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Abstract: In recent years, the determination of the antioxidant and antibacterial activity of essential
oils in wild plants, such as Mexican oregano (Lippia graveolens Kunth), has become increasingly
important. The objective was to compare the antioxidant and antibacterial activity of Mexican
oregano essential oil obtained from plants occurring naturally in semiarid areas (Wild1 and Wild2),
and those cultivated in the field (CField) and greenhouse (CGreenhouse) in northern Mexico. The
Mexican oregano essential oil extraction was performed using the hydrodistillation method, the
antioxidant activity was determined using the ABTS method, and the antibacterial activity was
assessed through bioassays under the microwell method at nine different concentrations. The aim
was to determine the diameter of the inhibition zone and, consequently, understand the sensitivity
level for four bacterial species. The results revealed an antioxidant activity ranging from 90% to 94%
at the sampling sites, with Wild1 standing out for having the highest average antioxidant activity
values. Likewise, six out of the nine concentrations analyzed showed some degree of sensitivity for
all the sampling sites. In this regard, the 25 uL. mL~! concentration showed the highest diameter of
inhibition zone values, highlighting the Wild2 site, which showed an average diameter greater than
30 mm for the four bacteria tested. Only in the case of S. typhi did the CGreenhouse site surpass the
Wild2, with an average diameter of the inhibition zone of 36.7 mm. These findings contribute to the
search for new antioxidant and antibacterial options, addressing the challenges that humanity faces
in the quest for opportunities to increase life expectancy.
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1. Introduction

In the history of humankind, natural vegetation has represented an important source of
natural products that have been widely used in cosmetics, food, and traditional medicine [1,2].
In recent years, there has been a special focus on the search for compounds in natural prod-
ucts to preserve foods (antioxidant activity (AoA)) and protect them from microorganisms
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(antimicrobial activity (AmA)) [3-5]. A plant that has been investigated for these character-
istics is oregano, which comprises over two dozen different plant species. This aromatic,
bushy, deciduous, and perennial species is highly branched and can reach a height of two
meters with a foliage coverage diameter of one meter, exhibiting relatively fast growth
and a short life cycle [6]. Lawrence [7] and Russo et al. [8] reported that there are four
groups of oregano commonly used for culinary purposes: Greek oregano (Origanum vulgare
spp- hirtum (Link) Ietswaart), Spanish oregano (Coridohymus capitatus (L.) Hoffmanns &
Link), Turkish oregano (Origanum onites L.), and Mexican oregano (Lippia graveolens Kunth).
Additionally, it is widely used in traditional medicine for a variety of ailments, relying on
the extraction of its essential oils (EO), which possess recognized AoA and antibacterial
activity (AbA) [9-11]. In the scientific literature, numerous reports strongly associate the
chemical composition of oregano essential oil (OEO) with the antioxidant, antibacterial,
antifungal, antiparasitic, and antimicrobial properties in several oregano species, as well
as with its commercial applications [1,3,5,9-28]. Consequently, given the wide range of
reported properties of OEQ, it stands as one of the favorite candidates for the natural
production of antioxidants and antimicrobials.

The EOs are mixtures of volatile organic compounds [29] derived from the metabolism
of plants [30], which can be obtained from flowers, seeds, leaves, branches, bark, or
roots [31]. Their main compounds are terpenoids, alcohols, aldehydes, ketones, esters,
and acids, which confer a characteristic aroma on them [32]. The yield and chemical
composition of, and the concentration of secondary metabolites present in, OEO can be
affected by genetic, geographical, and climatic factors such as photoperiod, altitude, harvest
season, growth stage, temperature, hydric stress, soil composition [2,9,11,33-35], origin,
extraction method, and the plant part from which the essential oil is extracted [23]. This
applies even when the samples come from the same region [36]. The composition of OEO
includes terpenes, mainly thymol and carvacrol [14]. These OEOs are generally recognized
as safe by the Food and Drug Administration [37], and as a food additive by the European
Union [38]. This recognition is due to the characteristics of these OEOs, such as rapid action,
absence of residues, difficulty in developing drug resistance, low phytotoxicity [39], and
safety for mammals [39,40].

Consequently, in recent years, food preservation systems have sought alternative
substances to preserve the final products and protect them from oxidation and microorgan-
isms [3]. However, the use of OEO as a food additive is limited, probably due to its intense
aroma, which could result in unacceptable organoleptic properties in food products. This
limitation could be minimized by combining it with other natural compounds, achieving
additional improvements in the beneficial antioxidant and antimicrobial properties of
OEO [38]. Furthermore, in the manufacturing of primary packaging, the volatile nature
of the main compounds in OEO should be considered [41]. Despite the publication of
scientific articles highlighting the benefits of OEQ, this research field remains wide open
due to the considerable variability reported in the characteristics of OEOs, even when
originating from the same region.

