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Abstract
This study investigates the effect of citral on growth and on the occurrence of sublethal dam-

age in Listeria innocua Serovar 6a (CECT 910) and Listeria monocytogenes Serovar 4b
(CECT 4032) cells that were exposed to citral as a natural antimicrobial agent. Two initial in-

oculum concentrations were considered in this investigation: 102 and 106 cfu/mL. Citral ex-

hibited antilisterial activity against L. innocua and L. monocytogenes, and the observed

effects were dependent on the concentration of citral present in the culture medium

(0, 0.150 and 0.250 μL/mL) (p� 0.05). L. innocua had a shorter lag phase than L. monocy-
togenes, and the two species had nearly identical maximum specific growth rates. These re-

sults indicate that L. innocua could be used as surrogate for L. monocytogenes when
testing the effects of this antimicrobial. Significant differences in the lag phase and growth

rate were observed between the small and large inoculum concentration (p� 0.05). Citral-

treated L. innocua and L. monocytogenes that were recovered on selective medium (i.e.,

TSA-YE-SC) had a shorter lag phase and a higher maximum specific growth rate than cells

that were recovered on non-selective medium (i.e., TSA-YE) (p� 0.05). This result sug-

gests that damage occurs at sublethal concentrations of citral.

Introduction
Listeria monocytogenes can grow under conditions (low temperature) that prevent the survival
of other foodborne pathogenic bacteria. Therefore, this bacterium is an important target organ-
ism for elimination from the food supply. As laid down in Commission Regulation (EC) No
2073/2005, L. monocytogenes levels should be lower than 100 colony forming units per gram
throughout the shelf life of a food product if the product does not allow growth or if the prod-
uct is not intended for an at-risk population [1]
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L. innocua is the most commonly detected species of Listeria in the food industry and it is
not a pathogenic form of Listeria. The food contamination by other species of Listeria indicated
that these non pathogenic Listeria possess characteristics that enable their development, since
all Listeria species have high homology between the genomes (which makes them very similar
phenotypically), besides having the same ecology [2]

Although L. innocua has been proposed as a surrogate for Listeria monocytogenes [3], results
obtained from models that used surrogates for L. monocytogenes strains in cases where preser-
vation is achieved using a natural antimicrobial compound, could not be extended to L. mono-
cytogenes. Therefore, the suitability of L. innocua as a surrogate must be verified to ensure
efficient elimination of this dangerous pathogen.

Mild food processing methods must efficiently suppress the growth and/or reduce the num-
ber of pathogenic bacteria, such as L. monocytogenes. Biopreservatives, such as essential oils, are
nonthermal preservation technologies that can be used alone or in combination with other non-
thermal technologies, such as pulsed electric fields, high pressure or ultraviolet radiation [4], [5].

Citral is a monoterpenoid aldehyde [6] and often it is present in the form of the stereoiso-
mers neral and geranial [7]. It has been shown to be present in the leaves and fruits of several
plant species including myrtle trees, basil, lemon, lime, lemongrass, orange and bergamot [8],
[6]. The precise targets of terpenoids are not yet completely understood although antimicrobial
effects of citrus oils have been shown to be bacteriostatic [9]. It is known that there is damage
to the cell by increasing the cell membrane permeability, changing cell morphology and de-
creasing ATP synthesis because the membrane potential is the driving force of ATP synthesis;
thus, the reduction of internal ATP is coupled with the loss of membrane potential. Also, in the
presence of the citrus essential oil blend, this delicate balance is lost and due to the disruption
of the membrane integrity, there is a loss of control of the H+ ion gradients [10].

These preservation treatments could also produce a large number of damaged cells when
administered at concentrations below the MIC (minimum inhibitory concentration). Because
damaged cells can repair their injuries during the storage period those cells should be consid-
ered in the design of preservation processes. In addition, these cells could acquire new abilities
during the repair process, such as resistance to antimicrobials, antibiotics or other preservation
technologies [11], [12], [13]. Consequently, sub-lethal injury is an important factor that should
be considered in evaluating the efficacy of any food preservation method. Thus, evaluating the
behaviour of L. innocua as a surrogate for L. monocytogenes is an important task.

