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Oregano essential oil and its
main components Thymol and
Carvacrol as alternatives to
control citrus canker

Caio Felipe Cavicchia Zamuner †, Vı́tor Rodrigues Marin †,
Guilherme Dilarri , Giovane Boerner Hypolito,
Daiane Cristina Sass* and Henrique Ferreira*

Dept. of General and Applied Biology, Biochemistry Building, Institute of Biosciences, State University
of São Paulo, Rio Claro, SP, Brazil
Plant Essential Oils and their constituents are well-known for their properties as

antimicrobial agents and are labeled as Generally Recognized as Safe (GRAS),

prompting studies around their usage in the control of food-borne

microorganisms and phytopathogens. In this study, we evaluated Oregano

Essential Oil (OEO), Thymol (THY) and Carvacrol (CAR) for the control of

Xanthomonas citri subsp. citri (X. citri). In vitro antibacterial assays revealed that

CAR and THY inhibit X. citri growth at the concentrations of 100 µg.mL-1 and

114 µg.mL-1, lower than OEO (136 µg.mL-1). Bactericidal effects were observed at

400 µg.mL-1 for OEO and 200 ug.mL-1 for CAR and THY. Investigating potential

cellular targets for the compounds showed that after 30 minutes of exposure up

to 84% of the cells had their membranes disrupted, implicating the membrane

as the primary target. Phytotoxicity evaluations using Lactuca sativa and Solanum

lycopersicum seeds showed an acute toxic effect in all treatments above 200

µg.mL-1, except for OEO and THY in S. lycopersicum at lower concentrations.

Regarding their protective effect on citrus leaves, CAR showed no effect when

compared to the untreated control (0.39 and 0.50 lesions per cm2, respectively).

OEO and THYwere able to reduce significantly citrus canker symptoms (0.18 and

0.11 lesions per cm2, respectively). In addition, no toxic effects were observed on

citrus leaves in all treatments. THY inhibits X. citri growth and the development of

citrus canker lesions. These results show that THY as a viable alternative to be

used in citrus canker management.

KEYWORDS

antibacterial, disease management, Xanthomonas citri, citrus disease, phytotoxicity
Introduction

According to the latest FAO (Food and Agriculture Organization - United Nations)

report, around 143 million tons of citrus fruit were produced worldwide in 2019, with an

increase of around 10 million tons from the last report, where China, Brazil and the USA are

present as the leading producers (FAO, 2021). Even as one of the most widespread cultures in
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tropical and subtropical regions, several pathogens are known to

threaten citrus production (Poveda et al., 2021; Syed-Ab-Rahman

et al., 2022). Among all, the bacterium Xanthomonas citri subsp. citri,

the causative agent of Citrus Canker, is known to affect all

commercial citrus varieties, being responsible for significant losses

in productivity and fruit quality (Behlau, 2021; Naqvi et al., 2022).

Symptoms of Citrus canker manifest initially in plants aerial

parts as corky and brownish raised pustules, that can evolve, in

more severe cases, to defoliation and premature fruit drop

(Schubert et al., 2001; Ference et al., 2018; Martins et al., 2020;

Naqvi et al., 2022). In addition to the loss of fruit quality and yield,

market standards and sanitary regulations lead to further economic

losses since fruit harvested in areas where citrus canker is present

have commercialization restrictions (Gottwald et al., 2007; Behlau,

2021). Climatic conditions such as rainy weather and heavy winds

are the major factors responsible for plant-to-plant transmission of

the bacterium (Gottwald et al., 2007; Martins et al., 2020; Naqvi

et al., 2022). The control of citrus canker in areas where the disease

is present and/or endemic is currently done by integrated

management agricultural practices (Ference et al., 2018; Behlau,

2021). These include the use of healthy nursery plants and more

resistant cultivars of citrus to start orchards, windbreaks to refrain

lateral spreading of the causal agent, control of the citrus leaf miner

(Phyllocnistis citrella), which produces wounds in the plant tissue

and facilitates infection, and the recurrent application of copper-

based formulations as bactericides. Although effective, copper is a

cumulative toxic metal, and resistance to it has already emerged in

X. citri and many other bacterial pathogens (Canteros, 1999;

Ference et al., 2018). In addition, larger markets, such as the

European Union, are making efforts to reduce several kinds of

pesticides, which may limit the disease control options available to

the producers (Behlau et al., 2011; Jacquet et al., 2022). These

concerns call for the research and development of new alternative

products on par with recent regulations and trusted actions

against pathogens.