Investigating such variability is of vital importance, in order to develop further im-
provements, beneficial to human health, in food production and preservation. This pro-
duction should consider a sustainable and holistic vision aligned with the objectives of
sustainable development and all productive industries. This will facilitate the promotion
of strategies aimed at the sustainable use of natural resources [42—45]. Based on the afore-
mentioned, the present study aimed to determine the chemical composition in the OEO
from plants occurring naturally in semiarid areas, and from those cultivated in the field
and greenhouses in northern Mexico, and evaluate its AoA and AbA. Taking into account
the attributes of OEO, the hypothesis was formulated that Mexican oregano essential oil
(MOEO) produced by plants occurring naturally in semiarid areas exhibits higher AoA and
AbA than MOEO produced by plants cultivated in the field and greenhouse.
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2. Results
2.1. Chromatographic Analysis of the Chemical Composition of MEOE

The average yield obtained during the MEOE extraction process was 30.25 mL kg~
DW . The calculated density was 920 = 0.98 ug mL~!. The means of the results obtained in
the chromatographic analyses for the main reported components of the EOE are presented
in Table la. In this regard, the combined gas chromatography-mass spectrophotometry
analysis demonstrated that the five main chemical components in the analyzed samples
were Carvacrol (Phenol, 2-methyl-5-(1-methylethyl)-), o-Cymene, Thymol, Gamma-Terpine,
and Caryophyllene, with average concentration percentages of 18.03 + 4.91, 12.77 &+ 0.70,
790 £ 497, 6.61 + 0.38, and 4.94 £ 0.09, respectively. With regard to the second chro-
matographic analysis, carvacrol showed an average percentage of 17.9 & 1.55, whereas the
determined average percentage of thymol was 7.7 & 0.93. It is worth emphasizing, that for
the second analysis, the oregano produced at the CGreenhouse exhibited the highest values of
both terpenoids, while on the other hand, the CField site exhibited the lowest values of thymol
percentage (1.7%) and Wild2 demonstrated the lowest value of carvacrol (13.8%) (Table 1b).

Table 1. (a) Percentages in the sample of the main chemical components in Mexican oregano essential
oil (Lippia graveolens Kunth) from plants occurring naturally in semiarid areas and cultivated in the
field and greenhouse in northern Mexico, analyzed with gas chromatography-mass spectropho-
tometry. (b) Relative composition of thymol and carvacrol in Mexican oregano essential oil (Lippia
graveolens Kunth) from plants occurring naturally in semiarid areas and cultivated in the field and
greenhouse in northern Mexico, analyzed with gas chromatography.

(@)

Percentage in the Sample (Relative Areas)

Num. TR (min) Compound Name
Wild1l Wild2 Cfield CGreenhouse
1 4.39 Bicyclo[3.1.0]hexan-3-one, 4-methyl-1-(1-methylethyl)- 0.31 0.32 0.39 0.41
2 4.70 Tricyclo[2.2.1.0(2,6)]heptane, 1,3,3-trimethyl- 0.43 0.47 0.42 0.42
3 5.08 Beta-myrcene 4.40 4.50 4.50 4.50
4 5.37 (+)-4-Carene 1.87 1.89 2.01 1.90
5 5.46 o-Cymene 13.42 13.24 11.90 12.50
6 5.51 D-Limonene 1.50 1.60 1.60 1.90
7 5.54 Eucalyptol 1.66 1.65 2.01 1.50
8 5.83 Gamma-Terpine 6.23 7.10 6.70 6.41
9 591 Bicyclo[3.1.0]hexan-2-ol, 2-methyl-5-(1-methylethyl)-, 020 021 031 030
(1et,2B,50)-
10 6.14 cyclohexane 1-methyl-4-(1-methylethylidene)- 0.26 0.31 0.28 0.27
11 6.24 Linalool 0.95 0.98 1.02 1.02
12 7.06 3-cyclohexen-1-ol 4-methyl-1-(1-methylethyl)- (r)- 1.79 1.80 2.01 1.84
13 7.22 Alpha-terpineol 0.27 0.30 0.29 0.28
14 7.59 Benzene 2-methoxy-4-methyl-1-(1-methylethyl)- 0.16 0.17 0.17 0.15
15 8.16 Thymol 8.90 6.90 1.90 13.90
16 8.23 Carvacrol 16.60 14.10 16.20 25.20
17 8.74 Eugenol 0.31 0.42 0.33 0.32
18 9.38 Caryophyllene 4.83 5.01 5.01 4.90
19 9.46 cis-alpha-bergamotene 1.14 1.10 2.00 1.20
20 9.66 Humulene 2.32 2.33 3.14 3.01
21 9.79 Phenol, 3-(1,1-dimethylethyl)-4-methoxy 0.41 0.39 0.51 0.42
22 10.06 [3-Bisabolene 0.20 0.30 0.22 0.21
23 10.72 Caryophyllene oxide 0.76 0.79 0.79 0.78
(1R,3E,7E,11R)-1,5,5,8-Tetramethyl-12-
24 10.92 oxabicyclo[9.1.0]dodeca-3,7—digne 0.28 0.26 0.30 0.28
(b)
Site Thymol (%) Carvacrol (%)
Wwild1 8.4 4 1.02% 164 +1.30 %
Wwild2 6.6 099" 13.8 +1.83%
CField 1.7 £0.04°¢ 15.7 + 1.06
CGreenhouse 14.1 +£1.680° 257 £2.022

