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ABSTRACT
Postharvest fungal diseases caused by Colletotrichum, Rhizopus, and Penicillium are major concerns, driving the search for
sustainable antimicrobial alternatives to enhance food shelf life. This study examines the chemical composition of essential oils
(EO) from Origanum vulgare, Syzygium aromaticum, Cymbopogon citratus, Cymbopogon martinii, Mentha piperita, and Mentha
spicata, evaluating their in vitro effectiveness against Colletotrichum sp., Rhizopus stolonifer, and Penicillium expansum.
Different EO concentrations were tested via volatile exposure and direct contact to determine the minimum inhibitory con-
centration (MIC) for each fungus. The results indicate that there is no universal strategy for prevention and control, as the
effectiveness of EO depends directly on the fungal species. Colletotrichum sp. and R. stolonifer were more susceptible to volatiles
from O. vulgare (200 μL/L_air) and M. piperita (180 μL/L_air), respectively, whereas P. expansum was more sensitive to direct
contact with O. vulgare (250 μL/L_medium). Scanning electron microscopy (SEM) revealed that O. vulgare, rich in phenolic
terpenes, and C. citratus, rich in aldehydic monoterpenes, induced hyphal breakage and twisting at varying intensities in these
three common postharvest fungi. The results highlight the potential of EO via volatile exposure and direct contact as a
promising alternative for postharvest fungal control.

1 | Introduction

The consistent supply of high‐quality fresh and safe fruit to
domestic and international consumers is a significant challenge
in postharvest technology. Food losses occur due to several
reasons, such as inadequate storage conditions, refrigeration,

pest attacks, microbial contamination, fruit and vegetable dis-
eases, packaging, distribution infrastructure, and other factors
(Dora et al. 2021; FAO 2015). Postharvest losses can be severe,
reaching up to 60% of the production of certain products in
extreme cases. Among the causes, biological damage caused by
pests and diseases is estimated to cause more than 40% of total
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losses in fruits and vegetables. Particular emphasis should be
given to disease‐causing fungi such as Colletotrichum, Rhizopus,
and Penicillium (Karoney et al. 2024).

Colletotrichum sp. infects various fruit crops including apples,
strawberries, and mangoes (Galsurker et al. 2018). Its presence
can lead to rotting and decay of the fruit, resulting in significant
losses during postharvest handling and storage (Zhao
et al. 2022). Rhizopus stolonifer commonly infects soft fruits such
as strawberries and it is the cause of soft rot (Bertolo et al. 2025).
This fungal infection can spread rapidly and cause extensive
damage to the harvested fruit, leading to significant losses in
quantity and quality since the losses can reach 50% of the pro-
duction (Ventura‐Aguilar et al. 2021; Zhao et al. 2022). Another
common fungus in postharvest is Penicillium expansum, which
infects apples and pears, causing a disease known as blue mold
(Nybom et al. 2020). This fungal infection can result in the
deterioration of the fruit's appearance, texture, and taste, mak-
ing it unsuitable for consumption or sale (Jijakli and Lep-
oivre 2004; Saleh and Al‐Thani 2019; Zhao et al. 2022).
Traditionally, these diseases are controlled with synthetic
chemical fungicides. However, this control method carries the
risk of residual contamination in the environment and of
perishable products, which can harm human and animal health
(Carmona‐Hernandez et al. 2019).

Alternative plant‐based control methods with fungicidal and
fungistatic properties are gaining importance due to their ad-
vantages such as green safety, health, and environmental pro-
tection. In this context, essential oils (EO) stand out for their
potential action against phytopathogenic fungi (Achimón
et al. 2021; Duan et al. 2024; Lin et al. 2023; Maurya et al. 2021;
Reyes‐Jurado et al. 2020; Zang et al. 2023). In aromatic plants,
structures like seeds, buds, flowers, fruits, leaves, twigs, bark, and
roots produce these compounds through secondary metabolism
as a defense mechanism against predators and diseases.
Furthermore, these metabolites have also demonstrated medici-
nal, antioxidant, insecticidal, and antibacterial properties. In
addition, EO such as oregano, clove, lemongrass, spearmint, and
peppermint are classified as generally recognized as safe (GRAS)
and exhibit greater sensory acceptance (Al‐Maqtari et al. 2022;
Almeida et al. 2024).

EO compositions are a mixture of many chemical compounds,
with characteristics predominantly hydrophobic and with low
molecular weight (Al‐Maqtari et al. 2022; Duan et al. 2024; Zang
et al. 2023). The presence of aliphatic alcohols, phenolics, ter-
penes, acids, and flavonoids in major concentrations contributes
to strong antimicrobial effects (Al‐Maqtari et al. 2022; Zang
et al. 2023). For antifungal applications, EO molecules in the
aqueous phase can form micelles, restricting availability and
reducing action potential for aerial mycelium, but in the vapor
phase, molecules are free to act (Reyes‐Jurado et al. 2020).

The functional groups of the major and minor compounds
found in EO play a crucial role in their antimicrobial activity.
Generally, microorganisms are affected by the constituents of
plant EO in two distinct ways. First, molecules can alter the
composition of microbial cells and mycelium, leading to
changes in organelles, cell membranes, and cell walls, resulting
in physical changes in morphological structures. Second, these

oils can reduce or suppress spore production and germination
(Abdi‐Moghadam et al. 2023).