Essential Oils are aromatic hydrophobic liquids with volatile

and oily characteristics obtained from almost all plant organs

(flowers, buds, stems, leaves, roots, fruit) or the whole plant

(Pandey et al., 2017; Falleh et al., 2020). Due to their

antimicrobial properties, among others, and the classification as

GRAS (Generally Recognized as Safe), essential oils are excellent

candidates to be explored as control agents for pathogens (Burt,

2004; Pandey et al., 2017). Oregano essential oil (OEO) (Origanum

vulgare (family: Lamiaceae)) is an effective antimicrobial agent

exhibiting a broad spectrum of action, besides some other

properties such being an antioxidant and anti-inflammatory

(Benavides et al., 2012; Rodriguez-Garcia et al., 2016; Cui et al.,

2019; Leonelli Pires de Campos et al., 2022). Its main constituents

are the phenolic isomers carvacrol (CAR) and thymol (THY), with

concentrations up to 85%, followed by their isomeric precursors p-

cymene and g-terpinene at lower concentrations (Rodriguez-Garcia
et al., 2016; Sakkas and Papadopoulou, 2017). OEO and both THY

and CAR showed antibacterial properties against Gram-positive

and Gram-negative bacteria with some slight variations in their

microbicidal concentrations and disruptive effect on the

cytoplasmatic membrane (Xu et al., 2008; Memar et al., 2017).
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Here, we evaluated OEO extracted fromOriganum vulgare, together

with THY and CAR as potential anti-X. citri agents for the control

of citrus canker.
Materials and methods

Bacterial strain and growth conditions

The bacterium Xanthomonas citri subsp. citri used in all the

experiments was the isolate 306 (IBSBF 1594). The bacterium was

cultivated in liquid and solid NYG medium (5 g.L-1 of peptone,

3 g.L-1 of yeast extract, 2% (v/v) of glycerol) at 29 ± 1°C, with

agitation of 200 rpm, when necessary.
Essential oil and its isolated constituents

The OEO was obtained from OSHADI® (lot: 2021-001),

according to the company’s report, the gas chromatography (GC)

analysis showed that its composition was: 71.0% CAR, 2.3% THY

and 26.7% others compounds. The relationship of the two

compounds in OEO was confirmed by 1H NMR analysis. The 1H

NMR spectrum was performed using a Bruker DRX-400 instrument

(400 MHz 1H NMR) and CDCl3 was used as solvent.

THY 98.5% and CAR 98% were purchased from Sigma-

Aldrich® (Lot: SLBT5627 and MKCD478, respectively).
Bacterial growth inhibition

The inhibitory concentrations (IC) of OEO, THY, and CAR

were determined through resazurin microtiter assay (REMA),

described by (Silva et al., 2013). Stock solutions of 40 mg.mL-1

were prepared in absolute ethanol and diluted in NYGmedium into

a 96 well plate to the final concentrations ranging from 400 to 3.12

μg.mL-1 in a total volume of 100 μL per well. The negative control

(NC) was NYG medium, while the positive control (PC) was NYG

added with 20 μg.mL-1 kanamycin. The vehicle control (VC) was

NYG containing 1% ethanol (v/v), which is the maximum

concentration of this solvent present in the treatments after the

dilution of the compounds. Bacterium inoculum was added to a

final concentration of 105 cells per well and plates were incubated

for 16 h at 29 ± 1°C. After the incubation period, aliquots of each

well were transferred with a microplate replicator to a petri dish

with solid NYG medium. The plate was incubated for 96 h at 29 °C.

