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Background: Bacterial resistance to antibiotics is an important developing threat for human health. Therefore, searching for
alternatives through the synergistic combination of essential oils with conventional antibiotics is one of the relevant approaches.
This study aims to investigate the mechanism of action of essential oils isolated from local common medicinal plants of Burkina Faso
(Hyptis suaveolens and Laggera aurita) combined with three antibiotics (ciprofloxacin, amoxicillin + clavulanic acid and colistin)
against resistant-bacterial strains (08) involved in toxi—intoxic effects (Staphylococcus aureus ATCC 2523, Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 9027, Enterococcus faecalis 0366 V, Salmonella typhi SKN 1152, Bacillus cereus 0998 'V,
Bacillus subtilis 0486 V, Yersinia enterocolitica 0938 V).

Methods: The methodological approach consisted of evaluating the antibacterial activity followed by investigating antibacterial mechanism.
Results: The MICs (minimum inhibitory concentration) of Laggera aurita and Hyptis suaveolens ranged from 4.05 mg/mL to 64.92 mg/
mL and from 9.57 mg/mL to 38.28 mg/mL, respectively. Checkerboard assays revealed synergistic effects resulting in reductions of 93.69%
and 87.73%, respectively, in amoxicillint+ clavulanic acid and colistin MICs. Protein and nucleic acid leakage assays demonstrated that
peptidoglycan and cytoplasmic membrane damage induced by the synergistic combination were significantly greater than those in the
control. The viable count of bacteria for this combination showed a complete killing profile after 12 hours and further.

Conclusion: It appears from this study that the combinations (essential oil-antibiotic) reduced the MICs of the antibiotics and eradicated
antibiotic-resistant bacteria completely. This combination could constitute an excellent means against bacterial resistance to antibiotics.
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Introduction

According to the World Health Organization (WHO), antimicrobial resistance (AMR) is one of the ten global threats to public
health.' Indeed, the WHO estimates that nearly 50,000 people die per day worldwide from infectious diseases caused by
bacteria and fungi and the hospital treatment burden is around 380 million euros.? Antibiotics have exhibited inhibitory effects,
but very soon after their introduction as therapeutic agents, resistance were observed.’ Indeed, the frequency of resistance to
first-line antimicrobial agents has been increasing worldwide in recent decades in both human and veterinary medicine.* In
Africa and in Burkina Faso in particular, recent studies revealed that the prevalence of resistance to colistin was 1.2% and 1.5%
for Klebsiella pneumoniae and Enterococcus cloacae, respectively.” Indeed, Ba et al and Nadembega et al® reported that 32%
of S. aureus were resistant to methicillin, 98.3% of Escherichia coli and 94.7% of K. pneumoniae were resistant to amoxicillin
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+ clavulanic acid, 36.44% of E. coli and 26.3% of K. pneumoniae were resistant to cephalosporins in the third-generation. The
resistance rate of beta-lactamase-producing gram-negative bacteria was 35%. Giving the alarming number of reported cases of
bacterial resistance, in 2015, the WHO, in collaboration with the Food and Agriculture Organization and the World
Organization for Animal Health declared a “global plan”, encouraging each state member to build a national strategy against
bacterial resistance to antibiotics from “One Health” perspective.' In Burkina Faso for instance, many actions have been
undertaken through the organization of national symposia to combat antimicrobial resistance.

Almost 30% of antibiotics prescriptions are considered to be of little or no effectiveness.® To increase the effective-
ness of antibiotics, many researchers focused on the use of plants to combat bacterial resistance. The use of essential oils
as antimicrobial agents is of increasing interest in research.’ In fact, essential oils have a wide spectrum of inhibitory
effects on gram-negative and gram-positive bacteria.'’ Antibiotics combinations against antibiotic resistance have been
ineffective because of multidrug-resistant bacteria and the use of essential oils in combination with antibiotics seems to
improve the efficacy and may “save antibiotics”."""'? The synergism between antimicrobial agents and plant extracts is
a novel concept and has been recently reported.'*'* Many studies focused on the antibacterial activities of the
combination of essential oils and antibiotics on antibiotic-resistant bacteria.'> But the number of studies focused on
the antibacterial mechanism remains low.'®!” The present study aimed to elucidate the synergistic mechanism effect of
essential oils from H. suaveolens and L. aurita combined with antibiotics against antibiotic-resistant bacteria. In Burkina
Faso, previous studies showed that these plants were very widespread and have traditional medicine use. Indeed, Laggera
aurita and Hyptis suaveolens are proliferating herbaceous plants and possess significant antibacterial activity against
Gram-positive and Gram-negative bacteria.'®?* The antibacterial activity of the combination of essential oils and
antibiotics was then investigated to determine synergistic combinations. To elucidate the antimicrobial mechanism,
antibiotic-resistant bacteria were treated with synergistic combinations and the release of bacterial material that absorbs
at 260 and then 595 nm and the viable cell count were monitored.

Materials and Methods

Material

Essential Oils

Leaves of H. suaveolens and L. aurita were identified by Mr OUEDRAOGO Karim a botanist of the National Center for
Scientific and Technology Research (CNRST) in OUAGADOUGOU. The references of the voucher specimens of L. aurita
and H. suaveolens are n° 152A preserved in the National Herbarium of Burkina (HNBU) and n° 110 preserved in the
herbarium of University Joseph KI-ZERBO at the Laboratory of Ecology and plant Biology (LaBEV) respectively. Leaves
were harvested from September to November 2018 in the outlying north of city of Ouagadougou, more precisely in Bassinko.

Figure 1 shows H. suaveolens and L. aurita plants.

Figure | Leaves of Hyptis suaveolens (a) and Laggera aurita (b).
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Antibiotics
Ciprofloxacin, amoxicillin + clavulanic acid (Amoxiclav) and colistin procured from a pharmacy in Burkina Faso were
used for this study.

The different bacterial targets of inhibition (wall bacteria, cytoplasmic membrane and cytoplasm) and availability in
local pharmacy led to the choice of these antibiotics in our study.

Bacterial Strains
The following microorganisms were used as test strains: Staphylococcus aureus ATCC 2523, Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 9027 provided by the American Type Culture Collection (ATCC), Enterococcus
faecalis 0366 V, Salmonella typhi SKN 1152, Bacillus cereus 0998 V, Bacillus subtilis 0486 V, and Yersinia enteroco-
litica 0938 V provided by the Food and Nutritional Biological Sciences Research Center at University Joseph-KI
ZERBO in Ouagadougou.

The food-borne diseases caused by these bacteria led to the choice of these pathogens for our study.

Methods

Hydrodistillation

Leaves were washed after collection several times with clean water to remove adhering debris. In the shaded area, the
leaves were air dried and then dried in an oven at approximately 37°C. The dried leaves were ground into fine particles
and then stored for further extraction in plastic bags at room temperature.

