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ABSTRACT

Article History

Coffee leaf rust (Hemileia vastatrix) represents a significant threat to coffee production,
making the study of host-pathogen interactions essential. This study investigated the
aggressiveness of H. vastatrix and its impact on Coffea arabica cultivar Bourbon plants. Nine
isolates of H. vastatrix (1IRN-9RN), collected from San Ignacio, Cajamarca, were used to
inoculate Bourbon coffee plants in San Ramoén, Chanchamayo. The aggressiveness of the
pathogen was assessed based on several parameters: incubation period (IP), latency period
(LP), medium latency period (MLP), and frequency of infection (Fl). Additionally, the plant
response was evaluated by measuring chlorophyll content and using the OJIP test to assess
fluorescence. The ranges for IP, LP,mLP, and FI were 17-17.9, 20.7-26.8, 22-32, and 5.8-8.7
days after inoculation (dai), respectively. No significant differences were observed in IP or FI.
Chlorophyll content varied between 27.78 and 42.32 units at 37dai. Regarding the OJIP
analysis, the majority of the H. vastatrix isolates caused a variation in the Fv/Fm values, which
ranged from 0.43 to 0.73 at 37dai. The performance index (Pi) ranged from 0.49 to 3.41 at
37dai, showing a decrease in most isolates, except for isolate 7RN. A percentage variation was
observed in the following variables: ABS/RC (4.38-120.93%), TRo/RC (6.33-45.03%), and
ETo/RC (0.32-30.44%). Furthermore, a physiological response indicative of the photosynthetic
defense mechanism was observed in the majority of isolates. This was reflected in the
increased values of ABS/RC, ETo/RC, and TRo/RC, alongside the decrease in Fv/Fm and PI.
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INTRODUCTION

Coffee is a prominent commodity in global trade
(Fromm, 2023), with significant economic, cultural and
social impact (Bracken et al., 2023; Maspul, 2023). Grown in
over 60 countries, it is primarily produced by an estimated
25 million farmers, most of whom are smallholders (less
than 5 hectares) (Bracken et al, 2023; Fromm, 2023).
Approximately 125 million people worldwide are directly
engaged in various stages of the coffee value chain
(Fromm, 2023). Furthermore, coffee cultivation plays a
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crucial role in supporting rural livelihoods, promoting
biodiversity conservation, and advancing sustainable
development (Harvey et al., 2021). In the field, plants are
exposed to various types of biotic stress, primarily caused
by a wide range of microorganisms, including fungi,
bacteria and nematodes (Gull et al., 2019). In the case of
coffee, a major limiting factor in production is the presence
of Hemileia vastatrix Berk and Br, the causal agent of
coffee leaf rust (CLR), which is regarded as the most
significant disease affecting this crop (Silva et al., 2006;
Oliveira et al., 2020).
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The incidence of CLR in Peru has been investigated by
several researchers, who have reported an incidence of
approximately 30% in susceptible varieties. However, this
value may vary depending on climatic conditions and the
genotype of the cultivar being studied (Alvarado-Huaman
et al,, 2020; Borjas-Ventura et al.,, 2020). As climate change
alters environmental factors such as temperature and
precipitation, the regions suitable for coffee cultivation
are decreasing, impacting both yield and quality (Bracken
et al, 2023). Additionally, the plant's response to
pathogens is influenced not only by environmental
conditions but also by the specific type of pathogen
involved (Souza et al, 2017). In the case of coffee, the
genetic diversity of Hemileia vastatrix is recognized,
although it has been relatively understudied in the
Peruvian context (Quispe-Apaza et al., 2017; Silva et al.,
2022). Julca-Otiniano et al. (2024) reported the presence
of four physiological races of H. vastatrix in Peru: XXXIV,
XXXV and two new races. However, Silva et al. (2022)
noted that globally, there are 55 known physiological
races of this pathogen, each characterized by different
combinations of virulence genes (v1-v9).

Each physiological race exhibits varying levels of
pathogenic aggressiveness, as demonstrated in studies on
Xanthomonas campestris (Tavora et al., 2022), Orobanche
cumana Wallr (Clapco, 2022) and Phytophthora capsici (Lee
et al,, 2021). Consequently, studies on aggressiveness in H.
vastatrix could serve as indicators of the prevailing
pathotypes in a given area. Aggressiveness can be
assessed through factors such as incubation period,
latency period, the number of sporulating lesions and the
intensity of H. vastatrix infection. Chlorophyll is regarded
as a key physiological indicator, with higher levels
signifying optimal conditions for plant growth and
development, while lower levels may indicate stress
(Motyka et al., 2020).

The OJIP test provides a quantitative assessment of
the kinetics of fluorescence production (Moreno et al,
2008) and could serve as a method to evaluate the impact
of specific pathogens on plants. This analysis enables the
examination of the health of photosystem Il (PSIl) and the
components of the electron transport chain during
photosynthesis (Toniutti et al., 2017). In the case of H.
vastatrix, it has been observed that the Fv/Fm ratio (a
parameter derived from the OJIP test) decreases following
pathogen attack. However, this test has been underutilized
(Honorato Junior et al, 2015; Salcedo-Sarmiento et al,
2021; Vitoria et al, 2023). Several authors highlight the
significance of the OJIP test, noting its utility in the early
evaluation of plant responses to both biotic and abiotic
stress (Ceacero et al., 2012; Marifio, 2014; Rodriguez et al.,
2014; Moro et al.,, 2023). The existence of genetic diversity
and physiological races of H. vastatrix are key factors
driving this study, which aims to evaluate the
aggressiveness and plant response induced by different H.
vastatrix isolates. The goal of this research is to enhance
the understanding of the plant's response to coffee leaf
rust, with the ultimate aim of promoting crop sustainability
in the face of climatic factors, agronomic practices and
management strategies.
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MATERIALS & METHODS

Study Site

Plots consisting of homogeneous coffee varieties were
selected from fields cultivated by farmers in four districts
(Chirinos, San José de Lourdes, Namballe and San Ignacio)
within the province of San Ignacio, Cajamarca (Fig. 1). This
region is characterized by an average temperature of
21.7°C (INGEMMET, 2020) and annual precipitation
ranging from 1036 to 1451 mm (SENAMHI, 2021).

Fig. 1: Geographic location of selected Hemileia vastatrix isolates.

Urediniospores Collection

Urediniospores of Hemileia vastatrix were collected
following the CIFC protocol. The isolates were placed in
gelatin capsules, labeled, and accompanied by farm-
specific information, as detailed in Table 1. The capsules
were then transported to the Tropical Crops Laboratory at
the Universidad Nacional Agraria La Molina (UNALM),
located at the "La Génova" farm of the Instituto Regional
de Desarrollo de Selva (IRD-Selva) in the district of San
Ramén, province of Chanchamayo, department of Junin.
The site is situated at an altitude of 965 m.as.l., with
geographic coordinates of 11°05.790' S latitude and
75°20.969" W longitude.

