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Abstract – The increasing incidence of diseases in tangerine orchards, including 
alternaria brown spot (ABS) caused by Alternaria alternata, has led to significant 
production losses, which requires the development of new disease control 
strategies. This study aimed to evaluate the effect of essential oils (EOs) extracted 
from the peels of different lemon genotypes at several concentrations and 
application methods on the ABS control. The experiments were conducted at the 
Sylvio Moreira Citrus Research Center, Cordeiropolis - São Paulo state, Brazil. An 
in vitro experiment was set up in a completely randomized design (CRD) with a 
2×4×5 factorial scheme, including two control methods (preventive and curative), 
four lemon genotypes for EO extraction (Amber IAC 269, Eureka IAC 644, Harvey 
IAC 641 e IAC 262 Siciliano), and five EO concentrations (0, 2, 4, 8, and 16 μL mL-

1), with three replicates. Each replicate consisted of a Petri dish containing three 
young Murcott tangor leaves. An in vivo experiment was also conducted in a CRD 
with a 2×4×3 factorial scheme, including two control methods (preventive and 
curative), four lemon genotypes for EO extraction, and three EO concentrations (0, 
8, and 16 μL mL-1), with three replicates. Each replicate consisted of one Murcott 
tangor plant, with four leaves from three different branches of the same plant. 
Disease severity assessments were conducted over seven days following fungal 
inoculation. The Area Under the Disease Progress Curve (AUDPC) was calculated 
using severity data. Data were submitted  to analysis of variance, Tukey’s test (p 
< 0.05), and regression analysis. The preventive method was more effective in 
controlling the fungus. The Amber genotype, at  concentration of 16 μL mL-1, 
showed the best ABS control .

Index terms: alternaria brown spot; alternative control; citrus; fungicide

Óleo essencial de limão para controle de 
Alternaria alternata (Fr: Fr.) Keissler f. sp. citri
Resumo – O aumento de doenças nos pomares de tangerinas, incluindo a 
mancha marrom de alternária (MMA), causada por Alternaria alternata f. sp. citri, 
tem causado prejuízos aos produtores, exigindo novos controles da doença. 
Objetivou-se com este trabalho avaliar o efeito dos óleos essenciais, extraídos 
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Introduction
Citrus cultivation is crucial in the glob-
al economy, ranking among the leading 
fruit production activities in yield and rev-
enue generation. Brazil is the world’s larg-
est sweet orange producer  and a major 
mandarin producer, with annual harvest 
exceeding 1.3 million tons in 2023, mainly 
concentrated in the São Paulo state, Brazil 
(FAO, 2023; IBGE, 2023). The citrus indus-
try, including lemon (Citrus limon (L.) Burm. 
f.) production, plays a significant role  in 
the economic growth, with Brazil produc-
ing approximately 17 million tons of citrus 
fruits in 2022, generating revenues exceed-
ing USD 2 billion (FAO, 2022). Among citrus 
crops, tangerines (mandarins)  stand out in 
economic value due to the high consum-
er demand. However, fungal diseases such 
as Alternaria Brown Spot (ABS), caused by 
Alternaria alternata f. sp. citri, pose severe 
threats to production, with reported yield 
losses reaching up to 50% in susceptible 
varieties (AZEVEDO et al., 2010; PERES et al., 
2021).

The economic impact of ABS is substantial, 
as it not only reduces fruit yield but also 
affects quality, causing fruits to be unmar-
ketable for both fresh consumption and 
juice processing industries (ADASKAVEG 
et al., 2020). ABS is characterized by ne-
crotic lesions on leaves, twigs, and fruits, 
leading to premature fruit drop and re-
duced marketability. The pathogen pro-
duces host-specific toxins (HSTs), such as 
Alternaria citri toxin (ACT), which disrupts 
the cellular membrane integrity of the 
host plant, leading to cell death and the 
appearance of characteristic brown spots 
(KOHMOTO et al., 1993; AKIMITSU et al., 
2003). A distinctive feature of the patho-
gen-host interaction is the production of 
alternariol, a mycotoxin that acts as a viru-
lence factor and triggers programmed cell 
death in host plants (MEENA et al., 2017; 
SANTOS et al., 2021). The high suscepti-
bility of most tangerine varieties to A. al-
ternata has resulted in strong reliance on 
chemical fungicides, requiring 12 to 18 ap-
plications per year (AZEVEDO et al., 2010). 

de casca de genótipos de limão, em diferentes concentrações e métodos de aplicação, 
no controle da MMA. Os experimentos foram realizados no Centro de Citricultura Sylvio 
Moreira, em Cordeirópolis-SP. O experimento in vitro foi instalado em delineamento 
inteiramente casualizado (DIC), em esquema fatorial 2x4x5, sendo dois métodos de 
controle (preventivo e curativo), quatro genótipos de limão para extração de óleos 
essenciais (Amber IAC 269, Eureka IAC 644, Harvey IAC 641 e IAC 262 Siciliano) e cinco 
concentrações dos óleos essenciais (0, 2, 4, 8 e 16 μL mL-1), com três repetições, sendo 
cada repetição composta por uma placa de Petri contendo três folhas jovens de tangor 
Murcott. O experimento in vivo foi instalado em DIC, em esquema fatorial 2x4x3, sendo 
dois métodos de controle (preventivo e curativo), quatro genótipos de limão para 
extração de óleos essenciais e três concentrações dos óleos essenciais (0, 8 e 16 μL mL-1), 
com três repetições, sendo cada repetição composta por uma planta de tangor Murcott, 
sendo avaliadas quatro folhas de três ramos diferentes da mesma planta. As avaliações 
de severidade foram realizadas durante sete dias após a inoculação do fungo. Utilizando 
os dados de severidade foi calculada a Área Abaixo da Curva de Progresso da Doença 
(AACPD). Os dados foram submetidos à análise de variância, teste de Tukey (p < 0,05) e 
regressão. O método preventivo foi melhor no controle do fungo. O genótipo Amber, na 
concentração de 16 μL mL-1, foi melhor no controle da MMA.