Essential oils were extracted from H. suaveolens and L. aurita by hydrodistillation.**

Ten kilograms of each grounded fine particles leave type were placed in an alembic containing 100 liters of water.
The alembic was hermetically sealed and the mixture boiled for 3 hours. The essential oils rich vapors passing through
the alembic column were collected in separatory funnel. The essential oils were recovered by simple decantation. Density
of each essential oils was calculated as follows:

Density = Mass of essential oil/Volume of essential oils.

L. aurita and H. suaveolens concentrations of 0.7657 g/mL and 0.6493 g/mL, respectively, were obtained and placed
in bottles wrapped with aluminum foil and stored at 4°C in a refrigerator away from ultraviolet rays.

Bacterial Strains Culture Conditions

All bacterial cultures were stored in Mueller—Hinton (MH) liquid media supplemented with 25% (v/v) glycerol at 20°C.
Cultures were revived on Mueller—Hinton (MH) agar plates as necessary. After incubation, a few well-isolated bacterial
colonies were picked to prepare the standard 0.5 Mac Farland suspension. The optical density was read at 625 nm via
a spectrophotometer. The inoculum was adjusted to 1.5.10° CFU/mL for the bacterial suspension.

Preparation of Antibiotic and Essential Oil Concentrations

Antibiotic solutions were prepared by dissolving 500 mg of each antibiotic in 1 mL of sterile tween 80. The mixture
(tween 80 and antibiotic) was transferred to a sterile flask containing 199 mL of sterile distilled water to obtain
a concentration of 2.5 mg/mL according to CLSL.**

Antibacterial Activity Determination via Well Diffusion Method

Antibacterial activity was measured via the well diffusion method according to Braga et al.>> Briefly, plates containing
approximately 25-30 mL of Mueller—Hinton agar medium were inoculated with an 18-24h-old culture of the bacterial
strains via a cotton swab. Wells (6 mm diameter) were punched in the agar and filled with 10 pL of essential oils or
antibiotics. The plates were incubated at 37°C for 18-24 h. The antibacterial activity was assessed by measuring the
inhibition zone diameter (mm) around the well.”® The bacterial susceptibility to antibiotics or essential oils was

determined via the critical diameters and critical concentrations reported in Table 1.
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Table | Susceptibility of Bacteria to Antibiotics and Essential Oils

Antibiotics Critical Diameters Critical Concentrations
(mm) (ng/mL)

Ciprofloxacin 15-21 1—4

Amoxicillin + clavulanic acid 13-18 4-16

Colistin 10-11 2-8

Hyptis suaveolens 8-20

Laggera aurita 8-20

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Assays

The MIC and MBC values of the essential oils and antibiotics were determined via the broth microdilution method.?’
Mueller—Hinton broth (MHB) supplemented with tween 80 was used to promote bacterial growth. A volume of 190 pL of
this medium was introduced into all the wells of the first column, and a volume of 100 pL was added to each of the
remaining wells.

Ten serials twofold dilutions of each antibacterial agent (L. aurita, H. suaveolens ciprofloxacin, amoxicillin +
clavulanic acid or colistin) were made from the essential oils and antibiotic concentrations previously prepared to obtain
final concentrations ranging from 32.46 to 0.03 mg/mL for H. suaveolens, 38.28 to 0.01 mg/mL for L. aurita and 125 to
0.06 ug/mL for each antibiotic. The wells of the broth without antimicrobials served as controls. The 96-well microplates
were incubated at 37°C for 24 hours and turbidity or growth was observed. The lowest concentration with no turbidity
among the test-wells was recorded as the MIC.*®

The MBC was considered as the lowest antimicrobial concentration that killed 99.9% of the bacterial inocula after
24 h of incubation at 37°C.>* MBC values were determined by subculturing the contents of test-wells without turbidity or
no visible growth from MIC determinations to neutral sterile Mueller—Hinton agar plates.

Synergistic Effects of the Checkerboard Method

The interaction types between the essential oils compounds and the antibiotics were evaluated via the checkerboard
method.>® The checkerboard method was only used on bacteria resistant to the antibiotics. Serial twofold dilutions of
each essential oil were made horizontally, and those of each antibiotic were made vertically in the 96-well microplates to
obtain serial combinations with different concentrations. Each well contained a unique combination of a binary essential
oil mixture (50 uL) and an antibiotic (50 pL). Then, 100 pL of bacterial suspension at 1.5.10° CFU/mL, equivalent to 0.5
McFarland, was added to each well and incubated at 37°C for 24h.

The plates were incubated at 37°C. The lowest concentration of combination (essential oils and antibiotics), which did
not contain any visually detectable bacterial growth was considered as MIC. Besides, the control (containing test bacteria
but no essential oils/antibiotics) was used to assess the growth of bacteria, while the negative control was taken to assess
the clarity/turbidity in the combination. The checkerboard generates many effective combinations.

The interaction between the essential oils and antibiotics was calculated by the fractional inhibitory concentration
(FIC) index of the combinations. The FIC of each antibacterial agent was calculated on the basis of the complete growth
inhibition of the microorganisms in the combination well. The FICI was calculated as follows:

FIC of essential oil = MIC of essential oil in the combination/MIC of essential oil alone; FIC of antibiotic = MIC of
antibiotic in the combination/MIC of antibiotic alone.

FIC index = FIC of essential oil + FIC of antibiotic as described by.*'

Synergy (FICI < 0.5); addition (0.5 < FICI < 1); indifference (1 < FICI < 4) and antagonism (FICI > 4).

Bacterial Fixation Test
The purpose of this test is to measure in the spectrophotometer, the absorbance of effective combinations of antibiotics and
essential oils before and after brief contact with bacteria.*” Indeed, E. coli bacterial suspensions of 1.5 x 10° and 1.5 x 10®
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bacteria/mL were treated for 15 min with the effective combinations of antibiotics and essential oils and then were centrifuged
at 12000 x g for 2 min.

The absorbance of the supernatants from the suspensions of essential oils and antibiotics in contact with bacteria was
measured at 280 nm and compared to that of the samples without bacterial contact.

Proteins Leakage Estimation

Proteins released by bacterial cells were assessed during treatment with MIC synergistic values of antimicrobials
(antibiotics alone and in combination with essential oils). The release of proteins was examined through colorimetric
methods as described by Bradford.>® The 96-well plate was incubated at 37°C for 30 min, and the absorbance was
measured at 595 nm via a microtiter plate reader (Epoch; BioTeK spectrophotometer) following the manufacturer’s
instructions. The standard calibration curve (y = 0,0184x + 0,0017 R? = 0,9992) was prepared using bovine serum
albumin (BSA) at 0-250 pg/mL, protein solutions and used for calculating the protein released by bacteria treated with
synergistic combinations in the supernatant. PBS containing washed bacteria was used as a control. Each experiment was
performed independently three times.

