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Abstract: Foodborne diseases (FBD) are a great problem worldwide, leading millions of people to
seek medical help and to significant economic losses for industry. Among the agents implicated
in FDB is Bacillus cereus, a Gram-positive, toxigenic and endospore-forming bacterium. In this
study, rhamnolipid (RL) biosurfactant, celery oleoresin (OR) and limonene (LN) were evaluated
as bio-based alternatives for controlling the growth of vegetative cells and endospores of B. cereus.
To address their antimicrobial activity, the compounds were tested separately and in combination.
Results demonstrate that, when combined with RL, both OR and LN have lower minimal inhibitory
concentration (MIC) values and increased endospore inhibition potential. A percentage of endospore
inhibition from 73% to 98%, corresponding to a 2.8–3.6 log reduction in spore outgrowth, was
observed. RL inhibited B. cereus growth and endospore germination and potentially enhanced the
antimicrobial efficacy of the natural hydrophobic compounds tested.
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1. Introduction

Foodborne diseases (FBD) resulting from the ingestion of foodstuffs contaminated with
microorganisms or chemicals represent a growing public health problem worldwide [1]. It
is estimated that 600 million people fall sick and 420 thousand die every year after ingestion
of contaminated food [2]. Between 2007 and 2017, 96% of FBD outbreaks registered in
Brazil were caused by bacteria, including Bacillus cereus [3]. In 2016, a food poisoning
outbreak was reported in New York from a Chinese fast food chain and 33 B. cereus isolates
were found on bean samples [4]. In outbreaks registered in France from 2007 to 2014, as
little as 400 CFU/g B. cereus was found in the incriminated foods and reported to be enough
to cause symptoms [5]. Those studies help illustrate how difficult it is to eliminate the
bacterium in industrial processing plants and show its capacity to cause disease in humans
even when present at low numbers. Considering the importance of controlling such
pathogens to public health, food manufactures are continuously searching for innovative
methods to guarantee the safety of their products.

Consumers’ preference for natural additives rather than artificial ones [6] stimulates
the industry to find new bio-based and green preservatives. The use of natural biocontrol
agents derived from microbes or plants such as bacteriocins, endolysins and essential
oils (EOs) is gaining increasing interest, especially due to the development of microbial
tolerance to disinfectants [7].

EOs are complex, volatile and hydrophobic compounds formed by plants as secondary
metabolites [8,9]. Their antimicrobial activity against food pathogens has been extensively
reported [10–13]. Oleoresins (OR), in contrast, are viscous mixtures of essential oils and
resins that are extracted from spices through organic solvents [14,15]. ORs can be found
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in liquid form when adding solvents such as propylene glycol, which also facilitates
their use in food products [14]. ORs contain both volatile and non-volatile components
and present a high shelf life since they are practically absent of water, thus reducing
oxidative degradation, flavor loss and microbial contamination [16]. D-limonene (LN) is
the major constituent of several EOs, especially from citrus species, and its presence has
been associated with the antimicrobial activity of such compounds [11,12].

Although plant-derived oils and oleoresins have shown antimicrobial effects, their
use is limited, due to the higher concentrations needed to be effective, their low water
solubility and their strong sensorial impact [17]. An alternative to this problem is the use
of emulsifiers, such as surfactants, that permit improving water solubility, reducing the
amount of the oil needed and its undesirable sensorial effects.

Microbial-derived surfactants can replace synthetic ones with some advantages since
they show similar surfactant and emulsifier characters, are eco-friendly and bio-based
and are good candidates in the development of innovative “green” food products [18].
Rhamnolipids (RL) are glycolipid biosurfactants, produced primarily by Pseudomonas sp.,
that have shown potential as antimicrobial, anti-adhesive and anti-biofilm agents against
food pathogens [19–22].

Within this context, this work investigates the antimicrobial potential of celery (Apium
graveolens) OR, limonene and their combination with rhamnolipids against planktonic cells
and endospores of B. cereus.

2. Materials and Methods
2.1. Oils, Oleoresins and Biosurfactant

Oleoresin (8%) extracted from Apium graveolens seeds was kindly donated by Beraca
Sabará S.A (Santa Bárbara d’Oeste, Brazil). Limonene (97% purity—Cutrale, Araraquara,
Brazil) was kindly donated by Prof. André L. M. Porto. Rhamnolipid biosurfactant (90%
purity) was acquired from AGAE Technologies (Corvallis, OR, USA).

2.2. Mixture Stock Solutions

OR or LN was mixed with propylene glycol (1:1 or 1:0.5 for endospores germination
experiment) before being added to the culture broth containing a final concentration of
0.02% of Tween 80 or 500 µg/mL of RL. The final concentration for OR and LN in stock
solutions was 80,000 µg/mL and such values were based on the maximum amount of
propylene glycol found to not affect bacterial growth, which was previously defined
as 12.5%.