ab< Different lowercase letters represent significant differences (p < 0.05) between sites.
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2.2. Antioxidant Activity of MEOE

The AoA of the MOEO was determined for four different concentrations: 0.10, 2.50,
5.00, and 10.00 pL mL~!, which are equivalent to 0.09, 2.30, 4.60, and 9.20 ug mL~},
respectively, at each sampling site. The results obtained show that the mean AoA for all
sites was high (92.58%), with the concentration of 10.00 uL mL~! standing out, having
a mean AoA of 94.41% and a standard deviation (SD) of 0.28%. The lowest mean value
was calculated for the 0.01 pL mL~! concentration of MOEO with 90.19 + 0.12%. In this
same context, the Wild1 site obtained the highest average value of AoA with 95.61% at
a concentration of 10.00 pL. mL~!. Surprisingly, the lowest value was obtained for the
same site (Wild1), showing an average AoA of 85.74% at a concentration of 0.10 pL mL~!
(Table 2).

Table 2. Antioxidant activity (%=3SD) of Mexican oregano essential oil (Lippia graveolens Kunth) from
plants occurring naturally in semiarid areas and cultivated in the field and greenhouse in northern Mexico.

Site/ ABTS Antioxidant Activity (%)
Concentration (uL mL~1) 0.01 2.50 5.00 10.00
Wild1 85.74+0212 90.69+0.18°> 93444+ 054P 9561 +£053¢
Wild2 90.80 +£0.012 932840112 9328+0.11P 95274+0.10P
CField 91.47 +£0.05° 9042 4+0.13Y> 9340+ 020b 9227 +0.20P
CGreenhouse 92.76 +0.19° 9305+ 0.01P 9333+0.11P 9450 +0.28P

abe Different lowercase letters represent significant differences (p < 0.05) between sites x concentration.

2.3. Antibacterial Activity of MEOE

The results regarding the AbA of the MOEO against the analyzed microorganisms
were obtained by determining the sensitivity and the DIZ. The sensitivity to the different
oil samples was classified based on the diameter of the inhibition halo as follows: not
sensitive for diameters less than 8 mm; sensitive for diameters ranging from 9 to 14 mm;
very sensitive for diameters between 15 and 19 mm; and extremely sensitive for diameters
exceeding 20 mm [21]. To determine the AbA of the MOEO, nine different concentrations
were analyzed at each sampling site for each of the four bacteria. In all the examined sites
and bacteria, concentrations of 0.05, 0.10, and 1.00 pL mL~! revealed DIZ values lower
than 8.00 mm. However, upon analyzing the results for concentrations of 5.00 uL mL~!
and higher, the calculated DIZ was higher than 8 mm for all studied sites and bacteria
(Figure 1).