Termos para indexação: Mancha Marrom de Alternária, controle alternativo; citros, 
fungicida natural; biocontrole
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However, the overuse of fungicide increas-
es production costs and raises concerns 
regarding environmental pollution, fungi-
cide resistance, and potential health risks 
to consumers (PERES et al., 2021).

A. alternata infection is primarily favored 
by high relative humidity and moderate 
to high temperatures, with the pathogen 
spreading through conidia dispersed by 
wind and water (Peever et al., 1999). Initial 
symptoms include small brown lesions on 
leaves and fruits, which progress to exten-
sive necrotic areas, leading to premature 
leaf drop and fruit decay (RODRIGUES et 
al., 2020). ABS is characterized by the for-
mation of necrotic lesions on leaves, twigs, 
and fruits, typically presenting  brown 
spots surrounded by a yellow halo, which 
are the hallmark symptoms of the disease 
(AZEVEDO et al., 2010; PERES et al., 2021). 
These conditions make ABS a persistent 
challenge for citrus growers, particularly in 
regions with humid climates.

In light of these challenges, there is an ur-
gent need for sustainable and environmen-
tally friendly alternatives to chemical fungi-
cides. Essential oils (EOs) derived from citrus 
peels have emerged as a promising solu-
tion due to their natural antifungal prop-
erties and low toxicity to humans and the 
environment. Lemon EOs are rich in mono-
terpenes, with limonene being the predom-
inant compound known for its antimicrobi-
al activity (Caputo et al., 2020; GOLMAKANI 
& MOAYYEDI, 2015). Recent studies have 
demonstrated the efficacy of citrus EOs in 
controlling various fungal pathogens, in-
cluding A. alternata, by disrupting fungal 
cell membranes and inhibiting spore ger-
mination (JING et al., 2014; TUNDIS et al., 
2012). Moreover, the use of EOs aligns with 
the growing demand for organic and sus-
tainable agricultural practices, offering a 
viable alternative to synthetic fungicides 
(DEWDNEY et al., 2021).

The antifungal activity of EOs is influenced 
by their chemical composition, which can 
vary depending on the citrus genotype, ex-
traction method, and environmental condi-
tions (VEKIARI et al., 2002; LURO et al., 2012). 
EOs from different lemon genotypes, such as 
Amber, Eureka, Harvey, and Siciliano, exhibit 
varying antifungal efficacy levels, likely due 
to differences in their limonene content and 
other bioactive compounds (TEIXEIRA et al., 
2013; ROZZA et al., 2011). Understanding 
these variations is crucial for optimizing the 
use of EOs in disease management.

Given the economic importance of tanger-
ines and the severe impact of ABS on pro-
duction, this study aims to evaluate the ef-
ficacy of EOs extracted from different lem-
on genotypes in controlling A. alternata f. 
sp. citri and identify the most effective EO 
genotype and concentration for managing 
ABS as a sustainable alternative to chemical 
fungicides.

Material and Methods
Experimental area
Fruits for essential oil (EO) extraction were 
harvested from specific lemon genotypes 
grown in a managed orchard located at 
the Sylvio Moreira Citriculture Center,  be-
longing to the Agronomic Institute (IAC) 
of Cordeirópolis, state of São Paulo, Brazil 
(22° 32' S, 47° 27' W, altitude 639 m a.s.l.). 
The climate is classified as Cwa according 
to the Köppen international system, charac-
terized by warm summers and dry winters. 
The soil is a Dark Red Latosol-Dystrophic 
with clayey texture, which provides good 
drainage but may require specific nutrient 
management strategies. From this collec-
tion of well-maintained lemon trees, four 
distinct genotypes were selected for this 
study: Siciliano (Figure 1A), Eureka (Figure 
1B), Harvey (Figure 1C), and Amber (Figure 
1D). These genotypes were chosen based 
on their potential for high essential oil yield 
and unique chemical profiles.
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Figure 1. Lemon genotypes: Sicilian Lemon (A), Eureka Lemon (B), Harvey Lemon (C), Amber 
Lemon (D).

Essential Oil Extraction
For essential oil (EO) extraction, 80 fruits 
were harvested from each of the four lem-
on genotypes (Amber, Eureka, Harvey, and 
Siciliano). Fruits were selected at commer-
cial maturity, with average diameter of 
6.5 - 7.5 cm and weight ranging from 120 
to 150 g, consistent with the standard size 
of mature lemons used for EO extraction 
(GOLMAKANI & MOAYYEDI, 2015; TEIXEIRA 
et al., 2013). The peel coloration of fruits was 
uniformly bright yellow, indicating optimal 
ripeness for oil extraction, as the yellow pig-
mentation of the flavedo is associated with 
higher essential oil content and quality 
(LURO et al., 2012; CAPUTO et al., 2020).

