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Blended formulations of oregano-sage essential oils:
antimicrobial, phytotoxic, and anti-quorum sensing investigations
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Abstract

There is a growing interest in the potential use of essential oils
(EOs) as a possible alternative to synthetic pesticides. The formula-
tion of bioinsecticides with different EOs could improve their bioac-
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tivities through synergic mechanisms. This study aimed to evaluate
the biological activities of three blended oil formulations (BOFs)
derived from oregano (Origanum vulgare L.) and sage (Salvia offi-
cinalis L.). The chemical composition of the individual EOs was
investigated using GC-MS analysis. The BOFs were prepared as
follows: 1) 25% oregano EO + 25% sage EO (BOF-I); ii) 25%
oregano EO + 5% sage EO (BOF-II); iii) 5% oregano EO + 25%
sage EO (BOF-III). The BOFs were tested for their phytotoxic
effects on Lepidium sativum, Solanum lycopersicum, and Lactuca
sativa as well as their antimicrobial activity against some phy-
topathogens. The tested BOFs were evaluated for their possible
anti-quorum sensing activity against Chromobacterium violaceum
Schroter. GC-MS analysis revealed that the oregano EO is mainly
composed of thymol (76%), p-cymene (5.7%) and carvacrol
(3.2%). Whereas the dominant constituents of sage EO were trans-
thujone and camphor. The results demonstrated that all tested BOFs
possess an antimicrobial effect higher than each parent EO. In par-
ticular, BOF-II showed the highest effect against all tested bacteria
and fungi. In addition, the three BOFs showed notable phytotoxic
effects against all tested plants, particularly BOF-I. Whereas, the
single sage EO at 25% showed the lowest significant phytotoxic
effect, indicating its possible use as a natural herbicide. All exam-
ined BOFs showed promising quorum quenching activity against C.
violaceum, especially at a concentration of 100%.

Introduction

Synthetic pesticides and herbicides demonstrate, generally, a
high contamination risk for the environment, soil, water, and for
human health as well.!-> Therefore, there is a huge interest in dis-
covering natural substances based on plant or microbe origin with
pesticidal and/or herbicidal effects.>* It is well-known that the uti-
lization of synthetic pesticides has increased microorganism
resistance. The use of natural substances based on medicinal
plants or microbial origins can be useful for decreasing environ-
mental hazards and avoiding microbial resistance to synthetic pes-
ticides,>7 hence the search for alternative natural substances or
new, efficient formulations against serious phytopathogens is nec-
essary.’

Among the most important natural substances with promising
biological effects are essential oils (EOs), which are concentrated
hydrophobic liquids containing volatile compounds extracted from
plants.®1% Plant EOs are complex mixtures of mostly terpenoids as
plant secondary metabolites,!%13 which can be used as a possible
alternative to conventional microbicides and/or herbicides.!1415

Origanum vulgare L. (family Lamiaceae) is a widespread aro-
matic plant, commonly known as oregano, that is particularly
appreciated in the Mediterranean region for its biological, nutri-
tional, cosmetic, and pharmaceutical activities.* Oregano EO has
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recently been considered a natural herbicide against several harm-
ful weeds and a promising substitute for synthetic herbicides.*
Salvia officinalis L. (Lamiaceae), commonly called sage, native to
the Mediterranean region and naturalized in many places around
the world, has a long history of medicinal and culinary uses and is
considered one of the most important sources of plant EOs.16-18

The composition of EOs from the same plant species can vary
considerably, depending on growth conditions, variety, environ-
mental factors, etc.!?2! The widespread use of EOs has decreased
due to several issues, including high costs. Therefore, many
researchers are eager to discover novel formulations of two or
more EOs that could have a synergistic biological effect while also
being more affordable. However, the new formulations should be
accurately evaluated to avoid any possible negative health impact
or phytotoxic effect.??