The majority of previous growth studies use a fixed inoculum level without considering the
effects of variations in inoculum concentration on growth characteristics. In the presence of
specific stresses and under suboptimal conditions, inoculum size affects the duration of the lag
[14], [15]. This observation is important because common predictive microbial growth models
are done with initial concentrations of bacteria higher than 103 cfu/mL.

The aim of this study was to evaluate the effect of citral on growth kinetics and its contribu-
tion producing damaged cells in L. monocytogenes Serovar 4b (CECT 4032) and L. innocua Ser-
ovar 6a (CECT 910) at two initial inoculum concentrations: 102 and 106 cfu/mL. The
behaviour of Listeria innocua and Listeria monocytogenes was compared to evaluate the use of
Listeria innocua as a surrogate for Listeria monocytogenes when this antimicrobial substance is
used to control microbial growth at levels below the minimal inhibitory concentration (MIC).

Materials and Methods

Chemicals
The reagent 95% citral (3,7-dimethyl-2,6-octadienal), which contains a mixture of cis and trans
isomers, was purchased from Sigma Aldrich Company Ltd, Steinheim, Westphalia, Germany.
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Bacterial strains and growth conditions
Foodborne L. monocytogenes Serovar 4b (CECT 4032) isolated from soft cheese and L. innocua
Serovar 6a (CECT 910) were obtained from a pure lyophilized culture supplied by the Spanish
Type Culture Collection. Glycerinated stock vials of L. monocytogenes and L. innocua were
generated following the method described by [16]. During this investigation, stock cultures
were maintained in cryovials at a concentration of approximately 8.5 × 108 colony forming
units/mL (cfu/mL) and a temperature of -80°C. For both species, the average cell density of the
vials was established by viable plate counting, using buffered peptone water (Scharlau Chemie
S. A., Barcelona, Spain) to dilute the samples.

Bacterial broth subcultures were prepared from stock cultures by inoculating 200 μL of Lis-
teria monocytogenes Serovar 4b (CECT 4032) or Listeria innocua Serovar 6a (CECT 910) into a
sterile flask containing 6 mL of Tryptone Soya Broth (TSB) (Scharlab Chemie S.A., Barcelona,
Spain) and incubating the flasks at 37°C for 12 h to obtain an 8 log10 cfu/mL suspension. The
cell concentration was verified by viable plate count.

Determination of antimicrobial activity
Bacteria were grown in TSB supplemented with different concentrations of citral. To see the
occurrence of damaged cells, low doses of citral were used according to previous studies of
growth kinetics carried out by [17], [18], [19]. Injured cells can be sensitive to this agent but
may still have the potencial to repair. This natural antimicrobial agent was tested in a broth
growth medium at the following levels: 0.0 μL/mL of citral (i.e., control), 0.150 μL/mL of citral
and 0.250 μL/mL of citral. Briefly, the compound to be tested was added at the indicated con-
centrations to 20 mL of TSB in a sterile flask. An aliquot of an overnight culture of L. monocy-
togenes or L. innocua was added to each sample to obtain approximately 102 and 106 colony-
forming units (cfu) per mL. Each culture was incubated under agitation at 37°C for 30 h.

Counts of viable cells. After treatment, L. innocua and L. monocytogenes growth was esti-
mated by plate count on Tryptone Soya Agar (TSA) (Scharlab Chemie S.A., Barcelona, Spain)
supplemented with 0.6% yeast extract (TSA-YE). Growth curves were obtained by viable plate
count, with concentrations of 102 and 106 cfu/mL at time zero. To obtain growth curves, sam-
ples of the culture were diluted in buffered peptone water (Scharlau Chemie S.A., Barcelona,
Spain) and pour-plated onto Tryptic Soy Agar (TSA) (Scharlab Chemie S.A., Barcelona, Spain)
at 0, 1, 2, 4, 6, 8, 10, 12, 15, 20, 25 and 30 hours. At least three separate replicates were per-
formed for each tested condition.

The plates were incubated at 37°C for 48 h, and the number of colony forming units was
subsequently determined by plate count.