The mixtures were homogenized by vortexing and filtered (0.45 µm). RL was diluted
in culture broth and further sterilized by filtration (0.22 µm). The final concentration of RL
stock solution was 5000 µg/mL.

2.3. Microorganism

The Bacillus cereus ATCC 33,018 strain was stored at −20 ◦C on TSB (Tryptic Soy
Broth—Himedia) supplemented with 6 g/L of yeast extract (TSYEB) and 20% (v/v) glycerol.

2.4. Identification of Celery Oleoresin Components by GC-MS

Fatty acid methyl esters (FAME) of celery OR (10 mg) were prepared under stirring
using concentrated sulfuric acid (1 drop) and methanol (1 mL) at 60 ◦C for 30 min. After
cooling, 2 mL of NaCl and 1 mL of n-hexane were added, and the solution was stirred and
left undisturbed for phase separation. The upper phase was separated, and chromatogra-
phy analysis was performed using a Shimadzu QP2010 (Shimadzu Corporation, Kyoto,
Japan) system comprising an AOC-20 auto-sampler and gas chromatograph interfaced with
a mass spectrometer (GC-MS QP2010 Plus) with a J&W Scientific DB-5MS (Folsom, CA,
USA) (5% phenylmethylpolysiloxane) fused silica capillary column (30 cm × 0.25 mm i.d.,
0.25 µm film thickness). The operation was carried out in electron impact mode at 70 eV.
Helium (99.999%) was used as carrier gas at a constant flow of 0.99 mL/min, and an injec-



Foods 2021, 10, 455 3 of 13

tion volume of 1 µL was employed (split ratio of 1:10). The injector temperature was 250 ◦C,
and the ion source temperature was 250 ◦C. The oven temperature was programmed from
50 (isothermal for 1 min), with an increase of 5 ◦C/min., to 300 ◦C, ending with a 10-min
isothermal period at 300 ◦C. Mass spectra were taken at 70 eV with a scan interval of 0.3 s
and fragments of 40 to 500 Da [23]. The identification of the methyl esters was performed
by computerized matching of the acquired mass spectra with those stored in mass spectral
libraries of the equipment data system. For terpene analysis, a mixture of hydrocarbons
(C9H20–C18H38) was injected under the conditions described above and identification of
constituents was also performed by computerized matching and by comparison of the
spectra obtained with those of the databank and considering the relative retention index
(RRI) [24].

2.5. Determination of Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal
Concentration (MBC)

Stock cultures of B. cereus were transferred to TSEYA (Tryptic Soy Agar supplemented
with 6 g/L of yeast extract) and incubated for 24 h at 37 ◦C. Cells were transferred to 5 mL of
TSEYB and incubated for an additional 24 h at 37 ◦C. An aliquot of 1 mL of cell suspension
was transferred to 4 mL of fresh TSEYB and incubated for 3 h at 37 ◦C. Antimicrobial
activity was performed on 96-well microplates using the micro-broth dilution technique
based on Clinical and Laboratory Standards Institute [25] guidelines. Microplate wells were
filled with 100 µL of TSEYB followed by addition of 100 µL of the tested mixture on the
first column and a 2-fold serial dilution. After serial dilutions of the antimicrobials, 20 µL
of the standardized bacterial inoculum (107 CFU/mL) was added to each well and the
microplates were incubated at 37 ◦C for 24 h. After visual inspection, 10 µL from the wells
where no bacterial growth was observed was spotted on agar plates and incubated at 37 ◦C
for 24 and 48 h. MBC was defined as the lowest MIC concentration where no viable growth
was detected. Subsequently, 20 µL of 0.1% tetrazolium bromide (MTT-Sigma Aldrich, St.
Louis, MO, USA) solution was added to the wells for 1 h to confirm the presence or absence
of growth. The MIC was defined as the lowest concentration of antimicrobial mixture that
showed no change in the MTT original color.

2.6. Time–Kill Assay

The bacterial growth in the presence of antimicrobials was evaluated using a time
dependence assay as described by Verma, 2007 [26]. The tests were conducted in glass
tubes filled with 5 mL of culture broth containing one of the antimicrobial mixtures (RL,
OR + RL or LN + RL) at MIC and 16x MIC concentration. Inoculum was prepared as
described above (2.5) and 1 mL of standardized bacterial suspension was added to the
tubes following incubation at 37 ◦C. At different time intervals, the number of viable cells
was determined by the drop method [27]. Control tubes with no antimicrobial addition
were also assessed.

2.7. Endospore Germination Inhibition

Stock cultures of B. cereus were transferred to TSEYA and incubated for 24 h at 37 ◦C.
After that, cells were transferred to a modified nutrient agar plate to favor sporulation
(nutrient agar supplemented with 0.06 g/L MgSO4 and 0.35 g/L KH2PO4) and incubated
for 10 days at 37 ◦C [28].

