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ABSTRACT

The antimicrobial properties of essential oils (EOs) and their derivatives have been known for years. However, the
information published about the minimal effective concentration of EOs against microorganisms in fruit juices is scarce. In
this study, both MIC and MBC of six EOs (lemongrass, cinnamon, geraniol, palmarosa, or benzaldehyde) against Salmonella
Enteritidis, Escherichia coli, and Listeria innocua were determined by the agar and broth dilution methods, respectively. All
of the six EOs inhibited the microbial (Salmonella Enteritidis, E. coli, and L. innocua) growth at a concentration from 1 pl/
ml (MIC). These studies led to choosing the three most effective EOs. Lemongrass, cinnamon, and geraniol were found to be
most effective in inhibiting the growth of the microorganisms and thus were used for the MBC analysis. On this last point,
significant differences (P < 0.05) among EOs, their concentrations, and culture media (apple, pear, and melon juices, or
tryptone soy broth medium) were found after comparing the results on MBC for each microorganism. A concentration of 2
wl/ml from lemongrass, cinnamon, or geraniol was enough to inactivate Salmonella Enteritidis, E. coli, and L. innocua in
apple and pear juices. However, in melon juice and tryptone soy broth medium, concentrations of 8 and 10 pl/ml from
cinnamon, respectively, or 6 wl/ml from geraniol were necessary to eliminate the three microorganisms, whereas lemongrass
required only 5 wl/ml to inactivate them. These results suggest that EOs represent a good alternative to eliminate microor-
ganisms that can be a hazard for the consumer in unpasteurized fruit juices. The present study contributes to the knowledge

of MBC of EOs against pathogenic bacteria on fruit juices.

Unpasteurized fruit juices have desirable flavor char-
acteristics but short shelf life due to microbial and enzy-
matic spoilage (27). In addition, those foods may be vehi-
cles of pathogenic microorganisms (2). Several outbreaks
of foodborne disease caused by pathogenic bacteria have
been associated with juices (2, 7, 15, 19). The widespread
production and consumption of juices without thermal pro-
cess suggest the need to develop new strategies to protect
juices and consumers against pathogens. In many cases, the
infective dose is very low, and thus only the presence of
the microorganism is enough to cause illness. Traditional
thermal process is used to inactivate enzymes and destroy
pathogenic microorganisms in juices; however, it can pro-
duce important sensorial changes.

Antimicrobial agents have been used to inhibit food-
borne bacteria and extend the shelf life of processed food
(4, 18). Herbs and spices, widely used in the food industry
as flavors and fragrances, have shown additional antimicro-
bial functions against foodborne pathogens (16, 21). More-
over, essential oils (EOs) or their constituents also have
demonstrated antimicrobial activity (3).

The majority of the EOs are classified as generally rec-
ognized as safe according to the Food Additive Status List
(24). However, their use in foods as preservatives is often
limited due to flavor considerations, because effective an-
timicrobial doses might exceed organoleptically acceptable
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levels. Therefore, there is an increasing interest for an ac-
curate knowledge of the MIC of EOs to enable a balance
between the sensory acceptability and the antimicrobial ef-
ficacy (17).

Several previous studies have shown that EOs from
cinnamon, geraniol, lemongrass, clove, and palmarosa have
an antimicrobial effect in culture media (1, 3, 6, 13, 14, 16,
20, 22-24). However, there is little information available
about the MIC or MBC of these oils in fruit juices (5, 12).

The first objective of this study was to investigate the
effectiveness of selected EOs on the survival and growth
of microorganisms, which can be used as indicators of the
incidence of pathogens in food such as Salmonella Enteri-
tidis, Escherichia coli, and Listeria innocua in culture me-
dia (tryptone soy agar [TSA] and tryptone soy broth [TSB])
and fruit juices with different characteristics (apple, pear,
and melon). The second objective of this work was to find
MIC and MBC of the EOs that were more effective against
each microorganism and thus contribute to the knowledge
of the needed concentrations of specific EOs for preventing
the incidence of or eliminating pathogenic microorganisms
present in fruit juices.