After the incubation period, plates were inspected visually to detect

any bacterial growth and the bactericidal concentration was

determined where the lowest concentration in which no bacterial

growth was visible. To the remaining bacterial cultures on the

microplates, a resazurin (Sigma-Aldrich, Darmstadt Germany)

solution was added to the final concentration of 0,015 μg.mL-1/

well and plates were further incubated for approximately two hours

at 29 ± 1°C. The reduction of resazurin to the fluorescent

compound resorufin, which takes place in the presence of live/

actively respiring cells, was quantified in a fluorescent plate reader
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Synergy H1N1 (BioTek, Winooski, VT) set to excitation at 530 nm,

and emission at 590 nm. Data were used to plot dose-response

curves, and after, a curve was fitted following a dose-response

mathematical model described by the equation: y = A1 + (A2-

A1)/(1 + 10^((LOGx0-x)*p)), where A1 (bottom asymptote) was

fixed at 0 and A2 (top asymptote) was fixed at 100. From this model,

the minimal inhibitory concentration needed to inhibit 90% of cell

growth (IC90) was estimated. All experiments were carried out in

triplicates and repeated three times.
Cell membrane integrity

Action of OEO, THY, and CAR on the bacterial cell membrane

was investigated as described by (Caccalano et al., 2021).

Treatments were carried out with the compounds at their

estimated IC90 values, and during 15 and 30 min of bacterial

exposure. Positive control for membrane disruption was done

submitting cells to thermal stress for 20 min (Savietto et al.,

2018). Following treatments, cells were stained with the

fluorescent dyes 4′, 6-diamidino-2-phenylindole (DAPI), that

penetrates all the cells, and propidium iodide (IP), which is

excluded from the cells with intact membranes. Cells were

visualized under the microscope using an Olympus BX61,

equipped with a monochromatic camera Orca Flash 2.8

(Hamamatsu). Images were captured with the software CellsSens

Dimension (Olympus). Micrographs were analyzed using the

software Fiji ImageJ (Schindelin et al., 2012) to determine the

number of cells with permeabilized membranes. A total of 200

cells (n=200) were evaluated per treatment. Three independent

experiments were performed and statistical analysis were conducted

using the software GraphPad Prism version 6 (GraphPad Software,

San Diego, CA, USA).
Plant protection assays

Experiments were conducted in a greenhouse during the period

of September 21st to November 3rd, 2021. Nursery trees of Citrus

sinensis (L.) Osbeck cultivar Pera (grafted on Citrus limon (L.)

Osbeck), approximately 60 cm tall, were conditioned into 7 liters

plastic bags containing Pinus substrate (Multiplant Citrus, Terra do

Paraıśo, Holambra, SP, Brazil). Automated fertigation was used with

a mixed mineral fertilizer (Amazon AgroSciences Citrus 100) in a

volume of approximately 200 mL per plant/day. Temperature and

humidity were monitored using a digital thermo hygrometer HOBO

MX2305 (Supplementary Figure 1, Supplementary Material). Young

citrus leaves of approximately 4 cm in width and 10 cm in length

(Cifuentes-Arenas et al., 2018) were sprayed with the compounds at

their respective bactericidal concentrations until the run-off point.

The positive control for infection was PBS 1X (v/v) (phosphate-

buffered saline); the vehicle control was 1% ethanol/water (v/v), and

the negative control for infection was the agrochemical Difere

(Cu2Cl(OH)3) (Oxiquıḿica Agrociência - Jaboticabal - SP, Brazil)

at 20 μL.mL-1, as recommended by the manufacturer. Followed 24 h

of the application of the compounds, plants were spray-covered with
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a X. citri bacterial suspension at 108 cells.mL-1 (diluted in PBS 1X).

Plants were then enclosed with transparent plastic bags for 24 h to

keep high humidity and promote bacterial infection. Following 45

days post-inoculation, leaves were detached and digitalized. The

number of lesions per leaf area (lesions per cm2) was measured

(Cavalca et al., 2020) using the software Fiji ImageJ (Schindelin et al.,

2012). Three nursery trees were used per treatment and at least 30

leaves were evaluated per treatment. The data was submitted to a

nonparametric statistical analysis of Kruskal-Wallis (Dunn) with

three degrees of freedom using the software GraphPad Prism

version 6 (GraphPad Software, San Diego, CA, USA).
Phytotoxicity test

A seed germination assay was performed to evaluate the

ecotoxicological potential of the OEO and its main components,

The experiments were conducted according to Araújo and

Monteiro (2005), with modifications. The toxicity of the three

compounds was determined independently against seeds of two

indicator plants: Lactuca sativa (ISLA®, Lot: 151297-000 S2) and

Solanum lycopersicum (ISLA®, Lot: 150629-003 S2).