Cytoplasmic Membrane (CM) Permeabilization Assays

Molecules released by treated bacteria and absorbed at 260 nm are probably nucleic acids.>* The CM permeabilization
experiment was performed with some modifications to confirm the results as previously described by Rhayour.** Shortly
after the FIC index was determined by the checkerboard assay, the MIC values for essential oil and antibiotic
combinations that indicated synergistic FIC indices were selected against antibiotic-resistant bacteria to measure CM
permeability. This method was performed by measuring the release of 260 nm-absorbing material (Epoch; BioTeK
spectrophotometer) following the manufacturer’s instructions.

The effects of essential oils combined with antibiotics on the cell membrane integrity of bacterial strains were
measured following the method described by>” with some modifications. Overnight bacterial cultures (1.5.10° CFU/mL)
at 37°C were washed and resuspended in PBS. The strains were treated with synergistic combinations of essential oils
and antibiotics while the untreated strains served as negative controls. After incubation at 37°C for 2 h, the cell
suspensions were centrifuged at 13.000 rpm for 10 min, and the supernatants were collected and diluted appropriately.
The optical density (OD) values at 260 nm were recorded via spectrophotometer.

The bacterial solutions were incubated at 37°C with shaking at 200 rpm and then centrifuged at 6.000 x g for 5 min.
Next, 100 pL of the supernatant was removed at 1/4, 1/2, 2, 4, 12 and 24 h. The absorption at 260 nm was measured via
a 96-well plate reader. Each experiment was performed independently three times.

Kill Curve Determination (Viable Count)
Bacteria were inoculated into sterile MH liquid media. Synergistic combinations of essential oils and antibiotics were added
to the bacterial mixture to obtain the synergistic concentration combinations previously determined via the checkerboard
method. Serial twofold dilutions of bacterial solutions were made to obtain a range of 30-300 counted colonies.*®

The bacterial solutions were incubated at 37°C with shaking at 200 rpm. Next, 100 uL from each treated bacterial solution
was removed after 15 min, 30 min, 2h, 4h, 12h and 24h of treatment and inoculated onto MH agar and then incubated. After
24 h, colonies were counted.®” A control group without the addition of the essential oils or antibiotics was then established for

comparison. The number of viable cells was monitored by counting the CFUs after incubation for 24 h at 37°C.

Statistical Analysis of Data

Analysis of variance (ANOVA) was used to compare variable means. Fisher’s Least Significant Difference (LSD) test
was used for pairwise multiple comparisons of means where there was a significant difference between all means. The
difference between means was considered significant when the p-value was less than 0.05. XLSTAT version 7.5.2 2016
software was used for statistical analysis.
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Results
Antibacterial Activity of Antibiotics

The antibacterial activity of antibiotics against bacteria was assessed in vitro via the well diffusion method. All the
antibiotics used in this study showed antibacterial activity against the investigated test organisms (Table 2). All the strains
were sensitive to ciprofloxacin, 50% of the bacteria tested were resistant to amoxicillin + clavulanic acid and 87.50%
were resistant to colistin.

Ciprofloxacin had the maximum zone of inhibition (36 mm) against Y. enterocolitica. Colistin showed the minimum
zone of inhibition (05 mm) against B. cereus, B. subtilis and S. aureus.

MIC/MBC Values of Antibiotics
The results from the broth microdilution tests for the in vitro antibacterial activity of the antibiotics are presented in
Table 3. The MICs of amoxicillin + clavulanic acid ranged from 0.02 pg/mL to 29.66 pg/mL and the MICs of colistin
ranged from 0.03 pg/mL to 5 pg/mL.

The amoxicillin + clavulanic acid MBC ranged from 6 pg/mL to 96 pg/mL and the colistin MBC ranged from 7.5 pg/
mL to 60 pg/mL.

The lowest MIC (0.02 pg/mL) was obtained with amoxicillin + clavulanic acid on S. typhi and the highest MIC
(29.66 png/mL) was obtained with the same antibiotic on P. aeruginosa.

The lowest MBC (6 ng/mL) was obtained with amoxicillin+ clavulanic acid on S. #yphi and the highest MBC (96 pg/
mL) was obtained with amoxicillin+ clavulanic acid on P. aeruginosa.

MIC and MBC Values for Essential Oil Determination
The MICs of H. suaveolens essential oil ranged from 9.57 mg/mL against S. typhi, B. cereus and P. aeruginosa to
38.28 mg/mL against E. faecalis, Y. enterocolitica, E. coli, and S. aureus. The MBC ranged from 19.14 mg/mL with
S. typhi to 76.56 mg/mL with E. coli and P. aeruginosa (Table 4).

The MIC of L. aurita essential oil, ranged from 1.69 mg/mL against S. aureus to 64.92 mg/mL against E. coli. The
MBCs ranged from 16.23 mg/mL against S. typhi to 64.92 mg/mL against E. faecalis and Y. enterocolitica (Table 4).

Table 2 Antibacterial Activity of Antibiotics

Antibiotics Ciprofloxacin | Amoxicillin + Clavulanic Acid | Colistin

Pathogens Inhibition Diameter (mm)

E. faecalis 23+0.57% 29+1° 740.57%
(S) (S) R)

Y. enterocolitica 36+1.52° 32+0° 6+1°
) ©) R)

B. subtilis 311° 26+1.52¢ 5+0.57¢
) ) R)

B. cereus 30+0.57° 6+0.57° 5+0.57¢
(S) R) R)

E. coli 25+0.57¢ 1240.57¢ 620.57¢
) R) R)

P. aeruginosa 27+0.57% 11£0.57¢ 9+0.57°
S) R) R)

S. typhi 35+0.57% 25%1¢ 12+£1?
(S) (S) ©®)

S. aureus 20+0.57° 11%0.57¢ 5+0.57¢
) R) R)

Notes: The values represent the means of three trials + standard deviations. Values in the same
column with the same superscript letters (a, b, ¢, d, ) are not significantly different (p<0.05).
Abbreviations: S, Sensitive; R, Resistance.
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Table 3 Determination of the Minimum Inhibitory Concentration (MIC)

and Minimum Bactericidal Concentration (MBC) of Antibiotics

MIC and MBC (ug/mL)
Antibiotics Amoxicillin+ clavulanic acid Colistin
Pathogens MIC MBC MIC MBC
E. faecalis 6 + 0° 24 + 0° 3.75 £ 0° 24 £ 0°
Y. enterocolitica 6+ 09 24 + 0° 375+ 0° 24 + 0°
B. subtilis 6+ 0¢ 24 + 0¢ 0.03 + 0¢ 30 £ 0°
B. cereus 13 +08I°¢ 48 +0.57° | 3.33+042°| 30+08I°
E. coli 2333+ 0.57° 48 + 0.92° 5+ 0° 30 + 0°
P. aeruginosa 29.66 + 0.33* 96 + 0* 5+0° 60 * 0°
S. typhi 0.02 £ 0.01° 6 +0° 0.04 0% | 75+000°
S. aureus 24 + 0° 48 + 0° 0.15 + 0¢ 30 + 0°

Notes: The values represent the means of three trials * standard deviations. Values in the
same column with the same superscript letters (a, b, ¢, d, e) are not significantly different
(p<0.05).