The tendency in antimicrobial activity was very similar for the bacteria x site com-
bination (Figure 1). Analyzing the obtained results, at a concentration of 1.00 uL mL~!,
the only MOEO that reported a DIZ of 0.0 mm was the Wild2 site, and only for Salmonella
typhi bacteria. However, surprisingly, the same site (Wild2) presented the highest DIZ
(6.7 mm), but this time for the Listeria monocytogenes bacteria (Figure 1b). Based on the
calculated DIZ of 5.00 uL mL !, all the analyzed treatments exhibited significant AbA
against both Gram-negative bacteria (S. typhi and Escherichia coli) and Gram-positive bacteria
(L. monocytogenes and Staphylococcus aureus). Although no clear superiority was observed
among the analyzed bacteria, the S. aureus bacteria showed the highest inhibition values
within a range of MEOE concentrations between 20.00 and 62.50 uL mL~!. Considering the
obtained results, at concentrations higher than the sensitivity, it was demonstrated that at
an MOEO concentration of 10.00 uL. mL~!, the Gram-positive bacteria S. aureus showed the
highest DIZ values for all sites, achieving a maximum DIZ of 30.7 £ 1.5 mm for the MOEO
obtained from the Wild2 site (Figure 1b). For this same concentration (10.00 uL mL™1), the
lowest DIZ value was calculated for the combinations of the CGreenhouse site and the
L. monocytogenes bacteria (Figure 1d) and the CField site and S. typhi bacteria (Figure 1c),
both with a calculated mean DIZ value of 9.0 mm.
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Figure 1. Antibacterial activity and sensitivity of Mexican oregano essential oil (Lippia graveolens
Kunth) from plants occurring naturally in semiarid areas and cultivated in the field and greenhouse
in northern Mexico.

Considering the effect of a 20.00 uL. mL~! concentration of MOEO on the analyzed
bacteria, it was determined that the combination of MOEO obtained from the Wild2 site and
the S. aureus bacteria showed the highest mean value for the DIZ with 31.7 &= 0.6 mm (Figure 1b).
Furthermore, at the same concentration, the lowest DIZ value was observed in the combination
of the CField site and the L. monocytogenes bacteria with a mean DIZ of 9.3 & 0.6 mm (Figure 1c).
After analyzing the concentration of 62.50 pL mL ™!, a homogenization process was observed
in the DIZ values for all the analyzed sites, resulting in reduced differences between the highest
and lowest DIZ values. Specifically, at this concentration, the combination of the CGreenhouse
site with the L. monocytogenes bacteria showed the lowest DIZ value (Figure 1d), while the
Wild2 site in conjunction with the S. aureus bacteria revealed the highest value (Figure 1b), with
18.0 £ 1.7 mm and 31.7 = 4.5 mm, respectively. Considering the effect of the MOEO extracted
from the CField site, the bacteria that showed the highest sensitivity to this oil were S. aureus,
which reported the highest values of the DIZ at all the analyzed concentrations (Figure 1c). The
concentrations of 125.00 and 250.00 uL mL~! showed an increase in the DIZ. However, this
growth was not proportional to the concentration increase. It was observed that the inhibition
zone decreases with higher concentrations, indicating that the antibacterial potential of the
MOEQ at elevated concentrations is inversely proportional to the dilution of the oil (Figure 1).

3. Discussion

The results obtained in this study reveal that the MOEO (L. graveolens), derived from
plants occurring naturally in semiarid areas and cultivated in the field and greenhouse in
northern México, exhibits excellent AoA and AbA. However, in terms of both characteristics,
the wild sites stood out in their performance. Based on these findings, our working
hypothesis is supported.

3.1. Chemical Composition of MEOE

Normally, the yield and chemical composition of essential oils from plants of the same
species show significant differences, mainly due to variations in environmental conditions,
as reported for several species [46—48]. In this context, studying such variations in the EOs
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of species with economic and social importance, such as Mexican oregano (L. graveolens),
is highly desirable. Chromatographic analysis of the EO of L. graveolens determined high
percentages of thymol and carvacrol, suggesting that these are the major components in
the oils from the four studied sites, which is consistent with findings reported in several
studies [49,50]. Likewise, Cid-Pérez et al. [51] found in their chromatographic analysis
that the OEO of L. graveolens presented high contents of thymol and carvacrol (28.31% and
17.06%), which are consistent only with the values calculated in this study for carvacrol
(Table 1b). These findings indicate that despite belonging to the L. graveolens species, there
is a notable difference in its chemical composition, possibly related to its phenology and
production origin [52].

Studies conducted on OEO obtained from aerial parts of wild Mexican oregano re-
ported 17.6% and 33.2% for thymol and carvacrol components, respectively [10]. These
results differ from those found in the wild and cultivated oregano analyzed in this study but
are similar to those observed in oregano obtained under controlled conditions (greenhouse)
(Table 1). Similarly, other reports have indicated that cultivated oregano (O. dictamnus)
in northern Mexico contains over 47% carvacrol and no thymol [33], indicating that wild
oregano oil has significantly higher carvacrol levels compared with cultivated oregano in
terms of thymol [16]. Sarrazin et al. [53] reported that carvacrol was the main component
in the composition of the EO of Lippia origanoides produced during both the rainy and dry
seasons, with 43.5% and 41.4%, respectively, followed by thymol, with 10.7% and 10.6%,
indicating a low difference between the analyzed seasons. However, Walczak et al. [54] sug-
gest that a high carvacrol content is desirable when aiming for specific biological activity. In
another study, gas chromatography analysis of six OEOs of O. vulgare revealed percentages
of 0.2% to 5.8% for thymol and 58.7% to 77.4% for carvacrol [55]. These findings show
a lower calculated mean for thymol (7.7%) than in this study, whereas for carvacrol, the
calculated values are lower than the mean reported in that study (17.9%). Additionally,
a total percentage of 53.20% for the combined amount of carvacrol and thymol has been
reported in L. origanoides leaves [56]; this amount is 107.8% higher than the one observed in
the present study, where a mean of 25.6% was found for the sum of thymol and carvacrol
percentages (Table 1).