Resulting cultures were suspended in sterilized distilled water, and the optical density
was adjusted to 0.5 at 610 nm. This OD corresponds to 3 × 107 cells/mL. Cell suspension
was then heated to 75 ◦C for 20 min to assure only the endospores were present [28]. To
confirm sporulation, malachite green staining was performed (2.8). An amount of 1 mL of
endospore suspension was then added to 5 mL of TSEYB containing specific concentrations
(16× MIC and 32× MIC) of RL, OR + RL or LN + RL. Samples were further incubated
at 37 ◦C without agitation. At specific time points (0, 2, 6, 10 and 24 h), a 0.1 mL aliquot
from each treatment was taken and added to 0.9 mL of saline solution (NaCl 0.86%) to
perform a 10-fold serial dilution. Viable cells were counted by using the drop method [27].
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Non-treated cells at time 0 were used as control for germination inhibition experiments.
Log reduction was calculated for each specific time comparatively to the control.

The percentage of endospore germination inhibition and the log reduction were
calculated using the following equations [28]:

% endospore germination inhibition =
(CFUcontrol − CFUtreated)

CFUcontrol
× 100, (1)

Log reduction = log10

(
CFUcontrol
CFUtreated

)
(2)

2.8. Endospore Staining

A 2 mL sample of culture broth was centrifuged at 10,000 rpm for 10 min. The super-
natant was discarded, and cells were washed with 2 mL distilled water and centrifuged
again. Supernatant was discarded and cell pellet was resuspended in 50 µL distilled water.
Cellular suspension was then transferred to a glass slide, heat fixed and covered with mala-
chite green solution (5%). Slides were passed through a flame for 5 min, paying attention
to not boil the dye. The slide was then washed and stained with a safranin solution (2.5%)
for 30 s [29,30]. After being air dried, the slides were observed by bright-field microscopy
using immersion lens.

2.9. Statistics

MIC and MBC values were expressed as the mode of at least three independent
replicates. All other data are represented as the mean ± SD of three independent replicates.
Analysis of variance (ANOVA) and the Tukey test were performed using OriginPro, version
8.5 (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

A preliminary screening using food-derived essential oils and oleoresins showed
that Apium graveolens OR was efficient in controlling the growth of food pathogens such
as Listeria monocytogenes and Bacillus cereus (data not shown). Based on such previous
observations, we developed this new study to investigate, in detail, the antimicrobial
activity demonstrated by the celery OR. Considering that one of the main difficulties
in the application of EO and OR is their low water solubility, we also evaluated their
combination with rhamnolipids since the amphiphilic nature of the biosurfactant may
improve solubility and favor the delivery of hydrophobic compounds to cell targets. In
addition, rhamnolipids also demonstrate antimicrobial activity against several Gram-
positive food pathogens [31]; thus, we hypothesize that their combination with OR and/or
EO can improve the antimicrobial potential of the natural compounds. Bacillus cereus was
selected as our model study bacterium because of its importance as a food pathogen, along
with its endospore-forming ability.

3.1. Analysis of Celery Oleoresin

To identify the main components present in the celery OR, a GC-MS analysis was
performed and the results are shown in Table 1. Terpenes (limonene), sesquiterpenes
(β-selinene), flavor (aromatic) compounds (3-buthylphthalide, sedanenolide) and fatty acid
esters were found as the major compounds. Although no reports using oleoresin are avail-
able for comparison, most studies in the literature identified terpenes and sesquiterpenes
as the main active components of celery seed EO [32,33]. Therefore, we also investigated
the antimicrobial activity of limonene (LN) since it is considered the major component of
celery EO responsible for the antimicrobial activity against several pathogens [33,34].
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Table 1. Chemical composition of celery (Apium graveolens) oleoresin.

RT (min) 1 Compound % GC-MS Exp RRI 2 Lit RRI 3

1 9.965 limonene 9.48 1039 1024
3 13.415 pentyl ciclohexa-1,3-diene 0.36 1158 1156
4 18.980 1-phenyl-1-pentanone 0.57 1358 1364
5 20.705 β-kariophylene 0.23 1423 1417
6 22.455 β-selinene 3.11 1494 1489
7 22.615 α-selinene 0.77 1501 1498
8 23.190 methyl dodecanoate 0.06 1524 –
11 24.725 kariophylene oxide 0.27 1586 1582
12 26.295 3-butylphthalide 5.67 1655 1647
13 26.415 β-eudesmol 0.86 1661 1649
14 26.730 3Z-butylidenephthalide 0.20 1675 1671
16 27.765 sedanenolide 7.41 1722 1719
17 27.915 neocnidilide 1.75 1728 1722
18 28.040 Z-ligustilide 0.34 1734 1734
19 29.980 methyl pentadecanoate 0.27 1815 –