MATERIALS AND METHODS

Microorganisms. Strains of Salmonella Enteritidis 1.82
(NCTC 9001, Public Health Laboratory Service, Central Public
Health Laboratory, London, UK), E. coli 1.107 (Laboratoire de
Répression des Fraudes, Montpellier, France), and L. innocua (La-
boratoire de Répression des Fraudes) were provided for the culture
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TABLE 1. Inhibitory activity of some EOs against E. coli, Sal-
monella Enteritidis, and L. innocua

Microorganism (CFU/ml)¢

Concn Salmonella

EO (pl/ml) E. coli Enteritidis L. innocua
Lemongrass 0 620 X102 985 X 102 5.90 X 103
1 425 X 102 440 X 10> 3.88 X 10°

3 <10 6.5 X 10! <10

5 <10 <10 <10

10 <10 <10 <10
C. zeylanicum 0 620 X102 985 X 102 5.90 X 103
(cinnamon) 1 355X 102 520 X 102 3.60 X 103
3 <10 <10 3.08 X 103

5 <10 <10 <10

10 <10 <10 <10
Geraniol 0 620 X102 985 X 102 5.90 X 103
1 3.60 X 102 1.11 X 103 4.50 X 103

3 <10 <10 <10

5 <10 <10 <10

10 <10 <10 <10
C. martini 0 6.20 X 10> 9.85 X 10> 590 X 103
(palmarosa) 1 500X 102 1.07 X 103 448 X 103

3 2.50 X 102 <10 <10

5 1.00 X 10! <10 <10

10 <10 <10 <10
E. caryophyllata 0 620X 102 985 X 102 590 X 103
(clove) 1 4.65 X 102 3.85 X 102 4.06 X 103
3 <10 1.00 X 102 2.1 X 102

5 <10 <10 <10

10 <10 <10 <10
Benzaldehyde 0 6.20 X 10> 9.85 X 102 5.90 X 10°
1 595 X 102 425 X 102 572 X 10°
3 <10 1.55 X 102 3.68 X 103
5 <10 <10 3.12 X 103

10 <10 <10 <10

@ <10, not detected.

collections of the Department of Food Technology, University of
Lleida, Spain.

Preparation of bacterial cultures for inhibitory tests. The
strains of Salmonella Enteritidis and E. coli were maintained in
nutrient agar (NA; Biokar Diagnostics, Beauvais, France) slants
at 5°C, whereas the strain of L. innocua was in TSA (Biokar
Diagnostics) slants at 5°C. Stock cultures of Salmonella Enteritidis
and E. coli were grown in TSB (Biokar Diagnostics) at 37°C for
11 h and 120 rpm (cell in early stationary phase), whereas stock
culture of L. innocua was grown in TSB plus 0.6% of yeast extract
(Biokar Diagnostics) at 35°C for 15 h and 200 rpm (cell in early
stationary phase). The maximum level for each microorganism
was 4.8 X 109, 4.0 X 10° and 4.9 X 10° CFU/ml for Salmonella
Enteritidis, E. coli, and L. innocua, respectively. Concentrations
were then adjusted to 102 to 103 or 10° CFU/ml using saline
peptone water (Scharlau Chemie, Barcelona, Spain) in agar dilu-
tion method and broth dilution assay, respectively.

EOs. EOs of herbaceous portions of palmarosa (Cymbopo-
gon martini) whole plant, clove (Eugenia caryophyllata) leaf, cin-
namon (Cinnamomum zeylanicum) leaf, and lemongrass (Cym-
bopogon citrates) were obtained from Aceites Esenciales Dicana
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(Barcelona, Spain); benzaldehyde (98%) was obtained from Acros
Organics (Morris Plains, N.J.), and geraniol (approximately 98%)
was obtained from Sigma (Steinhein, Germany).

Antibacterial assay. The MIC of each EO against Salmo-
nella Enteritidis, E. coli, and L. innocua were determined by the
agar dilution method reported by Davidson and Parish (9) in TSA
with the following modifications: A short heating (5 min at 100°C)
was applied after adding the EO to the agar to facilitate the dis-
solution of the oil in the media. In addition, 5 ml/liter of 2,3,5-
triphenyltetrazolium chloride (TTC; 0.05%; Merck, Darmstadt,
Germany) was incorporated into the agar after cooling until 50°C
to facilitate colony recount. The final concentrations of EOs in
the agar were 1, 3, 5, and 10 pl/ml. One hundred microliters of
culture stock was diluted until 10?2 to 103 CFU/ml of each micro-
organism was spread on the plates. A control of each microor-
ganism was made in TSA without EO. Plates were incubated at
35°C for 24 h. The MIC was considered to be the lowest concen-
tration to maintain or reduce the inoculum level.

