urediniospores, 
reporting 100% inhibition compared to the absolute con-
trol, indicating a significant toxic effect of this molecule on 
pathogen germination. Similarly, Fernandes et al. (2013), 
studying the efficacy of copper and manganese phosphates 
at a concentration of 5 µl ml-1 on the in vitro germination 
of H. vastatrix urediniospores, observes low germination 
rates of 22.8% and 20.8%.

Likewise, ASM showed adverse effects compared to those 
obtained in the absolute control. Germination at low doses 
(50 µg ml-1) was only 29.9%. This was followed by the rec-
ommended dose (200 µg ml-1) with 15.4% germination, 
and finally, the high dose (800 µg ml-1) where germination 
did not occur. These results differ from those Guzzo et al. 
(2001) reported, who assessed ASM’s biocidal effects on 
urediniospore germination and appressorium formation 
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in H. vastatrix using fluorescence microscopy. Their study 
found no significant inhibition of germination or appresso-
rium formation across all ASM concentrations tested (10 to 
400 µg ml-1). Similarly, Marchi et al. (2002) evaluated ASM 
across different concentrations (1 to 1000 µg ml-1) on coffee 
leaves. They found no fungitoxic effects on the pathogen. 

Harpin also showed adverse effects compared to those ob-
tained in the absolute control. Germination at the low dose 
(7.5 µg ml-1) was only 17.7%, followed by the recommended 
dose (30 µg ml-1) with 1.3% germination, and finally at 
the high dose (120 µg ml-1) where germination did not oc-
cur. These findings contrast with those reported by Jesus 
(2009), who found no significant differences in the toxic 
effects of harpin on H. vastatrix urediniospore germina-
tion across a range of concentrations from 250 to 4000 µg 
ml-1, results that were comparable to the absolute control. 
However, Galdeano et al. (2010) investigated harpin’s ef-
fects on Cercospora coffeicola. They observed a stimulat-
ing effect on conidial germination and mycelial growth 

at concentrations ranging from 7.5 to 120 µg ml-1. These 
discrepancies suggest that harpin may not exert a direct 
toxic effect on pathogen development but could instead 
stimulate growth, a phenomenon whose significance in 
disease control remains debated. Unlike our study, Jesus 
(2009) and Galdeano et al. (2010) applied harpin directly to 
leaf surfaces, allowing for absorption over approximately 
6 h before pathogen inoculation (H. vastatrix and C. cof-
feicola), indicating that the molecule was not in direct 
simultaneous contact with pathogen spores.

Furthermore, it is essential to consider the pH of the 
aqueous dilutions used with Harpin treatment, which 
ranged between 5.40 and 5.57, representing the most acidic 
conditions in our experiment. Carré-Missio et al. (2012) 
investigated the effects of potassium silicate applications 
at different concentrations on H. vastatrix urediniospore 
germination across pH values of 5.5, 7.5, and 10.5. They 
report that at a dose of 8 g L-1, germination inhibition 
rates are 13.9%, 15.6%, and 20.8%, respectively, indicating 
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varying effects of the product with spores germinating 
more effectively under acidic conditions than neutral pH. 
Finally, SA showed inhibitory effects on germination for 
all evaluated doses, even at the lowest dose (0.3 µl ml-1).

Although most authors did not report adverse effects on 
the germination of H. vastatrix, our results suggest a toxic 
effect on the germination processes of the spores, mainly 
depending on a high concentration of the applied product. 
Because of this, and in light of our results, it is not possible 
to ensure that the control of the disease corresponds to the 
direct activation of the plant’s defense mechanisms but to 
the adverse effects that the molecules have on the germina-
tion of the spores, an essential aspect if we consider that this 
type of research seeks the selection of molecules without 
direct toxic effects (Steiner & Schönbeck, 1995), due to the 
implications that this has on the selection pressure of the 
pre-existing populations of the pathogen or the generation 
of a more significant number of resistant isolates.

Effects of inducers on the control of coffee leaf rust
According to the ANOVA, there were significant differ-
ences among treatments regarding disease control, regard-
less of the dose, application interval, and type of response 
signaling, compared to the absolute control (F = 26.08, 
df = 4, P-value <0.0001). The severity of the absolute control 
was 11.6%, followed by treatments with potassium phos-
phite (2.7%), harpin (2.5%), SA (1.6%), and ASM (1.3%). 
The treatment with the best control was ASM, achieving 
88.6% control compared to the absolute control, followed 
by SA (86.1%), harpin (78.6%), and potassium phosphite 
(76.6%) (Fig.3).