Fruits were submitted to meticulous clean-
ing, which involved thoroughly washing 
with potable water to remove any field 
debris or surface contaminants. Following 
the initial wash, fruits were sanitized using 
standardized protocol (e.g., sodium hypo-
chlorite solution at specific concentration 

and exposure time) to eliminate potential 
microbial growth. Lemon peels were then 
carefully separated from the pulp, ensur-
ing the retention of the albedo (white inner 
layer) and the colored flavedo (outer peel). 
Peels were manually cut into uniform piec-
es of approximately one cm² to optimize 
the surface area for essential oil extraction.

The essential oil was extracted using a 
well-established technique known as 
steam distillation. A Moritz apparatus 
served as the distillation unit, and approx-
imately 250 grams of chopped lemon peel 
constituted a typical sample load for each 
extraction run. The distillation continued 
for 3 hours, ensuring efficient recovery of 
volatile aromatic compounds within the 
lemon peel (TEIXEIRA et al., 2013). The col-
lected essential oils were carefully trans-
ferred to appropriate storage containers 
and maintained under controlled condi-
tions to minimize degradation. The stor-
age conditions typically involve protection 
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from light exposure and cool temperature, 
often around 4°C.

Isolation of Alternaria alternata 
Fungus and Inoculum 
Preparation
The fungal A. alternata isolate was obtained 
from symptomatic Murcott tangor fruits ex-
hibiting characteristic ABS symptoms. The 
methodology described by Peever et al. 
(1999) served as the foundation for isolate 
acquisition, albeit with some modifications 
for process optimization.

The isolation process began with collecting 
infected fruits showing typical ABS symp-
toms. Small tissue fragments obtained from 
the lesion margins were aseptically excised 
and surface-sterilized using 1% sodium hy-
pochlorite solution for 2 minutes, followed 
by rinsing with sterile distilled water. The ster-
ilized tissue fragments were then transferred 
to Petri dishes containing Potato Dextrose 
Agar (PDA) medium, adjusted to pH of 5.6, 
and supplemented with streptomycin (100 
mg L-1) to inhibit bacterial growth.  Petri dish-
es were incubated in growth chamber at 25 
± 2°C with 12-hour photoperiod for 7 days. 
Fungal colonies exhibiting morphological 
characteristics consistent with A. alternata 
(e.g., dark green to black colonies with con-
centric rings) were subcultured onto fresh 
PDA plates to obtain pure isolates.

Mycelial plugs (8 mm in diameter) were 
aseptically transferred from the pure A. al-
ternata isolate to fresh PDA plates for inoc-
ulum preparation. Plates were incubated 
under the conditions described above for 7 
days to promote fungal growth and conidial 
production. After incubation, 10 mL of ster-
ile distilled water were added to each plate, 
and a sterilized Drigalski spatula was used 
to gently dislodge the conidia from the my-
celial mat. The resulting conidial suspension 
was filtered through sterile gauze to remove 
mycelial fragments, and the conidial con-
centration was adjusted to 10⁵ conidia mL-1 
using Neubauer chamber.

Analysis of Essential Oils by GC-
FID and GC-MS
The chemical composition of essential oils 
was determined using gas chromatography 
with flame ionization detection (GC-FID) 
and gas chromatography-mass spectrom-
etry (GC-MS), following Frizzo et al. (2004).  
Shimadzu GC-14B (Tokyo, Japan) with FID 
detector and GC-MS QP 5050A (Shimadzu 
Europe, Duisburg, Germany) were used. 
Compound identification was based on 
mass spectral comparison with commercial 
libraries and linear retention indices (LRI) 
calculated on two capillary columns:  weak-
ly polar SE-52 and polar CW-20M (Mega, 
Legnano, Italy).Quantification was per-
formed using tetradecane (Sigma Aldrich, 
USA) as internal standard. Results were ex-
pressed as relative percentages.

Preventive and Curative Control 
on Detached Leaves (in vitro 
experiment)
An in vitro experiment was conducted in 
2021 and 2022 to evaluate the antifungal 
activity of essential oils (EOs) extracted 
from four lemon genotypes against A. alter-
nata, a fungal pathogen causing significant 
citrus production losses. The experiment 
used young leaves from Murcott tangor 
trees grafted onto Cravo lemon (C. limonia 
Osbeck) rootstock, maintained under con-
trolled environmental conditions within a 
greenhouse setting.

Murcott tangor trees were submitted to 
strategic pruning at the top approximately 
15 days before leaf collection to stimulate 
the growth of new, tender leaves suitable 
for the experiment. This pruning technique 
promotes the development of new shoots, 
providing a more uniform and suscepti-
ble target tissue for the subsequent fungal 
inoculation.

The selection of EO concentrations for the 
experiment was based on the results of pre-
liminary in vitro mycelial growth inhibition 
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tests (data not shown). Five concentrations 
ranging from 0 μL ml-1 (control) to 16 μL 
ml-1 stepwise (2, 4, 8, and 16 μL ml-1) were 
used. Each EO solution was prepared using 
sterile distilled water supplemented with 
0.1% (v/v) Tween 80, a non-ionic surfactant 
that facilitates the dispersion and emulsifi-
cation of the hydrophobic essential oils in 
the aqueous solution. The EO and Tween 80 
mixture was meticulously prepared within 
sterile test tubes, ensuring thorough and 
aseptic mixing to achieve a homogeneous 
solution with the desired concentration.