Table 4 Determination of the Minimum Inhibitory Concentration (MIC)

and Minimum Bactericidal Concentration (MBC) of Essential Oils

MIC and MBC (mg/mL)
Essential oils Hyptis suaveolens Laggera aurita
Pathogens MIC MBC MIC MBC

E. faecalis 3828+ 0° | 7625+ 0° | 3646 +0° 64.92 + 0°
Y. enterocolitica | 3828 + 0* | 7625+ 0° | 3646+ 0° 6492 + 0*
B. subtilis 19.14 £ 0° | 3828 % 0° 4,05 + 0¢ 3246 + 0°
B. cereus 957 £ 1° | 3828 +0,1° | 8.11  1,40° | 32.46 + 0.57°
E. coli 3828 £ 0.5* | 76.56 £ 0° | 64.92 + 0° 30 £ 0°

P. aeruginosa 9.57 £ 0.57° | 76.56 = 0° 8.11%0° 3246 + 0°
S. typhi 9.57 £ 0.39° | 19.14 £ 0¢ 811x0° | 1623 %001¢
S. aureus 3828 +0° | 3828 +0° | 1.69+ 048 | 3246+ 0°

Notes: The values represent the means of three trials * standard deviations. Values in the
same column with the same superscript letters (a, b, ¢, d, e) are not significantly different
(p<0.05).

Synergistic Effects of Essential Oils and Antibiotics
The assessed FIC indices for the essential oils of H. suaveolens and L. aurita plus antibiotics against pathogen strains tested
revealed synergistic effects. These findings suggest that H. suaveolens and L. aurita not only have some antibacterial activity
against these strains but also have the ability to reverse the resistance of such bacterial strains via synergy with antibiotics.
However, it’s not only synergistic effects that have been observed. Indeed, in addition to synergistic effects, addition, indifference
and antagonism effects have been also observed when combining essential oils to antibiotics and tested against antibiotic-
resistant bacterial strains (Table 5). Twelve synergistic effects were observed when essential oils were combined with two
antibiotics.

On the other hand, the synergistic combination of essential oils with antibiotics considerably reduced the MICs of
antibiotics.

Bacteria Fixation
For bacterial test fixation, 280 nm was chosen. The effects of combinations of essential oils and antibiotics bacterial

fixation were assessed by comparing their absorbances in the supernatant after contact with bacteria (1.5 x 10° bacteria/
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Table 5 Synergistic Effects of Essential Oils and Different Antibiotics Against Pathogens

Pathogens Antibacterial agents | MICa | MICc | MICa/ MICc | FICI | Combination effects

E. faecalis Colistin 3.75 0.93 0.24 0.49 | Synergy
Hyptis suaveolens 3828 | 9.57 0.25
Colistin 3.75 0.46 0.12 0.34 Synergy
Laggera aurita 36.46 | 8.11 0.22

S. aureus Amoxiclav 24 3.75 0.15 0.27 Synergy
Hyptis suaveolens 3828 | 478 0.12
Amoxiclav 24 3.75 0.15 0.44 Synergy
Laggera aurita 1.69 0.50 0.29

B. cereus Colistin 333 3.75 1.12 3.12 | Indifference
Hyptis suaveolens 9.57 19.14 | 2
Colistin 3.33 0.58 0.17 0.41 Synergy
Laggera aurita 8.11 2.02 0.24

S. typhi Amoxiclav 0.02 0.93 46.5 46.74 | Antagonism
Hyptis suaveolens 9.57 2.39 0.24
Amoxiclav 0.02 0.46 23 23.12 | Antagonism
Laggera aurita 8.11 1.01 0.12
Colistin 0.04 2.34 58.5 59.5 Antagonism
Hyptis suaveolens 9.57 9.57 |
Colistin 0.04 2.34 58.5 62.5 Antagonism
Laggera aurita 8.11 3246 | 4

E. coli Amoxiclav 2333 | 375 0.16 0.28 Synergy
Hyptis suaveolens 3828 | 478 0.12
Amoxiclav 2333 | 375 0.16 0.28 Synergy
Laggera aurita 6492 | 8.11 0.12
Colistin 5 9.37 1.87 2.37 Indifference
Hyptis suaveolens 38.28 19.14 | 05
Colistin 5 9.37 1.91 2.16 Indifference
Laggera aurita 6492 | 1623 | 0.25

Y. enterocolitica | Colistin 3.75 0.78 0.20 0.22 Synergy
Laggera aurita 3646 | 1.0l 0.02
Colistin 3.75 1.56 0.41 0.43 Synergy
Hyptis suaveolens 3828 | 2.39 0.06

(Continued)
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Table 5 (Continued).

Pathogens Antibacterial agents | MICa | MICc | MICa/ MICc | FICI | Combination effects
P. aeruginosa Colistin 5 0.78 0.15 0.44 Synergy

Laggera aurita 8.1l 2.39 0.29

Amoxiclav 29.66 | 3.75 0.12 0.36 | Synergy

Hyptis suaveolens 9.57 2.39 0.24

Amoxiclav 29.66 | 1.87 0.06 0.31 Synergy

Laggera aurita 8.11 2.02 0.25

Notes: The values represent the means of the three trials + standard deviations.
Abbreviations: MICc, MIC of essential oils or antibiotics tested in combination; MICa, MIC of essential oils or antibiotics tested
alone; FICI, Fractional Inhibitory Concentration Index.

mL) and that without contact and by comparing the absorbances of the supernatants from different density bacterial
suspensions. The results are reported in Tables 6 and 7.

Spontaneous Lysis and Viability of Bacteria in the Absence of Bactericidal Agents
A suspension of washed and untreated bacteria was used as a control. The results are shown in Table 8. Very little release
of bacterial material absorbing at 260 nm and 595 nm was observed. The bacterial mortality rate was also very low.