Bacterial growth models and calculation of kinetic parameters
To determine the kinetics of microbial growth, non-linear regression was used to fit the experi-
mental data to the Gompertz equation, as described by [20]. The mathematic expression of this
equation is as follows:

L10ðNtÞ ¼ Aþ Cexpf�exp½�Bðt�MÞ�g

where Nt represents the number of microorganisms at time t (cfu/mL); A represents the inferi-
or asymptote value (log10 (cfu/mL)); C represents the difference between the curve asymptotes
(log10 (cfu/mL); B represents the relative growth rate when t = M ((log10 (cfu/mL))/h); M rep-
resents the elapsed time until the maximum growth rate is reached (h); and e represents the
number e.

Effects of Citral on Listeria innocua and Listeria monocytogenes
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This model was selected based on previous studies in which intervention using natural anti-
microbial compounds was modelled [5], [21], [22].

A, B, C and M were used to calculate the kinetic parameters lag time (λ; h) and maximum
growth rate (μmax) ((log10 (cfu/mL))/h), using the equations described by [20], [23].

The goodness of fit was measured based on the mean square error (MSE) and the corrected
determination coefficient (corrected R2) for each set of data.

Determination of the percentage of injured cells
To estimate the number of sublethally injured cells, a separate set of experiments was per-
formed. At specific time intervals, 0.1 mL of L. monocytogenes or L. innocua samples that were
adequately diluted in sterile 0.1% (w/v) peptone water (Scharlau Chemie S. A., Barcelona,
Spain) were pour-plated onto TSA-YE supplemented with 5% (w/v) NaCl. The non-selective
TSA-YE medium was expected to support the growth of both uninjured and antimicrobial-in-
jured cells, whereas the selective TSA-YE medium supplemented with 5% (w/v) of sodium
chloride (TSA-YE-SC) agar was expected to support the growth of uninjured populations [24].
Thus, the percentage of sublethal damage produced after treatment with each antimicrobial
could be determined. The loss of tolerance to the presence of sodium chloride and the resulting
inability to grow on selective media are attributed to damage that affects the function and/or
the integrity of the cytoplasmic membrane [25].

The samples that were recovered in selective and nonselective media were incubated for
48 h at 37°C. The number of colony forming units was then determined by plate count.

The percentage of sublethally injured cells was estimated using the following equation [26],
[27]:

1� countonTSA YE SC
countonTSA YE

� �� �
� 100

where samples were pour-plated onto nonselective medium (TSA-YE) and selective medium
(TSA-YE-SC). Therefore, the proportion of sublethally injured cells was estimated by compar-
ing the number of log10 cycles of inactivation obtained after plating the antimicrobial agent-
treated cells onto the nonselective and selective media [24].

The error bars in the figures indicate the mean ± standard deviations of the data obtained
from at least three repetitions.

Statistical Analysis of Data
Statistical analysis was performed using Statgraphics Centurion XV software (StatPoint Tech-
nologies, Inc., Warrenton, VA, USA). This analysis included an ANOVA to detect significant
differences in growth kinetics parameters and in the percentage of damage to L. monocytogenes
and L. innocua cells after exposure to citral concentrations (p� 0.05). When necessary, a mul-
tiple range test was also applied to identify the levels of each factor that were perceptibly differ-
ent (p� 0.05). Fisher’s LSD (Least Significant Difference) test was used to compare the mean
values of the data (p� 0.05). At least three repetitions were performed for each treatment. Col-
ony counts were converted into logarithm values to identify differences that were significant at
the 95% (p� 0.05) confidence limit.

Results and Discussion
Citrus oils not only lend themselves to use in food but also are generally recognised as safe
(GRAS) and have been found to be inhibitory both in direct oil and vapour form against a
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range of both Gram-positive and Gram-negative bacteria ([8]. Lemon, sweet orange and berga-
mot and their components, linalool and citral were found to have antimicrobial effects both in
direct oil and vapour form against Campylobacter jejuni, E. coli, E. coli O157, L. monocytogenes,
Bacillus cereus, S. aureus [8], [28], Enterococcus faecalis and Enterococcus faecium by increase
of cell permeability [9], [10]. Other report showed inhibition against E. coli and S. Typhimur-
ium from lemon oil and citral [29].

Experimental L. innocua and L. monocytogenes growth curves were obtained using inocu-
lum concentrations of 102 and 106 cfu/mL in TSB alone or in TSB supplemented with different
concentrations of citral that were below the MIC. Growth curves were fitted to the Gompertz
model, and the lag phase and the specific growth rate were calculated (Tables 1 and 2). Figs. 1
and 2 show examples of fitted growth curves. The statistical analysis revealed adjusted correla-
tion coefficients (R2) for L. innocua and L. monocytogenes growth that were greater than 0.97
and 0.93, respectively, indicating that the Gompertz model was a quite good model for
this study.