Inoculation

Coffee plants of the Coffea arabica cv Bourbon were
used for inoculation. The seeds were sown and cultivated
in the Tropical Crops Nursery at UNALM, located in La
Molina. The substrate employed was Plug Mix, consisting
of compressed Sphagnum moss, perlite, and vermiculite.
Fertilization occurred 6 weeks after transplanting, using
hydroponic solutions with a macronutrient concentration
("A" solution) of 2mL/Land a micronutrient concentration
("B" solution) of 5mL/L. The combined solution (A+B) was
applied at a rate of 300mL per plant, administered
weekly.
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Table 1: Collection data from coffee farms in San Ignacio, Cajamarca
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Farm Producer Altitude East (m) North (m) Locality District Province Region Cultivar  Plant age (years)
1RN Elvenninga Yapaujo 1535 9411042 735414 Huarango Cazado  Chirinos San Ignacio Cajamarca Caturra 20

2RN  Cotrina 1691 9418711 724720 El Sauce Chirinos San Ignacio Cajamarca Typica 20

3RN - 1117 9426132 735443 Los Alpes San José de Lourdes  San Ignacio Cajamarca Typica 20

4RN  Saul Quifionez 1283 9426615 739013 San Juan de Pacay San José de Lourdes SanIgnacio Cajamarca Catimor 10

S5RN  Miguel Camacho 1056 9427271 740383 San Juan de Pacay San José de Lourdes SanIgnacio Cajamarca Catimor 3

6RN - 828 9439411 710686 Vicente La Vega Namballe San Ignacio Cajamarca Typica 10

7RN Juan Garcia 1403 9428717 717522 Alfonso Ugarte San Ignacio San Ignacio Cajamarca Pache 10

8RN Mario Garcia 1376 9428612 717812 Alfonso Ugarte San Ignacio San Ignacio Cajamarca Catimor 10

9RN - 1700 9433834 714684 Cruz de Chalpon San Ignacio San Ignacio Cajamarca Geisha 10

Urediniospores of H. vastatrix were inoculated onto
the leaves of 6-month-old Coffea arabica cv. Bourbon Red.
Young leaves were selected from each plant, and the
urediniospores were evenly distributed on the underside of
the leaves. Inoculation was performed at 5 pm,
immediately followed by the application of distilled water
using a sprayer to form a thin water film on the leaf
surface, ensuring the urediniospores were not washed
away. The plants were then covered with transparent
plastic bags for 24 hours and further shaded with
newspaper to maintain the required darkness (Varzea et
al., 2023). After this incubation period, the newspaper was
removed, allowing the germinated urediniospores to
continue their development. During the evaluation period,
temperatures ranged from 153 to 32.8°C, and relative
humidity varied from 41.1% to 100%.

Aggressiveness Assessment

Aggressiveness was assessed by evaluating the
incubation period (the time interval from inoculation to the
initial appearance of disease symptoms, manifested as
small chlorotic areas) (Santacreo, 1989); the latency period
(the number of days between inoculation and the onset of
sporulation in the observed lesions) (Leguizamén et al.,
1998); the average latency period (the time in days from
inoculation to sporulation of 50% of the pustules on
inoculated leaves) (Leguizamén et al, 1998) and the
frequency of infection (the number of lesions with spore
production per leaf, evaluated using an arbitrary scale
ranging from 0 to 9) (Eskes, 1983) (Fig. 2).

.|

5
Fig. 2: Infection frequency scale of coffee leaf rust (0-9). Adapted from
Eskes (1983).

Ecophysiological Assessment

Chlorophyll content was estimated using the KONICA
MINOLTA SPAD-502 PLUS chlorophyll meter. Additionally,
the OP-30p fluorometer from OPTI-SCIENCE was
employed to measure OJIP test parameters, including
Fv/Fm (maximum photochemical efficiency), Pi
(Performance index), ABS/RC (average photon flux
absorbed by the PSII reaction center), TRO/RC (maximum
exciton trapping flux by PSIl), and ETO/RC (electron
transport flux from QA to QB by PSII).

Measurements of both chlorophyll content and
fluorescence were taken at five distinct time points: one
day before inoculation, two days after inoculation, 17 days
after inoculation, 25 days after inoculation, and 37 days
after inoculation.

Data Analysis

Nine treatments were conducted using different
isolates of coffee leaf rust collected from four districts
in the province of San Ignacio. Each treatment included
10 replicates, with one replicate corresponding to an
individual plant. The data for each variable were
analyzed using analysis of variance (ANOVA) and
Tukey's mean comparison test (95% confidence level) in
RStudio software.

RESULTS

Aggressiveness

Nine different isolates (1RN to 9RN) were analyzed,
and the corresponding incubation periods, latency, mean
latency, and frequency of infection were recorded (Fig. 3
and 4). No significant differences (P<0.05) were observed
among the isolates for the incubation period (IP), with
values ranging from 17 to 17.9 days. However, both the
latency period (LP) and mean latency period (MLP)
exhibited significant variation, with values ranging from
20.7 to 26.8 days and from 22 to 32 days, respectively.
Regarding the frequency of infection (FI), no statistical
differences were found among the isolates, with values
ranging from 5.80 to 8.70 (Fig. 3).

When analyzing the aggressiveness variables
collectively, isolates 3RN, 5RN, 8RN, and 9RN were the
most aggressive, with an incubation period (IP) ranging
from 17 to 17.6 days, a latency period (LP) from 20.7 to
23.9 days, a mean latency period (MLP) from 22 to 26.8
days, and a frequency of infection (FI) ranging from 5.8 to
6.9, respectively. The remaining isolates were considered
less aggressive, with an average IP of 17.32 days, LP of
25.36 days, MLP of 30.04 days, and Fl of 6.84 (Fig. 3).
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Fig. 4: Aggressiveness of Hemileia vastatrix: (A) Incubation period, (B)
Latency period and (C) Mid-latency period.

Content of Chlorophylls

Chlorophyll content decreased as the dormancy and
mid-dormancy periods progressed (Fig. 5). At the
conclusion of the evaluations (37 days after inoculation),
only isolates 3RN, 4RN, 8RN and 9RN showed significant
reductions (P<0.05) in chlorophyll content, with decreases
ranging from 32.43% to 40.06% compared to the initial
measurement (1 day after inoculation).