Analysis of the Release of Proteins by Treated Bacteria

Washed bacterial suspensions were treated with combinations of essential oils and antibiotics at various concentrations. The
results of the release of proteins during the treatment are shown in Figure 2. Compared with the combinations of antibiotics alone
or the control, the combination of synergistic agents caused greater release of proteins (Table 8). Indeed, the average maximum
quantities of released proteins induced by combinations of amoxicillin + clavulanic acid and H. suaveolens, amoxicillin +
clavulanic and L. aurita, colistin and H. suaveolens, colistin and L. aurita and that induced by colistin, amoxicillin + clavulanic
acid and the control were 16.06 pg/mL, 17.95 pg/mL, 14.44 ng/mL, 17.24 ng/mL, 5.86 pg/mL, 7.52 ng/mL and 0.04 pg/mL
respectively.

Release of 260 nm Absorbing Material Analysis
To explore the mechanism of action of the combination of essential oils and antibiotics, we tested the leakage of bacterial
nucleotides to verify that essential oils and antibiotics affect the integrity and the permeability of bacterial cell

Table 6 Bacteria Fixation of Essential Oils and Antibiotics Before and After
Bacterial Contact

Antibacterial Agents Absorbance Before Absorbance After
Contact with Bacteria | Contact with Bacteria

Colistin 3.04 + 0.02° 2.82 + 0.01°
Amoxiclav 345 +0.13% 2.87 + 0.04°

Hyptis suaveolens 3.27 £ 0.01<¢ 2.88 £ 0.01%°

Laggera aurita 3.34 £ 0.18 2.83 + 0.07%

Colistin/ Hyptis suaveolens 3.34 £ 0.13" 2.78 + 0.02°

Colistin/ Laggera aurita 3.40 + 0.06> 2.77 £ 0.06°

Amoxiclav/ Hyptis suaveolens | 3.69 + 1.30° 2.79 + 1.08>

Amoxiclav/ Laggera aurita 3.68 + 0.04° 291 + 0.06*

Notes: The values represent the means of three trials + standard deviations. Values in the same
column with the same superscript letters (a, b, ¢, d) are not significantly different (p<0.05).
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Table 7 Bacteria Test Fixation of Essential Oils and Antibiotics at Different
Bacterial Densities

Bacterial Agents Bacterial Density
1.5. 10° bacteria/ mL 1.5. 108 bacteria/ mL

Colistin 2.98 +0,01¢ 2.82 £ 0,017
Amoxiclav 3.07 £ 0,02%° 291 + 0,04
Hyptis suaveolens 3.08 + 0,02*° 291 £ 0,06°
Laggera aurita 3.05 + 0,02 2.85 + 0,04*
Colistin/ Hyptis suaveolens 3.00 + 0,03 2.78 + 0,23%
Colistin/ Laggera aurita 3.13£001% 293 £0,18°
Amoxiclav/ Hyptis suaveolens | 3.04 + 1,14° 2.88 + 1,00
Amoxiclav/ Laggera aurita 2.90 + 0,03° 2.85 £ 0,02°

Notes: The values represent the means of three trials + standard deviations. Values in the same
column with the same superscript letters (a, b, ¢, d, e) are not significantly different (p<0.05).

Table 8 260 nm and 595 nm Absorbing Materials in the Cells and
Spontaneous Bacterial Mortality

Treatment time (Hours) 025 [ 05 | 2 4 12 24
Bacteria growth (%) 100 | 100 | 98.32 | 98.08 | 97.99 | 98
Proteins concentration (ug/mL) | 0.02 | 0.03 | 0.04 | 0.04 | 0.03 0.03
Ageo supernatant 0.01 | 0.01 | 0.02 | 003 | 0.03 | 0.03

membranes. Soon nucleotides are released after the plasma membrane rupture, these exudates were quantified by
monitoring the absorbance at 260 nm.

The results of the loss of 260 nm absorbing material in the cells of the bacterial strain are shown in Figure 3.

Compared with antibiotics alone or the control, synergistic combinations caused greater release of nucleotides.
Indeed, the average maximum quantity of nucleotides released by measuring the absorbance induced by combinations
of amoxicillin+ clavulanic acid and H. suaveolens, amoxicillin+ clavulanic acid and L. aurita, colistin and H. suaveolens,
colistin and L. aurita and that induced by colistin, amoxicillin+ clavulanic acid and the control were 0.33, 0.37, 0.35,
0.31, 0.11, 0.03 and 0.02 respectively.

Kill Curve Assays

The results of the combined effects of essential oils and antibiotics on the viable counts of bacteria are presented in
Figures 4. All the synergistic combinations and all the antibiotics resulted in a reduction in the number of CFU/mL
inoculum, unlike the control, which resulted in no reduction but an increase in the number of CFU/mL inoculum from the
control inoculum (between 0 and 24 h). Clearly, the synergistic combination greatly decreased the cell count. Indeed,
synergistic combinations increased the number of cells to approximately 0 after 12 hours of treatment. Amoxicillin +
clavulanic acid and colistin tested against antibiotic-resistant bacteria did not induce total inhibition.

Discussion

Antibacterial Effects of Antibiotics
The high sensitivity of bacteria to ciprofloxacin could be explained by the fact that ciprofloxacin is an antibiotic of the
fluoroquinolone class that crosses the wall and the plasma membrane by passive diffusion to interact with the DNA and
cause the death of the bacteria.*® On the other hand, the tested strains were not able to efflux ciprofloxacin which is a one
of the mechanisms of resistance to ciprofloxacin.

The resistance rate of amoxicillin + clavulanic acid was similar to that reported by Compaoré,*® who reported a 33%
resistance rate to amoxiclav by bacterial strains isolated from gray water from Ouagadougou. The resistance to
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Figure 2 Protein leakage of (A), Y. enterocolitica (B), E. coli (C), B. cereus, (D), P. aeruginosa (E), E. faecalis (F), S. aureus treated with C= Colistin; CL= Colistin+ Laggera
aurita; CH= Colistin+ Hyptis suaveolens; Amoxicillin+ clavulanic acid; AH= Amoxicillin+ clavulanic acid+ Hyptis suaveolens; AL= Amoxicillin+ clavulanic acid+ Laggera aurita.
The values plotted are the means of 3 observations, the vertical bars indicate the standard errors of the means.

amoxicillin + clavulanic, a beta-lactam, could be explained by the production of metallo-B-lactamases (MBLIs) by certain
bacterial strains.*’

The high resistance (87.50%) of bacteria to colistin could be explained by the intensive use of antibiotics in animal
breeding, which selects multiresistant strains in the commensal flora of these animals, strains that then spread to humans.
This is also illustrated by the extreme antibiotic resistance of bacteria.*>*' The resistance observed with colistin for most
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Figure 3 Nucleotides leakage of (A), Y. enterocolitica (B), E. coli (C), B. cereus, (D), P. aeruginosa (E), E. faecalis (F), S. aureus treated with C= Colistin; CL= Colistin+
Laggera aurita; CH= Colistin+ Hyptis suaveolens; Amoxicillin+ clavulanic acid; AH= Amoxicillin+ clavulanic acid+ Hyptis suaveolens; AL= Amoxicillin+ clavulanic acid+ Laggera
aurita. The values plotted are the means of 3 observations, the vertical bars indicate the standard errors of the means.

bacteria could be explained by chromosomal mutations in various genes leading to modifications in the charge of LPS,
which prevents the binding of colistin.