Based on the results of the first part of this work, lemongrass,
cinnamon, and geraniol were selected as more effective to be as-
sayed during the determination of the MBC. MBC were deter-
mined by the broth dilution method reported by Davidson and
Parish (9) in TSB and fruit juices (apple, pear, and melon) with
the following modifications: a final concentration of 2% (vol/vol)
Tween 80 (Scharlau Chemie) was incorporated into the broth or
the juices before autoclaving to facilitate miscibility of EOs in
each liquid medium. Nevertheless, Lambert et al. (/7) reported
that MIC or MBC tend to be a function of dispersion agent used,
because the MIC or MBC could be lower when this agent either
is not used or is used scarcely.

The fruits were washed, peeled, cut into pieces, and blended
(model BP 4512, Ufesa, Victoria, Spain). The obtained juices were
centrifuged (Avanti J-25 centrifuge, Beckman Coulter, Fullerton,
Calif.) at 12,500 rpm for 15 min at 4°C. The supernatant was
filtered and autoclaved. A 500-ul aliquot of bacterial suspension
(Salmonella Enteritidis, E. coli, or L. innocua) at 106 CFU/ml and
each of the EOs giving a final concentration of 2, 3, 5, 6, 8, or
10 pl/ml were added to each tube containing 450 wl of sterile
TSB, apple, pear, or melon juices with 2% Tween 80. A control
of each medium (TSB, apple, pear, or melon juices with 2%
Tween 80) without EOs was made. These experiments were con-
ducted twice and in duplicate for each medium, EO, and concen-
tration.

The tubes were incubated at 35°C for 24 h to simulate abuse
conditions by consumers in the handling of these kinds of prod-
ucts, and then a 100-pl aliquot was spread on TSA plates to check
bacterial survival and growth. Before establishing the MBC, an
examination of injured and dead cells was made by adding a 500-
wl aliquot of medium from the tubes incubated previously to tubes
with 450 wl of fresh medium (TSB) without EOs and incubating
at 35°C for 24 h. The MBC was considered to be the EO con-
centration where growth in the plate or fresh media was not de-
tected.

Determination of pH. The pH values of apple, pear, and
melon juices and of TSB medium were determined with a Micro-
processor pH meter (PH210, Hanna Instruments, Vernon Hills,
IL).

Confocal scanning laser microscopy. The analysis was per-
formed according to the methodology of Wierzchos et al. (26) and
De los Rios et al. (10). This methodology allows the distinguish-
ing between living and dead cells through the application of the
L-13152 kit (Molecular Probes, Eugene, Oreg.), which has two
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TABLE 2. Effects of different concentrations of cinnamon, lemongrass, and geraniol against Salmonella Enteritidis in apple, pear, and

ESSENTIAL OILS AGAINST SALMONELLA, E. COLI, AND LISTERIA

melon juices or TSB after 24 h of incubation at 35°C

Medium?:
Concn
EO (pl/ml) Apple juice Pear juice Melon juice TSB

Cinnamon 0 3.01 = 0.29 Aba 4.13 £ 0.03 Aba 7.88 £ 0.18 Abf 8.96 = 0.06 Aby

2 <1 Aaa <1 Aaa <1 aap <1 aay

3 <1 Aaa <1 Aax <1 Aap <1 Aay

5 <1 Aax <1 Aax <1 Aap <1 aay

6 <1 Aax <1 Aax <1 aap <1 aay

8 <1 Aax <1 Aax <1 aap <1 aAay

10 <1 Aaa <1 Aaa <1 aap <1 aay
Lemongrass 0 3.01 = 0.29 Aba 4.13 = 0.03 Aba 7.88 = 0.18 BbP 8.96 = 0.06 Bby

2 <1 Aax <1 Aax 2.78 = 0.01 Bcp 341 = 0.02 Bey

3 <1 Aax <1 Aax 1.50 = 0.71 BdB 3.42 = 0.02 Bcy

5 <1 Aaa <1 Aaa <1 BaP <1 Bay

6 <1 Aaa <1 Aaa <1 BaP <1 Bay

8 <1 Aaa <1 Aax <1 Baf3 <1 Bay

10 <1 Aax <1 Aax <1 Baf3 <1 Bay
Geraniol 0 3.01 = 0.29 Aba 4.13 £ 0.03 Aba 7.88 £ 0.18 Abf 8.96 = 0.06 Aby