The main objective of the current study was to prepare, char-
acterize, and assess the efficacy of three novel blended essential-
oil formulations (BOFs) between O. vulgare and S. officinalis that
might have a synergistic biological effect to enable a reduction in
effective dose at a lower cost. In particular, this research was car-
ried out to 1) chemically characterize the main single constituents
of both tested EOs using Gas Chromatography-Mass Spectroscopy
(GC-MS); ii) evaluate the antimicrobial activity of the three novel
BOFs against some phytopathogens; iii) determine the minimum
inhibitory concentration (MIC) of the most bioactive tested formu-
lation; and iv) evaluate the possible phytotoxic effect of new BOFs
on the seed germination and radical elongation of Lepidium
sativum L., Solanum lycopersicum L. and Lactuca sativa L.

Materials and Methods

Plant materials, EOs extraction and formulation

The EOs used for BOFs were extracted from oregano (O. vul-
gare) and sage (S. officinalis) which were cultivated in the green-
house of the School of Agricultural, Forestry, Food, and
Environmental Sciences (SAFE), University of Basilicata, Potenza
(Italy). The aerial parts, used for EOs extraction, were collected in
Spring 2021 and dried in an oven at 65°C for 48 hrs. One hundred g
of dried materials were ground in a Waring blender
(MX1050XTPEE, Noventa Padovana, Italy) and subjected to
hydrodistillation for 3 hrs using a Clevenger-type apparatus (HFY-
CDY, Shenzen China) according to the standard procedure described
in the European Pharmacopoeia.?? The extracted EOs were solubi-
lized in n-hexane, filtered using anhydrous sodium sulfate (Na,SOs),
and stored under liquid nitrogen (N,) at 4°C in darkness.

The studied BOFs were prepared in 0.7% dimethyl sulfoxide
(DMSO) + Tween 20 (0.2%) using a reflux apparatus in stirred
conditions overnight at 60°C in a water bath at the following con-
centrations: A) [BOF-I] oregano EO (250 pg/mL) + sage EO (250
pg/mL); B) [BOF-II] oregano EO (250 pg/mL) + sage EO (50
pg/mL); C) [BOF-III] oregano EO (50 pg/mL) + sage EO (250
pg/mL). In addition, the two EOs have been tested, individually, at
250 pg/mL for biological assays compared to the prepared formu-
lations.

GC-MS analysis

The chemical composition of the studied two EOs was carried
out using a Gas Chromatograph Shimadzu brand (GC 2010 Plus)
coupled with a QP 2010 Ultra Mass Spectrometer (GC-MS). The
separation of EO components was achieved by capillary column

chromatography on 0.25 um thick flash silica RTX-5MS (30
mmx0.25 mm), using Helium as eluting gas with a flow rate set of
1.2 mL min'!. Samples (1 pL) were injected in split mode (leakage
ratio: 1/50). The device was connected to a computer system man-
aging a mass spectrum library (NIST 98) and driven by software to
monitor chromatographic analyses. The identification of each sin-
gle constituent of both EOs was made through the comparison of
their retention indices with those of standard compounds presented
in the database NIST 02 and Wiley 275 libraries (Wiley Registry
of Mass Spectral Data).?*

Antimicrobial activity

The tested bacterial strains were Xanthomonas campestris
(Pammel) Dowson, Clavibacter michiganensis (Smith) Davis, and
Bacillus cereus Frankland & Frankland. All tested bacteria were
cultured on King B (KB) medium? and incubated at 37°C for 24
hrs. Whereas, the tested fungal strains were Botrytis cinerea Pers.,
Penicillium italicun Wehmer, and Fusarium oxysporum Schlecht.
All tested fungal isolates were cultured on Potato Dextrose Agar
(PDA) medium and incubated at 24°C for 96 hrs.

Bactericidal assay

The disc diffusion method has been carried out to evaluate the
antibacterial activity of the parent EOs (250 pg/mL) and
BOFs.2027 Briefly, the bacterial suspension of each strain was pre-
pared in sterile distilled water (SDW) and incorporated in soft agar
at 0.7% (9:1, v/v) adjusted by spectrophotometer (Amersham,
Ultrospec 1100 pro/500 pro, UK) at 103 colony forming unit
(CFU)/mL corresponding to 0.2 nm optical density (OD). Four mL
of each bacterial suspension were poured singularly into a Petri
dish (¥ 90 mm) containing 10 mL of KB. Blank Discs (@ 6 mm)
(OXOID, Milan, Italy) were pre-treated with each parent EO (250
png/mL) or different BOFs and placed over inoculated plates and
incubated at 37°C for 24 hrs. The bactericidal activity was evalu-
ated by measuring the diameter of eventual inhibition zones (mm).
The bacterial growth inhibition (BGI%) was calculated using the
equation (1) compared to tetracycline at 1600 pg/mL as positive
control (C+ve). The experiment was carried out in triplicate, and
the standard deviations (SDs) were calculated.