OJIP Test

In most isolates, a significant decrease in the Fv/Fm
value was observed after the latency period, with values
ranging from 0.43 to 0.74 at 37 days after inoculation (dai).
Isolate 7RN was the only isolate that did not exhibit a
significant decline in Fv/Fm, while the other isolates
showed significant reductions ranging from 6.78% to
42.89% (Fig. 6). The performance index (Pi) ranged from
0.49 to 3.41 (Fig. 7). Isolates 3RN, 4RN, 5RN, 6RN, and 9RN
caused a significant reduction in Pi values compared to the
last evaluation (37 days after inoculation), with decreases
ranging from 36.01% to 82.4%. Only isolate 7RN exhibited
an increase of 36.01% between the first evaluation (1 day

1RN 2RN 3RN 4RN SRN 6RN 7RN 8RN 9RN

before inoculation) and the last evaluation (37dai) (Fig. 7).
The ETo/RC ranged from 4.23 to 5.19 at 37 days after
inoculation (dai). Only isolates 4RN, 5RN, and 6RN showed
no significant differences (P<0.05), with variation ranging
from 0.66% to 10.97%. In contrast, the other isolates
exhibited statistically significant differences (P<0.05), with
increases ranging from 17.05% to 29.21% compared to the
first evaluation (1 day before inoculation) (Table 2). For the
other parameters evaluated (ABS/RC and TRO/RC),
significant increases (P<0.05) were observed in nearly all
isolates, except for isolate 7RN, which showed minimal
percentage variations of 0.07% (ABS/RC) and 0.08%
(TRO/RC) compared to the initial evaluation (Table 2).

DISCUSSION

Aggressiveness

Hemileia vastatrix is one of the most harmful
microorganisms  affecting global coffee production
(Berihun & Alemu, 2023). The first outbreak occurred in Sri
Lanka in the 1800s (Ramirez-Camejo et al., 2022) and the
most recent outbreak occurred between 2011 and 2013.
This fungus can cause yield losses of up to 75%
(Koutouleas, 2023). Despite being a major threat to coffee
production for over a century, growers have not yet
effectively managed this pathogen. A crucial step in
controlling H. vastatrix is understanding its genetic
diversity and the aggressiveness of different isolates. With
this knowledge, growers and researchers can develop
more targeted and effective control strategies.

The short incubation period (IP) observed in this
study (17-17.9 days) (Fig. 3) is likely due to the use of the
Bourbon cultivar, which is considered susceptible to
Hemileia vastatrix (WCR, 2024), leading to a reduced
time until the appearance of the first visible symptoms
(IP). Other studies have reported longer incubation
periods, ranging from 25 to 30 days (Pires et al., 2020;
Pozza et al., 2021).
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Table 2: ETo/RC, ABS/RC Y TRo/RC in coffee plants inoculated with different populations of H. vastatrix of Cajamarca

ETo/RC

ABS/RC

TRo/RC

1dbi

17dai

25dai 37dai 1dbi

17dai

25dai

37dai

1dbi 17dai

25dai 37dai

TRN 4.28+0.09b 4.63+0.15ab
2RN 4.36+0.07b 4.45+0.13b
3RN 4.26+0.05b 4.37+0.12b
4RN 4.25+0.10a 4.51+0.10a
5RN 4.35+0.11ab 3.99+0.17b
6RN 4.30+0.14ab 4.14+0.09b
7RN 3.87+0.12c 4.88+0.14a

8RN 4.10£0.14c

9RN 3.92+0.11c  4.30+0.07bc

446+0.16b 5.19+0.21a 1.76+0.05b
4.12+0.21b 5.10+0.12a 1.91+0.06b
4.76+0.12ab 5.15+0.25a 2.09+0.04b
446+0.13a 4.23+0.22a 1.78+0.05b
4.89+0.26a 4.66+0.27ab 1.74+0.07b

1.83+0.07b
1.84+0.06b
1.82+0.05b
1.73+0.02b
1.79+0.07b

4.59+0.15ab 4.77+0.20a 1.75+0.06bc 1.59+0.03c

447+0.07b 4.99+0.05a 1.85+0.05a

4.58+0.19ab 4.87+0.15a 1.87+0.05b

1.81+0.05a

4.67+0.20bc 5.53+0.17a 4.85+0.22ab 1.87+0.06b 1.80+0.03b

1.86+0.04b

1.94+0.08ab 2.25+0.13a

1.89+0.06b
2.25+0.10b
1.84+0.04b
2.50+0.27a
1.92+0.04b
1.82+0.06a
1.98+0.08b
248+0.15b

2.36+0.16a
3.38+0.30a
2.54+0.08a
3.03+0.26a
2.24+0.11a
1.91+0.05a
3.17+0.58a
4.13+0.31a

1.30+£0.02b 1.38+0.06ab
1.38+0.03b 1.34+0.04b
1.48+0.02bc 1.32+0.03c
1.34+0.03b 1.31+0.02b
1.30+£0.04b 1.28+0.04b
1.30+0.04bc 1.21+0.02¢
1.33+£0.03a 1.36+0.04a
1.34+0.04b 1.34+0.03b
1.34+0.02b 1.36+0.03b

1.38+0.04ab 1.51+0.05a
1.36+0.04b 1.57+0.05a
1.52+0.03b 1.72+0.07a
1.38+0.03 b 1.58+0.03a
1.55+0.07ab 1.71+0.11a
1.41+0.03ab 1.50+0.03a
1.33+0.03a 1.41+0.03a
1.43+0.04ab 1.58+0.07a
1.56+0.05b 1.94+0.12a

Different letters indicate statistical differences (Tukey 95%) in the row. dbi: days before inoculation,dai: days after inoculation. TRN - 9RN: Different isolates
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On the other hand, the latency period (LP) and mean
latency period (MLP) were not necessarily influenced by
the same factors as the incubation period (IP). The values
obtained for LP (20.7 to 26.8 days) (Fig. 3) fall within the
ranges reported by Toniutti et al. (2017) (21-37 days) and
Maia et al. (2017) (17-50 days), whose evaluations were
conducted on susceptible cultivars. All isolates exhibited
the same incubation period (IP), but isolates 4RN and 6RN
took longer to show signs of infection (LP). In contrast,
isolate 9RN had the shortest latency period (LP) (P<0.05)
(Fig. 3). This result suggests that isolate 9RN likely
possesses highly efficient biochemical mechanisms for
colonizing plant cells.

According to Lovelace et al. (2023), pathogens can
create favorable conditions for successful colonization
through specific proteins (effectors), which enable the
pathogen to access nutrients during the early stages of
infection, leading to early sporulation (Walters et al., 2008).
Subit et al. (2021) suggest that disease progression may
vary once the pathogen enters the plant cell, where fungal
maturation must proceed with differentiation into sori.

The frequency of infection is the most reliable method
for quantifying the damage caused by coffee leaf rust, as it
involves counting pustules, making it more precise and
less subjective (Gallego-Sanchez et al., 2020). According to
the scale used, no significant differences (P<0.05) were
found among the isolates. This can be explained by the
fact that when inoculating a susceptible variety like red
Bourbon, the frequency of infection is typically high and
develops rapidly (Virginio & Astorga, 2015; Quiroga-
Cardona, 2021). As noted by Campos (2015) and Quiroga-
Cardona (2021), the variability in infection is influenced by
the population under examination and is affected by
factors such as leaf age, light intensity, and environmental
conditions.