23 31.435 methyl
7,10,13-hexadecatrienoate 0.28 1859 –

24 31.535 methyl 7-hexadecenoate 0.37 1862 –
25 31.600 methyl 9-hexadecenoate 0.87 1865 –
27 32.0.45 methyl hexadecanoate 8.23 1878 –
28 32.745 hexadecanoic acid 0.08 1900 –
31 33.985 methyl heptadecanoate 0.26 1947 –
35 35.280 methyl 9,12-octadecadienoate 11.68 1996 –
36 35.465 methyl 9-octadecenoate 30.50 2003 –
37 35.875 methyl octadecanoate 3.58 2019 –
38 36.115 9-octadecenoic acid 1.03 2028 –
40 38.880 methyl 11-eicosenoate 0.23 2134 –
42 39.375 methyl eicosanoate 0.66 2152 –
44 41.030 methyl henicosanoate 0.08 2216 –
47 42.620 methyl docosanoate 0.56 2276 –
48 44.155 methyl tricosanoate 0.18 2334 –
52 45.630 methyl tetracosanoate 0.58 2391 –
53 46.785 trans-squalene 0.14 2435 –
54 47.065 methyl pentacosanoate 0.08 2445 –
57 48.440 methyl hexadocosanoate 0.40 2498 –
60 51.070 methyl octacosanoate 0.49 2598 –
61 52.705 β-stigmasterol 0.51 2660 –
63 54.045 methyl triacontanoate 0.16 2711 –

Identified 92.30
Non-identified 7.70

Fatty esters 60.63
Total 100.00

1 Retention time in minutes. 2 Experimental relative retention index. 3 Literature relative retention index.

3.2. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC)

Vegetative B. cereus cells were treated with solutions containing RL, OR and LN alone
or in combination to determine the minimal concentrations necessary to inhibit growth
and to kill the bacterial cells after 24 and 48 h of exposure (Table 2).

Table 2. Antimicrobial activity of the tested compounds against B. cereus vegetative cells.

Compound MIC (µg/mL) MBC 24h (µg/mL) MBC 48h (µg/mL)

RL 9.8 156.25 156.25
OR 40,000 >40,000 >40,000

OR + RL 2500 OR + 15.63 RL 20,000 OR + 125 RL >40,000 OR + 250 RL
LN 2500 >40,000 >40,000

LN+RL 1250 LN + 7.81 RL 20,000 LN + 125 RL 20,000 LN + 125 RL
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When considered alone, RL was able to inhibit cell growth with concentrations as low
as 9.8 µg/Ml, and cell death was obtained with 156.25 µg/mL. OR showed the highest MIC
value of tested compounds. For both oils, it was not possible to determine the MBC based
on the concentrations tested. When combined with RL, on the other hand, both OR and LN
showed a reduction in the MIC and present MBC. The mixture containing OR + RL was
able to inhibit cell growth with 2500 + 15.63 µg/mL and kill cells with 20,000 + 125 µg/mL
(24 h), while the LN + RL mixture had an MIC of 1250 + 7.81 µg/mL and an MBC of 20,000
+ 125 µg/mL. These results suggest that, when combined with RL, the antimicrobial effect
of OR and LN is enhanced. By contrast, it is also possible to assume that OR may have an
inhibitory effect on RL, since Table 2 shows that more RL is needed to reach the MIC when
combined with OR.

3.3. Time–Kill Assays

A new set of experiments was conducted using the previously determined MIC and
MBC values, in order to study the bacterial behavior in the presence of the antimicrobials
during the time-defined intervals. Since no MBC was observed even for OR and LN alone,
they were not considered for this assay.

The growth of B. cereus cells in the presence of RL, OR + RL and LN + RL revealed that
the values initially designated as MBC are not capable of eradicating the cell population
(Figure 1), although they were 16 times higher than the MIC concentration. Rhamnolipid
treatment reduced the viable cell population by around 4 log and the population was
maintained at this level after 24 h (Figure 1a). The combination of RL with LN and OR
improved their antimicrobial efficacy, corroborating the data shown in Table 2. For LN + RL,
there is no apparent difference between the MIC and the 16x MIC values (Figure 1c).
On the contrary, for OR + RL, it is possible to observe that the increase in the mixture
concentration caused a decrease in cell survival (Figure 1b). This fact can be explained
by the increasing concentration of active compounds present in OR, such as terpenes and
sesquiterpenes (Table 1).

It is also worth noting that all curves show roughly a 2 log drop in CFU/mL after only
2 h of contact. We speculate that this behavior is caused by the endospore-forming ability
of B. cereus under adverse situations. The initial drop in cell counts means that some cells
died within this period of time, while the remaining cells switched on into endospores. To
confirm this hypothesis, test samples were stained, and microscopy revealed the presence
of endospores (Figure 2).