2 <1 Aaa <1 Aaa <1 aap <1 aay

3 <1 Aax <1 Aax <1 Aap <1 Aay

5 <1 Aax <1 Aax <1 Aap <1 aay

6 <1 Aax <1 Aax <1 aaB <1 aay

8 <1 Aax <1 Aax <1 aap <1 aAay

10 <1 Aaa <1 Aaa <1 aap <1 aay
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@ Values are means * standard deviations of plate counts from two experiments, each in duplicate (n = 4), expressed as log CFU per
milliliter. Different capital letters (A, B) represent significant differences (P < 0.05) among EO types by each medium. Different
lowercase letters (a, b, c, d) represent significant differences (P < 0.05) among EO concentrations by each EO and medium. Different
Greek letters (o, 3, ) represent significant differences (P < 0.05) among culture media by each EO.

proprietary nucleic acid stains that differ in their ability to pene-
trate bacterial cell membranes. The green fluorescence nucleic
acid stain, SYTO 9, labels all cells, and the red fluorescence nu-
cleic acid stain, propidium iodide, only penetrates cells with dam-
aged membranes and quenches the green SYTO 9 stain. Green
cells are alive and red cells are dead. This technique may be used
to know in a direct and rapid way the bactericidal effect of any
substance against the microorganisms.

Transmission electron microscopy. For transmission elec-
tron microscopy, Salmonella Enteritidis cells were cultured for 24
h in TSB medium, apple juice, and apple juice with lemongrass
(5 pl/ml). Afterward, they were fixed in glutaraldehyde (2.5% in
0.1 M phosphate buffer, pH 7.4) for 1 h, rinsed three times for
10 min with 0.1 M phosphate buffer (pH 7.4), and postfixed with
1% osmium tetraoxide for 2 h at 4°C. After fixation, the cells
were rinsed three times for 10 min with 0.1 M phosphate buffer
(pH 7.4) and then dehydrated using 30, 50, 70, and 95% acetone
sequentially for 15 min each. Next, the cells were dehydrated three
times for 30 min with 100% acetone. After dehydration, the cells
were treated with propylene oxide twice for 10 min at 4°C. The
cells were sequentially infiltrated with a mixture of propylene ox-
ide: Durcupan’s ACM Epoxy Resin (3:1, 1:1, and 1:3) for 45 min.
Polymerization of the resin to form specimen blocks was per-
formed in an oven at 60°C for 72 h. The specimen blocks were
hand trimmed with a razor blade and sectioned with a diamond
knife in a Reichert Ultracut R ultramicrotome (Leica, Wetzler,
Germany). Thin sections (70 to 80 nm) were placed on 300-mesh
copper grids. The sections were stained for 15 to 20 min in
uranyl—ethyl alcohol (1:1), washed three times for 2 min, and then

incubated in a drop of Reynold’s lead citrate and examined using
an EM 910 Zeiss transmission electron microscope.

Statistical analysis. The results of the MBC were analyzed
by multifactor analysis of variance (ANOVA), using STAT-
GRAPHICS Plus, 5.1. MBC obtained for each microorganism
were analyzed independently, and the evaluated factors were the
EO type (lemongrass, cinnamon, and geraniol), EO concentration
©, 2, 3,5, 6, 8, and 10 pl/ml), and the type of culture media
(apple, pear, and melon juices and TSB).

RESULTS AND DISCUSSION

MIC. The evaluated EOs were shown to have antibac-
terial activity against the three tested microorganisms but
in different degrees. Lemongrass, cinnamon, geraniol,
clove, and benzaldehyde were more effective than palma-
rosa in inhibiting the growth of E. coli. The growth of Sal-
monella Enteritidis was better inhibited by lemongrass, cin-
namon, geraniol, and palmarosa than by clove or benzal-
dehyde, whereas the greatest inhibition of the growth of L.
innocua was found when using lemongrass, geraniol, and
palmarosa (Table 1).

