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Abstract

The aim of this study was to evaluate the adaptation response of Staphylococ-

cus aureus, methicillin-resistant S. aureus (MRSA), and Listeria monocytogenes

to the essential oil (EO), eugenol, and citral. The minimum inhibitory con-

centration of eugenol and citral was determined by agar dilution and micro-

dilution. Adaptation to eugenol and citral was done by sequential exposure

of the pathogens to increasing concentrations of the essential oils. The

M2-A9 standard was used to determine the antibiotic susceptibility. The

effect of eugenol and citral on the adherence ability was evaluated by the

crystal violet assay. The impact of adaptation to eugenol on virulence was

estimated using the Galleria mellonella model. No development of resistance

to the components and antibiotics was observed in the adapted cells of

S. aureus, MRSA, and L. monocytogenes. Eugenol and citral at subinhibitory

concentration reduced the bacterial adherence. Adaptation to subinhibitory

concentration of eugenol affected the virulence potential of S. aureus, MRSA,

and L. monocytogenes. Eugenol and citral do not pose a risk of resistance

development in a continuous mode of use. These EO components showed a

high efficacy as antistaphylococcal and antilisterial biofilm agents. Adaptation

at subinhibitory concentration of eugenol protected the larvae against listerial

and staphylococcal infection.

Introduction

Either in clinical or in food-processing environment, the

bacterial pathogens encounter a myriad of stresses (to

name a few; exposure to antimicrobial agents, acids,

bases, different osmotic pressures, different pH and

water activity values, heat, freezing and thawing). The

action of these stresses compromises the cell viability

but at the same time, the cells experience a gene expres-

sion alteration directed to protect them against each

individual stress or even mount a cross-protection

response that not only provide the cell with the means

to defeat the individual stress but also a complex of

stresses injuries (Cebri�an et al., 2010; Bergloz et al.,

2013). Moreover, cells exposed to stresses can also be

armed to beat the host barriers. This type of response is

well known in several bacterial pathogens including

Staphylococcus aureus and Listeria monocytogenes and has

been known for some time (Davies et al., 1996; Chan

et al., 1998; Clements & Foster, 1999; Garner et al.,

2006). The threatening emergence of antibiotic-resistant

bacteria is of great concern worldwide, and the possibil-

ity of food microbiota being reached by antibiotic resis-

tance is greatly disturbing (Divergiliis et al., 2011;

Canizalez-Roman et al., 2013; Centers for Disease Con-

trol & Prevention, 2013; Wang et al., 2013). The use of

natural products such as essential oils (EO) to con-

trol foodborne and multiresistant bacteria has been

largely investigated and constitutes a promising approach

(Hyldgaard et al., 2012; Faleiro & Miguel, 2013). Due to
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the multitarget mode of action of essential oils (Faleiro,

2011; Hammer et al., 2012), it is unlikely that bacteria

will develop resistance to the natural products. However,

this hypothesis cannot be discarded, and several studies

with opposite results have emerged (McMahon et al.,

2007, 2008; Hammer et al., 2012).

Eugenol, a phenylpropanoid, is the main component

of the essential oil of clove (Syzygium aromaticum)

acting against both Gram-positive and Gram-negative

bacteria by affecting the membrane permeability and the

uptake and utilization of glucose (Di Pasqua et al.,

2006; Devi et al., 2010). Citral (3,7-dimethyl-2,6-octadie-

nal) is a natural mixture of two isomeric acyclic mono-

terpene aldehydes: geranial (trans-citral, citral A) and

neral (cis-citral, citral B) that can be isolated from the

leaves and fruits of a large variety of citrus plants and

also shows a significant activity against several patho-

gens (Fisher & Phillips, 2006). Citral acts by disrupting

the cytoplasmic and the outer membrane of Escherichia

coli cells and the sigma factor RpoS, which is involved

in E. coli response to citral damage (Somolinos et al.,

2009). The European Commission accepted both euge-

nol and citral as flavoring agents in food products

(Regulation EU 872/2012).

Taking into account a possible context of continuous

exposure of bacterial pathogens to EO components, this

study aimed to investigate the impact of adaptation of

S. aureus and L. monocytogenes to eugenol and citral on

the development of resistance to antibiotics and to the

EO components. The effect of both components on bac-

terial adherence was investigated. The influence of adap-

tation to eugenol on virulence was also investigated using

a Galleria mellonella model.