The inconsistency in MBC values described in Table 2 can be explained by the count
method utilized. We observed that during serial dilutions to perform the viable count, the
first undiluted sample did not show growth after incubation; however, in the subsequent
decimal dilutions of the same sample, several colonies were observed (Supplementary
Materials Figure S1). This fact is caused by the antimicrobial dilution factor; thus, in the
first sample (without dilution), the drug concentration was able to avoid cell growth, while
after dilution, the remaining cells (or endospores) could grow. As the MBC was performed
after 24 and 48 h of incubation by plating the original sample in a fresh plate without
dilution, the remaining antimicrobial concentration was sufficient to inhibit the growth or,
possibly, endospore germination. In addition, as shown in Table 2, the MBC of the OR + RL
mixture was increased after 48 h, corroborating the statements described above.

Antimicrobial activity against Bacillus cereus was previously reported for RL [31,35],
limonene [36,37] and celery EO [35]; however, there are no reports regarding the use of
celery oleoresin and/or EO components associated with RL. Similar studies using the
particular compounds showed that celery seed EO (100% v/v) presented an inhibition zone
of 33 mm against B. cereus cells [32]. In another study, 250 µg/mL of limonene was able to
inhibit B. cereus growth; however, no MBC was observed [37]. In addition, an inhibition
zone of 6.3–6.7 mm was reported when 420 µg of limonene was tested against two strains
of B. cereus [36]. Rhamnolipids showed an MIC of 19.5 µg/mL [31] and an inhibition zone
ranging from 13 to 22 mm against B. cereus strains [35]. These examples point out that
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differences regarding the strains’ sensitivity, methodology, purity of the compounds and
their formulations can influence the antimicrobial activity; thus, it is difficult to compare
our results with the ones available in the literature.
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Considering that the mechanism involved in the antimicrobial activity of both RL
and LN/EO is related to disturbance in the permeability/integrity of the bacterial cell
membrane [34,38–40], we can suggest that the combination of a biosurfactant and active
hydrophobic compounds may in fact increase their solubility, favoring interaction with
the cells.

As observed, the presence of RL and its combination with OR and LN can inhibit the
growth of vegetative cells but also induces B. cereus sporulation (Figure 2). It was also
demonstrated that under the presence of the antimicrobials, the population was maintained
relatively constant, suggesting they might also inhibit endospore germination. To test this
hypothesis, further germination inhibition assays were conducted.
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3.4. Endospore Inhibition

The endospores of B. cereus were treated with RL and its respective mixtures with
celery OR and LN. The percentage of germination inhibition (CFU) and log reduction
in outgrowth were calculated after different times of exposure. RL showed a reduction
around 93% in germination after 24 h. Additionally, the increase in RL concentration and
time of exposure did not significantly increase the inhibition of endospore germination
(Figure 3). A maximum of a 3.6 log reduction in endospore outgrowth was also observed
after 6 h compared to the control at the same time (Figure 4a). When RL was mixed with
OR, the maximum inhibition percentage (73%) and log reduction (2.8) were obtained for
the highest concentration tested. As also shown in Figure 1b, the increase in concentration
improved the activity of the OR + RL mixture, probably due to the increase in the active
compounds present in OR (Table 1). As observed in vegetative cells, OR also seems to
inhibit the effect of RL on endospores, since when both antimicrobials are combined, lower
endospore germination inhibition values are displayed compared to RL alone (Figure 1).

The combination of LN + RL demonstrated the highest endospore inhibition values
after 24 h of exposure, achieving a maximum of 98% inhibition. An important decrease in
cell counts over time was also observed, reaching a 3.3 log reduction after 24 h, as shown in
Figure 4c. As previously discussed, one of the main components of OR is LN (around 9.5%)
and it may be responsible (at least in part) for OR’s antimicrobial effect. This could explain
why, when LN is in its purified form, it shows higher antimicrobial potential compared
with OR samples.
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Regardless of RL and EO, antimicrobial action against vegetative B. cereus cells is well
documented, though reports on their activity against endospores are scarce in the literature.
Huang et al., 2007 [41], evaluated the potential of a lipopeptide biosurfactant produced
by B. subtilis to inactivate B. cereus endospores. The lipopeptide displayed an MIC of
156.25 µg/mL, and the authors proposed the combination with heat to reduce endospore
germination. A 2 log reduction was attained after treatment of B. cereus endospores for 7.6 h
at 29.6 ◦C with 3.46 mg/mL of the lipopeptide. A spore coat disruption was also observed,
and the authors proposed that the surfactant nature of the compound could favor the
binding to lipoproteins and internalization of the biosurfactant, resulting in coat damage.