3.2. Antioxidant Activity of MEOE

Considering that the scientific community has widely acknowledged the AoA of OEO,
this research only used the ABTS method to compare the obtained oils. The results indicated
that all analyzed oregano oils possess a high potential to neutralize free radicals (Table 2).
The AoA of essential oils from different species known as oregano has been reported by
several authors [3,16,17,20,22,47,55-64]. Although the results obtained in this study for
the AoA of the EOE are comparable to those described in other regions of the world, they
also turn out to be significantly higher than the published results (Table 3). This AoA has
been related to the predominance of carvacrol and/or thymol in the EOE [62]; however,
significant AoA has also been reported for other oxygenated compounds (monoterpenes)
present in the EOE [64]. The differences observed in the reported and obtained results
in this study are often attributed to the oregano species, the technique used for essential
oil extraction, the concentrations used, the plant’s phenology, and the collection area of
the plant material. However, the use of EOE as an antioxidant agent can enhance the
preservation process of certain foods [65].
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Table 3. Antioxidant activity average (%, AoA) generated by the Mexican oregano essential oil (Lippia

graveolens Kunth) from plants occurring naturally in semiarid areas and cultivated in the field and

greenhouse in northern Mexico, compared to other reported studies on oregano species.

Specie Prg;l;ztrir:)n CaII: Zizt};{zzi:g Al % AoA Region, Country
PNO 2 93.4%
Lippia graveolens CField 3 ABTS® 91.9% Durango, Mexico
CGH* 92.3%
CField 34.7%
Poliomintha longiflora PNO ORAC ¢ 5.6% Nuevo Leon, Mexico [16]
Origanum vulgare CField pren P Hubei, China [17]
ABTS 91.5-95.9% ’
Oregano (Scientific name NS 8) NS DPPH 79.0-99.8% Collection site NS [20]
Origanum vulgare spp. hirtum 8.5%
CField ABTS Warszawa, Poland [22]
Origanum vulgare spp. vulgare 8.6%
Origanum vulgare NS DPPH 12.9-47.3% Uttarakhand, India [46]
Origanum vulgare CField ABTS 35.0-62.5% Murcia, Spain [55]
Origanum vulgare PNO ORAC 52% Alentejo, Portugal [57]
Poliomintha longiflora 92.2%
Origanum vulgare spp. vulgare PNO ORAC 64.7% USA 58]
Oregano (Scientific name NS) NS ORAC 50% USA [59]
Origanum vulgare CField ORAC 39.8-84.8% Gatersleben, Germany [60]

1 AoA = antioxidant activity; 2PNO = plants naturally occurring; 3 CField = cultivated in the field; * CGH = cultivated
in the greenhouse; > ABTS = 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonate); ® ORAC = oxygen radical absorbance
capacity; 7 DPPH = 2,2-diphenylpicrylhydrazyl hydrate; 8 NS = Not specified.

When comparing the AoA results obtained in this study with those reported by Flores-
Martinez et al. [66], it is observed that they are similar. This similarity can be attributed
to the AoA of MEOE (L. graveolens) being reported to be up to 90%, which is attributed
to the quantities of thymol and carvacrol. These compounds synergistically enhance the
antioxidant capacity, as explained by Paudel et al. [67], who identified that the EOE of
the species Origanum majorana L. from sites in Nepal has a free radical inhibition capacity
above 50%.

3.3. Antibacterial Activity of MEOE

After conducting the AbA tests on the different samples of MOEO, it was successfully
demonstrated that the essential oil of L. graveolens significantly inhibits both Gram-positive
and Gram-negative bacteria (Figure 1). In this regard, other studies that have examined the
activity of OEO from different oregano species [3,4,22,29,46,48,50,51,68-76] have reported
results consistent with those obtained in the present study. In this context, different
research groups agree that the AbA of OEO is primarily associated with its hydrophobic
phenolic compounds [77-79], based on the assumption that these compounds interact
with the phospholipids present in the cell membrane. Zweifel et al. [80] attribute a higher
resistance of Gram-negative bacteria to OEO to the complexity of the double cell membrane,
contrasting it with the cell membrane structure of Gram-positive bacteria.