Treatments were composed of dilutions of the tested

compounds prepared in a 1% ethanol solution in sterilized tap

water to a final concentration of 400, 200, 100 and 50 μg.mL-1. The

negative control (non-toxic) consisted of sterilized tap water and

the positive control (toxic) was 0.05M ZnSO4. For each

combination of compound/indicator plant, 20 seeds of the

indicator plant were distributed evenly into Petri dishes with two

layers of sterilized filter paper. Filters were soaked with 2 mL of each

solution, plates were sealed with plastic film and incubated for 5

days at 25°C with a cycle of light/dark of 12 hours. Treatments were

done in triplicates for each combination (n = 60). After incubation,

seed roots were measured and the following equations were used to

determine relative seed germination (SG%), relative root elongation

(RE%) and germination index (GI):

SG   ( % ) =
number   of   seeds   germinated   in   the   treatment

number   of   seeds   germinated   in   the  negative   control
 �100

RE   ( % ) =
mean   root   elongation   in   treatment

mean   root   elongation   in  negative   control
 �100

GI =  
Relative   seed   germination  �Relative   root   elongation  

100

The test was considered valid when 90% of the seeds in the

negative control germinated and 90% of the seeds in the positive

control did not (Pecora et al., 2018).
Results

1H NMR analysis of OEO

From the 1H NMR spectrum of OEO (Supplementary Figure 2,

Supplementary Material) it is possible to verify the signal of
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hydrogen H7 from both CAR and THY (Figure 1), and from the

integral of these two signals it was possible to determine the

percentage of relation between these two compounds. In

the spectrum it is possible to observe that the signal of the H7

(septet) of CAR has a chemical shift of 2.87 ppm (Quintanilla-Licea

et al., 2014) and an integral equal to 1, whereas the H (septet) of

THY has a chemical shift of 3.23 ppm (Wang et al., 2020) and an

integral equal to 0.0328. Considering that CAR represents 71.0% of

the sample and the integral of the H7 signal was equal to 1, THY

with an integral value of 0.0328 shows a percentage of 2.3% of the

sample, a result similar to that obtained in the company’s

GC analysis.
OEO and its principal constituents inhibit
X. citri growth

The ability of OEO, THY and CAR to inhibition X. citri growth

was assessed by monitoring the cell respiratory activity after

treatments with different concentrations of the compounds. After

16 h of compound exposure, it was observed that OEO, THY and

CAR impaired X. citri growth in a dose-response manner. A more

pronounced activity was observed starting at 100 μg.mL-1, where,

on average, 84% of the cells had their respiratory activities affected.

The IC90 of OEO was estimated at ~136 μg.mL-1, whereas CAR and

THY showed lower IC90 values of ~100 μg.mL-1 and ~114 μg.mL-1,

respectively (Table 1). Following the treatments, the ability of the

cells to resume growth was evaluated by spreading bacterial samples

onto plain NYG. Plates were incubated for up to 96 h to score for

bacterial growth. Bactericidal effects were observed starting at 400

μg.mL-1 for OEO and 200 μg.mL-1 for CAR and THY (Figure 2).
OEO, CAR and THY target the membrane
of X. citri

In order to investigate some of the possible cellular targets for

the compounds, X. citri was exposed to OEO, THY and CAR at

their IC90s (OEO, 136 μg.mL-1; CAR, 100 μg.mL-1 and THY, 114

μg.mL-1) and after observed under the microscope to look for signs

of morphological alterations and/or membrane permeability
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(Figure 3). Starting at 15 min of contact, we observed that OEO

and THY induced membrane permeabilization in X. citri, with an

average number of 94.38% (SD = 1.08) and 87.35% (SD = 0.26) cells

affected, respectively (Figure 4). Cells exposed to CAR for 15 min

had their membranes affected, but to a lower proportion (M=

65.88%, SD 4.38). After 30 min of exposure, we observed an

increase in the average number of cells affected by CAR (M =

89.97%, SD= 5.48) (Figures 3E, F, 4). For OEO, the number of cells

with disrupted membranes did not change significantly (M =

93.13% SD = 1.08), while for THY, a small increase was observed

(M = 94.44%, SD = 4.07).