A completely randomized design (CRD) 
with a 2x4x5 factorial arrangement was 
implemented for the experiment. This de-
sign structure allowed for the evaluation of 
the interaction between three key factors: 
the control method (preventive vs. cura-
tive), the lemon genotype for EO extraction 
(Amber, Eureka, Harvey, and Siciliano), and 
the various EO concentrations (0, 2, 4, 8, 
and 16 μL ml-1). Three replicates were in-
cluded for each treatment combination. 
Each replicate consisted of a Petri dish con-
taining three young Murcott tangor leaves, 
carefully selected for uniformity in size and 
development stage.

For the preventive control test, using an au-
tuomatic pipette, 1 mL of the prepared EO 
+ Tween 80 solution at varying concentra-
tions was applied to the abaxial surface of 
leaves (underside). Based on preliminary 
tests, this volume was determined to be 
sufficient to ensure uniform coverage of 
the leaf surface. The application on the ab-
axial surface was chosen because, although 
stomata are primarily located on the adax-
ial surface, the abaxial surface has higher 
density of trichomes and cuticular ridges, 
which can enhance the retention and ab-
sorption of the EO solution. After applica-
tion, leaves were air dried for two hours at 
controlled room temperature of 25 ± 2°C, 
which was maintained to minimize EO vola-
tilization and ensure consistent experimen-
tal conditions.

Subsequently, leaves were inoculated with 
the A. alternata pathogen solution using the 
spray method. Inoculated Petri dishes were 
then placed in humid chamber by adding a 
moistened cotton ball to each dish, main-
taining high humidity levels (>90%) to pro-
mote fungal infection. Dishes were incubat-
ed in a controlled-environment BOD incu-
bator at 27 ± 2°C with 12-hour photoperiod 
to simulate appropriate conditions for fun-
gal growth and disease development. The 
incubation period of 24 hours was sufficient 
for infection, as confirmed by preliminary 
studies and supported by previous research 
(PEEVER et al., 1999).

For the curative control test, Murcott tangor 
leaves were first inoculated with the A. al-
ternata solution using the abovementioned 
method. After inoculation, leaves were in-
cubated for 24 hours under the same con-
trolled conditions (27 ± 2°C, 12-hour pho-
toperiod) within the BOD incubator. This 
initial incubation period allowed the fun-
gal pathogen to establish itself on the leaf 
surface and initiate infection. High humid-
ity was maintained by placing a moistened 
cotton ball in each Petri dish. After 24 hours, 
the various EO + Tween 80 solutions were 
applied to leaves in the curative treatment 
groups, mimicking a post-infection inter-
vention strategy. Dishes were then returned 
to the incubator for an additional seven 
days to monitor disease progression.

Preventive and Curative Control 
in the Field (in vivo experiment)
An in vivo experiment was conducted in 
September 2023 to assess the efficacy of 
essential oils (EOs) extracted from four lem-
on genotypes against A. alternata infection 
under field conditions. The experiment was 
conducted in a commercial citrus orchard 
where ABS is endemic. The experiment 
used two-year-old Murcott tangor trees 
grafted onto Cravo lemon rootstock, main-
tained within a managed orchard at the 
Sylvio Moreira Citriculture Center. Branches 



Devite et al. (2025)
Lemon essential oil for controlling Alternaria alternata (Fr: Fr.) 

Keissler f. sp. Citri

Fruit. Crop. Sci. J. 2025; v.1: e-307 7

exhibiting vigorous growth were strategi-
cally selected for the study. These branches 
were located in the upper third of the can-
opy, ensuring good light interception and 
promoting the presence of young, actively 
photosynthesizing leaves. Targeted leaves 
presented size of approximately 2-3 cm in 
length, representing a suitable develop-
ment stage for fungal inoculation.

A completely randomized design (CRD) 
with a 2x4x3 factorial arrangement was ad-
opted for the experiment. This design struc-
ture facilitated the evaluation of interac-
tions between three key factors: the control 
method (preventive vs. curative), the lemon 
genotype for EO extraction (Amber, Eureka, 
Harvey, and Siciliano), and the various EO 
concentrations (0, 8, and 16 μL mL-1). Three 
replicates were included for each treatment 
combination. Each replicate consisted of a 
single Murcott tangor tree, with four leaves 
strategically chosen from three branches of 
the same tree. This selection strategy en-
sured a more robust evaluation by incorpo-
rating leaves from various positions with-
in the canopy and potentially exposed to 
slightly different microclimates.

In the preventive control test, approximate-
ly 1 mL of the prepared EO + Tween 80 (0.1% 
v/v) solution was applied to the abaxial sur-
face (underside) of leaves using a hand-held 
sprayer, ensuring uniform coverage. This 
volume was determined to be sufficient 
to cover the leaf surface based on prelim-
inary tests. Due to the low pressure of the 
hand-held sprayer and the absence of wind 
during application, no physical barriers 
were necessary to prevent spray drift onto 
neighboring leaves or plants. Two hours af-
ter applying the EO solution, leaves were 
inoculated with the A. alternata pathogen 
solution using a similar spraying technique. 
This time gap allowed for sufficient drying 
of the EO solution and potential penetra-
tion into the leaf surface before the patho-
gen challenge. Following inoculation, a hu-
mid chamber was created by enclosing the 

treated branches in transparent plastic bags 
(12 x 20 cm) lightly sprayed with sterile dis-
tilled water on the inner surface. Bags were 
secured with adhesive tape around the 
branch stem, ensuring high humidity levels 
(>90%) to promote fungal infection while 
minimizing disruption to the surrounding 
canopy and orchard environment.