In our study, the prevalence of the resistance to ciprofloxacin was nonexistent. However, this does not exclude the
existence of resistance to this antibiotic. Indeed, the National Observatory of Epidemiology and Bacterial Resistance to
Antibiotics (ONERBA) reported a prevalence of resistance to ciprofloxacin of 5.5%.®
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Figure 4 Time-kill curves of (A), Y. enterocolitica (B), E. coli (C), B. cereus, (D), P. aeruginosa (E), E. faecalis (F), S. aureus treated with C= Colistin; CL= Colistin+ Laggera
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MIC Determination of Antibiotics

The MIC of colistin was significantly (p < 0.05) lower than that of amoxicillin + clavulanic acid. This could be explained
by differences in their antimicrobial sites of action. Indeed, the inner membrane is the target of colistin and the outer
membrane is the target of beta lactams.*'> The inner membrane being less accessible than the outer membrane could
explain the higher resistance of bacteria to colistin. The high resistance of bacteria to colistin compared with beta lactams
was also reported by Benameur et al*? in their study of the synergistic effects of medicinal plants and antibiotics on
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pathogenic bacteria. The percentages of amoxicillin + acid clavulanic and colistin resistance in the solid media were
slightly different from those in the liquid media. These differences occur because an antibiotic inhibits a microorganism
via direct contact does not react in the same way in a liquid medium.*

The P. aeruginosa MBC was significantly greater than the other bacterial MICs were (ANOVA, P < 0.05). A high
MBC of P. aeruginosa was also reported by Gang-Joon et al.** Our results are similar to those of Lambert,*> who

reported high MICs of P. aeruginosa on 40 strains tested.

MIC Determination of Essential Oils

H. suaveolens and L. aurita oils showed important antibacterial activity against bacteria-resistant bacteria. This
antibacterial activity was observed by Mihin et al.'* Similarly, Dian-Hong et al*® reported an important antibacterial
effects of H. suaveolens on E. coli, P. aeruginosa, B. subtilis and S. aureus strains. The antibacterial activity of L. aurita

was also reported by Dibala et al'®

in the evaluation of the antimicrobial properties of extracts from L. aurita.

Essential oils compounds have two ways of action (action on bacterial envelops or action on bacterial cytoplasmic).
Indeed, to inhibit bacteria, essential oils compounds can disrupt the cytoplasmic membrane or bacterial cell wall or
modify the cytoplasmic membrane increasing cell leakage and permeability. They can also inhibit bacterial ATP
synthetases or interfere with quorum-sensing regulatory mechanisms.

ANOVA revealed no significant difference between the MICs of both essential oils tested against bacterial strains at
the 5% significance level. However, The MIC of H. suaveolens oil was relatively greater than that of L. aurita. The high
antibacterial activity of L. aurita can be explained by its high content of phenolic and alcoholic compounds.*” Phenolic
and alcoholic compounds act on bacteria by inhibiting glycoprotein biosynthesis.*® The relatively low activity of
H. suaveolens can be explained by its high content of hydrocarbon compounds.'® Indeed, the main compounds of
H. suaveolens, namely B-caryophyllene, sabinene, terpinolene and limonene, which are hydrocarbon compounds, have
less antibacterial activity than phenols and ketones do.*’ Hydrocarbon compounds act on the bacterial membrane by
disrupting lipophilic compounds.**

Compared with Dian-Hong et al,*® essential oils of L. aurita and H. suaveolens from Burkina Faso have important
activities with MICs that are slightly superior. These differences can be explained by differences in plant location, plant
age harvest period, the mode of essential oil extraction and environmental factors.”'

Synergistic Effects of Essential Oils and Antibiotics
Table 5 shows the considerable reduction in the MICs of antibiotics caused by synergistic combinations.

The greatest reduction in the MICs of amoxicillin+ clavulanic acid was from 29.66 ng/mL to 1.87 pg/mL (93.69%) in
combination with L. aurita against P. aeruginosa and the greatest reduction in the MICs of colistin was from 3.75 pg/mL
to 0.46 pg/mL (87.73%) in combination with L. aurita against E. faecalis.

Most combinations have synergistic effects on P. aeruginosa, which is considered as one of the strains most resistant
to antimicrobial agents.*’

The various types of combinations observed (Synergistic, additive, indifferent, antagonistic) could be explained by
the fact that essential oil compounds have different ways of reacting when combined with antibiotics against bacteria.>>

Many researchers have also reported synergistic effects on other plants.>*>* Indeed, the synergistic effect between
antimicrobial agents and plant extracts may be due to the possible activities of substances found in plant extract(s) on
ribosome structure and bacterial enzyme inhibition.>* However, obtained results of this study revealed the necessity of
further investigation and justification of the synergism between antibiotics and plants to overcome antimicrobial drug-
resistance.

The different synergies observed could be explained by the synergy between antibiotics and essential oils. Indeed,
Oussalah et al>® reported that monoterpenes, particularly the phenols in essential oils, cause damage to the outer
membrane of bacteria, resulting in increased membrane permeability to protons and potassium ions, reduced intracellular
ATP reserves, disrupted proton-motive forces and denatured intracellular proteins.*>*>® The same applies to ampicillin,
amoxicillin and amoxicillin+ clavulanic acid which inhibit bacterial wall synthesis (peptidoglycan synthesis) by
inactivating the main enzymes involved in this process.’’
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All the combinations do not produce synergistic effects; therefore, combinations must be tested in vitro before being
used to treat ailment.

Mechanism of Essential Oil and Antibiotic Combination

The exact antibacterial mechanism of essential oils is still poorly understood. Indeed, it is even more difficult to propose
an exact antibacterial mechanism of essential oil-antibiotic combinations. Each essential oil has a particular chemical
composition and specific biological properties, and each type of microorganism has a distinct sensitivity.”® Several
methods can be employed to assess the cellular damage induced in bacterial cells and the release of proteins or bacterial
genetic material after exposure to essential oil and antibiotic combinations.**~>

To study the antibacterial mechanism of the essential-antibiotic combination, the release of bacterial material

absorbing at 260 nm and 595 nm and bacterial mortality were monitored at the same time.

Spontaneous Lysis and Viability of Bacteria in the Absence of Bactericidal Agent

The results of protein and nucleic acid release and viable counts of untreated bacteria are presented in Table 8. The
control showed neither the release of proteins nor the release of cytoplasmic contents at 260 nm nor bacterial mortality.
This can be considered as an index of the integrity of the envelope of bacteria that are washed once and suspended in
PBS as reported by Newton.>* The results revealed that multiple washes and suspensions in 1% NaCl resulted in the

spontaneous release of 10% of their contents after 3 hours and 30% after 24 hours.>**°

Bacterial Fixation Results
Table 6 reveals that after centrifugation, highly significant differences in essential oil and antibiotic combination
absorbances were detected before and after brief contact (2 min) with bacteria.