Content of Chlorophylls

Chlorophylls are a group of essential pigments in
plants, responsible for absorbing light energy during
photosynthesis, which is vital for their growth (Li et al.,
2018; Zulkarnaini et al, 2019; Ebrahimi et al., 2023; Jin et
al, 2023). Chlorophyll content in leaves serves as an
indicator of photosynthetic capacity and plant health
(Zulkarnaini et al, 2019). This variable is considered a
physiological indicator, with high chlorophyll levels
indicating optimal growth and development conditions,
while lower levels reflect stress (Motyka et al., 2020).

In the case of H. vastatrix-induced chlorosis, which
begins with the appearance of visible symptoms (IP),
chlorophyll content declines starting from the latency
period (LP), leading to a reduction in photosynthetic area
and disruption of the photosynthetic process (Gortari et al,,
2018; INIAP, 1993). This is particularly evident in isolates
3RN, 4RN, 8RN, and 9RN, where a significant decrease
(P<0.05) in chlorophyll content was observed between
measurements taken at 37 days after inoculation (dai) and
1 day before inoculation (dbi) (Fig. 5). In contrast, the
remaining isolates did not exhibit a statistically significant
reduction (P<0.05), which may be attributed to similarities
in growth stage and leaf nitrogen status (Taha et al., 2024),
despite the presence of H. vastatrix.

OJIP Test

The OJIP test has been underutilized in the analysis of
H. vastatrix (Honorato Junior et al, 2015; Salcedo-
Sarmiento et al, 2021; Vitdoria et al, 2023). This test
provides valuable insights into the physiological condition
of photosystem Il (PSIl) and the components involved in
the electron transport chain during photosynthesis
(Toniutti et al, 2017). A dark-adapted plant typically
exhibits Fv/Fm values between 0.75 and 0.85, which is an



estimate of the PSII quantum yield; a decrease in this value
indicates photoinhibition damage (Carrasco & Escobar,
2002). As noted by Marifio (2014), stressed plants show a
reduction in photosynthesis, suggesting the presence of
potential photoinhibitory damage in Photosystem Il (PSII),
which ultimately affects photosynthetic efficiency.

In our study, at 37 days after inoculation (dai) (the
final evaluation), Fv/Fm values across all isolates (0.43 to
0.73) (Fig. 6) were lower than those typically observed in
unstressed plants. This decrease can be attributed to the
effects of H. vastatrix on the isolates. As reported by
Salcedo-Sarmiento et al. (2021), H. vastatrix induces
alterations in the photosynthetic performance of leaves as
the disease progresses. However, isolate 7RN, despite
having a Fv/Fm value of 0.73 at 37dai, did not show a
significant decrease (P<0.05) compared to the initial
evaluation (Fig. 6). This could be due to its relatively low
reduction in chlorophyll content (6.24%), which was not
statistically significant (P<0.05) and its higher chlorophyll
content at 37dai (42.32%) compared to the other isolates
(Fig. 5). Fv/Fm values are influenced by chlorophyll
content, as indicated by Ledn-Burgos et al. (2022). A
decrease in Fv/Fm is associated with oxidative damage to
photosynthetic pigments such as chlorophylls, resulting in
physiological alterations in PSIl in stressed plants.
Therefore, it can be inferred that the greater chlorophyll
content in isolate 7RN may help buffer the photoinhibitory
damage caused by H. vastatrix.

The performance index (Pi) is related to the
concentration of reaction centers, the quantum efficiency
of primary photochemistry, and the conversion of excited
energy into electron transport (Strasser et al., 2000). Its
value decreases, similar to Fv/Fm, when the plant is
stressed. As noted by Moro et al. (2023), stress can alter
the Pi of photosystem 1l (PSIl). Among the isolates
evaluated, only 3RN, 4RN, 5RN, 6RN, and 9RN exhibited a
significant reduction (P<0.05), with a decrease ranging
from 36.11% to 82.4%. According to Rodriguez et al.
(2014), plants under stress conditions inhibit PSII, leading
to damage in the D1 protein, which results in a decrease in
Pi. The remaining isolates did not show a significant
change (P<0.05) (Fig. 7), similar to findings in Fusarium and
Colletotrichum graminicola infections, where Pi did not
significantly decrease in wheat (Spanic et al, 2017) and
maize (Campos et al., 2021), respectively. It is important to
note that Pi is more strongly associated with abiotic stress
factors such as low temperatures (Rodriguez et al., 2014),
waterlogging (Saravia-Castillo et al., 2022), salinity (Salim
et al, 2021) and drought (Barboriova et al., 2022).

Regarding ETo/RC, it represents the specific flux of
electron transport per reaction centers (Moreno et al,
2008). This parameter is useful for assessing species-
specific responses under stress conditions (Ostrowska &
Hura, 2022). In the present study, isolates 4RN, 5RN and
6RN did not exhibit significant variation (P<0.05), with
isolate 4RN showing a decrease in ETo/RC. This can be
attributed to the presence of a higher number of active
reaction centers (Kumar et al.,, 2020). In contrast, the other
isolates showed a significant increase (P<0.05) (Table 2). As
noted by Ostrowska & Hura (2022), ETo/RC increases
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under stress conditions, exhibiting an inverse relationship
with Pi.

ABS/RC represents the absorption flux (Moreno et al.,
2016), indicating the amount of light energy captured by
each reaction center (Khan et al., 2021). Therefore, the
increase in the ABS/RC ratio observed in the isolates may
be linked to an expansion of the antenna complex, which
supplies excitation energy to the active reaction centers
(RCs) (Moro et al,, 2023). The findings of this study align
with those of Baghbani et al. (2019), Liu et al. (2023) and
Marques et al. (2024), who reported an increase in the
ABS/RC ratio due to the presence of Fusarium
verticillioides, Bursaphelenchus xylophilus, and Fusarium
equiseti, pathogens that induce stress similar to that
caused by H. vastatrix. Isolate 7RN was the only one that
did not show a significant increase in ABS/RC (0.07%)
(Table 2). This can be attributed to its high chlorophyll
content at 37dai (Fig. 5) and its relatively lower Fv/Fm
value (Fig. 6) compared to the other isolates. The TRo/RC
ratio represents the maximum rate at which the reaction
center traps an exciton, leading to the reduction of QA
(Kumar et al.,, 2020). In this study, a significant increase in
TRo/RC was observed in most isolates, except for isolate
7RN, in the presence of H. vastatrix. Li et al. (2022)
reported a similar trend when investigating the impact of
Puccinia graminis f. sp. avenae on oats. The patterns of
ABS/RC and TRo/RC were consistent in this study, with
isolate 7RN being the only one that did not exhibit
significant variation (Table 2).