The MIC against E. coli, Salmonella Enteritidis, and
L. innocua showed by the six studied EOs were always the
same (1 pl/ml) (Table 1). Similar studies with Salmonella
Enteritidis and L. innocua were not found in the literature,
and thus other Salmonella and Listeria species have been
selected as a reference for comparison. A behavior similar
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TABLE 3. Effects of different concentrations of cinnamon, lemongrass, and geraniol against E. coli in apple, pear, and melon juices

or TSB after 24 h of incubation at 35°C

J. Food Prot., Vol. 69, No. 7

Medium?:
Concn
EO (pl/ml) Apple juice Pear juice Melon juice TSB

Cinnamon 0 3.39 = 1.19 Aba 4.36 = 0.88 Aba 8.70 = 0.01 Abp 9.14 = 0.02 abB

2 <1 Aaa <1 Aaa <1 aap <1 aap

3 <1 Aaa <1 Aax <1 Aap <1 Aaf

5 <1 Aax <1 Aaa <1 Aap <1 aaB

6 <1 Aax <1 Aax <1 aaB <1 aaB

8 <1 Aax <1 Aax <1 aap <1 aaP

10 <1 Aaa <1 Aaa <1 aap <1 aap
Lemongrass 0 3.39 = 1.19 Aba 4.36 = 0.88 Aba 8.70 = 0.01 Abp 9.14 = 0.02 AbB

2 <1 Aaa <1 Aaa <1 aap <1 Aap

3 <1 Aax <1 Aax <1 aap <1 aaP

5 <1 Aaa <1 Aaa <1 aap <1 aap

6 <1 Aaa <1 Aaa <1 aafp <1 aap

8 <1 Aaa <1 Aax <1 Aap <1 Aaf

10 <1 Aax <1 Aax <1 Aap <1 aaB
Geraniol 0 3.39 = 1.19 Aba 4.36 = 0.88 Aba 8.70 = 0.01 BbP 9.14 = 0.02 BbPB

2 <1 Aax <1 Aax 3.40 = 0.02 BcB 3.44 = 0.01 Bcp

3 <1 Aax <1 Aax 3.36 = 0.02 BcB 3.41 = 0.02 Bcp

5 <1 Aax <1 Aax 2.36 = 0.13 Bd 1.25 = 0.07 Bdp

6 <1 Aax <1 Aax <1 BaP <1 Baf

8 <1 Aax <1 Aax <1 BaP <1 Baf

10 <1 Aaa <1 Aaa <1 Baf <1 Baf

@ Values are means * standard deviations of plate counts from two experiments, each in duplicate (n = 4), expressed as log CFU per
milliliter. Different capital letters (A, B) represent significant differences (P < 0.05) among EO types by each medium. Different
lowercase letters (a, b, c, d) represent significant differences (P < 0.05) among EO concentrations by each EO and medium. Different
Greek letters (o, 3) represent significant differences (P < 0.05) among culture media by each EO.

to those of E. coli and Salmonella Typhimurium (strain VR-
19) was reported by Pattnaik et al. (22), who found an MIC
of 1.66 pwl/ml of lemongrass and palmarosa against E. coli,
whereas for Salmonella Typhimurium (VR-19), they en-
countered MIC of 1.66 and 0.80 pl/ml, respectively. How-
ever, Hammer et al. (/4) needed a higher concentration of
lemongrass (2.5 pl/ml), palmarosa (5 pl/ml), and clove
(>20 pl/ml) to inhibit Salmonella Typhimurium (ATCC
13311). On the other hand, Kim et al. (16) found an MIC
of geraniol similar to ours, reporting concentrations of 0.5
and 1 pl/ml of geraniol against Salmonella Typhimurium
and Listeria monocytogenes, respectively. The differences
found among the results shown by diverse researchers may
be consequences of the spice’s nature, the specific strains,
or the microorganism resistances.

The methodology applied has great influence on the
results. Different methods for detecting the MIC and in-
oculum volumes have been used. In this way, Hammer et
al. (14) used 1- to 2-pl spots containing the microorganism
and applied the agar dilution method, whereas Kim et al.
(16) used a 200-p1 aliquot of bacterial suspension and the
broth dilution method. The inoculum is sometimes dotted
and other times streaked onto the agar surface. On the other
hand, different solvents to incorporate the EOs in the me-
dium have been used; thus Pattnaik et al. (22) used sodium
taurocholate, whereas Hammer et al. (/4) used Tween 20
to facilitate the miscibility of EOs within the medium.

In addition to the specific strains, species resistances,

and methodology applied, the MIC definition used by each
research group is a factor that may complicate the compar-
ison among the published data. The definition of MIC itself
differs among publications. Some researchers consider MIC
to be the lowest concentration resulting in maintenance or
reduction of inoculum viability (3), whereas others define
it as the lowest concentration resulting in a significant de-
crease (>90%) (8) or complete destruction of the inoculum
viability (25). The application of different concepts and
methodologies may influence significantly the results and,
as a consequence, make comparison among the results more
difficult.