The kinetic behaviour of L. innocua and L. monocytogenes was characterised based on the
time needed to adapt to the environment (i.e., the lag phase (λ)) and on the maximum specific
growth rate (μmax). In our study, the mean values of the lag phase and the maximum specific
growth rate (Tables 1 and 2) are consistent with the distributions of the 1,865 previously

Table 1. Mean values ± standard error of the duration of the lag phase (λ) and of the maximum
specific growth rate (μmax) of Listeria innocua cells that were recovered on TSA-YE medium as a
function of the initial inoculum size (i.e., 102 cfu/mL or 106 cfu/mL) and the concentration of citral
(μL/mL).

Citral (μL/mL) λ ± SE (h) μmax ± SE (log10 (cfu/mL))/h

102 cfu/mL 106 cfu/mL 102 cfu/mL 106 cfu/mL

0.0 0.305 ± 0.03Aa 0.287 ± 0.07Aa 0.547 ± 0.02Aa 0.529 ± 0.04Aa

0.150 2.180 ± 0.01Bb 1.832 ± 0.01Ba 0.440 ± 0.01Ba 0.432 ± 0.01Ba

0.250 6.012 ± 0.01Cb 4.100 ± 0.03Ca 0.202 ± 0.04Cb 0.101 ± 0.03Ca

A–CMean values followed by different letters in the same column differ significantly by Fisher’s LSD test

(p � 0.05).
a, bMean values followed by different letters in the same row differ significantly by Fisher’s LSD test

(p � 0.05).

doi:10.1371/journal.pone.0114026.t001

Table 2. Mean values ± standard error of the duration of the lag phase (λ) and the maximum specific
growth rate (μmax) of Listeria monocytogenes cells that were recovered on TSA-YE medium as a
function of the initial inoculum size (i.e., 102 cfu/mL or 106 cfu/mL) and the concentration of citral
(μL/mL).

Citral (μL/mL) λ ± SE (h) μmax ± SE (log10 (cfu/mL))/h

102 cfu/mL 106 cfu/mL 102 cfu/mL 106 cfu/mL

0.0 0.533± 0.03Aa 0.500 ± 0.04Aa 0.590 ± 0.04Aa 0.571 ± 0.03Aa

0.150 2.569 ± 0.04Bb 1.259 ± 0.06Ba 0.470 ± 0.01Ba 0.448 ± 0.01Ba

0.250 8.094 ± 0.04Cb 4.754 ± 0.05Ca 0.181 ± 0.01Cb 0.102 ± 0.02Ca

A–CMean values followed by different letters in the same column differ significantly by Fisher’s LSD test

(p � 0.05).
a, bMean values followed by different letters in the same row differ significantly by Fisher’s LSD test

(p � 0.05).

doi:10.1371/journal.pone.0114026.t002
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reported μmax values and the 1,294 previously reported λ values that were considered by
Augustin and [30] in their study of growth parameters for Listeria monocytogenes.

A comparison of the parameters obtained in this study demonstrated that citral exhibited
activity against L. innocua and L. monocytogenes and that the observed effects were dependent
on the concentration of citral present in the culture medium (p� 0.05). Higher concentrations
of citral resulted in a longer lag phase and a lower specific growth rate (Tables 1 and 2). There-
fore, the observed bacteriostatic effect was understood as an increased lag phase accompanied
by a reduced specific growth rate. This behaviour was also described by [31].

A comparison of the behaviour of these microorganisms after citral exposure indicated that
the lag phase of Listeria innocua was shorter than that of Listeria monocytogenes at all concen-
trations tested. However, the maximum specific growth rate was similar for both microorgan-
isms. The difference within the lag phase duration between Listeria species indicates that
L. monocytogenes was more sensitive to citral exposure than L. innocua because L. innocua
presents a shorter period of latency. These results suggest that the use of Listeria innocua as a
surrogate for Listeria monocytogenes when testing the use of citral as an antimicrobial sub-
stance in food products is appropriate because Listeria innocua represents a worse scenario
providing a safety margin due to its shorter lag phase. Previous studies reported that the pres-
ence of L. innocua is an indicative of greater likelihood of L. monocytogenes ocurrence [2], [32].