Materials and methods

Bacterial strains and growth conditions

The culture medium brain-heart infusion (BHI) was

purchased from Biokar Diagnostics, Beauvais, and the

Mueller-Hinton broth and the tryptic soy broth (TSB)

were purchased from Oxoid (Basingstoke, Hampshire,

UK). For solid media, agar (VWR) was added at 1.5% w/

v. The bacterial strains of S. aureus and L. monocytogenes

used in this study are indicated in Table 1. Bacteria were

stored in BHI (S. aureus) or TSB (L. monocytogenes) sup-

plemented with 25% v/v glycerol at �80 °C and, when

necessary, recovered in BHI or TSB. The bacterial cultures

maintenance was carried out in the same media supple-

mented with agar at 4 °C. Prior to use, bacteria were

transferred to fresh BHI or tryptic soy agar (TSA) plates

and incubated at 37 °C (S. aureus) or 30 °C (L. monocyt-

ogenes) for 24 h.

Essential oil components

Eugenol (99%) and citral (95%) were purchased from

Sigma-Aldrich (Madrid-Spain). A stock solution of each

essential oil component at 10% w/v was prepared in

2-propanol and maintained at �20 °C. The required

concentrations were obtained from this stock solution.

Determination of the Minimum Inhibitory
Concentration

The minimum inhibitory concentration (MIC) of eugenol

and citral was determined according to the Clinical and

Laboratory Standards Institute M7-A7 standard (CLSI,

2006). The tested concentrations of eugenol and citral

were 0.06, 0.08, 0.1, 0.15, 0.2, and 0.25 mg mL�1. The

inoculum was obtained by cultivation of the bacterial

strains in BHI agar plates during 24 h at 37 or 30 °C.
From each plate, a loop was used to prepare a suspension

with a turbidity of 0.5 of the McFarland scale

(108 CFU mL�1). Decimal dilutions of the bacterial sus-

pension were plated in BHI agar plates with the appropri-

ate EO component concentration using the procedure

described by Miles & Misra (1938). The MIC value was

determined as the lowest concentration that inhibited the

visible bacterial growth. Four replicates for each strain

were used. A plate containing 2-propanol (0.54% v/v)

and chloramphenicol (30 lg mL�1) was used as control.

The MIC value was also determined by the microdilution

method as described by Faleiro et al. (2005). The inoculum

was prepared as described above. Each well of a flat-bottom

microplate (Greiner, Labortechnick, Frichenhausen, Ger-

Table 1. List of bacteria used in the study

Bacteria

Origin and

characteristics

Source,

Reference

Staphylococcus aureus

ATCC 6538

Wound American Type

Culture

Collection

Staphylococcus aureus

methicillin-resistant 4

(MRSA 4)

Clinical UAlg, IBB-CBME,

Portugal

Staphylococcus aureus

methicillin-resistant 12

(MRSA 12)

Clinical UAlg, IBB-CBME,

Portugal

Listeria monocytogenes EGD Clinical,

serovar 1/2a

UL, UK

Listeria monocytogenes ScottA Clinical,

serovar 4b

Dr. J. McLauchlin,

Public Health

England

Listeria monocytogenes C882 Portuguese

cheese,

serovar 4b

Faleiro

et al. (2003)

UAlg: Universidade do Algarve, UL: Department of Infection, Immu-

nity and Inflammation, University of Leicester, United Kingdom.
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many) was filled with 180 lL of BHI supplemented with

eugenol or citral at appropriate concentration. Twenty mi-

croliters of the bacterial suspension prepared with the cul-

ture medium supplemented with the EO component at the

proper concentration was used to inoculate each well. The

growth was followed by spectrophotometry (OD600 nm) in

a microplate reader (Tecan Infinite M200, Tecan, Austria).

Wells containing the culture medium supplemented with

2-propanol or chloramphenicol were included, as control.

A set of wells containing the culture medium with no anti-

microbial agent represented the negative control. Three

biologic and three technical replicates for each strain were

used (n = 9). The MIC value was considered the lowest

concentration of the essential oil component that caused

the inhibition of the bacterial growth (no increase in the

OD600 nm after 24–48 h). The lowest concentration that

did not allowed the recovery of cells in agar plates was con-

sidered the minimum bactericidal concentration (MBC)

(Faleiro et al., 2005).