The obtained results evidenced an adequate AbA for all analyzed MEOEs and for all
the bacteria considered (Figure 1). This activity may be related to the chemical composition
of MEOE (Table 1). A mode of action of EOE compounds (especially thymol and carvacrol)
has been reported, involving rapid depletion of intracellular ATP reserve. This results in a
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reduction in the proton motive force, enhancing membrane permeability, and ultimately
leading to the leakage of ions from the cell, resulting in membrane damage and alterations
in cellular osmotic pressure [22,81-84]. Different studies have demonstrated that carvacrol
also inhibits the production of microbial toxins and the formation of biofilms, in addition
to presenting anti-inflammatory effects [4,85,86]. A high carvacrol content in the OEO,
combined with its water solubility, could contribute to a significant AbA effect [87]. In
the same context, the only difference between carvacrol and thymol is the position of the
hydroxyl group, which, along with the concentrations of other terpenes in OEO, would
evidence a slightly different activity [4,88]. Existing research has shown that both carvacrol
and thymol decrease cytoplasmic pH, damage the cell membrane, and increase membrane
permeability in S. aureus [89].

This study demonstrated a significant AbA against the tested bacteria, with DIZ
ranging from 0.0 to 6.7 mm for concentrations higher than 1.00 uL. mL~! and between 23.3
and 36.7 mm for the highest studied concentration (250.00 uL mL~1) (Figure 1). However,
the MOEOs significantly differ in their activity against the bacteria considered in the study.
This is evidenced based on the following: Analyzing the concentration of 1.00 uL mL~},
the combination of Wild2 EO and L. monocytogenes showed the highest DIZ at 6.7 mm; the
combination of EO Wild1l and S. aureus exhibited the highest DIZ for the concentration of
5.00 uL mL~! (30.7 mm) (Figure 1). Surprisingly, at the concentration of 10.00 uL mL~1, the
combination of EO Wild2 and S. aureus reported the highest DIZ value at 30.70 mm. For the
concentration of 20.00 uL mL~!, Wild1 and Wild2 EO, along with the S. aureus bacterium,
showed the highest DIZ values of 31.3 mm and 31.7 mm, respectively. In general, the
analyzed bacteria displayed sensitivity to the MOEO (Figure 1). This phenomenon has been
reported by several research groups, for example, Ozkalp et al. [90] reported the effective
antimicrobial activity (AmA) of the OEO in inhibiting the growth of Micrococcus luteus and
Bacillus cereus at concentrations of 0.16 and 0.32 1.00 uL. mL ™!, respectively. According to
De Falco et al. [91], the EOE, produced under different conditions, demonstrated effective
AmA, primarily against Gram-positive pathogens, particularly Bacillus cereus and Bacillus
subtilis. On the other hand, Khosravi et al. [92] reported that OEO exhibited a broad
spectrum of antifungal activity, with an average DIZ of 27.1 mm against Candida glabrata.
In another study conducted by Esen et al. [93], the OEO derived from wild oregano in the
Marmara region of Turkey was effective in inhibiting the growth of both Gram-positive
and Gram-negative bacteria, with values ranging from 0.63 to 5.0 uhL mL~!. In the same
way, De Martino et al. [71] reported that the EO of O. vulgare showed an adequate AbA
against Gram-positive pathogens, with S. epidermis being the most affected (0.25 uL mL ™).

The differences observed among the cited results could likely be related to the extrac-
tion methods, composition of the OEO, varying sensitivity of different microorganisms to
OEO, and specific climatic conditions during the production of each study. However, it
appears evident that the AbA is primarily linked to a significant proportion of carvacrol
and thymol, suggesting that its mechanism of action is similar to that of other pheno-
lics [89,94]. This tendency is consistent with numerous studies investigating the effects
of whole essential oils against organisms, particularly those that deteriorate food and
foodborne pathogens [22,48,50,51,94]. Nevertheless, the use of OEO as an antioxidant agent
may enhance the preservation process of specific foods [65] and can be effective against
bacteria [95]. Additionally, OEO extracts can serve as synthetic chemical substitutes capable
of inhibiting the growth of pathogenic organisms [96].