Regarding the dose effects, only SA and ASM showed 
significant differences in disease control at high doses. 
Potassium phosphite, SA, and ASM exhibited substantial 
differences compared to harpin at recommended doses. 
In contrast, harpin, SA, and ASM showed significant 
differences compared to potassium phosphite at low doses. 
Regarding the effect of application intervals, harpin, SA, 
and ASM displayed substantial differences at a 15 d interval. 
Additionally, SA and acibenzolar-S-methyl (ASM) showed 
significant differences at 30 and 45 d application intervals. 
Concerning the effect of type of response signaling, SA 
and ASM showed substantial differences for local signal-
ing. Furthermore, ASM was the only compound showing 
significant differences compared to the others for systemic 
signaling (Fig. 4).

Potassium phosphite achieved the best results when applied 
at the high dose (3.3 µl ml-1), followed by the recommended 
dose (0.8 µl ml-1), and then the low dose (0.2 µl ml-1), with 
disease control percentages of 83.4%, 82%, and 64%. Op-
timal disease control was observed when treatments were 
applied at a 15-d interval, followed by 30 and 45-d inter-
vals, resulting in control percentages of 82.6%, 75.5%, and 
71.2%. The predominant signaling pathway was more local 
(83.7%) than systemic (69.2%), indicating that disease con-
trol is more effective with higher doses applied at intervals 
not exceeding 15 d, achieving control rates ranging from 
80% to 86% (Fig. 5A). These results contrast with Costa 
et al. (2007), who demonstrates effective disease control 
(57-65%) with 7.5 µl ml-1 potassium phosphite applied at 
intervals close to 30 d. Similarly, Fernandes et al. (2013) 
found that manganese phosphite provided higher disease 

Se
ve

rit
y 

(%
)

Treatments

Severity

Absolute control Potassium 
phosphite

Harpin Salicylic acid Acibenzolar 
S methyl

Inhibition

Co
nt

ro
l (

%
)

0

20

40

60

80

100

0

5

10

15

20

a

b b
b b

FIGURE 3. Mean severity index at three doses, three different time intervals between product application and pathogen inoculation, and two signaling 
pathways in the responses to potassium phosphite, harpin, SA, and ASM compared to the absolute control. The vertical lines on the bars indicate 
95% confidence intervals (± SE, n = 54). According to Duncan’s multiple comparison test at 5%, different letters on the vertical lines indicate 
significant differences.



8 Agron. Colomb. 42(3) 2024

a

b
b b b

a

b
b

a a

b
b

b

a a
a a b

a a b b
a a

a

b b b

a

b b

c

b
a

c c

b a
b b a a

b

c

a
a

a a

a a

b b

a b
b

c

b b
aa

c
b b a

Se
ve

rit
y 

(%
)

Dose of the molecule (concentration)
Low Recommended High

0

4

2

6

8

10
A

Acibenzolar S methyl
Potassium phosphite Harpin Salicylic acid

Co
nt

ro
l (

%
)

Dose of the molecule (concentration)
Low Recommended High

0

40

20

60

80

100
B

Acibenzolar S methyl
Potassium phosphite Harpin Salicylic acid

Se
ve

rit
y 

(%
)

Application intervals (days)
15 30 45

0

4

2

6

8

10
C

Acibenzolar S methyl
Potassium phosphite Harpin Salicylic acid

Co
nt

ro
l (

%
)

Application intervals (days)
15 30 45

0

40

20

60

80

100
D

Acibenzolar S methyl
Potassium phosphite Harpin Salicylic acid

Se
ve

rit
y 

(%
)

Type of response
Local Sistemic

Type of response
Local Sistemic

0

4

2

6

8

10
E

Acibenzolar S methyl
Potassium phosphite Harpin Salicylic acid

Co
nt

ro
l (

%
)

0

40

20

60

80

100
F

Acibenzolar S methyl
Potassium phosphite Harpin Salicylic acid

FIGURE 4. Mean severity index (left) and percent control (right) of variables. A and B) The molecule doses, C and D) The time intervals between 
product application and pathogen inoculation, E and F) The types of responses to potassium phosphite, harpin, SA, and ASM. The vertical lines on 
the bars indicate 95% confidence intervals (± SE, n = 18). According to Duncan’s multiple comparison test at 5%, different letters on the vertical 
lines indicate significant differences.

control (70%) than copper phosphite (56%) during longer 
application intervals, including 40 d against coffee rust. 