Adaptation to eugenol and citral

The effect of adaptation (successive passage) of the bacte-

rial strains on the susceptibility to eugenol and citral

components was evaluated as described by Hammer et al.

(2012). The bacterial strains were grown in BHI agar

plates during 24 h at 37 or 30 °C. From each plate, a

loop was used to inoculate 10 mL of BHI broth, and the

culture was incubated overnight. From the overnight,

300 lL culture was centrifuged (2790 9 g, 5 min at

4 °C). The pellet was resuspended in 300 lL BHI supple-

mented with 0.05 mg mL�1 eugenol or citral and used to

inoculate 10 mL of BHI (supplemented with the same

concentration). Cultures were incubated at 37 °C during

18–24 h. The culture was used to inoculate fresh medium

supplemented with eugenol or citral (0.05 mg mL�1).

During 4 days, bacteria were transferred sequentially at

the same concentration. At each serial passage, the bacte-

rial growth was followed by optical density (OD600 nm).

Following the four sequential passages, bacteria were

transferred to BHI at higher concentration (increment of

0.02 mg mL�1). The process was repeated until bacteria

stop growing. Control cultures (bacteria were grown in

medium with no EO component) were maintained in

parallel. Three independent replicates were carried out.

Influence of adaptation on virulence

The impact of adaptation to eugenol on bacterial virulence

was determined using larvae of the Greater Wax

Moth G. mellonella L. (Lepidoptera: Pyralidae) as previ-

ously described (Joyce & Gahan, 2010; Schrama et al.,

2013). Larvae weighted between 250 and 350 mg and reared

during the first and second instars with pollen and wax and

afterward an artificial diet prepared with a mixture of glyc-

erol, honey, water, dry dog food, and wheat bran. The devel-

opment of the insects was carried out in the dark at 30 °C.
Each S. aureus or L. monocytogenes culture (108 CFU

mL�1) adapted to eugenol (0.05 mg mL�1) during three

consecutive days was centrifuged at 2790 g for 5 min at

4 °C. The bacterial cells were resuspended in 1 mL of ster-

ile PBS. Ten larvae were infected with 10 lL of the initial

suspension (106 CFU) by injection on the second right

proleg using a microsyringe (50 lL, Sigma, Madrid, Spain).

Before injection, larvae were disinfected on the surface with

ethanol at 70% v/v. Larvae were placed in sterile Petri

dishes at 37 °C during 5 days. Death was checked each

24 h and was considered when no response to touch was

observed. Three independent experiments were carried out.

Influence of eugenol and citral on adherence

The impact of eugenol and citral on adherence of S. aureus

and L. monocytogenes was carried out according to Adri~ao

et al. (2008). Bacterial suspensions (OD600 nm = 0.4–0.5)
in BHI supplemented with 0.05 and 0.1 lg mL�1 of euge-

nol or citral were allowed to adhere for 30 min. Nonadher-

ent cells were removed by washing the wells twice with

sterile phosphate-buffered saline (PBS). Wells were air-

dried and adherent cells heat-fixed at 80 °C for 30 min and

stained with 0.1% crystal violet (Merck, Germany). After

the dissolution of the stain by addition of ethanol–acetone
(80 : 20), the OD595 nm was determined with a microplate

reader (Tecan Infinite M200 Model, Austria).

Statistical analysis

Data regarding the effect of adaptation to eugenol and

citral on the bacterial growth and on adherence were ana-

lyzed for statistical significance by analysis of variance

(ANOVA) with the SPSS 21.0 program (Inc., Chicago IL).

Statistical significance was set as P < 0.05; when the

analysis was statistically significant, the Tukey’s post hoc

test was done. The significant differences on virulence

were determined by Student’s t-test.

Results

Susceptibility to eugenol and citral

The observed MIC values for eugenol and citral deter-

mined using the agar dilution and the microdilution

methods are indicated in Table 2. Differences were

observed between the MIC values either of eugenol or of

citral, in particular for S. aureus strains with trend to a

lower MIC values obtained by the microdilution method;

FEMS Microbiol Lett 354 (2014) 92–101ª 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