4. Materials and Methods
4.1. Study Location and Plant Material Identification

The sampling process included the collection of samples from four locations (Table 4),
two of which were from communities of naturally occurring oregano plants (Wild1 and
Wild2), one from plants cultivated in the field (CField), and one from plants cultivated
in the greenhouse. All of these sites were located in the municipality of Rodeo, Durango,
Mexico, at the geographical coordinates 25.1718° N and 104.5725° W, with an average
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altitude of 1345 m above sea level. The climate is semiarid, with an average annual
temperature of 19.1 °C, a maximum of 25.5 °C, and a minimum of 12.1 °C. The average
annual precipitation is 417.3 mm. The precipitation regime occurs mainly from June to
September [97]. Oregano plants cultivated in the field received only two irrigations per year,
one in November and another in April, during peak demand periods. On the other hand,
oregano plants cultivated in the greenhouse were equipped with a drip irrigation system,
receiving irrigation every two months with a water depth of 10 cm. The oregano seeds used
for cultivation in the field and greenhouse were obtained from wild oregano populations in
the region. It is worth noting that none of the studied sites received fertilization, insecticides,
or herbicides. The collection was carried out on the same day for all four sites (21 October
2022). The entire aerial part of the plant was collected (stems, leaves, flowers, and fruits).
Subsequently, it was dehydrated at room temperature and in the shade for four days,
followed by the separation of the stems from the rest of the collected parts. The stems were
discarded, and the remaining parts were weighed in triplicate, totaling 350.00 g, using an
analytical balance from Denver Instrument Company (Arvada, CO, USA). Finally, they
were labeled and stored in clean, sealed paper bags until their use.

Table 4. Geographical characteristics and habitats of sampling sites.

Site Latitude (N) Longitude (W) Altitude (m) Soil Type Habitat
Wild1 25.0233° 104.4758° 1471 Phaeozem Microphyll scrub, semiarid
Wild2 25.1786° 104.5686° 1446 Chernozem Microphyll scrub, semiarid
CField 25.2386° 104.5675° 1338 Fluvisol Irrigation agriculture
CGreenhouse 25.1650° 104.5558° 1342 Chernozem Controlled conditions

Samples of mature oregano plants from the four studied sites were sent to and identi-
fied by the Botany and Systematics Laboratory of the Faculty of Biological Sciences at the
Universidad Juarez del Estado de Durango, located in Gomez Palacio, Durango, Mexico.
The results obtained from the identification showed that the plants from the four sampling
sites correspond to Mexican oregano (Lippia graveolens Kunth).

4.2. Extraction of MOEO

The OEOs were extracted by hydrodistillation using a Clevenger apparatus [98]. The
samples were immersed in 3000 mL of distilled water and subjected to a modified steam-
stripping hydrodistillation method for two hours. After measuring the volume of the
MOEQO, the samples were dehydrated using anhydrous sodium sulfate. Subsequently, the
density of the samples was determined using an analytical balance from Denver Instrument
Company. Finally, they were stored in amber glass vials, wrapped in aluminum foil, and
kept at 4 °C until use. All procedures were performed in triplicate.

4.3. Gas Chromatography Spectrometry Analysis of MOEO

To determine the main chemical components of each MOEO sample, an Agilent 7890B-
59777 A-MSD gas chromatography-mass spectrophotometry-coupled system was employed.
The acquisition software used was MassHunter GC/MS Version Acquisition B.07.02.1938.
Separation was carried out on an HP-SMS column (30.0 m x 0.25 mm X 0.25 um internal
diameter). Helium was used as the carrier gas at a flow rate of 1.0 mL min~!. The injector
temperature used was 300 °C with an initial temperature (Tip;ia1) of 40 °C. The temperature
programming for the separation included a Tjp;i5 of 40 °C for one minute, with a ramp
rate of 15 °C min~!, reaching 300 °C with a split ratio of 200:1. The source temperature was
230 °C, the quadrupole temperature was 150 °C, and an ionization energy of 70 eV was
used. The National Institute of Standards and Technology Mass Spectral Database, version
14.0, was employed for the identification of the reported components.

Considering that the concentrations of thymol and carvacrol in the OEO have received
particular attention in the conducted study, additionally, and to reinforce the obtained results,
a second chromatographic analysis was performed. This analysis was exclusively conducted
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to determine the concentrations of thymol and carvacrol in each of the obtained MOEO
samples. For this purpose, a YL Instruments YL6500 gas chromatograph equipped with
flame ionization detection (FID) and a MEGA-5 capillary column (60 m length x 0.25 mm in
internal diameter, with a 0.15 pum film thickness) was used. The chromatograph employed
a hydrogen mobile phase at a flow rate of 1 mL min~!. The injector and detector port
temperatures were set at 250 °C and 300 °C, respectively, with a makeup of 20 mL min~!.
The analysis started with an initial temperature of 40 °C and ramped at 10 °C, with a total

run time of 16 min. Two microliters of the sample were injected for this determination.