The ability of EO components to permeate the cell wall and
disrupt the cell membrane structure through interactions with
lipids, proteins, or porins can lead to cytoplasmic leakage,
disruption of wall synthesis, interference with enzymatic re-
actions, ATPase pump damage, and cytoplasmic acidification.
These mechanisms ultimately result in cell lysis and death
(Abdi‐Moghadam et al. 2023; Duan et al. 2024; Lin et al. 2023).
These modes of action highlight the potential applications of EO
in postharvest settings, as they can effectively inhibit the
development of pathogenic fungi in fruits and vegetables,
ensuring greater stability and quality.

Aligned with Goal 2.4, ‘sustainable food production and resilient
agricultural practices' proposed by the United Nations General
Assembly, aswell as theFAOSaveFood:Global Initiative onFood
Loss and Waste Reduction (FAO 2015), this study aimed to
evaluate the antifungal efficacy of EO across different application
methodologies, with a focus on their potential real‐world appli-
cation in postharvest technologies. Two primary application
methods were investigated: (1) direct contact, which could sup-
port the incorporation of EO into edible coatings, and (2) volatile
exposure, which could guide the development of active packaging
solutions. Due to their safety, sensory compatibility, commercial
accessibility, and previous data in the literature, oregano, clove,
lemongrass, palmarosa, peppermint, and spearmint EO were
selected to evaluate and compare the antifungal activity by direct
contact and exposure to volatiles against Colletotrichum sp.,
Rhizopus stolonifer, and Penicillium expansum.

2 | Material and Methods

2.1 | Materials

EO of Origanum vulgare L. (oregano), Syzygium aromaticum L.
(clove), Cymbopogon martinii (Roxb.) J. F. Watson (palmarosa),
and Mentha piperita L. (peppermint) were obtained from Har-
monie Aromaterapia (Florianopolis, SC, Brazil); Mentha spicata
L. (spearmint) EO was acquired from Terraflor Aromaterapia
(Alto Paraiso de Goias, GO, Brazil); and Cymbopogon citratus
(DC.) Stapf (lemongrass) EO was acquired from Mundo dos
Óleos (Brasilia, DF, Brazil). The method of extraction of the
essential oils was steam distillation (leaves).

The fungal strains used in antifungal activity assays were Col-
letotrichum sp. CBMAI 0864 provided by Coleção Brasileira de
Micro‐organismos de Ambiente e Indústria – CBMAI/UNI-
CAMP, Rhizopus stolonifer CCT 0276 NRRL 1478 obtained from
Fundação Tropical de Pesquisas e Tecnologia André Tosello,
and Penicillium expansum CMIIAA PEN 001 provided by
Embrapa Agroindústria de Alimentos.

2.2 | Essential Oil Chemical Composition Analysis

The essential oils were characterized by gas chromatography–
mass spectrometry (GC–MS) as Fukuyama et al. (2024)
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described. A Shimadzu GC–MS 2010 Plus system (Kyoto, Japan)
equipped with a quadrupole mass spectrometer (GC–MS) was
used. The EO components were separated using a DB‐5MS
capillary column (30 m � 0.25 μm � 0.25 mm) with helium
as the carrier gas at a 1 mL/min flow rate. Amber vials con-
taining 10% (v/v) essential oil in dichloromethane were pre-
pared immediately before injection. The samples were then
injected (1 μL) into the GC–MS using the Shimadzu AOC20i
autosampler system. The chromatographic conditions were as
follows: injector temperature: 250° C (split mode 1:50); oven
temperature program: starting at 60° C (1 min), followed by an
increase of 3° C/min up to 240° C; interface and ion source
temperature, 240° C; EI þ70 eV; and mass range, m/z 35–350.
The linear temperature programmed retention index (RI) was
calculated using an alkane solution (C8–C20). The identification
of the analytes was performed as described by Spencer
et al. (2021), comparing the RI and mass spectra obtained for the
sample with mass spectra and RI of the literature, with the
similarity of at least 85% for the mass spectra, and maximum
variation in RI of � 10. The identification of analytes was
confirmed by the co‐injection of authentic standards whenever
these were available. The semiquantitative analysis of essential
oils (% relative area) was performed in the same gas chroma-
tography system but using the flame ionization detector (GC‐
FID). All qualitative and semiquantitative analyses were per-
formed in triplicate.

2.3 | Antifungal Activity of Essential Oils by the
Volatile Exposure Method

Antifungal assays from volatile EO were adapted from Aguilar‐
González et al. (2015). Potato dextrose agar (PDA) medium from
Kasvi was prepared and plated in a petri dish in a manner that
contained 20 mL of medium and 50 mL of air. Filter paper discs
(2 cm diameter) were placed in the center of the petri dish lid
(Figure S1A) and different volumes of EO, ranging from 1 to
100 μL (equivalent to 20 μL/Lair to 2000 μL/Lair) were applied to
the paper disc (Figure S1B). A control group without essential
oil added to the filter paper was established. A concentration
limit of 2000 μL/L air was stabilized due to the retention ca-
pacity of the filter paper in the lid. All treatments were per-
formed in quadruplicate. A 9‐mm diameter fungal agar plug was
placed in the center of each PDA petri dish as the inoculum. The
plates were incubated at 28 ºC for 7 days, and fungal growth was
monitored every 24 h.