Moreover, cells were inspected for morphological changes (e.g.:

cell elongation, presence of cell chains, and misplaced nucleoids)

that could indicate errors in cell division and/or chromosomal

segregation upon exposure to the compounds. After 30 minutes of

exposure, the average cell length for treated cells with OEO was 1.63

μm (SD = 0.32); CAR 1.68 μm (SD = 0.31) and THY 1.74 μm (SD =

0.31), which did not deviate significantly from untreated cells 1.68

μm (SD = 0.32) (n=200). Furthermore, no other morphological

alterations were observed. Therefore, we conclude that the primary

target of OEO, CAR and THY in X. citri is the bacterial membrane.
Plant protection

To evaluate if compounds could protect citrus against X. citri

infection, nursery trees of a susceptible host (C. sinensis) were

spray-covered with OEO, CAR and THY and 24h later challenged

with the bacterium. Following 45 days of bacterial infection, we

compared the number of lesions per cm2 produced among

treatments and controls (Figures 5A, B). Firstly, we did not

observe significant statistical differences between untreated plants

(PC), plants sprayed with the vehicle (EtOH) and those treated with

CAR (adjusted p>0.999). The average number of lesions per cm2 for

the untreated plants was 0.5 (95% CI [0.37, 0.62]), plants treated

with 1% ethanol 0.37 (95% CI [0.27, 0.46]), and the ones treated

with CAR 0.39 (95% CI [0.30, 0.49]) (Figure 5B). However, for the

plants treated with OEO, the average number of lesions per cm2

decreased 2.77X (0.18 lesions per cm2, 95% CI [0.12, 0.26]) when

compared to the positive control (0.5, 95% CI [0.37, 0.62]). Plants

treated with THY exhibited a slightly greater reduction of
A B

FIGURE 1

Chemical structure of Thymol (A) and Carvacrol (B).
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symptoms, with an average number of lesions per cm2 of 0.11, 95%

CI [0.08, 0.14]. Both treatments with OEO and THY were

significantly different from the untreated plants (p < 0.05) and

similar to the negative control (Difere) (0.06 lesions per cm2, CI

95% [0.02, 0.10]).
Phytotoxicity assays

The phytotoxicity of the compounds was evaluated as its ability

to inhibit plant development using a relation between seed

germination and root elongation in two highly sensitive indicator
Frontiers in Agronomy 05
plants. A phytotoxic effect was observed starting at the lowest

concentration of all tested compounds in L. sativa, where the

germination index (GI) remained below 40% (Figure 6A). A more

pronounced phytotoxic effect was observed for increasing

concentrations of OEO, THY and CAR, where the GI remained

below 20% at 100 μg.mL-1 and dropped to zero at 200 and 400

μg.mL-1. This effect was due to a complete inhibition in seed

germination occurring at the highest concentrations tested for

all compounds.

In comparison with L. sativa, treatments using S. lycopersicum

as an indicator showed similar results for CAR, where a pronounced

phytotoxic effect was observed starting at 50 μg.mL-1 (GI < 25%)
A B D EC

FIGURE 2

Compounds show a bactericidal effect against X citri. Rows 1 to 8 represent different concentrations of the compounds: 400, 200, 100, 50, 25, 12.5,
6.25 and 3.125 µg.mL -1, respectively. Columns (A–E) represent different treatments: (A) negative control (NC), untreated cells; (B) oregano essential
oil (OEO); (C) Carvacrol (CAR); (D) Thymol (THY), and (E) positive control (PC), 20 µg.mL -1 kanamycin (rows E1-E4), and vehicle control (VC), 1%
ethanol (rows E5-E6).
TABLE 1 Inhibitory concentrations of oregano essential oil, carvacrol and thymol against Xanthomonas citri subsp. citri.