(Gc—Gt)

BGI (%) = 100 — [

X 100] (Equation 1)

where: BGI is the bacterial growth inhibition percentage; Ge is the
average diameter of bacteria growth in the control plate (mm); Gt
is the average diameter of the inhibition zone in inoculated plates
(mm).

Fungicidal assay

The antifungal activity of the parent EOs and the prepared
BOFs has been evaluated against the above-mentioned phytopath-
ogenic fungi following the incorporation method.'*?8 Briefly, 14
mL of PDA supplemented with each single EO at 250 pg/mL or
BOFs were poured into Petri dishes (@ 90 mm). Single agar disks
(@ 0.5 cm) of fresh fungal cultures were inoculated in pre-treated
PDA Petri dishes. Untreated PDA plates were inoculated only with
tested fungi as negative control (C-ve). All plates were incubated
at 24°C for 6 days in darkness, and the diameter of the mycelium
was measured (mm).'*152% The fungal growth inhibition (FGI%)
was calculated following equation (2) compared to cycloheximide
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at 100 pg/mL as a positive control (C+ve). The experiment was
carried out in triplicate, and SDs were calculated.

(Gc—-Gt)

FGI (%) = —— x 100 (Equation 2)

where: FGI is the fungal growth inhibition percentage; Gc is the
average diameter of fungal mycelium in control plates; Gt is the
average diameter of fungal mycelium in treated plates.

Minimum bactericidal concentration (MBC)

The minimum bactericidal concentration (MBC) of the most
bioactive BOF was carried out against all tested bacteria using 96-
well microplates (Nunc MaxiSorp®, Vedbaek, Denmark) following
the micro-dilution method.'® The Minimal Mineral (MM) broth
was used for the preparation of bacterial suspensions. The most
bioactive EO formulation (BOF-II) was dissolved in the prepared
medium at concentrations 10000, 8000, 4000, 2000, 1000, and 500
png/mL according to the obtained results from the preliminary in
vitro assay. One hundred microliters/well from each prepared con-
centration were added into the microplate pre-supplemented with
50 uL/well of each bacterial suspension. All plates were incubated
at 37°C for 24 hrs. The absorbance was measured using a
microplate reader instrument (DAS S.r.l., Rome, Italy) at A = 540
nm. Tetracycline (1.6 mg/mL) was used as the positive control
(Cont+ve), whereas wells only filled with MM broth were consid-
ered the negative control (Cont+MM). The MBC values for each
tested strain were determined by monitoring the lowest tested con-
centration causing a significant growth reduction compared to the
positive control. Whereas, the ICs, was calculated using the ten-
dency-line formula provided by Microsoft Excel software.

Phytotoxicity assay

A bioassay based on seed germination (SG) and radical elon-
gation (RE) was carried out to evaluate the possible phytotoxic
effect of studied crude EOs and newly prepared BOFs were tested
on the seeds of L. sativum, S. lycopersicum, and L. sativa.’® Seeds
were sterilized in 3% hydrogen peroxide (H,O-) for 1 min, rinsed
twice with deionized SDW, and then placed either in each single
BOF at 250 ng/mL for 2 hrs or SDW as a negative control (C-ve)
under shaking condition (200 rpm/min). Fifteen seeds were trans-
ferred into Petri dishes (@ 90 mm) containing two sterile filter
papers (Whatman No.1), pre-moistened with 2 mL of deionized
SDW, and sealed with Parafilm. All Petri dishes were incubated in
a growth chamber at 28°C with relative humidity (RH) 80% in the
darkness for 72 hrs. The number of germinated seeds was counted,
and the radical elongation was measured in centimeters (cm). The
experiment was carried out in triplicate, and the germination index
(G.I.) was calculated with the following equation (3):

(SGt x REt)

G.L (%) = (SGc x REC)

x 100 (Equation 3)

Where: G.I. is germination index; SG; is the average number of
germinated treated seeds; RE, is the average radical elongation of
treated seeds; SG.is the average number of germinated seeds of
negative control; RE. is the average radical elongation of negative
control.