Conclusion

In this work, the isolates presented a rapid incubation
period (IP) of 17-17.9 days and latency period (LP) of 20.7
to 26.8 days. No significant differences were observed in
the Pl and infection frequency across the isolates. Isolates
4RN and 6RN exhibited the longest latency period, while
isolates 2RN and 6RN had the longest mean latency period
(MLP) compared to isolate 9RN, which showed the lowest
values for both LP and MLP. Based on PI, LP, MLP and
infection frequency, isolates 3RN, 5RN, 8RN, and 9RN were
considered the most aggressive. Some H. vastatrix
populations affected chlorophyll levels and parameters
associated with the OJIP test. Chlorophyll levels decreased
after the LP and MLP, with the reduction being more
pronounced in 9RN compared to 7RN, which had the
highest chlorophyll content at 37 days after inoculation
(42.32). A photosynthetic defense mechanism was
observed in most isolates, as indicated by increases in
ABS/RC, ETo/RC, and TRo/RC when Fv/Fm and PI levels
decreased, except for isolate 4RN, where ETo/RC
decreased by 0.32%, and isolate 7RN, where Fv/Fm and PI
increased by 1.57 and 36.01%, respectively.

Funding: The authors thank PROCIENCIA for the support
and funding the project “Study of the genetic variability
and characterization of coffee rust (Hemileia vastatrix) in
Peru as a basis for the development of an integrated
management program for the disease in a context of
climate change” [Agreement No. PE501078996-2022].
ChatGTP40 mini was used for language editing.



Acknowledgment: The authors would like to thank
SENASA for providing logistical support during the
collection of coffee leaf rust.

Conflict of Interest: The authors declare that they do not
have a conflict of interest.

Data Availability: Data will be available at request.

Author's Contribution: DVP and FLR: investigation,
writing. RBV and LAH: investigation, writing-review,
editing, supervision. VCC and SBA project administration.
CCs: Methodology and supervision. AJO:
Conceptualization, methodology, supervision, funding
acquisition and project administration.

Generative Al statement: The authors declare that no
Gen Al/DeepSeek was used in the writing/creation of this
manuscript.

Publisher’'s note: All claims stated in this article are
exclusively those of the authors and do not necessarily
represent the views of their affiliated organizations, the
publisher, editors, or reviewers. Any product mentioned or
evaluated in this article, or claimed by its manufacturer, is
not guaranteed or endorsed by the publisher or editors.

REFERENCES

Alvarado-Huaman, L., Borjas-Ventura, R.R., Castro-Cépero, V., Garcia-Nieves,
L., Jimenez-Davalos, J., Julca-Otiniano, A.,, & Gémez-Pando, L. (2020).
Dynamics of severity of coffee leaf rust (Hemileia vastatrix) on Coffee,
in Chanchamayo (Junin-Peru). Agronomia Mesoamericana, 31(3), 517-
529. https://doi.org/10.15517/am.v31i3.39726

Baghbani, F., Lotfi, R, Moharramnejad, S., Bandehagh, A. Roostaei, M.,
Rastogi, A, & Kalaji, H. (2019). Impact of Fusarium verticillioides on
chlorophyll fluorescence parameters of two maize lines. European
Journal of Plant Pathology, 154, 337-346.
https://doi.org/10.1007/s10658-018-01659-x

Barbori¢ova, M., Filacek, A., Lynarikova Vysoka, D., Gasparovic, K, Ziveak, M.,
& Bresti¢, M. (2022). Sensitivity of fast chlorophyll fluorescence
parameters to combined heat and drought stress in wheat genotypes.
Plant, Soil and Environment, 68(7), 309-316.
https://doi.org/10.17221/87/2022-PSE

Berihun, G., & Alemu, K. (2023). Status of coffee leaf rust (Hemileia vastatrix)
and its management in Ethiopia: a review. Archives of Phytopathology
and Plant Protection, 55(20), 2283-2300.
https://doi.org/10.1080/03235408.2023.2168173

Bracken, P., Burgess, P., & Girkin, N. (2023). Opportunities for enhancing the
climate resilience of coffee production through improved crop, soil
and water management. Agroecology and Sustainable Food Systems,
47(8), 1125-1157. https://doi.org/10.1080/21683565.2023.2225438

Borjas-Ventura, R., Alvarado-Huaman, L., Castro-Cepero, V. Rebaza-
Fernandez, D., Gdmez-Pando, L., & Julca-Otiniano A. (2020). Behavior
of Ten Coffee Cultivars against Hemileia vastatrix in San Ramoén
(Chanchamayo, Peru). Agronomy, 2020, 10(12), 1867.
https://doi.org/10.3390/agronomy10121867

Campos, LJ.M,, de Almeida, R.EM,, da Silva, D., Cota, L, Naoe, A, Peluzio, J.,
Bernardes, F., & da Costa, R. (2021). Physiological and biophysical
alterations in maize plants caused by Colletotrichum graminicola
infection verified by OJIP study. Tropical Plant Pathology, 46, 674-683.
https://doi.org/10.1007/s40858-021-00465-x

Campos, O. (2015). Manejo integrado de la roya anaranjada Hemileia
vastatrix Berk et Br. Boletin técnico. CEDICAFE.
https://www.anacafe.org/uploads/file/a0782d43ce214d408c70773940
59f17f/17-situacion-roya.pdf

Carrasco, L., & Escobar, H. (2002). Cambios en los contenidos de clorofila,
proteinas y niveles de fluorescencia de clorofila en plantas de café
(Coffea arabica L) -cultivadas en zonas aridas en diferentes
condiciones de luminosidad. IDESIA, 20(2), 20-27.

546

Int J Agri Biosci, 2025, 14(4): 539-548.

Ceacero, C., Diaz-Hernandez, J., Del Campo, A., & Navarro-Cerrillo, R. (2012).
Evaluacion temprana de técnicas de restauracion forestal mediante
fluorescencia de la clorofila y diagnéstico de vitalidad de brinzales de
encina (Quercus ilex sub. ballota). Bosque (Valdivia), 33(2), 191-202.
https://dx.doi.org/10.4067/S0717-92002012000200009

Clapco, S. (2022). Virulence and aggressiveness of some sunflower
broomrape populations belonging to different countries. Scientific
Papers. Series A. Agronomy, 64(1), 266-272.

Ebrahimi, P., Shokramraji, Z., Tavakkoli, S., Mihaylova, D., & Lante, A. (2023).
Chlorophylls as Natural Bioactive Compounds Existing in Food By-
Products: A Critical Review. Plants, 12(7), 1533.
https://doi.org/10.3390/plants12071533

Eskes, A.B. (1983).Incomplete resistance to coffee leaf rust (Hemileia
vastatrix). Ph.D Dissertation, Department of Agricultural and Food
Sciences, Wageningen University and Research, Netherlands.
https://doi.org/10.1007/978-1-4615-9305-8 26

Fromm, I. (2023). Reducing Inequalities in the Coffee Value Chain: Threats
and Opportunities for Small-Scale Farmers in Central America and
East Africa. IntechOpen. In P. J. Stanton & P. R. Caiazza (Eds.),
Agricultural ~ Value  Chains Some  Selected Issues.
https://doi.org/10.5772/intechopen.110191

Gallego-Sanchez, L., Canales, F., Montilla-Bascén, G. & Prats, E. (2020). RUST:
A Robust, User-Friendly Script Tool for Rapid Measurement of Rust
Disease on Cereal Leaves. Plants, 9(9), 1182.
https://doi.org/10.3390/plants9091182