2.4 | Antifungal Activity of EO by the Direct
Contact Method

Potato dextrose agar (PDA) medium from Kasvi with Tween 80
(0.5% v/v) was prepared containing different EO concentrations:
62.5, 125, 250, 500, 750, and 1000 μL/L, and the treatment
without the addition of EO was used as a control. A threshold
concentration of 1000 μL/L was set due to the solubility of the
EO in the culture medium with the surfactant (higher concen-
trations resulted in separation and accumulation of the oil on
the surface of the medium). The inoculation was done by
transferring agar plugs (9 mm diameter) from an actively

growing colony. All treatments were carried out in triplicate.
The incubation temperature was 28 ºC for 7 days, and the fungal
growth was monitored every 24 h.

2.5 | Scanning Electron Microscopy (SEM)

2.5.1 | Fungi Exposed to EO Volatiles

Sample preparation followed the method of Yu et al. (2022)
with some modifications. Potato dextrose agar (PDA) medium
from Kasvi was inoculated with a 9‐mm diameter agar plug
containing fungal mycelium (Colletotrichum sp., Rhizopus sto-
lonifer, or Penicillium expansum) and then incubated at 28 ºC
for 4 days. For the volatile exposure method, EO of Origanum
vulgare and C. citratus were individually applied to a paper
filter disc placed on the petri dish lid. These EO were selected
because they contain major components with distinct chemical
groups, specifically alcohol and aldehyde, respectively. The
EOs were used at concentrations corresponding to the mini-
mum inhibitory concentration (MIC) and at higher concen-
trations. The tested volatile concentrations for Colletotrichum
sp. were 200 and 2000 μL/Lair for O. vulgare EO and 1200 and
2000 μL/Lair for Cymbopogon citratus EO. For Rhizopus stolo-
nifer, the concentrations were 200 and 400 μL/μL/Lair for O.
vulgare EO and 400 and 600 μL/Lair for C. citratus EO. For
Penicillium expansum, 400 and 800 μL/Lair were tested for
both EO.

2.5.2 | Fungi Exposed to EO Through Direct Contact

Using the same incubationperiodpreviously described,O. vulgare
and C. citratus EO were added to the medium at concentrations
corresponding to the minimum inhibitory concentration (MIC)
obtained for each fungus and at concentrations exceeding the
MIC. ForColletotrichum sp.,Oregano vulgareEOwas tested at 750
and 1000 μL/L, and Cymbopogon citratus EO was tested at 1500
and 2000 μL/L. For Rhizopus stolonifer, Oregano vulgare OE was
tested at 250 and 1000 μL/L, and Cymbopogon citratus EO was
tested at 750 and 1000 μL/L. For Penicillium expansum, Oregano
vulgare EO was tested at 250 and 1000 μL/L, and Cymbopogon
citratus EO was tested at 1000 and 1500 μL/L.

2.5.3 | Stubs Preparation

Both tests (volatile exposure and direct contact methods) were
carried out in triplicate considering the control group (without
adding the EO). After 48 h of incubation, a disc (5 mm in
diameter) was removed and placed in glutaraldehyde (3% v/v)
overnight and then immersed in a phosphate buffer (0.05 M, pH
6.8). Samples were dehydrated in a graded series of acetone
concentrations (30%, 50%, 70%, 90%, and 100% v/v) and dried in
liquid carbon dioxide at the critical point. The dried discs were
deposited on stubs with adhesive tape and coated with gold for
observation in the scanning electron microscope (SEM ‐ SEM
JEOL JSM‐6701F, Tokyo, Japan).
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3 | Results and Discussion

3.1 | EO Composition

The composition of the EO used in this study is presented in
Table 1. The corresponding chromatograms are available in the
Supplementary Materials, listed as follows: Figure S2—C. cit-
ratus (Lemongrass) EO; Figure S3—E. caryophyllus (Clove) EO;
Figure S4—O. vulgare (Oregano) EO; Figure S5—M. piperita
(Peppermint) EO; Figure S6—M. spicata (Spearmint) EO; and
Figure S7—Cymbopogon martini (Palmarosa) EO.

Origanum vulgare L. EO presented carvacrol (79.93%), thymol
(5.00%), p‐cymene (4.81%), and γ‐terpinene (4.28%) as the main
components, respectively. These results resemble the data of
Duan et al. (2024), which presented those compounds as the
main components (carvacrol 66.01%; thymol 3.51%; o‐cymene
3.03%; and γ‐terpinene 2.54%). However, the concentrations of
EO components can vary due to several factors, intrinsic and
extrinsic to the plant of origin. As an example, for Origanum
vulgare ssp. hirtum, the levels of carvacrol and γ‐terpinene are
higher in the upper leaves (Chizzola 2013). Carvacrol and
thymol are phenolic compounds with antifungal activity (Leo-
nelli Pires de Campos et al. 2022). In Aspergillus flavus, there is
evidence that exposure to carvacrol can cause damage to the
plasma membrane, DNA damage, a decrease in mitochondrial
membrane potential, and oxidative stress due to reactive oxygen
species accumulation (Duan et al. 2024).