Targeted leaves were first inoculated with 
the A. alternata solution using the same 
spraying method for the curative control 
test. Following inoculation, leaves were in-
cubated for 24 hours within the canopy of 
Murcott tangor trees. To maintain high hu-
midity levels (>90%) and promote infection, 
a humid chamber was created by enclos-
ing the inoculated branches in transparent 
plastic bags (12 x 20 cm) lightly sprayed 
with sterile distilled water on the inner sur-
face. Bags were secured with adhesive tape 
around the branch stem, ensuring high hu-
midity levels while minimizing disruption 
to the surrounding canopy and orchard en-
vironment. After 24 hours, the various EO + 
Tween 80 solutions were applied to leaves 
in the curative treatment groups, simulat-
ing a post-infection intervention strategy.

Severity Evaluation and Area 
Under the Disease Progress 
Curve (AUDPC)
Disease assessments were conducted over 
seven days following inoculation with A. al-
ternata, encompassing both the in vitro and 
in vivo experiments. These assessments fo-
cused on the presence and development of 
characteristic disease symptoms caused by 
the fungal pathogen. In the in vitro exper-
iment, visual observations were performed 
to detect the formation of necrotic lesions 
on Murcott tangor leaves within the Petri 
dishes. In the in vivo experiment, targeted 
leaves of Murcott tangor trees were metic-
ulously examined for the emergence of any 
visual signs of A. alternata infection.

Following the seven-day assessment pe-
riod, the extent of disease development 
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was quantified by measuring the area of 
necrotic lesions on the infected leaves. This 
lesion area quantification was performed 
using  methodology established by Martelli 
et al. (2016). Their method uses a standard-
ized scale of ten illustrated disease sever-
ity scores. This scale ranges from “0,” which 
means complete absence of disease symp-
toms, to a maximum score, with severity 
levels represented as percentages of symp-
tomatic leaf area: 0.3%, 3.5%, 8%, 15%, 34%, 
61%, 80%, 90%, and 97%.

Data obtained from lesion area measure-
ments were subsequently used to calculate 
the Area Under the Disease Progress Curve 
(AUDPC). The AUDPC provides a quantita-
tive representation of disease severity over 
time. To calculate the AUDPC, the disease 
proportion was first plotted based on the 
formula proposed by Shaner and Finney 
(1977). This formula considers the disease 
severity scores at various time points and 
the total duration of the assessment period.

Data Analysis
Collected data were submitted to rigorous 
statistical analysis to identify significant dif-
ferences among experimental factors and 
quantify their effects on disease severity. 
The analysis used a two-way ANOVA (anal-
ysis of variance) model to evaluate the main 
effects of control methods (preventive vs. 
curative) and lemon genotypes (Amber, 
Eureka, Harvey, and Siciliano) on lesion area 
and AUDPC values. When ANOVA indicat-
ed significant effects for either the control 
method or the lemon genotype, further 
pairwise comparisons were conducted us-
ing Tukey’s honest significant difference 
(HSD) test. This post-hoc test allowed for a 
more nuanced exploration of differences 
between specific treatment groups, with 
significance level of 5% (α = 0.05) used to 
determine statistical significance.

When significant for concentration, regres-
sion analysis was applied to investigate the 
relationship between EO concentration and 

disease severity. The polynomial regression 
models assumed a linear relationship be-
tween EO concentration and the measured 
disease severity indices (lesion area and 
AUDPC).  The statistical analyses described 
above were conducted using the agricolae 
package for ANOVA and the drc package for 
regression. These packages are freely avail-
able within the R studio software (v. 4.1.0).

Results and Discussion
Analysis of Essential Oils by GC-
FID and GC-MS
The number of compounds identified in 
EOs  (Table 1) was consistent with previous 
studies on citrus essential oils, which report 
a wide range of volatile constituents, with 
limonene being the most abundant (DUGO 
& MONDELLO, 2011; GONZÁLEZ-MAS et al., 
2019). In this study, the limonene content 
was similar to values reported in literature 
for mandarins, generally ranging from 65 
to 75% (ANDRADE et al., 2023), except for 
specific varieties that exhibited slightly low-
er concentrations. Other major compounds 
identified included myrcene, linalool, and 
γ-terpinene, which are commonly found in 
citrus essential oils and contribute to their 
characteristic aroma and biological activity 
(FISHER & PHILLIPS, 2008).

Table 1. Chemical composition and relative 
percentages of essential oils from different 
lemon varieties.