94 J. Apol�onio et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article-abstract/354/2/92/498572 by B-O
n C

onsortium
 Portugal user on 18 July 2019



the range of the MIC value for eugenol was 0.10–
0.15 mg mL�1 for S. aureus strains determined by the

agar dilution method, whereas the MIC value determined

by the microdilution method ranged from 0.06 to

0.08 mg mL�1. The susceptibility of S. aureus strains to

citral was similar to eugenol (Table 2). In contrast to

S. aureus, no differences were observed in the MIC values

of eugenol for L. monocytogenes determined by the two

methods (Table 2). However, for citral, the L. monocytog-

enes strains showed lower MIC values when microdilution

method was used: by the agar dilution, the MIC value

ranged between 0.08 and 0.1 mg mL�1, whereas by the

microdilution, the range was between 0.06 and

0.08 mg mL�1. The MBC value determined by the micro-

dilution was 0.1 mg mL�1 for all bacterial strains except

for L. monocytogenes Scott A that was 0.08 mg mL�1.

Adaptation to subinhibitory concentrations of

citral and eugenol does not induce resistance

to oil components or antibiotics

To evaluate the impact of continuous exposure of the

bacterial pathogens S. aureus and L. monocytogenes to

eugenol and citral on the acquisition of resistance to the

oil components, the bacterial strains were subjected to

sequential passages in the presence of subinhibitory to

lethal concentrations of eugenol and citral.

The ability of the bacterial strains to overcome the

lethal concentration of the oil components and antibiotics

after the previous sequential exposure to subinhibitory

concentrations is indicated in Table 3. None of the

S. aureus or L. monocytogenes was able to mount a resis-

tance response after the adaptation exposure to subinhibi-

tory concentrations of eugenol and citral (Table 3). The

S. aureus ATCC 6538 and MRSA 4 adapted cells were

able to overcome just three passages at the MBC concen-

tration of eugenol (0.1 mg mL�1) after the sequential

passages at 0.06 and 0.08 mg mL�1, whereas the MRSA

12 adapted cells were capable to overcome four passages

at the MBC concentration but failed to overcome the fol-

lowing lethal concentration of 0.015 mg mL�1 after the

first passage. The L. monocytogenes EGD and ScottA

adapted cells were affected by the sequential exposure to

the subinhibitory concentration of 0.06 mg mL�1 of

eugenol, as were not able to overcome the first passage at

the MIC concentration (0.08 mg mL�1). In contrast, the

L. monocytogenes C882 adapted cells evidenced to be

more robust being able to overcome the four passages at

subinhibitory and the MIC concentration but failed to

overcome the first passage at the MBC concentration.

The MRSA 4 adapted cells were less affected by the

adaptation at subinhibitory concentrations of citral being

able to overcome the four passages at 0.08 mg mL�1 but

did not succeed the MBC concentration of citral

(0.1 mg mL�1) after the first passage (Table 3). In con-

trast, the S. aureus ATCC 6538 and MRSA 12 adapted

cells were incapable to overcome the four passages at

0.08 mg mL�1 of citral. The L. monocytogenes EGD and

C882 adapted cells were capable to survive the four pas-

sages at 0.08 mg mL�1 but failed the first passage at

0.1 mg mL�1 (MBC concentration). The L. monocytoge-

nes ScottA adapted cells were only able to overcome three

passages at 0.08 mg mL�1 of citral (MBC concentration).

The influence of adaptation to subinhibitory concentra-

tion (0.05 mg mL�1) of eugenol and citral on the suscep-

tibility to the antibiotics penicillin, chloramphenicol,

kanamycin, vancomycin and erythromycin was evaluated.

The sequential passages of all tested bacteria to eugenol

or citral did not induce resistance to the antibiotics tested

(data not shown). Using the standard M100-S17, the

MRSA 12 showed an intermediate susceptible profile to

kanamycin and a resistant profile to erythromycin and

penicillin. The MRSA 4 strain showed a resistant profile

to penicillin and erythromycin, but a susceptible profile

to kanamycin (Table 4).

The three L. monocytogenes strains were resistant to

penicillin but were susceptible to the remaining tested

antibiotics (Table 4).