Anti-quorum sensing activity

The Agar Disc diffusion method has been carried out to evalu-
ate the anti-quorum sensing of the three tested BOFs as described
by Rajivgandhi et al.3! Chromobacterium violaceum Schroter was
first cultured on lysogeny broth (LB) medium and kept at 28°C for
five to seven days before being streaked onto LB-agar plates and
the blank discs (6 mm, Oxoid, Milan, Italy) were deposited over
the plates. Twenty plL from each studied BOF at three different
concentrations (100, 50 and 25%) were then transferred to the
discs and the plates were incubated for 24 hrs at 28°C. A positive
control consisting of streptomycin 10 mg/mL and a negative con-
trol consisting of DMSO 1%, were employed. The reduction of
violacein formation around the discs allowed for the detection of
anti-quorum sensing activity. The standard deviations (SDs) were
determined for each of the tested treatments, which were all per-
formed in triplicate.

Statistical analysis

The obtained results of the biological assays were statistically
analyzed using one-way ANOVA using Statistical Package for the
Social Sciences (SPSS) version 13.0 (Prentice Hall: Chicago, IL,
USA, 2004). Tukey B Post-Hoc multiple comparison tests were
applied to evaluate the significance level with a probability of
p<0.05.

Results
GC-MS analysis

The analysis of the chemical composition of O. vulgare EO
allowed the identification of 42 components, which represent
96.4% of the total oil (Tuble SI). In particular, the predominant
constituents are thymol (76.0%), p-cymene (5.7%), carvacrol
(3.2%), linalool (2.6%), and y-terpinene (2.5%). Based on the
dominance of thymol, the tested oregano EO is identified as a thy-
mol chemotype, in agreement with Mancini e al.3? On the other
hand, the chemical analysis of S. officinalis EO allowed the iden-
tification of 64 compounds, accounting for 98.7% of the total oil
(Table S2). Monoterpenes are the most abundant compounds found
in sage EO. In particular, the most abundant single components
are: trans-thujone (37.9%), camphor (13.9%), and borneol (7.6%)
in agreement with Elshafie et al.1

Bactericidal activity

The studied BOFs exhibited promising antibacterial effects
against all three tested bacteria (Figure 1). In particular, BOF-II
showed the highest significant effect against B. cereus and X.
campestris, and moderate against C. michiganensis. In addition,
tetracycline showed significant activity against C. michiganensis.
than BOF-II and lower activity against B. cereus and X.
campestris.

Fungicidal activity

The three studied BOFs exhibited promising antifungal effects
against the tested fungi compared to the tested crude EOs (Figure
2). In particular, the BOF-II formulation showed complete inhibi-
tion of the mycelium growth of the three tested pathogenic fungi.
Additionally, BOF-I exhibited a higher antifungal effect against P,
italicum compared to BOF-III, however BOF-I was less effective
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against B. cinerea. In addition, both formulations (BOF-I and 1). The results of the MBC of BOF-II are illustrated in Figure 3 A,

BOF-III) showed a moderate effect against F. oxysporum. C, E, whereas the ICs, was calculated using the tendency-line formu-
la of the chart in Microsoft Excel (Figure 3 B,D,F), where the BOF-
MBC analysis II showed 4462.5, 6219.9, and 7715.6 pg/mL, corresponding to the
inhibition of 50% visible growth of bacterial colonies of B. cereus,

This assay was carried out to determine the minimum bacterici- C. michiganensis, and X. campestris, respectively (Table 1).