4.4. Antioxidant Activity of MOEO

The AoA of the MOEOs was determined by UV-visible spectrophotometry (Thermo
Scientific, Waltham, MA, USA) at 414 nm. The antioxidant assay tested was ABTS (2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonate)) as described by Childs and Bardsley [99].
The MOEO samples were dissolved and agitated in 100 mL of dimethyl sulfoxide. Standard
curves were prepared using Trolox as a potent antioxidant reagent. The samples were
incubated for 10 min at 37 °C and cooled on ice. The absorbance of Trolox at different
concentrations was measured at 414 nm. All results were then calculated and expressed as
mg of Trolox equivalents per mL of the MOEO sample.

4.5. Antibacterial Activity of MOEO
4.5.1. Bacterial Strains

The microbiological material used consisted of four pathogenic bacterial strains re-
sponsible for certain serious infectious diseases. These bacteria were Salmonella typhi ATCC
14028, Escherichia coli ATCC 25922, Listeria monocytogenes ATCC 7644, and Staphylococcus
aureus ATCC 6538. These strains were cultivated in brain-heart infusion broth and sterilized
by autoclaving at their respective optimal growth temperatures.

4.5.2. Agar Diffusion Method

The AbA of the MOEO was evaluated using the agar diffusion method according to the
recommendations of NCCLS [100]. Bacterial strains were prepared in appropriate culture
media and according to international standards. The microwell technique, described by
Rossi et al. [101], was used, for which a serial dilution of 10:3 was performed, with 1 mL of
the strain in 9 mL of phosphate-buffered solution. Afterward, 8.5 mL of the dilution was
added to 250 mL of Miiller-Hinton agar. The mixture was gently stirred to homogenize it
before being poured into pre-sterilized Petri dishes and autoclaved at 125 °C for 15 min.
Subsequently, it was incubated at 36 °C for 18 h.

4.5.3. Determination of Diameter of Inhibition Zone (DIZ) and Sensitivity

The sensitivity of the MOEO for each bacterium was evaluated according to Moreira
etal. [21]. The MOEO was diluted using dimethyl sulfoxide (DMSO) to obtain nine different
concentrations (0.05, 0.10, 1.00, 5.00, 10.00, 20.00, 62.50, 125.00, and 250.00 uL mL~1). The
microwells were prepared using a sterile 100 pL tip, following the method of Wiegan
et al. [102]. The study was performed in triplicate, using DMSO as the negative control and
Trimethoprim-Sulfamethoxazole as the positive control [103]. Microbial suspensions were
prepared according to the following standards: 0.5 McFarland, which is equivalent to 108
colony-forming unit mL~! [104]. Subsequently, 0.1 mL of the inoculum was placed on the
agar using a sterile swab. Then, the MOEO concentrations were directly placed on the agar
surface. The Petri dishes were incubated in a stove at 37 °C for 24 h. The DIZ values of
the four MOEOs against the four bacteria used were determined using the recommended
method described at the beginning of the paragraph. After incubating the Petri dishes,
the DIZ value was measured in millimeters using Vernier calipers. All experiments were
repeated in triplicate.
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4.6. Statistical Analysis

The data were expressed as mean =+ standard deviation (SD). A univariate linear
model (ANOVA) was performed using the statistical software SPSS® version 2020 [105]. A
95% confidence interval (p < 0.05) was considered statistically significant.

5. Conclusions

Currently, several industries are seeking new, natural, and safe agents. The determina-
tion of the AoA and AbA of OEO from L. graveolens produced under different conditions in
northern Mexico has revealed its potential as an excellent natural agent. The results sug-
gest that L. graveolens OEO contains compounds with both antimicrobial and antioxidant
properties, positioning it as a strong candidate for use in food preservation and/or shelf
life extension. Moreover, the significant potential of the L. graveolens oregano species is
evident for applications such as tea preparation, food additives, and traditional remedies
for treating infectious diseases. Similarly, there is a need for further investigation into
the AoA and AbA of MOEO, particularly by determining the minimum bactericidal and
bacteriostatic concentration. However, future research should aim to explore the potential
effects of climatic conditions and soil properties at the sampling sites on the biosynthesis of
terpenoids, especially thymol and carvacrol. These insights contribute to the utilization of
L. graveolens OEO as a functional food and pharmacological ingredient to enhance health.
This will contribute to mitigating the effects of climate change and improving food security,
in line with the goals of the sustainable development agenda for 2030.
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