Harpin exhibited the most effective results when applied 
at the highest dose (120 µg ml-1), followed by the recom-
mended (30 µg ml-1), and then the lowest dose (7.5 µg ml-1), 

achieving disease control of 81.9%, 76.9%, and 76.9% (Fig. 
5B). Optimal disease control outcomes were observed with 
application intervals of 15 d, followed by 30 and 45 d, re-
sulting in controls of 90.6%, 82.1%, and 63.2%, respectively, 
with a predominant signaling effect more local (82.3%) 
than systemic (74.9%).
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SA demonstrated optimal results at high doses (5 µl ml-1), 
followed by the recommended (1.2 µl ml-1), and then the 
lowest dose (0.3 µl ml-1), achieving disease controls of 91.5%, 
88.8%, and 78.6%, respectively (Fig. 5C). The most effective 
disease control occurred with application intervals of 15 
d, followed by 30 and 45 d, achieving controls of 94.8%, 
87.5%, and 76.6%, respectively, with a predominant local 
signaling effect (93.2%) over systemic (79.4%). 

ASM showed optimal results at high doses (800 µg ml-1), 
followed by the recommended dose (200 µg ml-1). Then, 
the low dose (50 µg ml-1) achieved 94.3%, 90.6%, and 82.9% 
control, respectively (Fig. 5D). The best disease control 
occurred at 15 d intervals (95.3%), followed by 30 and 45 
d (92.3% and 80.2% control, respectively), predominantly 
through local (91.7%) rather than systemic (86.8%) signal-
ing. Similar results were reported by Guzzo et al. (2001), 
who observes ASM’s protective effects ranging from 66% to 
97% locally and 83% to 94% systemically at higher concen-
trations (400 µg ml-1). However, effectiveness significantly 
decreases when intervals between ASM application and 
pathogen inoculation exceeded 49 d, even at high doses. To 
study their effects on coffee rust, Sancho and Diaz (2006) 
conducted greenhouse experiments at Cenicafé using ASM 
and other resistance-inducing biological products at vary-
ing concentrations. Applying the BION product (ASM) at 
concentrations of 1, 10, 20, 50, and 100 µg ml-1 effectively 
reduces the number of leaf lesions, with optimal application 
intervals observed at 8 d to induce robust plant resistance 
and minimize disease development time.

According to the results, treatments with these compounds 
consistently reduced disease severity and improved disease 
control compared to untreated controls. The efficacy of 
disease control was mainly influenced by the concentration 
of the product, which dictated the optimal frequency of 
application to avoid dilution of the treatment effects, with 
biweekly application intervals (every 15 d) being the best 
for disease control at a recommended dose. However, it is 
essential to note that in many of the compounds evaluated, 
the increase in concentration did not necessarily translate 
into longer application intervals (every 30 or 45 d), which 
led to adjusting the application intervals according to the 
product selected and the dose used.

In terms of signaling, local responses prevailed over sys-
temic ones, and this behavior was primarily governed by 
the intrinsic properties of the molecule rather than other 
factors such as dose or application intervals. These types 
of local responses have economic and operational implica-
tions for preventive disease management plans since, as far 

as possible, the application process of the product should be 
carried out directly on the leaves to achieve better coverage, 
which increases application times and, therefore, the costs 
associated with management.

Conclusions

The direct impact of ASM, SA, potassium phosphite, and 
harpin on H. vastatrix urediniospore germination indi-
cated varying degrees of toxicity against the pathogen. 
These inhibitory effects are dose-dependent, suggesting 
that higher concentrations of these inducers can totally 
suppress urediniospore germination. These results some-
what disputed the impact of this type of inducer on disease 
management since their responses may be more influenced 
by the low germination capacity of the pathogen when it 
comes into contact with the molecule than by the activation 
of the plant defense mechanisms due to its application. An 
undesirable effect in preventive disease management is to 
reduce the selection pressure on the pathogen currently 
exerted by chemical molecules. 

Regardless of these effects, treatments with these com-
pounds consistently reduce disease severity and enhance 
disease control compared to untreated controls. In gen-
eral, disease control efficacy is mainly influenced by the 
concentration of the product, which dictates the optimal 
application frequency to prevent dilution of treatment 
effects. In terms of signaling, local responses prevail over 
systemic ones, and this behavior is primarily governed by 
the intrinsic properties of the molecule rather than other 
factors such as dosage or application intervals.

The present study highlights the practicality and high 
potential of integrating resistance-inducing compounds 
like ASM, SA, harpin, and potassium phosphite into 
disease management strategies in commercial seedbeds, 
particularly for managing foliar diseases such as rust. 
However, using these compounds may require a higher 
labor cost due to the requirements regarding the quality 
and frequency of application. For this reason, the success 
of implementing this type of molecule will depend more on 
the efficiency in controlling the disease than on its already 
proven effectiveness. 