Syzygium aromaticum EO had phenolic compounds eugenol and
caryophyllene as the main components, representing, respec-
tively, 84.49% and 11.68% of the EO composition. The main
components observed agree with other studies, such as Achimón
et al. (2021) with S. aromaticum EO presenting 88.70% of eugenol
and 6.55% caryophyllene. This research also reports that the po-
larity of eugenol favors the ability to penetrate cell walls, inter-
acting and causing greater damage to the membrane. The
inhibitory activity of this compound has already been observed
against animal and plant pathogens, food poisoning, spoilage
bacteria, and fungi such as Fusarium verticillioides and Rhizopus
stolonifer (Achimón et al. 2021; Chizzola 2013; Zhou et al., 2017).

C. martinii EO presented geraniol (86.39%) as the main
component as shown by Devi et al. (2021) and Sen et al. (2023).
Geraniol occurs mainly in Cymbopogon species (as citronella C.
winterianus and C. nardus), presenting minty, floral, and lemon‐
like odor (Chizzola 2013; Devi et al. 2021). The antifungal
properties of geraniol are related to the interaction with the
membrane and activation of apoptosis‐related genes. Among the
responses already reported to exposure, ATP‐dependent efflux is
associated with a loss of the mitochondrial membrane potential,
an increase in membrane fluidity, cell wall rupture, reduced
hyphal development, and increased oxidative activity (Lin
et al. 2023; Scariot et al. 2021). Furthermore, this EO has anti-
fungal properties already reported for several fungi, such as
Trichophyton rubrum, Aspergillus fumigatus, Alternaria solani,
Aspergillus niger, Aspergillus flavus, and Fusarium oxysporum
(Devi et al. 2021; Lin et al. 2023; Sen et al.; 2023).

C. citratus EO presented neral/α‐citral (44.59%), geranial/β‐citral
(35.99%), and geraniol (8.42%) as the main components. These

components were also observed as the main components of C.
citratus EO in other studies, such as in Plata‐Rueda et al. (2020)
andMadi et al. (2021). This EO has an antifungal activity that can
be associated with its major compounds neral, geranial, and ge-
raniol, showing the effect on some fungi, such asAspergillus niger,
Botrytis cinerea, Cladosporium herbarum, Colletotrichum cocc-
odes, and Rhizopus stolonifer (Lee et al. 2020). Fungi Raffaelea
quercus‐mongolicae and Rhizoctonia solani treated with C. cit-
ratus produce intracellular reactive oxygen species (ROS) that,
when accumulated, can induce cellular apoptosis. Besides that,
neral and geranial can cause cell membrane damage and are
associated with a negative regulation of the biosynthesis of
ergosterol, a component of the cell membrane in Penicillium
digitatum (Lee et al. 2020).

M. piperita EO presented menthol (36.59%) and menthone
(36.59%) as the main components. Giménez‐Santamarina
et al. (2022) and Hudz et al. (2023) also describe these com-
pounds as the majority in their research. However, Samber et al.
(2015) found menthol (34.82%), carvone (19.54%), and men-
thone (9.10%) as the main components. The possible antifungal
mechanisms of action of this EO are related to the decrease in
PM‐ATPase activity, the ergosterol content, and cell membrane
breakage (Hudz et al. 2023; Samber et al., 2015). Moreover, the
antifungal effects of Mentha peperita oil have already been re-
ported for Candida albicans, Candida tropicalis, Candida gla-
bata, Fusarium moniliforme, Aspergillus niger, and Aspergillus
fumigates (Giménez‐Santamarina et al. 2022; Hudz et al. 2023;
Samber et al., 2015).

M. spicataEO showed carvone (66.54%) and limonene (25.34%) as
the main components as also demonstrated by Giménez‐Santa-
marina et al. (2022) and Mansoori et al. (2022). Carvone's anti-
fungal effect is closely associated with the change in the cellular
rigidity of the hyphae due to the molecule's high penetration ca-
pacity. Furthermore, as alreadydemonstrated inFusarium, inside
the cell, it interactswith the enzyme systemand acts to destabilize
mitochondrial functions. Limonene also acts to increase perme-
ability and damage the cell membrane, with consequent ionic
dysregulation. In C. tropicalis, the extravasation of cytoplasmic
proteins and changes inATP synthesis pathways are also reported
(Bouyahya et al. 2021; Soliman et al. 2022). The antifungal activity
ofM. spicataEOwasdescribed forFusarium spp.,Aspergillus spp.,
Penicillium spp, and Candida tropicalis (Bouyahya et al. 2021;
Soliman et al. 2022; Yu et al. 2022).

3.2 | Antifungal Assays

3.2.1 | Antifungal Activity of EO Volatile Compounds

Figure 1 presents the minimum inhibitory concentration (MIC)
data observed for each volatile EO against the fungi Colleto-
trichum sp., Rhizopus stolonifer, and Penicillium expansum.

On Colletotrichum sp. growth control, O. vulgare presented the
lowest MIC (200 μL/Lair), followed by S. aromaticum volatile EO
(400 μL/Lair). C. martinii and M. spicata presented high MIC
values; meanwhile, none of the volatile EO concentrations
analyzed for C. citratus and M. piperita were able to inhibit
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TABLE 1 | Identification of EO volatile compounds by GC–MS and GC‐FID.