Gortari, F., Guiamet, J., & Graciano, C. (2018). Plant-pathogen interactions:
leaf physiology alterations in poplars infected with rust (Melampsora
medusae), Tree Physiology, 38(6). 925-935.
https://doi.org/10.1093/treephys/tpx174

Gull, A, Lone, AA, & Wani, N.U.l. (2019). Biotic and abiotic stresses in
plants. Abiotic and biotic stress in plants, IntechOpen, 7, 1-9.
https://doi.org/10.5772/intechopen.85832

Harvey, C., Pritts, A, Zwetsloot, M., Jansen, K., Pulleman, M., Armbrecht, I.,
Avelino, J., Barrera, J., Bunn, C., Hoyos, J., Isaza, C, Munoz-Ucros, J.,
Pérez-Aleman, C., Rahn, E., Robligio, V., Somarriba, E. & Valencia, V.
(2021). Transformation of coffee-growing landscapes across Latin
America. A review. Agronomy for Sustainable Development, 41, 62.
https://doi.org/10.1007/s13593-021-00712-0

Honorato Junior, J., Zambolim, L., Duarte, H.S.S., Aucique-Pérez, C.E, &
Rodrigues, F.A. (2015). Effects of epoxiconozale and pyraclostrobin
fungicides in the infection process of Hemileia vastatrix on coffee
leaves as determined by chlorophyll a fluorescence imaging. Journal
of Phytopathology, 163(11-12), 968-977.
https://doi.org/10.1111/jph.12399

Instituto Geoldgico, Minero y Metallrgico (INGEMMET) (2020). Evaluacion
de peligros geoldgico en el sector Las Palmeras. Informe técnico
N°A7107.

Instituto Nacional Auténomo de Investigaciones Agropecuarias (INIAP)
(1993). Manual del cultivo del café. Quevedo, Ecuador. Revised on 7th
January. Available from
https://repositorio.iniap.gob.ec/handle/41000/1619

Jin, Y., Li, D,, Liu, M., Cui, Z, Sun, D., Li, C,, Zhang, A, Cao, H., & Ruan, Y.
(2023). Genome-Wide Association Study Identified Novel SNPs
Associated with Chlorophyll Content in Maize. Genes, 14(5), 1010.
https://doi.org/10.3390/genes14051010

Julca-Otiniano, A, Alvarado-Huaman, L., Castro-Cepero, V., Borjas-Ventura,
R., Gbmez-Pando, L., Pereira, A.P., & Varzea, V. (2024). New Races of
Hemileia vastatrix Detected in Peruvian Coffee Fields. Agronomy,
14(8), 1811. https://doi.org/10.3390/agronomy14081811

Khan, N., Essemine, J., Hamdani, S., Qu, M., Amy, M., Perveen, S, Stirbet, A,
Govindjee, G., & Zhu, X. (2021). Natural variation in the fast phase of
chlorophyll a fluorescence induction curve (OJIP) in a global rice
minicore  panel.  Photosynthesis  Research, 150, 137-158.
https://doi.org/10.1007/s11120-020-00794-z

Koutouleas, A. (2023). Coffee Leaf Rust: Wreaking Havoc in Coffee
Production Areas Across the Tropics. Plant Health Cases. Wallingford:
CABI International.
https://doi.org/10.1079/planthealthcases.2023.0005

Kumar, D., Singh, H., Raj, S., & Soni, V. (2020). Chlorophyll a fluorescence
kinetics of mung bean (Vigna radiata L) grown under artificial
continuous light. Biochemistry and Biophysics Reports, 24, 100813.
https://doi.org/10.1016/j.bbrep.2020.100813

Lee, JH. Siddique, M.I, Kwon, J.K, & Kang, B.C. (2021). Comparative
genomic analysis reveals genetic variation and adaptive evolution in
the pathogenicity-related genes of Phytophthora capsici. Frontiers in
Microbiology, 12, 694136. https://doi.org/10.3389/fmicb.2021.694136

Leguizamén, J., Orozco, L., & Gémez, L. (1998). Periodos de incubacion (pi) y
de latencia (pl) de la roya del cafeto en la zona cafetera central de



https://doi.org/10.15517/am.v31i3.39726
https://doi.org/10.1007/s10658-018-01659-x
https://doi.org/10.17221/87/2022-PSE
https://doi.org/10.1080/03235408.2023.2168173
https://doi.org/10.1080/21683565.2023.2225438
https://doi.org/10.3390/agronomy10121867
https://doi.org/10.1007/s40858-021-00465-x
https://www.anacafe.org/uploads/file/a0782d43ce214d408c7077394059f17f/17-situacion-roya.pdf
https://www.anacafe.org/uploads/file/a0782d43ce214d408c7077394059f17f/17-situacion-roya.pdf
https://dx.doi.org/10.4067/S0717-92002012000200009
https://doi.org/10.3390/plants12071533
https://doi.org/10.1007/978-1-4615-9305-8_26
https://doi.org/10.5772/intechopen.110191
https://doi.org/10.3390/plants9091182
https://doi.org/10.1093/treephys/tpx174
https://doi.org/10.5772/intechopen.85832
https://doi.org/10.1007/s13593-021-00712-0
https://doi.org/10.1111/jph.12399
https://repositorio.iniap.gob.ec/handle/41000/1619
https://doi.org/10.3390/genes14051010
https://doi.org/10.3390/agronomy14081811
https://doi.org/10.1007/s11120-020-00794-z
https://doi.org/10.1079/planthealthcases.2023.0005
https://doi.org/10.1016/j.bbrep.2020.100813
https://doi.org/10.3389/fmicb.2021.694136

Colombia. Cenicafé, 49(56), 325-339.

Le6n-Burgos, A.F., Unigarro, C.A., Balaguera-Lopez, H.E. (2022). Soil
Waterlogging Conditions affect growth, water Status, and chlorophyll
“a" Fluorescence in Coffee Plants (Coffea arabica L.). Agronomy, 12(6),
1270. https://doi.org/10.3390/agronomy12061270

Li, T, Xu, Y., Zhang, X, Wu, X, Zhang, Y., Xuan, Y., & Wang, S. (2022).
Virulence Characterization of Puccinia graminis f. sp. avenae and
Resistance of Oat Cultivars in China. Plant Disease, 106(3), 901-905.
https://doi.org/10.1094/PDIS-06-21-1239-RE

Li, Y., He, N., Hou, J., Xu, L, Liu, C, Zhang, J., & Wu, X. (2018). Factors
influencing leaf chlorophyll content in natural forests at the biome
scale. Frontiers in Ecology and Evolution, 6, 64.
https://doi.org/10.3389/fev0.2018.00064

Liu, F, Zhang, M., Hu, J, Pan, M., Shen, L, Ye, J., & Tan, J. (2023). Early
Diagnosis of Pine Wilt Disease in Pinus thunbergii Based on
Chlorophyll  Fluorescence  Parameters.  Forests, 14, 154
https://doi.org/10.3390/f14010154

Lovelace, A, Dorhmi, S., Hulin, M., Li, Y., Mansfield, J. & Ma, W. (2023).
Effector Identification in Plant Pathogens. Phytopathology, 20, 637-
650. https://doi.org/10.1094/PHYTO-09-22-0337-KD

Maia, T, Badel, J.L, Fernandes, M.B., Braganga, C.A.D., Mizubuti, ES.G., &
Brommonschenkel, S.H. (2017), Variation in Aggressiveness
Components in the Hemileia vastatrix Population in Brazil. Journal of
Phytopathology, 165, 174-188. https://doi.org/10.1111/jph.12548

Marifio, Y. (2014). Respuesta fotosintética de Coffea arabica L. a diferentes
niveles de luz y disponibilidad hidrica. Acta Agronémica, 63(2), 128-
135.