Acknowledgments
We thank the National Federation of Coffee Growers of 
Colombia and the National Center for Coffee Research, 
Cenicafé, for their invaluable support of this study. Spe-
cial thanks are due to statistician Rubén D. Medina from 
the Biometry department for his expert guidance and to 



11López-Vásquez, Gaitán Bustamante, Ángel Calle, and Cristancho Ardila: Selection of resistance inducers for managing Hemileia vastatrix Berk. & Br. in coffee  
(Coffea arabica L.) seedlings 

research assistants Jorge Dickson Ocampo and Carlos 
Arturo González for their logistical assistance.

Conflict of interest statement
The authors declare that there is no conflict of interests 
regarding the publication of this article.

Author’s contributions
JML, ALG, and CAA formulated the research aims, and 
JML applied statistical and computational techniques to 
analyze the study data. JML conducted the research and in-
vestigation process, explicitly performing the experiments; 
JML and CAA designed the methodology; JML and CAA 
wrote the initial draft; MAC translated the initial draft; 
JML and MAC carried out the critical review, commentary, 
and revision of the whole manuscript. All authors approved 
the final version of the manuscript.

Literature cited
Akhter, M., S., Nakahara, K. S., & Masuta, C. (2021). Resistance 

induction based on the understanding of molecular interac-
tions between plant viruses and host plants. Virology Journal, 
18(1), Article 176. https://doi.org/10.1186/s12985-021-01647-4

Amaral, D., Resende, M., & Resende, R. (2005). Proteção de mudas 
de cafeeiro contra Cercospora coffeicola pela utilização de 
extratos vegetais. Simpósio de Pesquisa dos Cafés do Brasil, 5.

Amaral, D., Resende, M., Ribeiro, P., Pádua, M., Leod, R., & Borel, 
C. (2007). Determinação da atividade de peroxidasses e teor 
de lignina em mudas de café tratadas com extratos vegetais 
contra Cercospora coffeicola. Simpósio de Pesquisa dos Cafés 
do Brasil, 5.

Avelino, J., Cristancho, M., Georgiou, S., Imbach, P., Aguilar, L., 
Bornemann, G., Läderach, P., Anzueto, F., Hruska, A. J., & 
Morales, C. (2015). The coffee rust crises in Colombia and 
Central America (2008–2013): Impacts, plausible causes and 
proposed solutions. Food Security, 7(2), 303–321. https://doi.
org/10.1007/s12571-015-0446-9

Barguil, B. M., Resende, M. L. V, Resende, R. S., Beserra Júnior, J. 
E. A., & Salgado, S. M. L. (2005). Effect of extracts from citric 
biomass, rusted coffee leaves and coffee berry husks on Phoma 
costarricensis of coffee plants. Fitopatologia Brasileira, 30(5), 
535–537. https://doi.org/10.1590/S0100-41582005000500014

Berumen, G., Ochoa, V., Báez, R., & Gutierrez, P. (2015). Efecto 
de ácido salicílico en la inducción de resistencia a Colletotri-
chum sp. en frutos de plátano durante postcosecha. Revista 
Iberoamericana de Tecnología Postcosecha, 16(1), 27–34. https://
www.redalyc.org/pdf/813/81339864004.pdf

Carré-Missio, V., Rodrigues, F. Á., Schurt, D. A., Moreira, W. R., 
Rezende, D. C., Korndörfer, G. H., & Zambolim, L. (2012). Pro-
teção local, não sistêmica, do silicato de potássio reduz os sin-
tomas da ferrugem do cafeeiro. Tropical Plant Pathology, 37(4), 
275–280. https://doi.org/10.1590/S1982-56762012000400007

Carré-Missio, V., Rodrigues, F. Á., Schurt, D. A., Pereira, S. C., 
Oliveira, M. G. A., & Zambolim, L. (2009). Ineficiência do 

silício no controle da ferrugem do cafeeiro em solução nutri-
tiva. Trabalhos em Linguística Aplicada, 34(6), 416–421. https://
doi.org/10.1590/S1982-56762009000600009

Cavalcanti, L., Di Piero, R., Cia, P., Pascholati, S., Resende, M., & 
Romero, R. (2005). Indução de resistência em plantas a pató-
genos e insetos. Piracicaba: FEALQ.