The increasing in lipophilic character of organic acids and alcohols enhanced the
inhibition of B. cereus spore germination. The accumulation of such compounds in the
inner membrane was correlated with the length of their carbon chains and consequent
endospore germination inhibition [42].

Further reports have demonstrated that the amphiphilic nature of surfactants, more
precisely, their hydrophilic–lipophilic balance (HBL), can be correlated with endospore
inactivation potential. The hydrophobic compounds citral, p-cymene and bornyl acetate
were more effective at inhibiting B. subtilis endospores than hydrophilic compounds such
2,3 dihydrobenzofuran and β-pinene [43]. The average HBL value of the compounds
causing a significant 1–2 log reduction in endospores was 9.3, which is similar to several
chemical surfactants. According to the authors, the structural proteins of the spore coat can
be changed due to binding of their polar and apolar groups to hydrophilic and hydrophobic
moieties of the surfactants.

Green tea polyphenol samples including a crude extract, epigallacatechin-3-gallate
and their respective lipophilic derivatives were reported to prevent endospore germina-
tion in different Bacillus species. The four types of polyphenols inhibited B. cereus spore
germination by 94–100% with a log reduction ranging from 1.27 to 3.0. A disruption in the
B. cereus spore coat, changing in coat morphology and spore agglutination, was observed
after the polyphenol treatment [28].

Although the exact mechanisms involved in spore inhibition are unknown, it is a
consensus that the lipophilic nature of chemical compounds influences their activity. Since
the endospore surface is hydrophobic, molecules with this character might easily interact
with several targets present in the inner/outer coats, cortex, membrane and core [44].

The HBL of RL is dependent (among other factors) on the purity and composition of
homologous compounds present in the mixture, and several different values have been
reported in the literature, ranging from 6.5 to 24 [45,46]. Thus, the amphiphilic char-
acter presented by the rhamnolipids may account for the results observed in our work.
The combination of RL with the hydrophobic compounds LN and OR can improve their
solubility and consequent interaction with endospore structures, as also proposed for vege-
tative cells. Our results demonstrate that RL potentially inhibits B. cereus vegetative cells
and endospore germination and also enhances the antimicrobial action of the oil-derived
compounds tested. Further studies should be conducted to understand the mechanism
involved in the endospore inhibition by the compounds.

To our knowledge, this is the first report on using RL and its mixture with LN and
celery OR to inhibit B. cereus endospores. Combinations of such compounds with physical
methods (heat, radiation, pressure) or the development of micro/nanoemulsions exploring
RL and OR/EO components may result in innovative strategies to control this important
food pathogen.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/2/455/s1, Figure S1: Images of the Petri dishes used for viable cell counting. On the undiluted
sample, growth after incubation was not observed; however, as the dilution of the sample occurred,
several colonies were observed. (a) LN + RL; (b) RL. Numbers on plates represent how many times
the samples were 10-fold diluted.

https://www.mdpi.com/2304-8158/10/2/455/s1
https://www.mdpi.com/2304-8158/10/2/455/s1


Foods 2021, 10, 455 11 of 13

Author Contributions: Conceptualization, M.N.; methodology, D.M.D.M. and P.d.C.B.; formal
analysis, D.M.D.M. and P.d.C.B.; investigation, D.M.D.M. and P.d.C.B.; writing—original draft
preparation, P.d.C.B. and M.N.; writing—review and editing, P.d.C.B. and M.N.; supervision, project
administration and funding acquisition, M.N. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to thank COORDENAÇÃO DE APERFEIÇOAMENTO DE PES-
SOAL DE NÍVEL SUPERIOR (CAPES)—Grant n◦ 001, for PB’s and DM’s scholarships and FUN-
DAÇÃO DE AMPARO À PESQUISA DO ESTADO DE SÃO PAULO (FAPESP)—Grant n◦ 2019/14405-
9, for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Beraca Sabará S.A. for the celery oleoresin
donation. The authors also are grateful to André L. M. Porto for the limonene donation and GC-MS
facility and support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. World Health Organization. Available online: http://www.who.int/mediacentre/news/releases/2015/foodborne-disease-

estimates/en/ (accessed on 5 December 2020).
2. World Health Organization. Fact Sheets: Food Safety. Available online: https://www.who.int/news-room/fact-sheets/detail/

food-safety (accessed on 3 December 2020).
3. Ministério da Saúde. Secretaria de Vigilância em Saúde. Departamento de Vigilância das Doenças Transmissíveis. Surtos de

Doenças Transmitidas por Alimentos no Brasil. Available online: http://portalarquivos.saude.gov.br/images/pdf/2017/maio/
29/Apresentacao-Surtos-DTA-2017.pdf (accessed on 3 December 2020).