Table 2. Minimum inhibitory and minimum bactericidal concentrations of eugenol and citral

Bacteria

Eugenol Citral

MIC (mg mL�1)
MBC

(mg mL�1)

MIC (mg mL�1)
MBC

(mg mL�1)Agar dilution Microdilution Agar dilution Microdilution

Staphylococcus aureus ATCC 6538 0.1 0.06*** 0.1 0.1 0.08*** 0.1

Staphylococcus aureus methicillin-resistant 4 (MRSA 4) 0.1 0.08*** 0.1 0.1 0.06*** 0.1

Staphylococcus aureus methicillin-resistant 12 (MRSA 12) 0.15 0.08*** 0.1 0.15 0.08*** 0.1

Listeria monocytogenes EGD 0.08 0.08 0.1 0.1 0.08*** 0.1

Listeria monocytogenes ScottA 0.08 0.08 0.1 0.08 0.06*** 0.08

Listeria monocytogenes C882 0.08 0.08 0.1 0.1 0.08*** 0.1

Data represent the mean of four (agar dilution) and three (microdilution) determinations. For each oil, data with *** are significantly different

(P < 0.0001).
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Table 3. Fold change* in growth at subinhibitory and lethal concentrations of eugenol and citral

Bacteria/

Passage

Eugenol Citral

0.06 mg mL�1 0.08 mg mL�1 0.1 mg mL�1 0.15 mg mL�1 0.05 mg mL�1 0.06 mg mL�1 0.08 mg mL�1 0.1 mg mL�1

S. aureus ATCC 6538

1� 39.11 � 2.80a 40.32 � 0.66a 39.25 � 4.99b 32.52 � 5.47b 13.90 � 0.66a 12.86 � 1.64a

2� 50.00 � 1.99b 56.89 � 7.28ab 68.40 � 1.66c 18.55 � 1.89ab 19.13 � 0.95a 15.41 � 2.40a

3� 37.09 � 1.73a 42.56 � 3.00a 6.01 � 1.35a NG 14.44 � 1.01a 13.38 � 2.39a 14.61 � 0.96a NG

4� 48.43 � 1.26b 63.09 � 5.65b 0.76 � 0.08a 22.06 � 3.16ab 16.28 � 1.02a 0.76 � 0.16b

MRSA 4

1� 31.30 � 3.91a 43.36 � 8.39a 29.72 � 9.86a 59.07 � 5.09b 40.47 � 6.11b 27.19 � 4.23a 0.79 � 0.13

2� 35.31 � 2.72a 60.64 � 4.93a 5.63 � 4.16b 30.31 � 0.48a 18.16 � 1.30a 16.37 � 1.41a

3� 33.68 � 3.30a 45.85 � 6.25a 0.82 � 0.29b 54.60 � 3.23b 23.02 � 3.51a 23.02 � 3.51a NG

4� 58.08 � 1.35b 53.20 � 7.19a NG 26.54 � 3.68a 19.04 � 3.36a 16.66 � 1.74a

MRSA 12

1� 39.54 � 3.52a 43.53 � 1.86a 55.47 � 7.50a 0.54 � 0.16 46.52 � 2.14b 21.44 � 3.59a 18.88 � 3.82a

2� 44.07 � 2.34ab 55.74 � 1.80b 47.88 � 13.29a NG 35.41 � 3.05ab 18.64 � 0.38a 17.16 � 0.62a NG

3� 37.54 � 1.05a 44.53 � 0.89ab 43.14 � 1.49a 25.63 � 2.64a 15.75 � 1.35a 0.78 � 0.063b

4� 53.56 � 1.42b 55.88 � 4.46b 48.18 � 13.36a 28.58 � 2.39a 19.43 � 0.98a NG

Bacteria/

Passage

Eugenol Citral

0.06 mg mL�1 0.08 mg mL�1 0.1 mg mL�1 0.05 mg mL�1 0.06 mg mL�1 0.08 mg mL�1 0.1 mg mL�1

L. monocytogenes EGD

1� 28.53 � 1.28a 0.77 � 0.20 29.35 � 1.50a 30.91 � 1.22a 11.87 � 0.59a 1.10 � 0.20

2� 33.11 � 0.55a 22.41 � 2.29a 19.98 � 2.34a 13.08 � 1.06ab

3� 25.50 � 1.78a NG NA 21.31 � 1.61a 23.13 � 3.01a 16.09 � 1.48ab NG

4� 27.69 � 5.2a 24.60 � 3.45a 28.04 � 3.59a 18.94 � 2.20b

L. monocytogenes ScottA

1� 16.88 � 1.70a 0.95 � 0.15 30.14 � 1.68ab 29.11 � 2.06a 21.76 � 1.64a

2� 24.30 � 1.92a 21.05 � 0.25c 24.41 � 1.35a 18.85 � 1.12b

3� 22.24 � 1.10a NG NA 24.14 � 1.29bc 32.66 � 2.67a 16.83 � 0.72b NG

4� 16.47 � 2.41a 34.60 � 2.48a 32.53 � 2.22a 1.18 � 0.26c

L. monocytogenes C882

1� 31.50 � 0.13a 10.57 � 0.24a 1.50 � 0.37 28.11 � 1.11ab 24.96 � 0.84a 21.41 � 3.24a 1.50 � 0.47