Chisholm, S. T., Coaker, G., Day, B., & Staskawicz, B. J. (2006). Host-
microbe interactions: Shaping the evolution of the plant im-
mune response. Cell, 124(4), 803–814. https://doi.org/10.1016/j.
cell.2006.02.008

Chuang, H., Chang, P.-Y., & Syu, Y. (2014). Harpin protein, an elicitor 
of disease resistance, acts as a growth promoter in Phalaenopsis 
orchids. Journal of Plant Growth Regulation, 33(4), 788–797. 
https://doi.org/10.1007/s00344-014-9425-1

Costa, M. J. N., Zambolim, L., & Rodrigues, F. A. (2007). Avaliação de 
produtos alternativos no controle da ferrugem do cafeeiro. Fi-
topatología Brasileira, 32(2), 150–155. https://doi.org/10.1590/
S0100-41582007000200010

Cristancho, M., & Díaz, R. (2006). Inducción de resistencia con 
tres productos de origen biológico en plantas de café contra 
el ataque de la roya. Fitopatología Colombiana, 30(1), 19–24.

Cristancho, M., Rozo-Peña, Y., Escobar, C., Rivillas, C., & Gaitán, 
A. (2012). Razas de roya: Epidemias de 2008 a 2011. Avances 
Técnicos Cenicafé, 425, 1–8. 

Dangl, J. L., & Jones, J. D. G. (2001). Plant pathogens and integrated 
defence responses to infection. Nature, 411(6839), 826–833. 
https://doi.org/10.1038/35081161

de Capdeville, G., Beer, S. V., Watkins, C. B., Wilson, C. L., Tedeschi, 
L. O., & Aist, J. R. (2003). Pre- and post-harvest harpin treat-
ments of apples induce resistance to blue mold. Plant Disease, 
87(1), 39–44. https://doi.org/10.1094/PDIS.2003.87.1.39

Deising, H. B., Reimann, S., & Pascholati, S. F. (2008). Mechanisms 
and significance of fungicide resistance. Brazilian Journal 
of Microbiology, 39(2), 286–295. https://doi.org/10.1590/
S1517-83822008000200017

Fernandes, L., Resende, M., Pereira, R., Costa, B., Monteiro, A., & 
Ribeiro, J. (2013). Acibenzolar-s-metil no controle da ferrugem 
e da cercosporiose do cafeeiro em condições de campo. Coffee 
Science, 8(1), 24–32.

Flors, V., Kyndt, T., Mauch-Mani, B., Pozo, M. J., Ryu, C.-M., & Ton, 
J. (2024). Enabling sustainable crop protection with induced 
resistance in plants. Frontiers in Science, 2, Article 1407410. 
https://doi.org/10.3389/fsci.2024.1407410

Galdeano, D. M., Guzzo, S. D., Patrício, F. R. A., & Harakava, 
R. (2010). Proteção do cafeeiro contra cercosporiose por 
acibenzolar-S-metil e proteína harpina. Pesquisa Agrope-
cuária Brasileira, 45(7), 686–692. https://doi.org/10.1590/
S0100-204X2010000700008

Gichuru, E. K., Ithiru, J. M., Silva, M. C., Pereira, A. P., & Var-
zea, V. M. P. (2012). Additional physiological races of 
coffee leaf rust (Hemileia vastatrix) identified in Kenya. Tro-
pical Plant Pathology, 37(6), 424–427. https://doi.org/10.1590/
S1982-56762012000600008

Gust, A. A., Willmann, R., Desaki, Y., Grabherr, H. M., & Nürnber-
ger, T. (2012). Plant LysM proteins: Modules mediating sym-
biosis and immunity. Trends in Plant Science, 17(8), 495–502. 
https://doi.org/10.1016/j.tplants.2012.04.003

https://doi.org/10.1186/s12985-021-01647-4
https://doi.org/10.1007/s12571-015-0446-9
https://doi.org/10.1007/s12571-015-0446-9
https://doi.org/10.1590/S0100-41582005000500014
https://www.redalyc.org/pdf/813/81339864004.pdf

https://www.redalyc.org/pdf/813/81339864004.pdf

https://doi.org/10.1590/S1982-56762012000400007
https://doi.org/10.1590/S1982-56762009000600009
https://doi.org/10.1590/S1982-56762009000600009
https://doi.org/10.1016/j.cell.2006.02.008
https://doi.org/10.1016/j.cell.2006.02.008
https://doi.org/10.1007/s00344-014-9425-1
https://doi.org/10.1590/S0100-41582007000200010
https://doi.org/10.1590/S0100-41582007000200010
https://doi.org/10.1038/35081161
https://doi.org/10.1094/PDIS.2003.87.1.39
https://doi.org/10.1590/S1517-83822008000200017
https://doi.org/10.1590/S1517-83822008000200017
https://doi.org/10.3389/fsci.2024.1407410
https://doi.org/10.1590/S0100-204X2010000700008
https://doi.org/10.1590/S0100-204X2010000700008
https://doi.org/10.1590/S1982-56762012000600008
https://doi.org/10.1590/S1982-56762012000600008
https://doi.org/10.1016/j.tplants.2012.04.003