Compound RI exp RI lit
% Relative area

OV SA CM CC MP MS

α‐Thujene 925 929 0.64 — — — — —

α‐Pinene 932 934 0.35 — — — 0.80 0.43

Camphene 948 952 — — — 0.38 — —

Sabinene 974 974 — — — — — 0.30

β‐Pinene 978 977 — — — — 0.82 —

Sulcatone 984 986 — — — 0.49 — —

β‐Myrcene 989 992 0.91 — — — — 0.57

α‐Terpinene 1016 1017 0.57 — — — — —

p‐Cymene 1023 1024 4.81 — — — — —

Limonene 1028 1027 — — — 0.36 — —

Eucalyptol 1034 1034 — — — — 7.23 —

Limonene 1035 1035 — — — — — 25.34

trans‐β‐ocimene 1047 1047 — — 0.91 — — —

γ‐Terpinene 1057 1059 4.28 — — — — —

Linalool 1100 1100 — — 1.41 0.36 — —

Citronella 1152 1150 — — — 0.63 — —

Menthone 1165 1163 — — — — 36.69 —

Isomenthol 1173 1177 — — — — 8.31 —

Terpinen‐4‐ol 1179 1179 — — — — — 0.49

Menthol 1189 1181 — — — — 36.59 —

trans‐Dihydrocarvone 1199 1199 — — — — — 1.08

Nerol (cis‐geraniol) 1230 1228 — — — 1.08 — —

Pulegone 1244 1244 — — — — 0.81 —

Geranial/β‐Citral 1245 1242 — — — 35.99 — —

Piperitone 1258 1259 — — — — 0.65 —

Carvone 1261 1254 — — — — — 66.54

Geraniol 1266 1265 — — 86.39 8.42 — —

Neral/α‐citral 1275 1277 — — — 44.59 — —

Thymol 1293 1292 5.00 — — — — —

Isomenthol acetate 1299 1305 — — — 3.70 —

Carvacrol 1306 1300 79.93 — — — — —

Eugenol 1367 1358 — 84.49 — — — —

Geraniol acetate 1386 1385 — — 7.74 5.34 — —

β‐Bourbonene 1390 1386 — — — — — 0.73

Caryophyllene 1422 1419 1.67 11.68 1.00 0.45 — —

α‐Caryophyllene 1457 1456 1.58 — — — —

β‐Bisabolene 1510 1509 0.34 — — — — —

Eugenol acetate 1528 1525 0.62 — — — —

Caryophyllene oxide 1586 1583 0.36 0.94 0.36 2.15 0.49

trans‐Farnesol 1724 1722 — — 0.54 — — —

Geranyl caproate 1756 1755 — — 0.61 — — —

Total identified 98.86 99.31 98.6 98.45 97.75 95.97

Note: Compounds listed in order of elution from the DB‐5MS capillary column; RI exp, retention index determined in the DB‐5MS column using a series of C8‐C20
alkanes; RI lit, retention index according to the National Institute of Standards and Technology (NIST) and/or Pherobase (https://pherobase.com/).
Abbreviations: CC, C. citratus; CM, C. martinii; MP, M. piperita; MS, M. spicata (−) not detected; OV, O. vulgare; SA, S. aromaticum.
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Colletotrichum sp. growth, being that its MIC is superior to
2000 μL/Lair. The lowest MIC value obtained for R. stolonifer
was 180 μL/Lair by M. piperita EO, followed by O. vulgare and C.
citratus EO volatiles (200 μL/Lair). In opposition, S. aromaticum
EO presented the highest MIC value to this fungus (800 μL/Lair).
On the growth control of P. expansum, O. vulgare and C. citratus
had the lowest MIC of 400 μL/Lair.

In a pooled analysis of fungal inhibition, O. vulgare volatiles
were the most efficient in inhibiting the three fungi analyzed,
once it presented the lowest MIC for Colletotrichum sp. and
Penicillium expansum, and a great performance for Rhizopus
stolonifer. O. vulgare EO has carvacrol as the main component,
which can cause damage to the cell membrane and oxidative
stress due to an upregulation of chitinase syntheses, the enzyme
that degrades chitin (cell wall component in some fungi, such as
Penicillium sp.) (Duan et al. 2024; Nunes and Philipps‐Wie-
mann 2018). Similarly, S. aromaticum EO, whose major
component is also a phenolic alcohol, also presented great
inhibitory activity by volatile exposure to the analyzed fungi.
The free OH group in the structure of aromatic terpenoids acts
as the hydrophilic portion that increases its solubility and is
available to form hydrogen bonds they can interact with active
sites of different enzymes, thus interrupting their activity
(Achimón et al. 2021; Zhou et al., 2017).

R. stolonifer had the lowest MIC value obtained, being a sensitive
fungus to the inhibitory activity of volatile EO, especially EOwith
nonaromatic major compounds, such as M. piperita, C. citratus,
and M. spicata. On the contrary, Colletotrichum sp. presented a

high MIC value to EO tested, being that terpenes with alcoholic
major compounds were more effective in inhibiting fungal
growth, especially aromaticmonoterpene EO, asO. vulgare and S.
aromaticum. P. expansum had an intermediate sensibility to vol-
atile EO and the best results came from phenolic alcohol (O.
vulgare) and acyclic aldehyde (C. martinii) EO.

3.2.2 | Antifungal Activity of EO by Direct Contact
Method

Figure 2 shows the EOminimum inhibitory concentration (MIC)
using the direct contact method. As shown in exposure to vola-
tiles, O. vulgare also had the lowest MIC of all EO tested for the
three fungi in direct contact. TheMICvalues for each funguswere
750 μL/L, 250 μL/L, and 250 μL/L forColletotrichum sp.,Rhizopus
stolonifer, and Penicillium expansum, respectively. However, un-
like the volatile analysis, S. aromaticum had the second‐best ac-
tivity against R. stolonifer and P. expansum (500 μL/L for both).