Marques, M., Vitorino, L., Rosa, M., Mendes, M., Guimardes, F., & Bessa, L.
(2024). Leaf physiology and histopathology of the interaction between
the opportunistic phytopathogen Fusarium equiseti and Gossypium
hirsutum plants. European Journal of Plant Pathology, 168, 329-349.
https://doi.org/10.1007/s10658-023-02759-z

Maspul, K.A. (2023). A Harmonious Symphony of Fourth-Wave Coffee
Culture: How the Relationship between Coffee and Local Wisdom
Contributes to Sustainability and Ethical Practices in Community. ULIL
ALBAB: Jurnal llmiah Multidisiplin, 2(5), 1896-1922.

Moreno, D., Quiroga, |., Balaguera, H., & Magnitskiy, S. (2016). El estrés por
boro afecta la fotosintesis y el metabolismo de pigmentos en plantas.
Revista Colombiana de Ciencias Horticolas, 10(1), 137-148.
https://doi.org/10.17584/rcch.2016v10i1.4189

Moreno, S., Perales-Vela, H., & Alvarez, M. (2008). La fluorescencia de la
clorofila a como herramienta en la investigacion de efectos tdxicos en
el aparato fotosintético de plantas y algas. Revista de Educacion
Bioquimica, 27, 119-129.

Moro, D., Leandro, E., Ralph, A, Oliveira, L., Aparecida, C., Rastoldo, L., Fraga,
R., & Becatiini, L. (2023). Photosystem Il Performance of Coffea
canephora seedlings after Sunscreen Application. Plants, 12(7), 1467.
https://doi.org/10.3390/plants 12071467

Motyka, O., Strbova, K., & Zinicovscaia, I. (2020). Chlorophyll Content in Two
Medicinal Plant Species Following Nano-TiO2 Exposure. Bulletin of
Environmental Contamination and Toxicology, 104(3), 373-379.
https://doi.org/10.1007/s00128-020-02787-z

Oliveira, M., Carvalho, M. & Pozza, E. (2020). Multispectral radiometric
characterization of coffee rust epidemic in different irrigation
management systems. International Journal of Applied Earth
Observation and Geoinformation, 86, 102016.
https://doi.org/10.1016/j.jag.2019.102016.

Ostrowska, A, & Hura, T. (2022). Physiological Comparison of Wheat and
Maize Seedlings Responses to Water Stresses. Sustainability, 14, 3456.
https://doi.org/10.3390/su14137932

Pires, M., Alves, M. de C., & Pozza, E.A. (2020). Multispectral radiometric
characterization of coffee rust epidemic in different irrigation
management systems. International Journal of Applied Earth
Observation and Geoinformation, 86, 102016.
https://doi.org/10.1016/j.jag.2019.102016

Pozza, E, Santos, E, Gaspar, N.A, Vilela, X, Alves, M., & Colares, M.R.N.
(2021). Coffee rust forecast systems: Development of a warning
platform in a Minas Gerais State, Brazil. Agronomy, 11(11), 2284.
https://doi.org/10.3390/agronomy11112284

Quiroga-Cardona, J. (2021). La resistencia incompleta del café a la roya: una
revision. Revista Cenicafe, 72(2), e72208.
https://doi.org/10.38141/10778/72208

Quispe-Apaza, C., Mansilla-Samaniego, R., Lépez-Bonilla, C., Espejo-Joya, R,
Villanueva-Caceda, J., & Monzén, C. (2017). Genetic diversity of
Hemileia vastatrix of two coffee producing areas in Peru. Mexican
Journal of Phytopathology, 35(3), 40-47.
https://doi.org/http://dx.doi.org/10.18781/R.MEX.FIT.1612-7

Ramirez-Camejo, L.A,, Eamvijarn, A., Diaz-Valderrama, J.R., Karlsen-Ayala, E.,

547

Int J Agri Biosci, 2025, 14(4): 539-548.

Koch, RA., Johnson, E, & Aime, M.C. (2022). Global analysis of
Hemileia vastatrix populations shows clonal reproduction for the

coffee leaf rust pathogen throughout most of its range.
Phytopathology, 112(3), 643-652. https://doi.org/10.1094/PHYTO-06-
21-0255-R

Rodriguez, A, Yonny, M., Nazareno, M., Galmarini, C., & Bouzo, C. (2014).
Eficiencia fotoquimica maxima e indice de potencial fotosintético en
plantas de melon (cucumis melo) tratadas con bajas temperaturas,
Universidad Nacional del Litoral. Facultad de Ciencias Agrarias, FAVE.
Seccion Ciencias Agrarias, 13, 8-16.

Salcedo-Sarmiento, S., Aucique-Pérez, C., Silveira, P, Colman, A, Silva, A,
Corréa, P., Rodrigues, F., Evans, H., & Barreto, R. (2021). Elucidating the
interactions between the rust Hemileia vastatrix and a Calonectria
mycoparasite and the coffee plant. iScience, 24, 60-67.
https://doi.org/10.1016/j.isci.2021.102352

Salim, M., Noreen, S., Mahmood, S., Athar, H., Ashraf, M., Alsahli, A, &
Ahmad, P. (2021). Influence of salinity stress on PSIl in barley
(Hordeum vulgare L) genotypes, probed by chlorophyll-a
fluorescence. Journal of King Saud University-Science, 33(1), 101239.
https://doi.org/10.1016/j.jksus.2020.101239

Santacreo, R. (1989). Evaluaciéon del nivel de resistencia horizontal a
Hemileia vastatrix Berk et Br. en Germoplasma de Coffea arabica L. y
Catimor. Centro Agronémico Tropical de Investigacion y Ensefianza
(CATIE), 39(3), 377-386.

Saravia-Castillo, G., Castro-Cepero, V., Julca, A, Alvarado-Huaman, L, &
Borjas-Ventura, R. (2022). Effect of flooding stress on cocoa
(Theobroma cacao L.). Journal of Selva Andina Biosphere, 10(2), 78-85.

SENAMHI (2021). Servicio Nacional De Meteorologia E Hidrologia Del Peru.
CLIMAS DEL PERU — Mapa de Clasificacion Climatica Nacional. N°
2021-09410.