12 Agron. Colomb. 42(3) 2024

Guzzo, S., Castro, R., Kida, K., & Martins, E. (2001). Ação protetora 
do acibenzolar-S-methyl em plantas de cafeeiro contra ferru-
gem. Arquivos do Instituto Biológico, 68(1), 89–94. https://doi.
org/10.1590/1808-1657v68n1p0892001

Guzzo, S. D., Bach, E. E., Martins, E. F., & Moraes, W. C. (1993). 
Crude exopolysaccharides (EPS) from Xanthomonas campes-
tris pv. manihotis, Xanthomonas campestris pv. campestris and 
commercial xanthan gum as inducers of protection in coffee 
plants against Hemileia vastatrix. Journal of Phytopathol-
ogy, 139(2), 119–128. https://doi.org/10.1111/j.1439-0434.1993.
tb01408.x

Haddad, F., Maffia, L. A., Mizubuti, E. S. G., & Teixeira, H. (2009). 
Biological control of coffee rust by antagonistic bacteria under 
field conditions in Brazil. Biological Control, 49(2), 114–119. 
https://doi.org/10.1016/j.biocontrol.2009.02.004

Hassanisaadi, M., Vatankhah, M., Kennedy, J. F., Rabiei, A., & Saberi 
Riseh, R. (2025). Advancements in xanthan gum: A macromol-
ecule for encapsulating plant probiotic bacteria with enhanced 
properties. Carbohydrate Polymers, 348, Article 122801. https://
doi.org/10.1016/j.carbpol.2024.122801

Hernández-Amasifuen, A. D., Rivadeneyra-Chisquipama, L., 
Padilla-Dominguez, A., Paredes-Espinosa, R., Guerrero-Abad, 
J. C., Torres-Flores, E., Peláez-Rivera, J. L., Carvajal-Vallejos, F. 
M., Gutiérrez-Reynoso, D. L., & Corazon-Guivin, M. A. (2023). 
Massive production of Hemileia vastatrix uredospores for in-
oculation of Coffea arabica seedlings. Scientia Agropecuaria, 
14(2), 259–267. https://doi.org/10.17268/sci.agropecu.2023.023

Hönig, M., Roeber, V. M., Schmülling, T., & Cortleven, A. (2023). 
Chemical priming of plant defense responses to pathogen at-
tacks. Frontiers in Plant Science, 14, Article 1146577. https://
doi.org/10.3389/fpls.2023.1146577

Ito, S., Sakugawa, K., Novianti, F., Arie, T., & Komatsu, K. (2024). 
Local application of acibenzolar-s-methyl treatment induces 
antiviral responses in distal leaves of Arabidopsis thaliana. 
International Journal of Molecular Sciences, 25(3), Article 1808. 
https://doi.org/10.3390/ijms25031808

Jesus, C. (2009). Genes envolvidos na indução de resistência de 
cafeeiro à Hemileia vastatrix [Magister dissertation, Instituto 
Biológico do Estado de São Paulo]. São Paulo, Brazil.

Koutouleas, A., Collinge, D. B., & Boa, E. (2024). The coffee leaf rust 
pandemic: An ever‐present danger to coffee production. Plant 
Pathology, 73(3), 522–534. https://doi.org/10.1111/ppa.13846

Kushalappa, A. C., & Eskes, A. B. (1989). Advances in coffee rust 
research. Annual Review of Phytopathology, 27(1), 503–531.

Kushalappa, A. C., & Eskes, A. B. (2019). Coffee rust: Epidemiol-
ogy, resistance, and management. CRC Press. https://doi.
org/10.1201/9781351070775

Leonel, A. H., & Barros, B. H. R. (2013, Noviembre 25-28). Utilização 
de preparados homeopáticos para controle da ferrugem do café 
(Hemileia vastatrix) na região da Alta Mogiana [Congress pre-
sentation abstract]. VIII Congresso Brasileiro de Agroecologia, 
Porto Allegre, Brazil.

Lopes, U. P., Zambolim, L., Souza Neto, P. N., Souza, A. F., Capucho, 
A. S., & Rodrigues, F. Á. (2013). Effect of foliar application of 
potassium silicate on the progress of coffee leaf rust. Tropi-
cal Plant Pathology, 38(6), 547–551. https://doi.org/10.1590/
S1982-56762013000600012

Marchi, C., Borges, M., & Resende, M. (2002). Proteção induzida por 
benzotiadiazole contra a ferrugem-alaranjada (Hemileia vas-
tatrix) em cafeeiro. Ciência e Agrotecnologia, 26(5), 1103–1106.