IC90† 95% CI MBC*

Oregano Essential Oil 136 [106, 163] 400

Carvacrol 100 [92, 107] 200

Thymol 114 [94, 132] 200
† IC90 is the minimum concentration able to inhibit 90% of the cells in the respiration assay. Concentration curves were fitted in a dose response model following the equation y = A1 + (A2-A1)/(1
+ 10^((LOGx0-x)*p)) and confidence intervals of 95% were defined (95% CI [LL, UL]). * MBC refers to the minimal bactericidal concentration. Units: μg.mL -1.
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(Figure 6B). For all the compounds, an acute toxic effect was

observed in all treatments above 200 μg.mL-1, but with OEO and

THY showing a lower phytotoxic effect in S. lycopersicum at lower

concentrations. At 50 μg.mL-1 minor toxic effects in S. lycopersicum

were exhibited for OEO and THY (GI > 70%).
Frontiers in Agronomy 06
Discussion

We showed in the present work that OEO and its two main

constituents, THY and CAR, exhibited antibacterial action against

X. citri, the etiological agent of citrus canker. THY and CAR showed
FIGURE 3

Fluorescence micrograph of X. citri treated with the compounds. (A) untreated cells; (B) the control for membrane disruption (cells submitted to
thermal stress); (C) oregano essential oil for 15 min; (D) oregano essential oil for 30 min; (E) carvacrol for 15 min; (F) carvacrol for 30 min (G) thymol
for 15 min, and (H) thymol for 30 min. Cells with corrupted membranes were stained with propidium iodide and are artificially colored in red,
whereas cells with intact membranes were stained with DAPI (artificially colored in blue). Scale bar: 5 µm; magnification of 100x.
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lower IC90s than OEO, which may be due to the presence of other

substances in the oil composition. Still, the antimicrobial activity of

OEO is mostly attributed to its two main components THY and

CAR (Nostro et al., 2007; Coccimiglio et al., 2016; Kachur and

Suntres, 2020).

THY (2-isopropyl-5-methylphenol) and CAR (5-isopropyl-2-

methylphenol) are phenolic monoterpene compounds (Trombetta

et al., 2005; Peixoto-Neves et al., 2010). In both structures the

hydroxyl group is bound to the C-1 position. In THY, the methyl

group is attached to the C-5 position and the isopropyl group is

attached to the C-2 position; inCAR, the methyl group is attached to

the C-2 position and the isopropyl group is attached to the C-5

position. The presence of the hydroxyl group and a system of

delocalized electrons is suggested to play an important role for the

antimicrobial activity of these compounds (Ultee et al., 2000;

Veldhuizen et al., 2006; Kachur and Suntres, 2020).

Bioassays performed with X. citri cells to investigate some of the

possible cellular targets of the tested compounds showed that CAR,

THY and OEO were able to permeabilize the cytoplasmic

membrane of X. citri. THY and CAR are believed to have their

antimicrobial action related to their ability to permeabilize and

depolarize the bacterial cell membrane in other bacteria (Xu et al.,

2008). Due to their hydrophobic nature, these compounds are able

to integrate into the membrane, causing disruption and disturbance

of normal functions (Lambert et al., 2001; Marinelli et al., 2018),

and leading to increased permeability of ATP and increased release

of other cellular components (Helander et al., 1998). In addition,

CAR and THY have free hydroxyl groups and delocalized electrons

that might be responsible for exchanging H+ ions inside and K+

ions outside the cytoplasm (Ben Arfa et al., 2006; Burt et al., 2007;

Mittal et al., 2019). Furthermore, a significant difference regarding

the time of action between CAR and THY was observed. After 15

minutes of contact, CAR was significantly slower in disrupting X.

citri membrane when compared to THY.

In the plant protection experiments, we noticed a difference in

activity among the compounds. Plants treated with OEO and THY

showed a significant reduction in the number of citrus canker

lesions formed when compared to the negative control. On the

other hand, CAR was not efficient in protecting plants against X.

citri infection. The most significant reduction in lesion formation

was observed for THY, followed by OEO. Other studies describe a
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synergistic effect in CAR/THYmixtures (Guarda et al., 2011); in our

in planta assays we suggest that other effects might be involved as

well such as physicochemical characteristics that could aid the

stability of the substances comprising the essential oil when in

contact with leaves, since our in vitro tests did not show a more

pronounced effect for OEO when compared with THY and

CAR alone.