Volatile 
Compounds

Essential Oils
Amber Eureka Harvey Siciliano

Acids
Decanoic acid - 0.02 0.07 -

Alcohols
α-Terpineol 0.81 0.32 0.39 0.32

Linalool 0.46 0.23 0.26 0.26
Terpinen-4-ol 0.41 0.18 0.2 0.16

Nerol 0.37 0.14 0.23 0.3
Geraniol 0.22 0.12 0.16 0.25
Octanol 0.09 0.06 0.05 0.08

Citronellol 0.06 0.04 0.04 0.05
γ-Terpineol 0.04 0.01 0.01 0.02

(to be contued)
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Table 1. Chemical composition and relative 
percentages of essential oils from different 
lemon varieties (continued).

Volatile 
Compounds

Essential Oils
Amber Eureka Harvey Siciliano

Perillyl alcohol - 0.01 - -
Aldehydes
Geranial 2.84 1.1 1.45 1.01

Neral 2.02 0.77 1.02 0.74
Octanal 0.27 0.12 0.14 0.11
Nonanal 0.12 0.11 0.11 0.11

Citronellal 0.09 0.1 0.07 0.05
Decanal 0.07 0.08 0.06 0.06

Perillaldehyde 0.08 0.04 0.04 0.03
Dodecanal 0.01 0.01 0.01 0.01

Esters
Neryl acetate 0.5 1.04 0.41 0.38

Geranyl acetate 0.22 0.41 0.19 0.17
Citronellyl acetate 0.03 0.03 0.03 0.03

Linalyl acetate 0.02 0.02 0.02 0.01
Ketones

Nootkatone 0.31 0.35 0.32 0.14
6-Methyl-5-

hepten-2-one 0.29 0.09 0.11 0.1

Camphor 0.05 0.01 0.03 0.03
Monoterpenes

Limonene 67.45 69.76 67.9 69.58
β-Pinene 8.66 8.96 10.32 11.12

γ-Terpinene 6.45 6.9 7.14 6.29
Sabinene 1.46 1.54 1.78 1.89
α-Pinene 1.18 1.51 1.58 1.53
Myrcene 1.28 1.41 1.4 1.4

p-Cymene 1.27 1.37 1.59 1.16
α-Thujene 0.25 0.33 0.34 0.3

Terpinolene 0.3 0.31 0.32 0.27
β-Phellandrene 0.27 0.27 0.27 0.29

α-Terpinene 0.13 0.12 0.11 0.1
(E)-Ocimene 0.13 0.07 0.11 0.09
1,8-Cineole 0.07 0.07 0.04 0.03
Camphene 0.04 0.04 0.05 0.05

(E)-Limonene oxide 0.04 0.02 0.04 0.04
(Z)-Ocimene 0.05 0.02 0.05 0.04

(Z)-Limonene oxide 0.02 0.01 0.05 0.04
Sesquiterpenes
β-Bisabolene 0.48 0.56 0.44 0.43

α-Bergamotene 0.29 0.36 0.28 0.28
Valencene 0.10 0.34 0.30 0.05

β-Caryophyllene 0.14 0.15 0.14 0.12
α-Humulene 0.03 0.04 0.03 0.02
Spathulenol 0.03 0.02 0.02 0.02
α-Selinene - 0.02 0.01 -

Total 99.59 99.75 99.79 99.65

The presence of oxygenated monoter-
penes, such as linalool and α-terpineol, 
was also notable, particularly in some vari-
eties where these compounds were found 
in higher proportions. These compounds 
have been reported to influence the anti-
microbial and antioxidant properties of cit-
rus essential oils (TRIPATHI; DUBEY, 2004). 
Additionally, sesquiterpenes such as valen-
cene and β-bisabolene, although found in 
lower concentrations, have been associat-
ed with the enhancement of the biological 
activity of citrus oils (GONZÁLEZ-MAS et al., 
2019).

The antifungal potential of citrus essen-
tial oils is well documented, particularly 
against postharvest pathogens such as 
Geotrichum citri-aurantii, Penicillium dig-
itatum, and P. italicum (ANTUNES et al., 
2010). The inhibitory activity of these oils is 
attributed to the synergistic effects of their 
volatile components, which can disrupt 
fungal membrane integrity and interfere 
with key metabolic processes. Limonene, 
along with linalool and γ-terpinene, has 
been identified as a key contributor to this 
antifungal activity, suggesting that the es-
sential oils analyzed in this study may have 
potential applications in the biocontrol of 
citrus diseases.

Preventive and Curative Control 
on Detached Leaves (in vitro 
experiment)
In the in vitro experiments conducted in 
2021 and 2022, the essential oil (EO) ex-
tracted from the Amber lemon genotype 
demonstrated the most promising antifun-
gal activity against A. alternata, particularly 
in the preventive control method. Leaves 
treated with Amber EO at concentrations 
ranging from 2 to 16 μL mL-1 exhibited sig-
nificantly lower disease severity compared 
to those treated with EOs from Eureka, 
Harvey, and Siciliano genotypes (Figure 
2). This trend was further corroborated by 
the AUDPC analysis (Figure 3), where the 
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Amber genotype consistently showed the 
lowest values across all concentrations, in-

dicating its superior efficacy to suppress 
disease progression.