2� 36.63 � 2.14ab 15.89 � 1.20a 22.80 � 0.58a 21.71 � 1.02a 16.67 � 0.28a

3� 32.92 � 1.69ab 12.28 � 2.36a NG 23.88 � 1.17a 24.52 � 3.86a 18.87 � 1.35a NG

4� 39.47 � 1.60b 13.28 � 1.57a 36.15 � 4.21b 28.18 � 2.27a 21.02 � 2.37a

*Fold change in growth at each passage is indicated as the ratio between the OD at T24 and the OD at T0 (ODT24/ODT0), NG–No Growth.

NA–Not Applied. Data are representative of three independent replicates � standard error. For each strain, data in the column with different

superscript letters are significantly different (P < 0.05).

Table 4. The susceptibility of the bacterial strains and the equivalent MIC value (lg mL�1) for the tested antibiotics. The standard susceptibility

criteria M100-S17 (CLSI, 2007) were used

Bacteria

PEN CLO ERI KAN VAN

R/I/S MIC R/I/S MIC R/I/S MIC R/I/S MIC R/I/S MIC

S. aureus

ATCC 6538 S ≤ 0.12 S ≤ 8 S ≤ 0.5 S ≤ 6 S ≤ 2

MRSA12 R - S ≤ 8 R ≥ 8 I - S ≤ 2

MRSA4 R - S ≤ 8 R ≥ 8 S ≤ 6 S ≤ 2

L. monocytogenes

EGD R - S ≤ 8 S ≤ 0.5 S ≤ 6 S ≤ 2

ScottA R - S ≤ 8 S ≤ 0.5 S ≤ 6 S ≤ 2

C882 R - S ≤ 8 S ≤ 0.5 S ≤ 6 S ≤ 2

PEN, penicillin; CLO, chloramphenicol; ERY, erythromycin; KAN, kanamycin; VAN, vancomycin.
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Inhibition of adherence

The S. aureus strains showed different (P < 0.05) ability to

adhere to polystyrene (Fig. 1a and b). The MRSA 12 was

the strain that showed the highest ability to adhere

(P < 0.05) followed by MRSA 4. The strain S. aureus

ATCC 6538 showed the lowest ability to adhere (P < 0.05)

(Fig. 1a and b). As observed for S. aureus, also L. monocyt-

ogenes strains showed different adherence abilities

(P < 0.05). The L. monocytogenes C882 and Scott A strains

showed a similar adherence ability (P > 0.05) and higher

than the L. monocytogenes EGD (P < 0.05) (Fig. 1c).

Both eugenol and citral at the subinhibitory concentra-

tion (0.05 mg mL�1) significantly inhibited (P < 0.05)

the adherence ability of S. aureus and L. monocytogenes

strains (Fig. 1a and b). The exposure of bacterial cells at

the MBC concentration of eugenol or citral during

30 min strongly reduced the adherence of all tested bacte-

ria (P < 0.05).

The chlorhexidine (0.2% w/v) did not inhibit the

adherence of S. aureus or L. monocytogenes strains;

instead, the bacterial strains exposed to this disinfectant

adhered equally well (P > 0.05) in comparison with the

control cells (Fig. 1), except for L. monocytogenes C882,

which adherence ability was promoted (P < 0.05) in the

presence of chlorhexidine (Fig 1c and d). The adherence

of the bacterial cells exposed to 2-propanol, the solvent

used for eugenol and citral, was similar (P > 0.05) to the

control culture (Fig. 1 a–d).

Adaptation to eugenol affects the bacterial

virulence

The effect of adaptation to eugenol on the virulence of

the strains of S. aureus ATCC6538, MRSA 12, L. mono-

cytogenes Scott A, and L. monocytogenes C882 was evalu-

ated using the G. mellonella model.