THY and CAR isomers, although with a very similar chemical

structure, differ in the position of the hydroxyl group on the

aromatic ring so they are classified as positional isomers. The

relative position of the hydroxyl group on the aromatic ring may

have influenced the difference between compounds in the rate of

permeabilization of the cytoplasmic membrane of X. citri and in the

protective action against bacterial infection, since the structural

changes in monoterpenoids may lead to differences in biological

activity (Simas et al., 2004). These differences between CAR and

THY can be verified in several studies. For instance, Dorman and

Deans (2000) verified that the antibacterial activity of volatile

vegetable oils varied between CAR and THY against Gram-

negative and Gram-positive bacteria, concluding that the relative

position of the hydroxyl group exerted an influence upon the

effectiveness of the components. Another work evaluated the

antibacterial activity of THY, CAR and others against

Staphylococcus. aureus, Escherichia. coli and Pseudmonas.

aeruginosa and the results showed that among them, THY had

the highest activity against all the bacteria tested (Wattanasatcha

et al., 2012).

Regarding phytotoxicity, the effects observed on seed

germination and root growth were rather expected, due to the

allelopathic properties of essential oils and their constituents.

Described as the interspecific interaction between species, where

one is able to affect the growth and development of the other

through chemical substances, allelopathy plays an important role

both in natural system as well as in agro-ecosystems (Aslam et al.,

2016; Bellache et al., 2022). Essential oils from the genus Origanum

and its main constituents, THY and CAR, have already been

described as phytotoxic to commercial and weed species

(Synowiec et al., 2016; Ibáñez and Blázquez, 2020). It is important

to notice that while capable of affecting the growth of the seeds

tested, no negative effect was noticeable on C. sinensis leaves when

exposed to OEO, THY and CAR in the protective assay.
FIGURE 4

Percentage of X. citri cells with damaged membranes. OEO, oregano essential oil; CAR, carvacrol; THY, thymol; PC, positive control for permeability
(cells submitted to thermal stress). Numbers 15 and 30 indicate the duration of the exposure period. Whiskers represent the standard deviation of
the mean; 200 cells were analyzed per treatment (n=200).
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Here, it was possible to verify that the IC90 and the MBC

values of CAR and THY for X. citri were similar, but when applied

in planta, unlike CAR, THY induced a reduction in the formation

of citrus canker lesions. A similar result was observed in the work

of Lu and Wu (2010), where CAR and THY displayed a similar IC

and MBC against Salmonella. enterica, but in fruit sanitization

tests only THY showed antibacterial potential. Although OEO was

efficient in reducing canker lesion, the activity of THY in

protecting plants was more pronounced. Thus, THY could be

considered a novel alternative in the context of citrus plant
Frontiers in Agronomy 08
protection, that can be used rather than copper-based

bactericides or in combination with them to reduce the extent of

metals applied in orchards.
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FIGURE 5

OEO and THY protected citrus nursery trees against X. citri infection. Nursery trees of Citrus sinensis cv. Pera were spray-treated with the
compounds at their bactericidal concentrations and after, challenged with the bacterium. Leaves were detached after 45 days for documentation
and analyses. (A) Representative leaves with canker lesions for each treatment. Positive control (PC) for infection, sprayed with PBS 1X; Carvacrol
(CAR), oregano essential oil (OEO) and thymol (THY) treatments. Nursery trees in the negative control for infection were sprayed with the
commercial formulation Difere at 20 µL.mL-1 (NC). Vehicle control (EtOH), 1% ethanol. Scale (black bar): 1 cm. (B) Canker lesion per foliar arear. Bars
represent the average number of lesions/cm2 and whiskers the 95% confidence interval. Different letters (a and b) show the statistical difference
between treatments (P<0.05).
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FIGURE 6

OEO, THY and CAR exhibited phytotoxic effect against seeds of Lactuca sativa and Solanum lycopersicum. Graph of Germination Index (%) of (A) Lactuca
sativa and (B) Solanum lycopersicum when exposed to various concentrations of Oregano essential oil (OEO), carvacrol (CAR) and thymol (THY) (400; 200;
100; 50 µg.mL-1). Error bars depict standard deviation between replicates.
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