MBC. Lemongrass, cinnamon, and geraniol were se-
lected as more effective against the evaluated microorgan-
isms based on the results of the MIC made previously.

Similarly to the MIC assay, differences among the ef-
fectivity of lemongrass, cinnamon, or geraniol against the
three microorganisms were observed (Tables 2 through 4).
Statistical analysis was made independently for each mi-
croorganism and showed significant differences (P < 0.05)
among EOs, their concentrations, and culture media.

Bactericidal activity varied among culture media for
the same strain. Higher concentrations of EOs were re-
quired to inactivate populations of each strain in melon
juice and TSB than in apple and pear media (Tables 2
through 4). These results are supported by the statistical
analysis, which show significant differences (P < 0.05) be-
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TABLE 4. Effects of different concentrations of cinnamon, lemongrass, and geraniol against L. innocua in apple, pear, and melon

ESSENTIAL OILS AGAINST SALMONELLA, E. COLI, AND LISTERIA

Jjuices or TSB after 24 h of incubation at 35°C

Medium®:
Concn
EO (pl/ml) Apple juice Pear juice Melon juice TSB
Cinnamon 0 1.80 = 0.37 Aba 2.01 £ 0.50 Aba 8.31 = 0.19 BbB 9.02 = 0.03 BbR
2 <1 Aaa <1 Aaa 3.40 = 0.01 BcP 3.41 = 0.01 BcB
3 <1 Aaa <l Aaa 3.39 = 0.03 BcP 3.40 = 0.02 BcB
5 <1 Aaa <1 Aaa 3.38 £ 0.02 BcP 3.39 £ 0.02 BcB
6 <1 Aax <1 Aax 3.06 = 0.19 BcB 3.39 = 0.01 Bcp
8 <1 Aax <1 Aax <1 BaP 1.85 = 0.21 BdPB
10 <1 Aaa <1 Aaa <1 BaP <1 Baf
Lemongrass 0 1.80 £ 0.37 Aba 2.01 = 0.50 Aba 8.31 £ 0.19 Abp 9.02 £ 0.03 Abp
2 <1 Aaa <1 Aax <1 Aaa <1 Aaa
3 <1 Aaa <1 Aaa <1 Aaa <1 Aaa
5 <1 Aax <1 Aax <1 Aaa <1 Aax
6 <1 Aax <1 Aax <1 Aaa <1 Aax
8 <1 Aaa <l Aaa <1 Aaa <1 Aaa
10 <1 Aaa <1 Aaa <1 Aaa <1 Aaa
Geraniol 0 1.80 = 0.37 Aba 2.01 £ 0.50 Aba 8.31 = 0.19 cbp 9.02 = 0.03 cbp
2 <1 Aaa <1 Aaa 3.40 = 0.00 ccP 3.36 £ 0.01 ccB
3 <1 Aaa <l Aaa 3.34 £ 0.05 ccP 3.37 £ 0.02 ccB
5 <1 Aaa <l Aaa 1.30 = 0.17 cdp 2.23 = 0.39 cdp
6 <1 Aax <1 Aax <1 caP <1 cap
8 <1 Aax <1 Aax <1 ap <1 caf
10 <1 Aaa <1 Aaa <1 aP <1 caf
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@ Values are means * standard deviations of plate counts from two experiments, each in duplicate (n = 4), expressed as log CFU per
milliliter. Different capital letters (A, B, C) represent significant differences (P < 0.05) among EO types by each medium. Different
lowercase letters (a, b, ¢, d) represent significant differences (P < 0.05) among EO concentrations by each EO and medium. Different
Greek letters (o, 3) represent significant differences (P < 0.05) among culture media by each EO.

tween the counts of microorganism obtained from different
culture media (TSB and melon, pear, and apple juices). Ny-
chas and Skandamis (27) reported that the antimicrobial
activity of the naturally occurring antimicrobial compounds
in plants or their constituents (EOs, for example) is influ-
enced by the culture medium, the temperature of incuba-
tion, and the inoculum size.