Table 6 reveals a significant decrease (from 08% to 24%) in the absorbance of essential oils and antibiotics after
contact with bacteria. This can be explained by a decrease in the concentration of these molecules in the supernatant after
centrifugation. This rapid decrease in absorbance was due to sedimentation of the 280 nm-absorbing essential oils and
antibiotics fixed on bacteria.

Table 7 also reveals that after centrifugation, highly significant differences in essential oil and antibiotic combination
absorbances in contact with bacteria at different concentrations (1.5 x 10° and 1.5 x 10® bacteria/mL) were detected.

The decrease in absorbance is due to the absorption of essential oils and antibiotics or their penetration into bacteria.
To confirm this hypothesis, the subinhibitory concentrations were first brought into contact with a low bacterial density
and then with a high bacterial density.

Table 7 reveals that the absorbance of these molecules is significantly greater after contact with a low number of
bacteria (1.5 x 10° bacteria/mL) than after contact with a 100-fold greater number of bacteria (1.5 X 10® bacteria/mL).
These findings suggest that essential oils and antibiotics adsorb to the bacterial surface or penetrate the bacterial
cytoplasm. Since essential oils are hydrophobic molecules, they are likely to interact predictably interact with bacterial
membranes and walls.

These results corroborate those of Rhayour,*” who also demonstrated the binding of essential oils and antibiotics to
bacteria.

These findings that the antibacterial mechanism of the essential oil and antibiotic combination begins with adsorption
to the bacterial surface or penetration into the bacterial cytoplasm.

We then concluded from previous results that the binding of essential oils and antibiotics to bacteria was a function of
time as well as bacterial density.’

Protein Leakage Analysis

The results (Figure 2) revealed a very rapid initial release during the first 30 minutes of treatment with the synergistic
combination, which represented 34.16% of the release at 24 hours, followed by a slow release during the rest of the
treatment. This mechanism of action was similar to the mechanism of action observed by Rhayour’? when bacterial
strains (E. coli, B. subtilis, Mycobacterium phlei and Mycobacterium fortuitum) were treated with oregano and clove

Infection and Drug Resistance 2025:18 hetps: 2757



Sodéré et al

essential oils. Untreated bacteria failed to release detectable quantities of protein (Table 8). This confirmed the occurrence
of membrane destabilization triggered by antibiotics and their combination with essential oils.

The expose of bacteria to colistin and amoxicillin+ clavulanic acid caused the release of approximately 5.86 ng and
7.52 pg protein per mL of supernatant, respectively. The release of proteins from bacteria treated with colistin and

amoxicillin+ clavulanic acid was also reported in the works of Chen et al, Ronald and Ian,m’62

who reported the release
of proteins from bacteria treated with polymyxin B and oxacillin which are glycopeptide and beta-lactam drugs,
respectively. However, the quantity of protein released was lower than that.

The leakage of gram-negative bacteria proteins was greater (ANOVA, P < 0.05) than that of gram-positive bacteria
proteins. These results corroborate those of Burt.®® This difference in the leakage of proteins between the two types of
bacteria may be explained by the complexity of the cell envelopes of gram-negative bacteria, which possess a double
membrane that is richer in proteins than the simple membrane structure of gram-positive bacteria.®*

The kinetics of protein release induced by antibiotics alone and synergistic combinations were similar. However,
protein release induced by synergistic combinations was significantly greater than that induced by antibiotics alone
(ANOVA, P < 0.05). These results are consistent with the results of Phitaktim®® who suggested that the synergistic
activity of a-mangostin isolated from Garcinia mangostana essential oils plus oxacillin (antibiotic) resulted in increased
cytoplasmic membrane permeability of cellular metabolites.®*-¢”

The protein leakage results provide evidence that one of the important mechanisms of action of L. aurita and
H. suaveolens is disruption of the cytoplasmic membrane or bacterial cell wall. This disruption in turn leads to
deactivation of the B-lactamase activity, amoxicillin+ clavulanic acid binding to the penicillin-binding proteins (PBPs)
or the modifications in the charge of LPS.3®

These results led us to attribute the mechanism of action of L. aurita and H. suaveolens oils to the damage to the
bacterial envelopes. The majority of essential oils are responsible for the antibacterial activity.**-*

The maximum protein concentration released when bacterial strains were treated with synergistic combinations was
16.49 pg/mL. This quantity was lower than that reported in.>>°' This led us to think that synergistic combinations
resulted in increased cytoplasmic membrane permeability by making small holes in the cell envelope that led to
disruption of the integrity of the cytoplasmic membrane of bacteria, leading to the loss of intracellular components.”

The mechanism of action of the L. aurita and H. suaveolens essential oils was similar to that of /nula graveolens and
Santolina Corsica. Indeed, as Inula graveolens, L. aurita essential oil is rich in oxygen compounds and H. suaveolens is rich in
hydrocarbon compounds such as Santolina Corsica essential oils. L. aurita and H. suaveolens essential oils such as Inula
graveolens and Santolina Corsica essential oils act simultaneously on the cell wall and plasma membrane leading to the loss of
cytoplasmic material.”’"-’* Bacteria resisting to colistin and amoxicillin+ clavulanic acid by producing beta-lactam or by
multiple bacterial membrane modifications became sensitive when treated with synergistic combination of essential oil and
antibiotic. The increase in cytoplasm permeability induced by bacteria envelops damage when bacteria are treated with

synergistic antibiotic-essential oil combinations has also been reported in several works.®>"?

Nucleic Acid Leakage Analysis

Nucleic acid release was assessed by monitoring the release of bacteria at 260 nm. The release of bacterial material
absorbed at 260 nm can suggest bacterial cell lysis.”*’> The results (Figure 3) revealed a very rapid initial release during
the first 30 min, which represented 59.23% of the release at 24 h, followed by a slow release during the rest of the
treatment with a synergistic combination of essential oils and antibiotics. The drastic leakage of 260 nm absorbing
material during the first 30 min of treatment was also reported by Phitaktim et al, Li et al,>”* when essential oils (which
chemical compounds are similar to L. aurita and H. suaveolens) were combined with antibiotics.