dal concentration (MBC) which is defined as the lowest concentra-
tion of the most bioactive BOF that can significantly inhibit the
growth of bacteria compared to the negative control. The MBC val-
ues of the tested BOF-II against B. cereus, C. michiganensis, and X. The studied BOFs exhibited high phytotoxic effects against all
campestris were 4000, 2000, and 1000 pg/mL, respectively (Table tested plants (Table 2). In particular, BOF-I showed the highest

Phytotoxic activity
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Figure 1. Antibacterial activity of crude EOs and BOFs. Org250: oregano EO at 250 pg/mL; Salv250: sage EO at 250 pg/mL; BOF-I:
formulation between oregano EO at 250 and sage EO at 250 pg/mL; BOF-II: formulation between oregano EO at 250 and sage EO at 50
pug/mL; BOF-III: formulation between oregano EO at 50 and sage EO at 250 pg/mL. Tetracycline was used as positive control at 1.6
mg/mL. Bars with different letters for each tested bacteria indicate mean values significantly different at p<0.05 according to one-way
ANOVA combined with Tukey B post hoc multiple comparison tests. Data are expressed as the mean of three replicates + SDs.
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Figure 2. Antifungal activity of crude EOs and BOFs. PDA: plates containing untreated PDA (C-ve); Org25: oregano EO at 250 pg/mL;
Salv25: sage EO at 250 pg/mL; BOF-I: formulation between oregano EO at 250 and sage EO at 250 pg/mL; BOF-II: formulation between
oregano EO at 250 and sage EO at 50 ng/mL; BOF-III: formulation between oregano EO at 50 and sage EO at 250 pg/mL. Bars with dif-
ferent letters for each tested fungi indicate mean values significantly different at p<0.05 according to one-way ANOVA combined with
Tukey B post hoc multiple comparison tests. Data are expressed as the mean of three replicates = SDs.

[Journal of Biological Research 2024; 97:11999]



significant effect on the seed germination of L. sativum and a mod- Anti-quorum sensing activity
erate effect on S. lycopersicum. In addition, the three tested BOFs

showed the most significant phytotoxic effect against the seeds of Positive results were observed for all three examined BOFs, par-
L. sativa. Furthermore, sage crude EO (250 ug/mL) showed the ticularly at a concentration of 100%. Each formulation's inhibition
lowest significant phytotoxic effect on both L. sativum and S. performance displayed a range of activity (Figure 4). However, quo-
lycopersicum compared to all other treatments. rum quenching activity against C. violaceum was present in all
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Figure 3. MBC (left) and ICs (right) of BOF-II formulations against (A, B) B. cereus, (C, D) C. michiganensis, (E, F) X. campestris. C1,
C2, C3, C4, CS5 and C6 are the tested concentrations of BOF-II at 10000, 8000, 4000, 2000, 1000 and 500 pg/mL, respectively. Cont+tMM:
negative control (only MM broth). Cont+ve: positive control (tetracycline 1600 pg/mL).

Table 1. MBC values of BOF-II formulation against the three tested bacteria.

Tested bacteria Abs. (540 nm) MIC (pg/mL) 50% Colony Inhibition
Cont. MM BOF-II Abs. (540 nm) ICs (ng/mL)
B. cereus 0.316 0.330 4000 0.347 4462.5
C. michiganensis 0.351 0.368 2000 0.410 6219.9
X. campestris 0.239 0.260 1000 0.231 7715.6

Abs., absorbance.
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examined BOFs, as evidenced by the lack of violacein pigment sur- and O. onites have been known for their biological activity due
rounding the wells. In particular, BOF-I at 100% demonstrated the to their main single constituents such as thymol, carvacrol, citral,
maximum inhibition activity (18 mm), whereas BOF-III at 100% linalool, y- or cis-terpinene and trans-sabinene hydrate.?3>* In
demonstrated the lowest inhibition activity (5 mm). particular, O. vulgare EO showed promising antibacterial, anti-
fungal, and antiviral activities against several phytopathogens, as
reported by different research.3# Oregano EO was able to inhibit
Discussion significantly some fungal and bacterial phyto- and human
pathogens such as Botrytis cinerea, Penicillium expansum,

Several studies reported that different species of oregano, Phytophthora citrophthora, Rhizopus stolonifer, Aspergillus

such as O. heracleoticum, O. majorana, O. vulgare, O. acutidens, niger, Fusarium oxysporum, Sclerotinia sclerotiorum,
30 -
a
g B o
% .
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=] " '
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15} . .
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Figure 4. Anti-quorum sensing activity of studied BOF-I, BOF-II, and BOF-III against C. violaceum. Where 100, 50, and 25% are the
tested concentrations of the studied BOFs; C-ve: negative control DMSO 1%; C+ve: positive control streptomycin 10 mg/mL.