Commission Regulation (EC) No 2073/2005 on microbiological criteria for foodstuffs, ap-
plicable from 1 January 2006, lays down food safety criteria for certain important foodborne
bacteria, their toxins and metabolites, such as Listeria monocytogenes. These criteria are

Figure 1. L. innocua growth curves in reference medium in the presence of different concentrations of citral (μL/mL) with N0 = 102 Log(cfu/mL). The
lines represent the fit of the experimental data to the modified Gompertz model. The standard deviation associated with each average value is expressed by
error bars.

doi:10.1371/journal.pone.0114026.g001
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applicable to products placed on the market during their entire shelf-life. The Scientific Com-
mittee on Veterinary Measures relating to Public Health (SCVPH) recommended that it is an
objective to keep the concentration of Listeria monocytogenes in food below of 100 cfu/g during
products shelf-life on market. Due to manipulation and coolant failures their multiplication is
possible [33]. Most cases of listeriosis are associated with the consumption of foods that are
above the allowed limit [34].

The minimum infective dose of Listeria monocytogenes in humans is not known but appears
to be of the order of 103 CFU [35]. Data collected in outbreaks of listeriosis suggest that incrim-
inated foods contained high counts of Listeria monocytogenes about 106 [36] which emphasizes
the need to minimize human exposure to high populations of bacteria. Therefore, it is appro-
priate to evaluate the effect of citral in a dose reported in outbreaks of listeriosis.

To evaluate the influence of the inoculum size on the activity of citral, the experiment was
conducted using two initial population concentrations: 102 cfu/mL, which is the maximum
number of organisms allowed in a food product according to EU Regulations, and 106 cfu/mL
which is a quite frequent in outbreaks of listeriosis. Studies performed using an initial inoculum
size of 102 cfu/mL indicated that the use of 0.150 μL/mL and 0.250 μL/mL of citral increased
λ by 1.65 h and 5.36 h, respectively, for Listeria innocua and 1.69 h and 7.02 h, respectively, for
L. monocytogenes and decreased μmax by 0.076 log/h and 0.363 log/h, respectively, for Listeria
innocua and 0.098 log/h and 0.397 log/h, respectively, for L. monocytogenes, as presented in Ta-
bles 1 and 2. At an initial inoculum concentration of 106 cfu/mL, the use of 0.150 μL/mL and
0.250 μL/mL of citral increased λ by 1.06 h and 3.71 h, respectively, for Listeria innocua and
0.61 h and 3.87 h, respectively, for L. monocytogenes and decreased μmax by 0.071 log/h and
0.419 log/h, respectively, for Listeria innocua and 0.103 log/h and 0.454 log/h, respectively, for
L. monocytogenes, as presented in Tables 1 and 2.

Figure 2. . L. monocytogenes growth curves in reference medium in the presence of different concentrations of citral (μL/mL) with N0 = 102 Log
(cfu/mL). The lines represent the fit of the experimental data to the modified Gompertz model. The standard deviation associated with each average value is
expressed by error bars.

doi:10.1371/journal.pone.0114026.g002
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These results indicate that the inoculum concentration affected the lag phase, with a longer
lag phase observed using a lower inoculum size (p�0.05). In contrast, the maximum specific
growth rate appears to be unaffected by the inoculum size, regardless of the microorganism
considered (p>0.05) except for the higher citral concentration studied. This result appears to
indicate that under unfavourable growth conditions, the inoculum size influences the growth
kinetics. The inoculum size effect, which is observed only with severely stressed cells, could be
explained by an increase in the variation of the lag times of individual cells when the cells are
stressed [37], [38]. ]. It has been reported that the lag time of Listeria monocytogenes growing
under suboptimal conditions was extended when the inoculum was severely stressed by starva-
tion and when the inoculum size was very small [30]. A similar result was obtained by [15].
Although the maximum specific growth rate is generally assumed to be independent of the in-
oculum size, this parameter could be a function of the population density under unfavourable
conditions [39].