The two most efficient EO, O. vulgare and S. aromaticum, for the
three strains investigated had their composition based on
phenolic alcohol. In addition, Colletotrichum sp. was the least
susceptible to EO investigated, presenting the highest MIC
values. This fungus was unable to achieve the MIC value of
some EO that had low inhibitory activity, especially EO with a
ketone, aldehyde, and cyclic alcohol as the main compounds,
such as C. citratus, M. piperita, and M. spicata.

FIGURE 1 | Minimum inhibitory concentration (MIC) of essential oil Volatiles against phytopathogenic fungi. CC: Cymbopogon citratus
EO; CM: Cymbopogon martinii EO; MP: Mentha piperita EO; MS: Mentha spicata EO; OV: Origanum vulgare EO; SA: Syzygium aromaticum EO. (*)
Indicates no antifungal activity observed at the maximum concentration analyzed.
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As for the volatile exposure method, R. stolonifer was the most
sensible for the antifungal activity of EO by the direct contact
method. Direct contact highlights the low inhibitory activity for
ketone, aldehyde, and cyclic alcohol compounds for this fungus
(as observed for Colletotrichum sp.).

It was possible to compare the volatile exposure method to the
direct contact method by comparing the volume of EO required
per petri dish to completely inhibit fungal growth. Thus, it was
verified that for R. stolonifer and P. expansum, the volatile
exposure method required less volume of EO with the direct
contact method, being that EO with phenolic and acyclic alco-
holic major compounds, O. vulgare, S. aromaticum, and C.
martinii, respectively, were more efficient in controlling fungal
growth. Nevertheless, Colletotrichum sp. inhibition required less
volume of EO with the volatile exposure method, being that EO
with phenolic alcohol was more efficient.

EO demonstrated different results by volatile exposure and
direct contact methods due to the different mechanisms of ac-
tion of each EO and the different structures of each fungus,
which influence the susceptibility to the EO (Andrade‐Ochoa
et al. 2021). In line with the data obtained in this work, other
reports describe that EO volatiles may be more effective when
compared to direct contact (Álvarez‐García et al. 2023; Oliveira
Filho et al. 2021; Reyes‐Jurado et al. 2020; Tullio et al. 2007).

Furthermore, these in vitro results provide the basis for the
development of new technologies aimed at mitigating losses due
to diseases in fruits and vegetables postharvest. This aligns with
the SDG goal 2.4 and The Global Initiative on Food Loss and
Waste Reduction (FAO 2015).

3.3 | Scanning Electron Microscopy (SEM)

The morphological effects caused by O. vulgare and C. citratus
EO on fungi are presented in response to the two exposure
methods (volatile and direct contact). The images were orga-
nized in Figures 3 and 4 for Colletotrichum sp., Figures 5 and 6
for Rhizopus stolonifer, and Figures 7 and 8 for Penicillium
expansum. The control without exposure to EO is presented in
micrographs (A). Images (B) and (C) demonstrate the effect of
the oils when applied at the MIC concentration (based on data
in Figures 1 and 2), and the images (D) and (E) present mi-
crographs of fungi exposed to concentrations above the MIC.
Furthermore, in Supplementary Materials, each fungus is pre-
sented with different magnifications (lines) aiming to highlight
the specificities of the structure and size of each species studied.

Common to all controls, the images depict smooth, plump, and
neat hyphae. Meanwhile, the presence of EO led to expressive
morphological alterations. The initial change observed in

FIGURE 2 | Minimum inhibitory concentration (MIC) of essential oils in direct contact with phytopathogenic fungi. CC: Cymbopogon
citratus EO; CM: Cymbopogon martinii EO; MP: Mentha piperita EO; MS: Mentha spicata EO; OV: Origanum vulgare EO; SA: Syzygium aromaticum
EO. (*) Indicates no antifungal activity observed at the maximum concentration analyzed.
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Colletotrichum sp. concerning the oils tested is the density of the
mycelium (Figures 3 and4). Control presents spacing between the
hyphae (A), whereas the other treatments present a more
compact arrangement. This densification of themycelia is related
to the increase in the width of the hyphae (easily comparable
between 1B and other micrographs of the same magnitude in
Figures S8 and S9 in SupplementaryMaterials), reducing the free
spaces as observed in the control. On the other side, demon-
strating the greater resistance of this fungus to C. citratus EO,
there is no apparent increase in the diameter of the hyphae when
exposed to MIC concentration in direct contact (Figure 4), and
consequently, low density of the mycelium is observed.

The effect of O. vulgare evidenced by the two methods analyzed
resulted in the deformation of the Colletotrichum sp. hyphae
(Figures 3 and 4), making them withered, twisted, and folded.
Breakage was observed at the ends of the hyphae with a hollow

interior (3 ‐ B) at the lowest MIC concentration (200 μL/Lair) for
volatiles.

In direct contact, ruptures were more evident at a concentration
of 1000 μL/L (4 ‐ D). Although there is no discernible emphasis
on the increase in hyphae thickness when exposed to direct
contact at a concentration of 1500 μL/L of C. citratus, other
specific morphological changes are observable, such as the
deformation and breakage of the ends (evidenced in 4 ‐ C). For
the highest concentration studied, C. citratus (2000 μL/L for
volatiles and direct contact), the effects were similar to those
observed for O. vulgare, but with much more evident folds (E in
Figures 3 and 4).