The survival of larvae injected with S. aureus ATCC6538

adapted cells was higher (P < 0.05) in comparison with

the control cells until the fourth day. The injection of lar-

vae with MRSA 12 adapted cells also resulted in a higher

survival of larvae (P < 0.05); however, the highest survival

was observed only until the second day (Fig. 2) evidencing

a higher virulence of MRSA 12 in comparison with

S. aureus ATCC 6538.

The adaptation of L. monocytogenes strains to eugenol

also affected their virulence potential (Fig. 2). The larvae

injected with Scott A adapted cells survived significantly

better (P < 0.05) than the larvae injected with nonadapt-

ed cells along 4 days. At day five, no significantly differ-

ences (P > 0.05) between survival of larvae injected with

adapted and nonadapted cells were found. Also the viru-

lence of L. monocytogenes C882 was diminished by the
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Fig. 1. Impact of eugenol and citral components on the adherence

ability of Staphylococcus aureus ATCC 6538, MRSA 12, MRSA 4 (a) and

(b), and Listeria monocytogenes EGD, Scott A, and C882, (c) and (d).

Data are the mean of three independent experiments (n = 12). Error

bars represent the standard deviation.
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eugenol sequential exposure, the larvae injected with

C882 adapted cells survived significantly better (P < 0.05)

during the first 2 days in comparison with nonadapted

cells. L. monocytogenes C882 demonstrated a higher viru-

lence potential in comparison with the Scott A strain,

after 3 days, no larvae survival was observed for either

adapted or nonadapted cells.

Larvae injected with PBS achieved a 100% survival

during the 5 days.

Discussion

The testing of antibacterial activity of essential oils or

their components is still lacking standardization (Burt,

2004). In virtue of this is important to validate the deter-

mination of MIC values by more than one method. In

the present study, the agar dilution and the microdilution

method were used to determine the MIC value of eugenol

and citral against S. aureus and L. monocytogenes strains.

The differences observed between the MIC values

obtained by the two methods suggest that for these two

EO components, the bacterial cells were more susceptible

when microdilution method was used, except for L. mon-

ocytogenes cells that showed a similar susceptibility to

eugenol tested by the two methods. The difference

between the two methods may be associated with the

lower diffusion of the components on the agar matrix, as

observed in the study of Skandamis & Nychas (2000),

and the cells inside the colony can gain protection from

the surrounding cells (Burt, 2004).

The MIC values of eugenol for Gram-positive and

Gram-negative bacteria that have been reported are in the

range of 0.125–0.75% (v/v) (Oyedemi et al., 2009; Ali

et al., 2013; Devi et al., 2013). The observed MIC values

for eugenol in our study seem to be quite similar to the

previous reported. A higher susceptibility of E. coli to

citral in comparison with L. monocytogenes has been

reported (Somolinos et al., 2008, 2009). In our study, the

outbreak strain L. monocytogenes Scott A was more sus-

ceptible to citral than the cheese isolate L. monocytogenes

C882 and L. monocytogenes EGD suggesting that different

susceptibilities to this EO component can be found

among L. monocytogenes strains. The S. aureus strains

showed a similar susceptibility pattern to citral, as

observed for L. monocytogenes strains.

The development of antimicrobial resistance is a

worldwide concern, being the MRSA strains one of the
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Fig. 2. Survival of insects after injection with ( ) adapted (serial

passage at 0.05% mg mL�1 of eugenol) and ( ) nonadapted cells

(serial passage in BHI in the absence of eugenol, control passage).

Data are the mean of three independent experiments (n = 30). Error

bars represent the standard deviation.
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foremost examples of this concern (80 461 infections per

year from which 11 285 result in death) (CDC, 2013).

However, the emergence of antibiotic resistance in other

pathogens, such as L. monocytogenes will represent a seri-

ous health problem due to the high mortality rate, is fatal

in 20–30% of cases (Farber & Peterkin, 1991; Swamina-

than & Gerner-Smidt, 2007).