Recent studies conducted in E. coli by [40] demonstrated that a larger initial inoculum con-
centration resulted in a smaller amount of inactivation by citral. According to these authors, for
high cell concentrations up to 108 and 109 cfu/ml, more citral would be needed to kill the same
proportion of E. coli cells. These observations are important because predictive growth model as-
says are typically performed using initial bacterial concentrations higher than 103 cfu/mL. Our
results demonstrate the importance of minimising the initial contamination level of the raw ma-
terial to ensure the effectiveness of citral as an antimicrobial agent by increasing the lag phase.

The effect of the recovery medium on the behaviour of both species was also studied by re-
covering the untreated and stressed cells on nonselective or “reference”medium, which enumer-
ates the entire population, and on selective medium, which only recovers the undamaged cells.

No significant differences were observed in the duration of the lag phase (λ) and the growth
rate (μmax) of untreated Listeria innocua and Listeria monocytogenes cells as a function of the
recovering medium (i.e., nonselective TSA-YE and selective TSA-YE-SC) at either inoculum
concentrations (p> 0.05), as presented in Tables 3 and 4. Therefore, the salt concentration
that was used as a supplement in the culture medium had no effect on the growth kinetics of
untreated cells at either inoculum size.

When Listeria innocua and Listeria monocytogenes cells were stressed by different citral
concentrations, the results indicated that for both initial inoculum concentrations, L. innocua
and L. monocytogenes cells that were recovered in TSA-YE exhibited a greater extension of the
lag time and a slower growth rate than those recovered in TSA-YE-SC (p� 0.05). However,
when the higher inoculum size was grown with the highest concentration of citral, no signifi-
cant differences in the maximum specific growth rate were observed (Tables 3 and 4). The ex-
tension of the lag phase in cells recovered in reference medium could be due to the growth of a
mixture of healthy and damaged cells, while in the stressing medium, only healthy cells can
grow normally, as demonstrated in assays using unstressed cells. The extension of the lag phase
was also observed by [41], [42] when the cells were physically injured. [43] also reported that
sublethally injured L. monocytogenes often exhibit a slower growth rate than their healthy
counterparts, as well as altered virulence characteristics and higher sensitivity to
unfavourable conditions.

Considering the results presented in Tables 3 and 4, the percentage of damaged cells was
also determined. The results indicated that the presence of citral in the TSB culture medium
damaged cells; this damage was dependent on both citral concentration and inoculum concen-
tration (Table 5). For both Listeria species, the higher inoculum concentration resulted in a
lower percentage of damaged cells, except for untreated cells, for which no significant differ-
ences were obtained (p>0.05). When bacterial cells were exposed to citral, the proportion of
sublethally injured cells increased with increasing citral doses; the one-way ANOVA revealed

Effects of Citral on Listeria innocua and Listeria monocytogenes
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Table 4. Mean values ± standard error of the duration of the lag phase (λ) and the maximum specific
growth rate (μmax) of Listeria innocua as a function of the recovery culture medium (i.e., TSA-YE and
TSA-YE-SC) and the concentration of citral using an initial inoculum size of 102 cfu/mL and of 106

cfu/mL.

Citral (μL/mL) 102 cfu/mL

λ ± SE (h) μmax ± SE (log10 (cfu/mL))/h

TSA-YE-SC TSA-YE TSA-YE-SC TSA-YE

0.0 0.300 ± 0.04Aa 0.305 ± 0.03Aa 0.569 ± 0.02Aa 0.547 ± 0.02Aa

0.150 1.727 ± 0.01Bb 2.180 ± 0.01Ba 0.524 ± 0.01Bb 0.440 ± 0.01Ba

0.250 5.315 ± 0.01Cb 6.012 ± 0.01Ca 0.309 ± 0.02Cb 0.202 ± 0.04Ca

106 cfu/mL

λ ± SE (h) μmax ± SE (log10 (cfu/mL))/h

TSA-YE-SC TSA-YE TSA-YE-SC TSA-YE

0.0 0.276 ± 0.06Aa 0.287 ± 0.07Aa 0.533 ± 0.03Aa 0.529 ± 0.04Aa

0.150 0.855 ± 0.01Bb 1.832 ± 0.01Ba 0.488 ± 0.01Bb 0.432 ± 0.01Ba

0.250 3.889 ± 0.02Cb 4.100 ± 0.03Ca 0.123 ± 0.03Ca 0.101 ± 0.03Ca

A–CMean values followed by different letters in the same column differ significantly by Fisher’s LSD test