McLaughlin, M. S., Yurgel, S. N., Abbasi, P. A., & Ali, S. (2024). The 
effects of chemical fungicides and salicylic acid on the apple 
microbiome and fungal disease incidence under changing en-
vironmental conditions. Frontiers in Microbiology, 15, Article 
1342407. https://doi.org/10.3389/fmicb.2024.1342407

Mehta, S., Kumar, A., Achary, V. M. M., Ganesan, P., Patel, A., 
Singh, A., Rathi, N., Das, T. K., Lal, S. K., & Reddy, M. K. 
(2022). Antifungal and defense elicitor activity of Potassium 
phosphite against fungal blast disease on ptxD-OE transgenic 
indica rice and its acceptor parent. Pesticide Biochemistry 
and Physiology, 182, Article 105026. https://doi.org/10.1016/j.
pestbp.2021.105026

Mogollón Ortiz, Á., & Castaño Zapata, J. (2023). Efecto de in-
ductores de resistencia en plántulas de plátano dominico-
hartón (Musa balbisiana AAB) contra Mycosphaerella spp. 
Revista de la Academia Colombiana de Ciencias Exactas, 
Físicas y Naturales, 35(137), 463–471. https://doi.org/10.18257/
raccefyn.35(137).2011.2421

Patrício, F. R. A., Almeida, I. M. G., Barros, B. C., Santos, A. S., & 
Frare, P. M. (2008). Effectiveness of acibenzolar‐S‐methyl, 
fungicides and antibiotics for the control of brown eye 
spot, bacterial blight, brown leaf spot and coffee rust in 
coffee. Annals of Applied Biology, 152(1), 29–39. https://doi.
org/10.1111/j.1744-7348.2007.00187.x

Pereira, S., Rodrigues, F. A., Carré-Missio, V., Oliveira, M. G. A., 
& Zambolim, L. (2009). Efeito da aplicação foliar de silício na 
resistência à ferrugem e na potencialização da atividade de 
enzimas de defesa em cafeeiro. Tropical Plant Pathology, 34(4), 
223–230. https://doi.org/10.1590/S1982-56762009000400004

Pieterse, C., Ton, J., & Van Loon, L. (2001). Cross talk between plant 
defense signaling pathways: Boost or burden? AgBiotechNet, 
3(1), 1–8.

R Core Team. (2023). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. https://www.r-project.org

Ramiro, D. A., Escoute, J., Petitot, A.‐S., Nicole, M., Maluf, M. 
P., & Fernandez, D. (2009). Biphasic haustorial differen-
tiation of coffee rust (Hemileia vastatrix race II) associ-
ated with defence responses in resistant and susceptible 
coffee cultivars. Plant Pathology, 58(5), 944–955. https://doi.
org/10.1111/j.1365-3059.2009.02122.x

Reglinski, T., Havis, N., Rees, H. J., & de Jong, H. (2023). The 
practical role of induced resistance for crop protection. 
Phytopathology, 113(4), 719–731. https://doi.org/10.1094/
PHYTO-10-22-0400-IA

Resende, M., Araujo, D., Costa, J., & Nojosa, G. (2006). Produtos 
comerciais à base de bioindutores de resistência em plantas. 
Revisão Anual de Patologia de Plantas, 14, 361–380. 

Rivillas, C., Leguizamón, J., & Gil, L. (1999). Recomendaciones 
para el manejo de la roya del cafeto en Colombia (19; Boletín 
técnico). Cenicafé. 

Rivillas, C., Serna, C., Cristancho, M., & Gaitán, A. (2011). La Roya 
del Cafeto en Colombia. Impacto, manejo y costos de control. 
Resultados de investigación (36; Boletín técnico). Cenicafé.