Silva, C., Varzea V. Guerra-Guimardes, L, Azinheira, H. Fernandez, D.,
Petitot, A, Bertrand, B., Lashermes, P, & Nicole, M. (2006). Coffee
resistance to the main diseases: leaf rust and coffee berry disease.
Brazilian Journal of Plant Physiology 18, 119-147.

Silva, M., Guerra-Guimaraes, L., Diniz, |., Loureiro, A., Azinheira, H., Pereira,
AP, Tavares, S., Batista, D., & Varzea, V. (2022). An Overview of the
Mechanisms Involved in Coffee-Hemileia vastatrix Interactions: Plant
and Pathogen Perspectives. Agronomy, 12, 326.
https://doi.org/10.3390/agronomy12020326

Souza, CA, Li, S, Lin, AZ, Boutrot, F, Grossmann, G, Zipfel, C, &
Somerville, S.C. (2017). Cellulose-Derived Oligomers Act as Damage-
Associated Molecular Patterns and Trigger Defense-Like Responses.
Plant Physiology, 173(4), 2383-2398.
https://doi.org/10.1104/pp.16.01680

Spanic, V., Viljevac Vuletic, M., Drezner, G., Zdunic, Z., & Horvat, D. (2017).
Performance Indices in Wheat Chlorophyll a Fluorescence and Protein
Quality Influenced by FHB. Pathogens, 6(4), 59.
https://doi.org/10.3390/pathogens6040059

Strasser, R.J., Srivastava, A., & Tsimilli-Michael, M. (2000). The fluorescence
transient as a tool to characterize and screen photosynthetic samples.
Probing Photosynthesis: Mechanisms, Regulation and Adaptation, 25,
445-483

Subit, D., Sierra, P.M., & Casanovas, E. (2021). El cultivo del café (Coffea
arabica L) y su susceptibilidad a la roya (Hemileia vastatrix Berkeley &
Broome) en la provincia Cienfuegos. Revista Cientifica
Agroecosistemas, 8(3), 109-114.

Tavora, F., Moura, D., & Cury, N. (2022). Pathogenicity assays on Arabidopsis
thaliana infected with Xanthomonas campestris pv. campestris seize
aggressiveness variation at the race and isolate levels. European
Journal of Plant Pathology, 164, 139-145.
https://doi.org/10.1007/s10658-022-02544-4

Taha, M.F, Mao, H., Wang, Y., EIManawy, A.l, Elmasry, G., Wu, L, Memon,
M.S., Niu, Z, Huang, T., & Qiu, Z. (2024) High-Throughput Analysis of
Leaf Chlorophyll Content in Aquaponically Grown Lettuce Using
Hyperspectral Reflectance and RGB Images. Plants, 13, 392.
https://doi.org/10.3390/plants13030392

Toniutti, L., Breitler, J.,, Etienne, H., Campa, C., Doulbeau, S., Urban, L,
Lambot, C., Pinilla, J., & Bertrand, B. (2017). Influence of environmental
conditions and genetic background of arabica coffee (C. arabica L) on
leaf rust (Hemileia vastatrix) pathogenesis. Frontiers in Plant Science, 8,
2025. https://doi.org/10.3389/fpls.2017.02025

Varzea, V., Pereira, A.P.,, & Silva, M.D.C.L.D. (2023). Screening for Resistance
to Coffee Leaf Rust. In Mutation Breeding in Coffee with Special
Reference to Leaf Rust: Protocols (pp. 209-224). Berlin, Heidelberg:
Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-662-67273-
015

Virginio, E. & Astorga, C. (2015). Prevencion y control de la roya del café:
manual de buenas practicas para técnicos y facilitadores. Available



https://doi.org/10.3390/agronomy12061270
https://doi.org/10.3389/fevo.2018.00064
https://doi.org/10.3390/f14010154
https://doi.org/10.1094/PHYTO-09-22-0337-KD
https://doi.org/10.1111/jph.12548
https://doi.org/10.1007/s10658-023-02759-z
https://doi.org/10.17584/rcch.2016v10i1.4189
https://doi.org/10.3390/plants12071467
https://doi.org/10.1007/s00128-020-02787-z
https://doi.org/10.1016/j.jag.2019.102016
https://doi.org/10.3390/su14137932
https://doi.org/10.1016/j.jag.2019.102016
https://doi.org/10.3390/agronomy11112284
https://doi.org/10.38141/10778/72208
https://doi.org/http:/dx.doi.org/10.18781/R.MEX.FIT.1612-7
https://doi.org/10.1094/PHYTO-06-21-0255-R
https://doi.org/10.1094/PHYTO-06-21-0255-R
https://doi.org/10.1016/j.isci.2021.102352
https://doi.org/10.1016/j.jksus.2020.101239
https://doi.org/10.3390/agronomy12020326
https://doi.org/10.1104/pp.16.01680
https://doi.org/10.3390/pathogens6040059
https://doi.org/10.1007/s10658-022-02544-4
https://doi.org/10.3390/plants13030392
https://doi.org/10.3389/fpls.2017.02025
https://doi.org/10.1007/978-3-662-67273-0_15
https://doi.org/10.1007/978-3-662-67273-0_15

from https://repositorio.catie.ac.cr/handle/11554/8186

Vitéria, E., Krohling, C., Borges, F., Ribeiro, L., Ribeiro, M., Chen, P, Lan, Y.,
Wang, S., Moraes, H., & Furtado, M. (2023). Efficiency of Fungicide
Application an Using an Unmanned Aerial Vehicle and Pneumatic
Sprayer for Control of Hemileia vastatrix and Cercospora coffeicola in
Mountain Coffee Crops. Agronomy, 13, 340-345.
https://doi.org/10.3390/agronomy13020340

Walters, D.R., McRoberts, N., & Fitt, B.D. (2008). Are green islands red
herrings? Significance of green islands in plant interactions with

Int J Agri Biosci, 2025, 14(4): 539-548.

pathogens and pests. Biological Reviews of the Cambridge
Philosophical Society, 83(1), 79-102. https://doi.org/10.1111/].1469-
185X.2007.00033.x

Zulkarnaini, Z.M., Sakimin, S.Z, Mohamed, M.T.M., & Jaafar, H.Z.E. (2019).
Relationship between chlorophyll content and soil plant analytical
development values in two cultivars of fig (Ficus carica L) as
brassinolide effect at an open field. In IOP Conference Series: Earth and
Environmental Science, 250, 012025. https://doi.org/10.1088/1755-
1315/250/1/012025



https://repositorio.catie.ac.cr/handle/11554/8186
https://doi.org/10.3390/agronomy13020340
https://doi.org/10.1111/j.1469-185X.2007.00033.x
https://doi.org/10.1111/j.1469-185X.2007.00033.x
https://doi.org/10.1088/1755-1315/250/1/012025
https://doi.org/10.1088/1755-1315/250/1/012025