Table 2. Phytotoxic effect of crude EOs and BOFs

EOs formulations Seed germination (%) Radical elongation (cm) Growth index (%)
L. sativum Org250 4.3+0.8b 0.8+0.6ab 1.4+0.0b
Salv250 80.0+1.8d 7.4+0.5bc 43.1+£6.1d
BOF-1I 0.0+0.0a 0.0+0.0a 0.0+0.0a
BOF-II 6.7+0.5b 1.8+0.5b 1.0+£0.1b
BOF-III 53.3+0.5¢ 5.4+0.7bc 17.9+£2.6¢
Cont. SDW 100.0+0.0d 14.7+1.3d 97.5+3.9¢
S. lycopersicum Org250 3.0+0.4a 4.6+0.3b 8.9+0.0bc
Salv250 73.3+1.0c 9.9+0.4b 56. 2+7.7d
BOF-1 6.7+0.5a 0.0+0.0a 0.0+0.0a
BOF-II 13.3+0.5b 0.7+0.2a 1.1+0.6b
BOF-IIT 60.0+1.4c 6.3+1.4b 22.248.2¢
Cont. SDW 100.0+0.0d 11.6+0.5bc 100.0+0.0e
L. sativa Org250 2.0+£0.4b 0.8+0.5ab 0.9+0.2ab
Salv250 12.4+1.0bc 5.2+0.4¢ 33.4+7.7¢
BOF-1I 0.0+0.0a 0.0+0.0a 0.0+0.0a
BOF-II 0.0+0.0a 0.0+0.0a 0.0+£0.0a
BOF-IIT 0.0+0.0a 0.0+0.0a 0.0+0.0a
Cont. SDW 100.0+0.0d 10.5+0.3d 100.0+0.0d

Where: Org25: oregano EO at 250 pg/mL; Salv25: sage EO at 250 pg/mL; BOF-I: formulation between oregano EO at 250 and sage EO at 250 pg/mL; BOF-II: formulation
between oregano EO at 250 and sage EO at 50 pg/mL; BOF-III: formulation between oregano EO at 50 and sage EO at 250 pg/mL; Cont. SDW is C-ve. Values followed by
the different letters in each vertical column for each tested plant are significantly different according to Tukey B test at p<0.05. Data are recorded as mean values of three
replicates (£SDs).

[Journal of Biological Research 2024; 97:11999]



Staphylococcus aureus, C. michiganensis and Xanthomonas vesi-
catoria 33336

The antimicrobial activity of S. officinalis EO has also been
reported by several studies, particularly against some phytopatho-
genic bacteria in a dose-dependent manner such as C. michiganen-
sis, X. campestris, and Pseudomonas savastanoi.'®3 In addition,
sage EO showed antifungal activity against P. citrophthora and R.
stolonifer as reported by Camele et al.?

On the other hand, it has been recognized that various EO com-
ponents act as multi-target molecules exerting several modes of
action in the target organisms.? In particular, single EO-molecules
can penetrate the microbial cell wall and directly interact with the
plant plasma membrane, which is one of the potential cellular tar-
gets of EOs.'%1437 Monoterpenes, one of the main constituents of
EOs, can alter the lipid organization, domain formation, and
phenylpropanoid, which could interact with membrane receptors.3®
However, some research found that EOs had little effect on fungal
development due to the physiological resistance mechanisms in
fungi that neutralize the fungicides and use the liberated molecules
as secondary nutrition, which may be responsible for this phenom-
enon. As an alternative, fungi might accelerate their reproductive
processes in a toxic nutrient medium, which may increase the pro-
duction of conidia.>