Compared with that of the control, the absorbance of the supernatant from bacteria were treated with synergistic
combinations was significantly (p < 0.01) greater. This result led us to attribute the release of nucleic acids to synergistic
combination and not to weakening of the cell wall and the subsequent rupture of the cytoplasmic membrane due to osmotic
pressure.”* The loss of 260 nm absorbing material in the gram-positive cells was significantly greater (ANOVA p < 0.05)
than that in the gram-negative cells. This result corroborates the results of Mihin et al, Sharma et al,'>’® who reported that
gram-positive bacteria have a less complicated cell wall structure than do gram-negative bacteria.”””’”® The loss of
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cytoplasmic bacteria material absorbed at 260 nm by different combinations of essential oils and antibiotics was not
significantly different (ANOVA p < 0.05). The release of nucleic acid was performed according to the Gram of bacteria.
However, this was not due to the type of synergistic combination of essential oils and antibiotics.

Owing to the release of nucleic acids (260 nm) from the resistant bacterial culture initiated by the combination of
essential oils (L. aurita, H. suaveolens) and antibiotics (amoxicillin+ clavulanic acid and colistin), the results indicated
that synergistic combinations might cause the loss of the integrity of the bacterial membrane, thereby increasing the
permeability of cells making bacteria previously resistant to antibiotics sensitive. These findings suggest that L. aurita
and H. suaveolens oils could inhibit B-lactamase activity and LPS charge changes.

Compared with those treated with antibiotics alone, resistant bacterial strains treated with synergistic combinations
lost significant amounts of 260 nm-absorbing material (ANOVA p < 0.05). The increase in cytoplasmic permeability
when bacterial strains were treated with essential oils and antibiotic combinations compared with antibiotics alone
was previously reported by Eumkeb and Chukrathok,”® where the combination of ceftazidime plus galangin led to
damage to the cell ultrastructure and integrity of the cell wall and an increase in the cell size of ceftazidime-resistant
S. aureus.

The mechanism of action of colistin and amoxicillin+ clavulanic acid is known.**®' Our results suggest that the
targets of L. aureus and H. suaveolens oils remain the envelope cells of bacteria as do many other similar essential
oilg 65:74.82-84

The combination of L. aurita and H. suaveolens and antibiotics may attach to the cell membrane, resulting in lysis,
resulting in cell entry, which causes the DNA to unwind, ultimately leading to cell death. On the other hand, this may
also be due to the bonding reaction between the components of these essential oils and the antibiotics.

L. aurita and H. suaveolens combined with colistin and amoxicillin + clavulanic acid led to the release of intracellular
contents outside of the cell. Similar essential oils combined with polymyxin B and piperacillin, glycopeptide and beta
lactam respectively, present the same mechanism.*>*® We can conclude that the combination of L. aurita and
H. suaveolens with colistin and amoxicillint+ clavulanic acid has the potential for causing membrane disruption and
cytoplasmic leakage. L. aurita and H. suaveolens combined with colistin and amoxicillin+ clavulanic acid may be able to
enter bacterial cells and damage DNA. The same mechanism was suggested by El-Deeb et al; Abdul- Rahim et al.*"-%
However, the possibility remains that sites of action other than the cytoplasmic membrane exist. Given the heterogeneous
compositions of L. aurita and H. suaveolens and the antimicrobial activities of many of their components, it seems
unlikely that there is only one mechanism of action or that only one component is responsible for the antimicrobial
action. Further work is needed to fully understand the mechanisms involved.

Kill Curve Assays
Bacterial mortality was monitored in parallel with the release of proteins and the absorption of cytoplasmic material at
260 nm. Bacteria killing curve assays confirmed that leakage of cytoplasmic contents induced by synergistic combina-
tions led to bacterial death.

The control resulted in no reduction in the number of CFUs from the control inoculum. The bacterial growth curve in
the control group rose slowly from 0 h and increased rapidly during the exponential phase from 2 to 4 h. Subsequently,
the bacterial growth curve reached the stationary phase with a relatively stable CFU/ mL. At 4 h, the CFU/ mL peaked,

reaching an average value of 2.74 x 10° CFU/mL. These results are consistent with those of Hassan et al,*’

who reported
exponential phase of the growth of lactic Streptococci in milk occurred between 1 h and 6h.

The viable counts of the cells treated with the essential oil-antibiotic combinations were significantly lower than those
of the cells treated with the antibiotic alone (between 0 and 24 h).

Clearly, all the antibiotic and essential oil combinations greatly decreased the cell count to 0 CFU/mL after
a maximum of 4 h of treatment. These results confirmed the checkerboard assay results, which indicated synergistic
activity in which the combination produced a decrease of >2 logl0 CFU/mL compared with colistin and amoxicillin+
clavulanic acid treatment alone.”®""!
The rapid action of the combination pair observed in the time-kill analysis indicated treatment-induced gross cell

damage. This confirmed that the synergistic combinations were bactericidal at 100% against the tested resistant-bacteria,
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namely, gram-negative and gram-positive bacteria, after 0—-12 h of exposure. The leakage of proteins and nucleic acid
with bactericidal effects against bacteria has also been reported in many studies.”

In the literature 893

the major components of essential oils, including carvacrol, citronellol, geraniol, and
thymol, reportedly cause gross membrane damage and provoke whole-cell lysis. These components are not found in
L. aurita or H. suaveolens oils.**%° However, studies on the effects of chemical constituents such as terpinen-4-ol,
linalool and 1,8-cineole which are also found in L. aurita and H. suaveolens indicate that the mechanism of action of
these components damages the lipid layer of the cell membrane which results in bacterial cell leakage and

permeability.””-?

Conclusion

In conclusion, our findings provide evidence that L. aurita and H. suaveolens oils not only have important activities
against multidrug-resistant bacteria but also inhibit synergistic activity with antibiotics against resistant bacteria. This
synergistic activity of essential oils plus beta lactams and glycopeptides may involve two modes of action. First, there are
potential effects of cytoplasmic membrane disruption and increased permeability. Secondly, the inhibition of f-lactamase
activity or the inhibition of LPS charge changes ultimately results in peptidoglycan damage. This antibacterial mechan-
ism led to a bactericidal effect against bacteria that previously resisted to the two antibiotics amoxicillin + clavulanic acid
and colistin.

Most of these efficacious essential oil and antibiotic mixtures enhanced the antimicrobial activity of the two tested
antibiotics but to varying degrees and differed with different bacterial strains. Overall, these results represent the basis for
further in vivo investigations, which could ultimately lead to the development of new antimicrobial agents based on
L. aurita and H. suaveolens oils and therefore contribute to enhance the efficacy of antibiotics in controlling multidrug-
resistant pathogenic bacteria. However, additional investigations are needed to determine the compounds responsible for
the antibacterial activity in complex mixtures and to elucidate the likely modes of action responsible for their synergistic
effect when combined with antibiotics.

The variability in essential oils composition due to plant growth conditions, extraction methods and storage added to
the diversity of molecules in essential oils leading to a difficult identification of the exact molecular mechanism constitute
potential limitations to our studies.
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