(p � 0.05).
a, bMean values followed by different letters in the same row differ significantly by Fisher’s LSD test

(p � 0.05).

doi:10.1371/journal.pone.0114026.t004

Table 3. Mean values ± standard error of the duration of the lag phase (λ) and the maximum specific
growth rate (μmax) of Listeria monocytogenes cells as a function of the recovery culture medium
(i.e., TSA-YE and TSA-YE-SC) and the concentration of citral using an initial inoculum size of 102

cfu/mL and of 106 cfu/mL.

Citral (μL/mL) 102 cfu/mL

λ ± SE (h) μmax ± SE (log10 (cfu/mL))/h

TSA-YE-SC TSA-YE TSA-YE-SC TSA-YE

0.0 0.520 ± 0.02Aa 0.533± 0.03Aa 0.601 ± 0.05Aa 0.590 ± 0.04Aa

0.150 1.802 ± 0.05Bb 2.569 ± 0.04Ba 0.525 ± 0.02Bb 0.470 ± 0.01Ba

0.250 7.010 ± 0.08Cb 8.094 ± 0.04Ca 0.216 ± 0.05Cb 0.181 ± 0.01Ca

106 cfu/mL

λ ± SE (h) μmax ± SE (log10 (cfu/mL))/h

TSA-YE-SC TSA-YE TSA-YE-SC TSA-YE

0.0 0.490 ± 0.06Aa 0.500 ± 0.04Aa 0.582 ± 0.08Aa 0.571 ± 0.03Aa

0.150 0.967 ± 0.04Bb 1.259 ± 0.06Ba 0.498 ± 0.01Bb 0.448 ± 0.01Ba

0.250 3.987 ± 0.03Cb 4.754 ± 0.05Ca 0.142 ± 0.06Ca 0.102 ± 0.02Ca

A–CMean values followed by different letters in the same column differ significantly by Fisher’s LSD test

(p � 0.05).
a, bMean values followed by different letters in the same row differ significantly by Fisher’s LSD test

(p � 0.05).

doi:10.1371/journal.pone.0114026.t003
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significant differences between citral levels (p� 0.05) for both Listeria species and both inocu-
lum concentrations. Our results are consistent with [40], who detected increased proportions
of sublethally damaged E. coli in the presence of 200 μL/L of citral.

The damage cell membrane of Listeria by citral can also be supported by other experimental
methods. The overview of experimental approaches used to identify target sites and modes of
action of antimicrobial compounds includes monitoring of disruption of cytoplasmic mem-
brane by uptake of fluorescent DNA-binding stains, such as propidium iodide (PI), SYTO9,
ethidium bromide (EB), and carboxy fluorescein diacetate (cFDA), using fluorescence micros-
copy or flow cytometry [44], by measurement of ATP leakage from the cells using an assay
based on luciferase activity quantified bybioluminescence [10], [45], by changes in concentra-
tion gradientes of ions across a cell membrane, which can be detected by fluorometry using
bis-oxonol or DiSC3, or by flow cytometry using bis-oxonol, DiOC2, or BOX [10] and
others methods.

Conclusions
The results presented here demonstrate that citral exhibited antilisterial activity against L. inno-
cua and L. monocytogenes and can be applied in active packaging to control possible recontam-
ination of foods or in combination with other preservation technologies. It is necessary to take
into account that its application as food preservative alone is limited by its strong flavor when
added in large amounts, which negatively affects the organoleptic properties of food. So, it is
necessary to combine these main components of EOs to decrease their addition to produce the
desired antibacterial effect at a concentration that does not produce undesirable changes in the
flavor or aroma. Nevertheless, low concentrations of citral as those used when combined with
other preservation technologies produce damaged cells. This result is important because dam-
aged cells can contribute to the creation of resistance or changes in the virulence of the cells.
The effect of citral on microorganisms was dependent on the concentration of preservative
present in the culture medium and on the inoculum concentration being this an important pa-
rameter to be considered during the development of growth models. Listeria innocua could be
used as surrogate for Listeria monocytogenes when testing the effect of this antimicrobial be-
cause Listeria innocua represents a worse scenario due to its shorter lag phase.
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