4. Carroll, L.M.; Wiedmann, M.; Mukherjee, M.; Nicholas, D.C.; Mingle, L.A.; Dumas, N.B.; Cole, J.A.; Kovac, J. Characterization of
Emetic and Diarrheal Bacillus cereus Strains From a 2016 Foodborne Outbreak Using Whole-Genome Sequencing: Addressing
the Microbiological, Epidemiological, and Bioinformatic Challenges. Front. Microbiol. 2019, 10, 144. [CrossRef]

5. Glasset, B.; Herbin, S.; Guillier, L.; Cadel-Six, S.; Vignaud, M.-L.; Grout, J.; Pairaud, S.; Michel, V.; Hennekinne, J.-A.; RamaRao,
N.; et al. Bacillus cereus-induced food-borne outbreaks in France, 2007 to 2014: Epidemiology and genetic characterisation.
Eurosurveillance 2016, 21. [CrossRef]

6. Carocho, M.; Morales, P.; Ferreira, I.C. Natural food additives: Quo vadis? Trends Food Sci. Technol. 2015, 45, 284–295. [CrossRef]
7. Gray, J.A.; Chandry, P.S.; Kaur, M.; Kocharunchitt, C.; Bowman, J.P.; Fox, E.M. Novel Biocontrol Methods for Listeria monocyto-

genes Biofilms in Food Production Facilities. Front. Microbiol. 2018, 9, 1–12. [CrossRef]
8. El Asbahani, A.; Miladi, K.; Badri, W.; Sala, M.; Addi, E.H.A.; Casabianca, H.; El Mousadik, A.; Hartmann, D.; Jilale, A.; Renaud,

F.N.R.; et al. Essential oils: From extraction to encapsulation. Int. J. Pharm. 2015, 483, 220–243. [CrossRef]
9. Swamy, M.K.; Akhtar, M.S.; Sinniah, U.R. Antimicrobial Properties of Plant Essential Oils against Human Pathogens and Their

Mode of Action: An Updated Review. Evid.-Based Complement. Altern. Med. 2016, 2016, 1–21. [CrossRef]
10. Hyldgaard, M.; Mygind, T.; Meyer, R.L. Essential Oils in Food Preservation: Mode of Action, Synergies, and Interactions with

Food Matrix Components. Front. Microbiol. 2012, 3, 12. [CrossRef]
11. Okunowo, W.O.; Oyedeji, O.; Afolabi, L.O.; Matanmi, E. Essential Oil of Grape Fruit (Citrus paradisi) Peels and Its Antimicrobial

Activities. Am. J. Plant Sci. 2013, 4, 1–9. [CrossRef]
12. Gomes, M.S.; Cardoso, M.D.G.; Soares, M.J.; Batista, L.R.; Machado, S.M.F.; Andrade, M.A.; De Azeredo, C.M.O.; Resende, J.M.V.;

Rodrigues, L.M.A. Use of Essential Oils of the Genus Citrus as Biocidal Agents. Am. J. Plant Sci. 2014, 5, 299–305. [CrossRef]
13. Andrade, B.F.M.T.; Barbosa, L.N.; Probst, I.D.S.; Júnior, A.F. Antimicrobial activity of essential oils. J. Essent. Oil Res. 2014, 26,

34–40. [CrossRef]
14. Sowbhagya, H.B. Chemistry, Technology, and Nutraceutical Functions of Celery (Apium graveolens L.): An Overview. Crit. Rev.

Food Sci. Nutr. 2013, 54, 389–398. [CrossRef] [PubMed]
15. Arshad, H.; Ali, T.M.; Abbas, T.; Hasnain, A. Effect of Microencapsulation on Antimicrobial and Antioxidant Activity of Nutmeg

Oleoresin Using Mixtures of Gum Arabic, OSA, and Native Sorghum Starch. Starch-Stärke 2018, 70, 1–12. [CrossRef]

http://www.who.int/mediacentre/news/releases/2015/foodborne-disease-estimates/en/
http://www.who.int/mediacentre/news/releases/2015/foodborne-disease-estimates/en/
https://www.who.int/news-room/fact-sheets/detail/food-safety
https://www.who.int/news-room/fact-sheets/detail/food-safety
http://portalarquivos.saude.gov.br/images/pdf/2017/maio/29/Apresentacao-Surtos-DTA-2017.pdf
http://portalarquivos.saude.gov.br/images/pdf/2017/maio/29/Apresentacao-Surtos-DTA-2017.pdf
http://doi.org/10.3389/fmicb.2019.00144
http://doi.org/10.2807/1560-7917.ES.2016.21.48.30413
http://doi.org/10.1016/j.tifs.2015.06.007
http://doi.org/10.3389/fmicb.2018.00605
http://doi.org/10.1016/j.ijpharm.2014.12.069
http://doi.org/10.1155/2016/3012462
http://doi.org/10.3389/fmicb.2012.00012
http://doi.org/10.4236/ajps.2013.47A2001
http://doi.org/10.4236/ajps.2014.53041
http://doi.org/10.1080/10412905.2013.860409
http://doi.org/10.1080/10408398.2011.586740
http://www.ncbi.nlm.nih.gov/pubmed/24188309
http://doi.org/10.1002/star.201700320


Foods 2021, 10, 455 12 of 13

16. King, K. Packaging and storage of herbs and spices. In Handbook of Herbs and Spices; Peter, K.V., Ed.; Woodhead Publishing Series in
Food Science, Technology and Nutrition; Woodhead Publishing: Cambridge, UK, 2006; Volume 3, pp. 86–102, ISBN 9781845690175.
Available online: http://www.sciencedirect.com/science/article/pii/B9781845690175500051 (accessed on 26 November 2020).