Confirming the greater influence of O. vulgare on the predictions
of R. stolonifer (Figures 5 and 6), the mycelium morphology
was markedly altered in both methodologies and in both

FIGURE 3 | SEM morphological observations of Colletotrichum sp. exposed to volatile compounds from Origanum vulgare and
Cymbopogon citratus essential oils. (A) Control—no exposure to essential oils (EOs). (B) Exposed to 200 μL/L air of Origanum vulgare EO
(MIC). (C) Exposed to 1200 μL/L air of Cymbopogon citratus EO (MIC). (D) Exposed to 2000 μL/L air of O. vulgare EO. (E) Exposed to 2000 μL/L
air of C. citratus EO. All images were captured at 5000� magnification.
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concentrations. At the lowest magnification, the densification of
the mycelium is observed when exposed to 1000 μL/L of oil in
direct contact (Figure S11—3A compared with S10–3A in the
Supplementary Material). However, this characteristic is not
associated with the increase in the hyphae diameter as observed
in Colletotrichum sp. Furthermore, it is possible to observe that
under the action of volatiles at the MIC concentration, abrupt
breaks with exposure of the interior of the hyphae are observed
(Figure 5 ‐ B), as it happens for concentrations above the MIC in
direct contact (Figure 6 ‐ D). In addition, the hyphae presented a
ribbon shapewith folds in theMICconcentration in direct contact
(Figure 6 ‐ B) and above the MIC under the action of volatiles
(Figure 5 ‐ D).

Although R. stolonifer is the fungus most susceptible to the ef-
fects of the tested oils, when exposed to C. citratus, the
morphological changes were subtler. Under the MIC concen-
tration of the volatiles, there were breaks (Figure 5 ‐ C), and

above the MIC concentration, the hyphae showed breaks and
greater surface roughness (Figure 5 ‐ E). At the MIC value, R.
stolonifer exposed to direct contact with C. citratus shows no
evident breakage; however, the hyphae appear shriveled and
wrinkled (Figure 6C). Above the MIC, the hyphae exhibit clear
breakage and more pronounced shriveling, as indicated by the
arrows in Figure 6E.

It is worth noting that the absence of Tween 80 in the culture
medium in tests with volatiles may have led to the development
of sporangia (as presented in the Supplementary Material in
Figures S10 and S11, the control, and in the concentrations of
MIC for both EO, 2 and 4C). Thus, it is possible to observe that
exposure to concentrations above the MIC for both oils studied
delayed or inhibited the development of sporangia.

P. expansum showed high mycelial density in all treatments
exposed to volatiles and under direct contact (Supplementary

FIGURE 4 | SEM morphological observation of Colletotrichum sp. exposed to direct contact with Origanum vulgare and Cymbopogon
citratus essential oils. (A) Control—no exposure to essential oils (EOs). (B) Exposed to 750 μL/L of O. vulgare EO (MIC). (C) Exposed to 1200 μL/L
of C. citratus EO (MIC). (D) Exposed to 2000 μL/L of O. vulgare EO. (E) Exposed to 2000 μL/L of C. citratus EO. All images were captured at 5000�
magnification.
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Material S12 and S13—line 1), showing no clear differentiations
at low magnitudes. The controls have intact conidiophore
branches (metula, phialide, and conidium) (A in Figures 7 and
8); however, in the other treatments, changes in these structures
are noticeable.

Under exposure to O. vulgare volatiles at the MIC concentration,
it is possible to visualize the ruptured phialides, withered and
twisted hyphae, and a few loose spores (Figure 7 ‐ B). Above the
MIC concentration, the reproductive structure becomes
uncharacterized, and it also presents some loose spores, with
hyphae showing tears/holes in the central region (Figure 7 ‐ D).
In the treatment with C. citratus volatiles, few spores are visu-
alized in the images. Furthermore, at the MIC concentration,
both perforations and phialides without conidia were observed
(Figure 7 ‐ C).

In direct contact, perforations in the hyphae and the mischar-
acterization of the sexual structure are observed for the two
concentrations of O. vulgare (B and D in Figure 8). Furthermore,
above the MIC, it is possible to observe a large amount of free
spores surrounding the hyphae (Figure 8 ‐ D). In contrast, the
direct contact micrographs demonstrate no evident perforations
in the hyphae, indicating the lower aggressiveness of C. citratus
toward P. expansum (Figure 8 ‐ C and E).

Kong et al. 2020 found inhibition and change in the morphology
of Colletotrichum gloeosporioides when exposed to volatile
organic compounds. In this study, the hyphae became rougher,
with evident wrinkles and collapsed areas when in contact with
volatiles rich in 2‐phenylethyl methyl ether, phenylethyl
alcohol, and 3‐methyl‐1‐butanol produced by Rahnella aquatilis
JZ‐GX1 (bacteria isolated from the rhizosphere). Similar

FIGURE 5 | SEM morphological observation of Rhizopus stolonifer exposed to volatile compounds from Origanum vulgare and
Cymbopogon citratus essential oils. (A) Control—no exposure to essential oils (EOs). (B) Exposed to 200 μL/L air of O. vulgare EO (MIC).
(C) Exposed to 400 μL/L air of C. citratus EO (MIC). (D) Exposed to 400 μL/L air of O. vulgare EO. (E) Exposed to 600 μL/L air of C. citratus EO.
All images were captured at 1000� magnification.