Certain issues with EOs-based microbicides, like volatility,
solubility, and oxidation, considerably affect their applications and
activities; therefore, the new formulations can solve these issues.
In this situation, EOs are released under controlled conditions
through blended formulations and may hold significant potential as
available natural biopesticides.*? The synergistic interactions of
various crude EOs or their single constituents have been investi-
gated in numerous studies.*!**3 However, the synergistic effects of
more than two EOs or their constituents have previously received
limited research attention.**

Because the antimicrobial actions of various EOs depend
mainly on one or more primary constituents, combining different
EOs or their constituents can enhance their efficacy by expanding
the range of their sites of action. In consequence, this combination
may enhance the EOs effectiveness against different microbial
pathogens even at lower doses, as opposed to the use of a single
EO or compound. This indicates that a particular chemical compo-
nent of each tested EO may display a definite biological activity
when present in a natural combination but may not do so when
present as a single compound. Thus, when natural substances are
present together, they may have a mutually beneficial impact (syn-
ergism).*! In other cases, the combination of two or more single
substances could have an adverse effect.4!

It's relevant to note that phenolic monoterpenes like thymol
and carvacrol, as well as phenylpropanoid compounds like eugenol
and chavicol, have been shown to increase bioactivities such as
antimicrobial and other biopharmaceutical properties.* The com-
position of bioactive single substances like thymol, carvacrol,
linalool, etc. is primarily responsible for the antimicrobial activity
of the two investigated EOs. These bioactive compounds exhibit a
potent ability to penetrate microbial cells, damage their cell walls,
and increase the permeability of the cells. Thus, following treat-
ment, the cells shrink and thin more, ultimately resulting in total
cell death.

The obtained results of the phytotoxic effect demonstrated that
the studied BOFs have a clear effect against all tested plants, espe-
cially the BOF-I against the seeds of L. sativum. In addition, the
three tested BOFs showed the most significant phytotoxic effect
against the seeds of L. sativa. Furthermore, sage crude EO (250
pg/mL) showed the lowest significant phytotoxic effect on both L.

sativum and S. lycopersicum compared to all other treatments.

On the other hand, various studies have reported that O. vul-
gare EO is effective in counteracting biofilm formation and quo-
rum sensing mechanisms, primarily due to its main bioactive con-
stituent, carvacrol.*® Moreover, sage EO has been studied in the
food industry and demonstrated an effective anti-quorum sensing
effect by preventing biofilm formation, particularly against many
foodborne pathogens.*748

The obtained results from the current research underlined the
potential antimicrobial and phytotoxic effects of the new BOFs,
which indicate their possibility of controlling both serious phy-
topathogens and harmful weeds. Nevertheless, it seems speculative
that the tested concentrations, which were potentially efficient in
vitro, could be also achieved in vivo with appropriate applications.
Therefore, further research is needed to explore the potential of
these new formulations as green, plant-based EOs to replace tradi-
tional synthetic alternatives for pathogen and weed control in var-
ious crops grown in open fields. Furthermore, to better understand
the synergistic interactions between various EOs and the precise
contributions of certain single constituents, more investigations are
required. A systemic examination of the synergy among various
elements should be also conducted to examine the mode of action
of both single and multiple EOs.

Conclusions

In conclusion, the results of the antimicrobial activity assays
are promising, highlighting the feasibility of using the new BOFs
at lower concentrations as potential natural microbicides in agri-
culture and the agro-pharmaceutical industry. On the other hand,
the achieved results underscore the necessity for further explo-
ration of the potential utilization of the novel EOs formulations as
natural herbicides, especially in the organic farming. The synergis-
tic effects of different EOs such as the new formulations or encap-
sulation can retain the higher efficacy of the EOs by reducing their
volatility which is considered a major problem facing their large
diffusion in agriculture, medical, and food industries. Furthermore,
the potential synergistic effect resulting from the novel formula-
tions might enhance the effectiveness and selectivity of each single
EO, as well as optimize the individual constituents' single-acting
potential against severe phytopathogens, even at lower dosages.
The utilization of these alternative formulations for biocontrol can
considerably lower the higher cost relative to using a single EO
from an economic perspective.
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