Essential Oil Equation R²
Amber P y = 0.3316x2 - 8.080x + 88.289 0.9073
Eureka P y = 0.0860x2 - 2.685x + 92.932 0.9690
Harvey P y = 0.1310x2 - 4.024x + 94.638 0.9932

Siciliano P y = 0.0815x2 - 2.447x + 94.314 0.9867
Amber C y = 0.0643x2 - 1.940x + 94.557 0.9795
Eureka C y = 0.1059x2 - 2.849x + 93.756 0.9572
Harvey C y = 0.0637x2 - 2.048x + 93.631 0.9795

Siciliano C y = 0.0768x2 - 2.258x + 95.661 0.9617
Figure 2. Severity of the fungus A. alternata at different essential oil concentrations from various 
genotypes in preventive (P) and curative (C) control - in vitro test (Cordeirópolis, SP - Brazil, 2024).

The enhanced efficacy of Amber EO is likely 
attributed to its unique chemical compo-
sition. While limonene is the predominant 
compound in all genotypes (67.45% in 
Amber), Amber EO contains higher gerani-
al (2.84%) and neral concentrations (2.02%), 
which are known for their strong antifun-
gal activity against phytopathogens like A. 
alternata (Pavela, 2016). Additionally, mi-
nor compounds such as β-pinene (8.66%), 
γ-terpinene (6.45%), and linalool (0.46%) 
may contribute to its antifungal properties 
by disrupting fungal cell membranes and 
inhibiting spore germination, even at low 
concentrations (Rodrigues et al., 2021). In 
contrast, Eureka and Siciliano genotypes 
have lower concentrations of these bioac-
tive compounds, which may explain their 
reduced efficacy.

The concentration-dependent effect ob-
served for all EOs aligns with findings from 

Devite et al. (2023), who reported similar 
results using EOs from the IAC 2019 Maria 
tangerine cultivar, which is genetically resis-
tant to A. alternata. Their study demonstrat-
ed that preventive and curative treatments 
with EO at 16 μL mL -1 effectively reduced 
disease severity compared to control. The 
preventive application of EOs was more ef-
fective than the curative approach, as pre-
ventive treatment forms a protective barrier 
on the leaf surface, inhibiting fungal spore 
germination. In contrast, curative treatment 
requires penetration of infected tissues, 
which is less effective due to the presence 
of the fungus and the time required for the 
plant to activate its secondary metabolism 
and produce pathogenesis-related com-
pounds (OLIVEIRA et al., 2017). The minor 
compounds in EOs, rather than the major 
constituents like limonene, often play a 
critical role in their antifungal activity. For 
example, β-pinene and linalool have been 
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shown to disrupt fungal cell membranes 
and inhibit spore germination, even at low 
concentrations (RODRIGUES et al., 2021). 

The mechanisms by which EOs exert their 
antifungal activity include disrupting fungal 
cell membranes, inhibiting key enzymes, 
and interfering with fungal cell communi-
cation pathways (CHITOLINA et al., 2020). 
Compounds such as limonene, β-pinene, 
and linalool—abundant in citrus EOs—are 
highly lipophilic and can penetrate the lip-
id bilayer of fungal cells, destabilizing the 
membrane and causing cell death. EOs also 
inhibit enzymes like ATPases and chitin syn-

thases, critical for energy production and 
cell wall synthesis, impairing fungal growth 
and spore germination. Additionally, EOs 
disrupt fungal cell communication path-
ways, such as quorum sensing, weakening 
the pathogen’s ability to establish infec-
tions. Some compounds, like geranial and 
neral, induce oxidative stress by generating 
reactive oxygen species (ROS), further con-
tributing to fungal cell death. Further inves-
tigations of these mechanisms could lead 
to the development of more potent and 
environmentally friendly EO-based formu-
lations for disease control.

Essential Oil Equation R²
Amber P y = 10.425x2 - 328.00x + 7246.9 0.9909
Eureka P y = 32.226x2 - 794.43x + 6965.8 0.9455
Harvey P y = 19.616x2 - 518.86x + 7250.1 0.9853

Siciliano P y = 13.005x2 - 324.74x + 7243.2 0.9377
Amber C y = 10.789x2 - 273.28x + 7478.9 0.9885
Eureka C y = 11.884x2 - 302.86x + 7364.7 0.9765
Harvey C y = 4.9667x2 - 180.87x + 7340.3 0.9921

Siciliano C y = 5.8777x2 - 177.59x + 7377.5 0.9751
Figure 3. AUDPC of the fungus A. alternata at different essential oil concentrations from various 

genotypes in preventive (P) and curative (C) control - in vitro test (Cordeirópolis, SP - Brazil, 2024).

Preventive and Curative Control 
in the Field (in vivo experiment)
The results of the in vivo experiment, regard-
ing the efficacy of EOs against A. alternata in-
fection under field conditions, are intriguing. 
Interestingly, no statistically significant dif-
ferences were observed between preventive 
and curative control methods regarding dis-
ease severity and AUDPC values (Figure 4). 

This unexpected outcome suggests that un-
der field conditions, the timing of EO applica-
tion (preventive vs. curative) may not signifi-
cantly impact disease control. However, this 
result could be attributed to the high vola-
tility of EOs and their sensitivity to environ-
mental factors such as temperature and UV 
radiation. In this study, EOs were applied in 
the morning, under conditions of low wind 
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and temperatures around 25°C, to minimize 
volatilization. Despite these conditions, the 
natural degradation of EOs in the field may 
have reduced their efficacy compared to in 
vitro conditions, where environmental fac-
tors are controlled (PAVELA, 2016; OLIVEIRA 
et al., 2017).