https://doi.org/10.1590/1808-1657v68n1p0892001

https://doi.org/10.1590/1808-1657v68n1p0892001

https://doi.org/10.1111/j.1439-0434.1993.tb01408.x
https://doi.org/10.1111/j.1439-0434.1993.tb01408.x
https://doi.org/10.1016/j.biocontrol.2009.02.004
https://doi.org/10.1016/j.carbpol.2024.122801
https://doi.org/10.1016/j.carbpol.2024.122801
https://doi.org/10.17268/sci.agropecu.2023.023
https://doi.org/10.3389/fpls.2023.1146577
https://doi.org/10.3389/fpls.2023.1146577
https://doi.org/10.3390/ijms25031808
https://doi.org/10.1111/ppa.13846
https://doi.org/10.1201/9781351070775
https://doi.org/10.1201/9781351070775
https://doi.org/10.1590/S1982-56762013000600012
https://doi.org/10.1590/S1982-56762013000600012
https://doi.org/10.3389/fmicb.2024.1342407
https://doi.org/10.1016/j.pestbp.2021.105026
https://doi.org/10.1016/j.pestbp.2021.105026
https://doi.org/10.18257/raccefyn.35(137).2011.2421
https://doi.org/10.18257/raccefyn.35(137).2011.2421
https://doi.org/10.1111/j.1744-7348.2007.00187.x
https://doi.org/10.1111/j.1744-7348.2007.00187.x
https://doi.org/10.1590/S1982-56762009000400004
https://www.r-project.org
https://doi.org/10.1111/j.1365-3059.2009.02122.x
https://doi.org/10.1111/j.1365-3059.2009.02122.x
https://doi.org/10.1094/PHYTO-10-22-0400-IA
https://doi.org/10.1094/PHYTO-10-22-0400-IA


13López-Vásquez, Gaitán Bustamante, Ángel Calle, and Cristancho Ardila: Selection of resistance inducers for managing Hemileia vastatrix Berk. & Br. in coffee  
(Coffea arabica L.) seedlings 

Rozo-Peña, Y., & Cristancho, M. (2010). Evaluación de la susceptibi-
lidad de Hemileia vastatrix Berk. & Br., a fungicidas del grupo 
de los triazoles. Cenicafé, 61(4), 297–314.

Salazar-Navarro, A., Ruiz-Valdiviezo, V., Joya-Dávila, J., & Gonza-
lez-Mendoza, D. (2024). Coffee leaf rust (Hemileia vastatrix) 
disease in coffee plants and perspectives by the disease control. 
Phyton-International Journal of Experimental Botany, 93(5), 
923–949. https://doi.org/10.32604/phyton.2024.049612

Sands, L. B., Cheek, T., Reynolds, J., Ma, Y., & Berkowitz, G. A. 
(2022). Effects of harpin and Flg22 on growth enhancement 
and pathogen defense in Cannabis sativa seedlings. Plants, 
11(9), Article 1178. https://doi.org/10.3390/plants11091178

Sera, G. H., Carvalho, C. H. S., Abrahão, J. C. R., Pozza, E. A., 
Matiello, J. B., Almeida, S. R., Bartelega, L., & Botelho, D. M. 
S. (2022). Coffee leaf rust in Brazil: Historical events, current 
situation, and control measures. Agronomy, 12(2), Article 496. 
https://doi.org/10.3390/agronomy12020496

Spoel, S. H., & Dong, X. (2012). How do plants achieve immunity? 
Defence without specialized immune cells. Nature Reviews 
Immunology, 12(2), 89–100. https://doi.org/10.1038/nri3141

Steiner, U., & Schönbeck, F. (1995). Induced disease resistance 
in monocots. In J. Hammerschmidt, & R. Kuć (Eds.), 
Induced resistance to disease in plants. Developmen-
ts in plant pathology (pp. 86–110). Springer. https://doi.
org/10.1007/978-94-015-8420-3_4

Talhinhas, P., Batista, D., Diniz, I., Vieira, A., Silva, D. N., Loureiro, 
A., Tavares, S., Pereira, A. P., Azinheira, H. G., Guerra‐Guima-
rães, L., Várzea, V., & Silva, M. C. (2017). The coffee leaf rust 
pathogen Hemileia vastatrix: One and a half centuries around 
the tropics. Molecular Plant Pathology, 18(8), 1039–1051. 
https://doi.org/10.1111/mpp.12512

Van Loon, L. (1997). Induced resistance in plants and the role of 
pathogenesis-related proteins. European Journal of Plant Pa-
thology, 103, 753–765. https://doi.org/10.1023/A:1008638109140

Zambolim, L. (2016). Current status and management of coffee leaf 
rust in Brazil. Tropical Plant Pathology, 41(1), 1–8. https://doi.
org/10.1007/s40858-016-0065-9

 

https://doi.org/10.32604/phyton.2024.049612
https://doi.org/10.3390/plants11091178
https://doi.org/10.3390/agronomy12020496
https://doi.org/10.1038/nri3141
https://doi.org/10.1007/978-94-015-8420-3_4
https://doi.org/10.1007/978-94-015-8420-3_4
https://doi.org/10.1111/mpp.12512
https://doi.org/10.1023/A:1008638109140
https://doi.org/10.1007/s40858-016-0065-9
https://doi.org/10.1007/s40858-016-0065-9