17. Lucera, A.; Costa, C.; Conte, A.; Del Nobile, M.A. Food applications of natural antimicrobial compounds. Front. Microbiol. 2012, 3,
287. [CrossRef] [PubMed]

18. Nitschke, M.; E Silva, S.S. Recent food applications of microbial surfactants. Crit. Rev. Food Sci. Nutr. 2018, 58, 631–638. [CrossRef]
19. Magalhães, L.; Nitschke, M. Antimicrobial activity of rhamnolipids against Listeria monocytogenes and their synergistic

interaction with nisin. Food Control 2013, 29, 138–142. [CrossRef]
20. De Araujo, L.V.; Guimarães, C.R.; Marquita, R.L.D.S.; Santiago, V.M.; De Souza, M.P.; Nitschke, M.; Freire, D.M.G. Rhamnolipid

and surfactin: Anti-adhesion/antibiofilm and antimicrobial effects. Food Control 2016, 63, 171–178. [CrossRef]
21. E Silva, S.; Carvalho, J.; Aires, C.; Nitschke, M. Disruption of Staphylococcus aureus biofilms using rhamnolipid biosurfactants. J.

Dairy Sci. 2017, 100, 7864–7873. [CrossRef]
22. Clements, T.; Ndlovu, T.; Khan, S.; Khan, W. Biosurfactants produced by Serratia species: Classification, biosynthesis, production

and application. Appl. Microbiol. Biotechnol. 2019, 103, 589–602. [CrossRef]
23. Marangon, C.A.; Martins, V.C.; Leite, P.M.; Santos, D.A.; Nitschke, M.; Plepis, A.M.G. Chitosan/gelatin/copaiba oil emulsion

formulation and its potential on controlling the growth of pathogenic bacteria. Ind. Crop. Prod. 2017, 99, 163–171. [CrossRef]
24. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry, 4th ed.; Allured Publishing

Corporation: Carol Stream, IL, USA, 2007; ISBN 978-1-932633-21-4.
25. CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; Approved Standard, 9th ed.; CLSI

Document M07-A9; CLSI: Wayne, PA, USA, 2012; ISBN 1-56238-784-7.
26. Verma, P. Methods for determining bactericidal activity and antimicrobial interactions: Synergy testing, time-kill curves, and

population analysis. In Antimicrobial Susceptibility Testing Protocols; Schwalbe, R., Steele-Moore, L., Goodwin, A.C., Eds.; Taylor &
Francis: Boca Raton, FL, USA, 2007; pp. 275–299, ISBN 9780429132346.

27. Miles, A.A.; Misra, S.S.; Irwin, J.O. The estimation of the bactericidal power of the blood. Epidemiol. Infect. 1938, 38, 732–749.
[CrossRef]

28. Ali, B.; Lee, L.H.; Laskar, N.; Shaikh, N.; Tahir, H.; Hsu, S.D.; Newby, R.; Valsechi-Diaz, J.; Chu, T. Modified Green Tea Polyphenols,
EGCG-S and LTP, Inhibit Endospore in Three Bacillus spp. Adv. Microbiol. 2017, 7, 175–187. [CrossRef]

29. Schaeffer, A.B.; Fulton, M.D. A simplifified method of staining endospores. Science 1933, 77, 194. [CrossRef] [PubMed]
30. Hamouda, T.; Shih, A.Y.; Baker, J.R., Jr. A rapid staining technique for the detection of the initiation of germination of bac-terial

spores. Lett. Appl. Microbiol. 2002, 34, 86–90. [CrossRef]
31. Ferreira, J.D.F.; Vieira, E.A.; Nitschke, M. The antibacterial activity of rhamnolipid biosurfactant is pH dependent. Food Res. Int.

2019, 116, 737–744. [CrossRef] [PubMed]
32. Hassanen, N.H.M.; Eissa, A.M.F.; Hafez, S.A.M. Antioxidant and antimicrobial activity of celery (Apium graveolens) and

coriander (Coriandrum sativum) herb and seed essential oils. Int. J. Curr. Microbiol. Aplp. Sci. 2015, 4, 284–296.
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