EOs of cinnamon, lemongrass, and geraniol were
shown to be effective at a 2-pl/ml concentration in apple
and pear juices for the three microorganisms. Similar results
were reported by Ceylan et al. (5), who evaluated the an-
timicrobial activity and synergistic effect of cinnamon with
sodium benzoate or potassium sorbate in controlling E. coli
O157:H7 in apple juice and demonstrated that cinnamon
exhibited significant antimicrobial activity against E. coli
O157:H7 in apple juice at 1, 2, and 3 wl/ml concentrations,
and its antimicrobial activity increased with increasing con-
centrations of cinnamon in apple juice at both 8 and 25°C.

On the other hand, a bactericidal or, in some case, in-
hibitory effect on the microorganisms was observed in pear
and apple juices without EO (control). In contrast, melon
juice or TSB media did not show any effect. Differences
among culture media could be consequence of the pH (ap-
ple, 420 = 0.02; pear, 3.97 £ 0.01; melon, 5.91 * 0.02;
TSB, 7.51 % 0.01), because the influence of pH on bacteria
growth is well known. However, other factors such as some
self-constituents of each fruit may play a role as inhibitory
or bactericidal agent.

Lemongrass was different from cinnamon or geraniol
in the multiple range tests for Salmonella Enteritidis, show-
ing to be the least effective of those three EOs in melon
and TSB media. A concentration of 2 pl/ml of geraniol or
cinnamon was enough to inactivate the Salmonella Enteri-
tidis population, whereas 5 pl/ml of lemongrass was re-
quired to obtain the same effect in both media (Table 2).
Kim et al. (16) reported a lower concentration of geraniol
(0.5 pl/ml) for Salmonella Typhimurium. It is important to
highlight that they worked with different species, and this
is a factor that may influence the results.

A concentration of 6 pl/ml of geraniol was needed to
destroy the E. coli population inoculated in melon juice or
TSB as growth media, whereas 2 pl/ml of lemongrass or
cinnamon was sufficient to eliminate the microorganism
(Table 3). Kim et al. (16) reported the lowest MBC of ge-
raniol (0.5 pl/ml) for E. coli and E. coli O157:H7. These
researchers used a turbidimetric analysis to determine
MBC. The method is not sensitive enough, because the de-
tection limit is high. A minimal concentration of 10° to 107
CFU/ml of a bacterial culture is required for detection by
the spectrophotometer. Thus, a bacterial culture with a con-
centration below 103 CFU/ml, and actively growing, is un-
detected. In contrast to turbidimetric analysis, the plate
count method, which was used in this work, has a level of
102 CFU/ml as detection limit.

Lemongrass was useful against L. innocua in melon
juice or TSB media at a concentration of 2 wl/ml, whereas



1584 RAYBAUDI-MASSILIA ET AL.

FIGURE 1. Confocal scanning laser mi-
croscopy image of Salmonella Enteritidis
cells from (a) live cells (green) of a pure
culture in TSB grown by 11 h at 37°C and
120 rpm, (b) dead cells (red) in apple juice
with lemongrass (5 pl/ml), and (c) live/
dead cells in apple juice without addition
of EO, incubated by 24 h to 37°C. The
LIVE/DEAD BacLight bacterial viability
kit (L-13152; Molecular Probes) and
wavelengths of 515 to 545, 570, and 488
nm, respectively, were used.

geraniol was effective at 6 pl/ml and cinnamon was suc-
cessful at 8 pl/ml in melon juice and 10 pl/ml in TSB
medium (Table 4). A lower concentration of geraniol (1 pl/
ml) was indicated by Kim et al. (/6) for killing L. mono-
cytogenes.

Friedman et al. (13) found that strains of E. coli, S.
enterica, and L. monocytogenes exhibited similar suscepti-
bilities to inactivation by EOs or oil compounds. However,
our results demonstrated differences among the behaviors
of Salmonella Enteritidis, E. coli, and L. innocua in the
presence of cinnamon, geraniol, or lemongrass oil, showing
different MBC. These results show that the species or strain
has a significant influence on the effect of different anti-
microbial substances.

In general, lemongrass was shown to be more effective
than cinnamon and geraniol in melon juice and TSB media
for the three studied microorganisms, because a concentra-
tion of 5 pl/ml eliminated all of them, whereas higher con-
centrations of cinnamon (10 wl/ml) or geraniol (6 pl/ml)
were required to obtain a similar effect.