The number of studies on the use of essential oils

against clinical, including multiresistant bacteria and

foodborne pathogens, has been increasing and has shown

the high potential of EO to control a large number of

pathogens (Burt, 2004; Hyldgaard et al., 2012; Faleiro &

Miguel, 2013). It is now important to clarify the impact

of a continuous exposure of pathogens to EOs and their

components on the development of resistance, either to

EO or components and antibiotics. In our study, the

sequential exposure of S. aureus and L. monocytogenes

strains to eugenol or citral did not result on the develop-

ment of resistance to the oil components itself or to anti-

biotics. These findings have been reported in the few

studies that have investigated the induction of resistance

to essential oils or their components (Hammer et al.,

2012; Luz et al., 2012; Ali et al., 2013; Thomsen et al.,

2013). A very few studies have reported a reduced suscepti-

bility of bacterial strains continued exposed to tea tree oil

(TTO) (McMahon et al., 2007, 2008). In those studies, the

described diminished antibiotic susceptibility of TTO

adapted cultures showed to be reversible as when the cells

were subcultured in the absence of TTO, the previous sus-

ceptibility profile was reverted. The observed diminished

susceptibility can be associated with the selection of a por-

tion of the bacterial population that become more resistant

(persisters cells) during the adaptation process or a pheno-

typic adaptation that assigns a low tolerance level usually

linked to reversible modifications of the lipidic composi-

tion of the cellular membrane or to changes in the efflux

pumps (Keren et al., 2004; Papadopoulos et al., 2008;

Hammer et al., 2012). The no development of resistance in

conditions of continuous exposure to EO or their compo-

nents can be associated with the multitarget mode of action

of essential oils (Faleiro, 2011; Hyldgaard et al., 2012).

EOs and their components are effective against

biofilms, which are microbial cell structured aggregates

displaying tight adherence to surfaces (Niu & Gilbert,

2004). Biofilm cells are of particular concern by virtue of

exhibit a high resistance to different antimicrobial agents

in comparison with their planktonic counterpart (Gilbert

et al., 2002; Ito et al., 2009).

Recently, Zhou et al. (2013) showed that eugenol at

400 lM inhibited the biofilm formation of Pseudomonas

aeruginosa PAO1 due to the quorum-sensing system

(QS) disruption. The adherence ability of all tested

strains in our study was impaired by the exposure to

subinhibitory concentration of eugenol or citral. How

eugenol and citral modulate the biofilm formation mech-

anisms of S. aureus and L. monocytogenes needs to be

further investigated.

It is noteworthy that chlorhexidine (0.2% w/v) did

not inhibit the adherence ability of all tested strains; in

fact the adherence of the L. monocytogenes C882 was

promoted. The low capacity of chlorhexidine to combat

biofilm formation has been reported (Bonez et al.,

2013).

The bacterial virulence potential can be challenge

during exposure to stress conditions (Conte et al., 2000;

Garner et al., 2006; Shaw et al., 2008). To clarify the

impact of adaptation on virulence, adapted S. aureus

ATCC 6538, MRSA 12, and L. monocytogenes Scott A and

C882 cells to subinhibitory eugenol concentration were

injected in G. mellonella larvae, and their survival was

monitored. The G. mellonella model has been used to

evaluate the virulence potential of several human patho-

gens, including S. aureus and L. monocytogenes (Joyce &

Gahan, 2010; Mukherjee et al., 2010; Desbois & Coote,

2011). The action of antimicrobial agents and response to

stress conditions on bacterial virulence also have been

investigated using the larvae model (Desbois & Coote,

2011; Gibreel & Upton, 2013; Schrama et al., 2013).

Sequential exposure of S. aureus, MRSA, and L. monocyt-

ogenes strains to subinhibitory eugenol concentration

affected their virulence evidencing the great potential of

eugenol to combat these human pathogens either by

inhibiting their ability to form biofilm and diminishing

their virulence potential. The exact mode of action of

eugenol on the virulence mechanisms of these pathogens

still needs to be clarified. However, it can be anticipated

that eugenol by acting on cellular membrane and nutrient

uptake will cause the disruption of essential cell functions

including the secretion of toxins impairing the virulence

potential (Di Pasqua et al., 2006; Devi et al., 2010; Yossa

et al., 2012; Zhou et al., 2013).

Conclusions

In conclusion, eugenol and citral did not induce the

development of resistance to antibiotics or to the compo-

nents itself in S. aureus, MRSA, and L. monocytogenes

strains. At subinhibitory concentration, eugenol and citral

significantly inhibit the biofilm formation of the tested

strains. Sequential adaptation to subinhibitory concentra-

tion of eugenol resulted in a diminished virulence in the

tested pathogens. The findings observed in this study

show that eugenol and citral are effective antimicrobial

agents without the risk of developing resistance and

affecting important bacterial abilities, such as biofilm for-

mation and virulence.
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