Despite the lack of significant differenc-
es between control methods, EOs from all 
genotypes exhibited a concentration-de-
pendent effect on disease severity. At the 
highest concentration tested (16 μL mL-1), 
EOs from all four genotypes (Amber, Eureka, 
Harvey, and Siciliano) demonstrated signifi-
cant reduction in disease severity compared 
to control (Figure 4). This observation aligns 
with findings from previous studies, high-
lighting the dose-dependent antifungal ac-
tivity of EOs (JING et al., 2014; RODRIGUES 
et al., 2021). Among the different gen-
otypes, the EO derived from the Amber 
lemon showed a trend of superior perfor-
mance in controlling A. alternata. Notably, 

at concentrations of 8 and 16 μL mL-1, the 
Amber EO exhibited significantly lower dis-
ease severity compared to the other geno-
types (Figure 4). Similarly, the AUDPC anal-
ysis (Figure 5) revealed that the Amber EO 
consistently resulted in the lowest AUDPC 
values across all tested concentrations, in-
dicating its remarkable ability to suppress 
fungal growth and disease progression 
throughout the seven-day evaluation pe-
riod. Furthermore, the EO from the Eureka 
genotype presented a promising antifungal 
effect at the highest concentrations (8 and 
16 μL mL-1). At these concentrations, leaves 
treated with Eureka EO presented lower 
disease severity compared to those treat-
ed with Harvey and Siciliano genotypes 
(Figure 4). These findings suggest potential 
variability in the antifungal efficacy of EOs 
extracted from different lemon genotypes, 
requiring further research to explore the 
specific components responsible for these 
differences.

Figure 4. In vivo severity of the fungus A. alternata at different essential oil concentrations from 
various genotypes (Cordeirópolis, SP - Brazil, 2024). *Means followed by the same lowercase letter 
among varieties at the same dose, and uppercase letters within the same variety across different 
doses do not differ significantly (Tukey, 5%).

The chemical composition of EOs, partic-
ularly the presence of minor compounds, 
plays a crucial role in their antifungal ac-
tivity under field conditions. While limo-
nene is the predominant compound in all 
genotypes, the Amber EO contains higher 
geranial (2.84%) and neral concentrations 
(2.02%), which are known for their strong 

antifungal properties against phytopatho-
gens like A. alternata (TUNDIS et al., 2012). 
Additionally, β-pinene (8.66%) and γ-ter-
pinene (6.45%) may contribute to the en-
hanced antifungal activity of the Amber EO 
by disrupting fungal cell membranes and 
inhibiting spore germination (ZAMBONELLI 
et al., 1996). In contrast, Eureka and Siciliano 
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genotypes have lower concentrations of 
these bioactive compounds, which may ex-
plain their reduced efficacy. The synergistic 
effects of these minor compounds, rather 
than the action of a single compound, are 
likely responsible for the observed antifun-
gal activity (SOYLU et al., 2010).

The acquisition and application of EOs are 
relatively simple, as they can be extracted 
from citrus peels, a by-product of the cit-
rus processing industry, which makes EOs 
a cost-effective and sustainable alternative 

to synthetic fungicides. However, their high 
volatility and sensitivity to environmen-
tal conditions may limit their efficacy in 
field applications. Therefore, future studies 
could explore encapsulation techniques 
or adjuvants to enhance the stability and 
persistence of EOs under field conditions 
(ISMAN, 2020). Additionally, the viability of 
EO-based treatments depends on factors 
such as ease of application, cost-effective-
ness, and compatibility with integrated 
pest management practices.

Figure 5. In vivo AUDPC of the fungus A. alternata at different essential oil concentrations from 
various genotypes (Cordeirópolis, SP - Brazil, 2024). *Means followed by the same lowercase letter 
among varieties at the same dose, and uppercase letters within the same variety across different 
doses do not differ significantly (Tukey, 5%).

Conclusion
This study identified the Amber lemon gen-
otype as the most effective source of es-
sential oil (EO) for controlling A. alternata in 
both in vitro and in vivo conditions. In in vi-
tro experiments, the preventive application 
of Amber EO at 16 μL mL -1 was the most 
effective in reducing disease severity and 
suppressing fungal growth, outperform-
ing EOs from Eureka, Harvey, and Siciliano 
genotypes. While curative applications also 
showed efficacy, preventive treatments 
consistently provided superior control, like-
ly due to the formation of a protective barri-
er on the leaf surface.

In in vivo experiments, the Amber EO again 
demonstrated the highest efficacy, with 
the concentration of 16 μL mL -1 significant-

ly reducing disease severity compared to 
control. Although no significant differenc-
es were observed between preventive and 
curative methods under field conditions, 
the concentration-dependent effect was 
evident, with higher doses providing bet-
ter disease control. The Eureka genotype 
also exhibited promising results at concen-
trations of 8 and 16 μL mL -1, suggesting 
potential variability in the antifungal effi-
cacy of EOs extracted from different lemon 
genotypes.

These findings underscore the potential of 
Amber lemon EO as a sustainable and effec-
tive alternative for managing A. alternata in 
citrus production. Future research should 
focus on optimizing application methods, 
exploring encapsulation techniques to en-
hance EO stability under field conditions, 
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and identifying the specific chemical con-
stituents responsible for the observed anti-
fungal activity. This study provides a foun-
dation for the development of environmen-
tally friendly strategies to control fungal 
diseases in citrus crops.
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