The biggest differences in the bactericidal effects of
EOs within culture medium were observed between the me-
dia with and without EO (Tables 2 through 4). A concen-
tration of 2 wl/ml of lemongrass, cinnamon, or geraniol was
shown to have a strong effect against the three studied mi-
croorganisms in apple and pear media, and hence an in-
crease of oil concentration did not lead to a higher effec-
tiveness.
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To see the effects of the exposure to EOs on Salmo-
nella Enteritidis, E. coli, and L. innocua, cells of each mi-
croorganism cultured for 24 h in TSB media, apple, pear,
and melon juices were prepared to be observed by confocal
scanning laser microscopy according to the methodology of
Wierzchos et al. (26) and De los Rios et al. (10), and trans-
mission electron microscopy.

Figure 1 shows the effects of lemongrass (5 wl/ml)
added to apple juice on the Salmonella Enteritidis cells us-
ing confocal scanning laser microscopy. The LIVE/DEAD
BacLight kit (L-13152, Molecular Probes) permitted distin-
guishing between dead or damaged cells in red color and
the alive cells in green color. This figure illustrates in a
rapid and direct way the bactericidal effect of the EOs on
microorganisms. A smaller percentage of fluorescent red
cells was observed in the fruit juice sample without EO
(Fig. 1c), whereas the addition of 5 pl/ml of lemongrass to
the fruit juice sample resulted in 100% fluorescent red cells
(Fig. 1b), indicating that the EO deteriorated the cellular
membrane and converted intracellular nucleic acids ap-
proachable to propidium iodide for staining in red. These
results are in agreement with those of Lambert et al. (17),
who observed the same behavior in TSB medium in eval-
uating the MIC and mode of action of oregano EO, thymol,
and carvacrol.

Figure 2 provides images in detail of the EO effects
on cellular structure using transmission electron microsco-
py. Changes were observed in the cytoplasm of Salmonella
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Enteritidis cells inoculated in apple juice without lemon-
grass, which show clear zones caused by the action of the
pH or some constituent of juice, whereas damages in the
cellular membrane, including disruption of the same and
leakage of cell content, were found in cells cultivated in
apple juice with lemongrass. Results may be explained by
the mechanisms of EOs actions proposed by different re-
searchers who consider the hydrophobicity of EOs and their
components to be an important characteristic. This char-
acteristic enables them to spread through the lipids of the
bacterial cell membrane and mitochondria, disturbing the
structures and rendering them more permeable, causing
leakage of ions and other cell contents, thus bringing about
an extensive loss of cell contents or the exit of critical mol-
ecules and ions, leading to death (3).

EOs of lemongrass, geraniol, cinnamon, clove, pal-
marosa, and benzaldehyde effectively inhibited the Salmo-
nella Enteritidis, E. coli, and L. innocua growth at a con-
centration of at least 1 wl/ml. These previous studies were
useful in choosing the EOs more effective against the eval-
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FIGURE 2. Transmission electron micros-
copy micrographs of Salmonella Enteriti-
dis cells from pure culture in TSB (a and
b) grown by 11 h at 37°C and 120 rpm
(undamaged cells; X20,000), apple juice
without addition of EO (c and d) (cells
with alteration of cytoplasmic content and
intact cells; X25,000), and apple juice
with lemongrass (5 pl/ml) (e and f) incu-
bated for 24 h at 37°C (cells with struc-
tural damage and leakage of cellular con-
tent; X25,000).

uated microorganisms. Hence, lemongrass, cinnamon, and
geraniol were chosen for MBC analysis. A concentration
of 2 wl/ml from these EOs was enough to inactivate Sal-
monella Enteritidis, E. coli, and L. innocua in apple and
pear juices. However, lemongrass oil was shown to be more
effective than cinnamon and geraniol in melon juice and
TSB media for the studied microorganisms because a con-
centration of 5 pl/ml was enough to eliminate the three
microorganisms, whereas higher concentrations of cinna-
mon (8 and 10 wl/ml) or geraniol (6 wl/ml) were required
to obtain the same effect.

This work offers a contribution to the knowledge of
MBC of lemongrass, cinnamon, and geraniol necessary to
avoid the incidence of or eliminate pathogenic bacteria such
as Salmonella, Listeria, and E. coli present in unpasteurized
fruit juices, whose contamination originates directly or in-
directly from animals or insects, soil, water, dirty equip-
ment, and human handling.

Results suggest that EOs represent a good alternative
to eliminate microorganisms that can be a hazard for the
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consumer of unpasteurized fruit juices and be useful to pre-
vent the risk of foodborne illness caused by these kinds of
products.

Additional studies should be conducted to evaluate the

sensory aspects of using these natural compounds.
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