10 of 15 Future Postharvest and Food, 2025

 28376846, 0, D
ow

nloaded from
 https://iadns.onlinelibrary.w

iley.com
/doi/10.1002/fpf2.70006 by E

M
B

R
A

PA
 - E

m
presa B

rasileira de Pesquisa A
gropecuaria, W

iley O
nline L

ibrary on [05/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



changes in morphology were also observed in Aspergillus flavus
exposed to carvacrol (Duan et al. 2024) and exposed to C.
martinii EO (Lin et al. 2023). The destruction of superficial
wrinkles and distortions of the hyphae were observed in R.
stolonifer exposed to a rich in thymol L. sidoides EO (Oliveira
et al., 2019).

The main morphological changes observed in this work were
changes in roughness and folds, breaks and holes, hollowing,
and ribbon appearance in hyphae treated with O. vulgare and C.
citratus. These changes strongly indicate structural changes in
the cell wall and membrane, cytosol extravasation, and cell
death. Duan et al. (2024) describe that carvacrol (the major
component of O. vulgare EO) acts directly on the structural
components of fungi, such as chitin and ergosterol. This com-
pound is capable of interacting with and degrading chitin pre-
sent in the cell wall and also acting in the gene regulation of
chitinases. Ergosterol is an important component of the cell
membrane responsible for the integrity and regulation of cell

fluidity. Carvacrol works by interfering with the ergosterol
synthesis cascade. Furthermore, citral and geraniol (major
components of C. citratus EO) are related to the induction of
necrotic and apoptotic cell death (Scariot et al. 2021). The im-
ages presented in this session improve the interpretation of data
obtained in vitro tests with relevant phytopathogenic fungi in
postharvest environments. They further highlight the potential
utility of O. vulgare EO in combating fungal contamination.

EO, including those derived from O. vulgare, offer a sustainable
approach to controlling postharvest diseases by attacking fungal
pathogens directly through their structural components such as
chitin and ergosterol. This approach not only mitigates the
spread of fungal infections but also aligns with sustainable
development goals by reducing food waste and contributing to
food security. By offering an environmentally friendly alternative
to conventional chemical treatments, EO help reduce depen-
dence on synthetic fungicides, thereby supporting global efforts
to minimize environmental impact and promote responsible

FIGURE 6 | SEM morphological observation of Rhizopus stolonifer exposed to direct contact with Origanum vulgare and Cymbopogon
citratus essential oils. (A) Control—no exposure to essential oils (EOs). (B) Exposed to 250 μL/L of O. vulgare EO (MIC). (C) Exposed to 750 μL/L of
C. citratus EO (MIC). (D) Exposed to 1000 μL/L of O. vulgare EO. (E) Exposed to 1000 μL/L of C. citratus EO. All images were captured at 1000�
magnification.
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resource use. The visual evidence provided by these images af-
firms theoretical claims about the modes of action of oils and
highlights their role in improving food preservation and
reducing postharvest losses.

4 | Conclusion

Among EO tested in this study, O. vulgare L. was the most
effective against the tested fungi. Syzygium aromaticum and
Cymbopogon citratus also showed great antifungal activity using
both methods, volatile exposure and direct contact. Considering
these EO, C. citratus may be a great alternative to incorporate in
postharvest fungal control, once it has a less intense odor that
would interfere less with the sensory characteristics of fruits and
vegetables. With the development of techniques that minimize

the sensory perception of O. vulgare (such as nano and micro-
encapsulation in inert matrices), this oil can also be used for this
purpose. Overall, EO with alcohol major compounds tended to
have lower MIC than other EO, showing great potential for
fungal control.

The volatile exposure and direct contact methods demonstrated
varying levels of effectiveness depending on the fungal species
(Colletotrichum sp. and Rhizopus stolonifer exhibited greater
susceptibility to the effects of exposure to volatiles from O.
vulgare and M. piperita, respectively, whereas Penicillium
expansum showed higher sensitivity to the effects of direct
contact with O. vulgare), indicating that the most effective
control strategy may differ based on the specific microorganism.
These findings also highlight the potential possibility of O.
vulgare L., S. aromaticum, and C. citratus EO as antifungal
agents for incorporation into edible coatings (direct contact) and

FIGURE 7 | SEM morphological observation of Penicillium expansum exposed to volatile compounds from Origanum vulgare and
Cymbopogon citratus essential oils. (A) Control—no exposure to essential oils (EOs). (B) Exposed to 400 μL/L air of O. vulgare EO (MIC).
(C) Exposed to 400 μL/L air of C. citratus EO (MIC). (D) Exposed to 800 μL/L air of O. vulgare EO. (E) Exposed to 800 μL/L air of C. citratus EO.
All images were captured at 5000� magnification.
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active packaging (volatile application) in future investigations
aiming to extend the shelf life of fruits and vegetables.

In addition, the scanning electron microscopy images improve
the interpretation of data obtained from in vitro tests with
Colletotrichum sp., Rhizopus stolonifer, and Penicillium
expansum. The observation of changes (roughness and folds,
breaks and holes, hollowing, and ribbon appearance) in hy-
phae contributed to visually confirming the mechanisms of
cellular action of the essential oils of O. vulgare and C. cit-
ratus as described in the literature.
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