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Rodrigues Florencio, Mirella Chrispim Cerqueira de Oliveira, Luı́sa Maria Silveira de
Almeida and Julianna Oliveira de Lucas Xavier et al.
Vernonia polyanthes Less. (Asteraceae Bercht. & Presl), a Natural Source of Bioactive Compounds
with Antibiotic Effect against Multidrug-Resistant Staphylococcus aureus
Reprinted from: Antibiotics 2023, 12, 622, doi:10.3390/antibiotics12030622 . . . . . . . . . . . . . . 39

Daniela Sateriale, Giuseppina Forgione, Giuseppa Anna De Cristofaro, Chiara Pagliuca,
Roberta Colicchio and Paola Salvatore et al.
Antibacterial and Antibiofilm Efficacy of Thyme (Thymus vulgaris L.) Essential Oil against
Foodborne Illness Pathogens, Salmonella enterica subsp. enterica Serovar Typhimurium and
Bacillus cereus
Reprinted from: Antibiotics 2023, 12, 485, doi:10.3390/antibiotics12030485 . . . . . . . . . . . . . . 55

Iago Castro da Silva, Eveson Oscar Almeida Conceição, Daniel Santiago Pereira, Hervé
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Abstract: Because of the close connection between adhesion and many vital cellular functions,
the search for new compounds modulating the adhesion of bacteria belonging to the intestinal
microbiota is a great challenge and a clinical need. Based on our previous studies, we discovered
that O-lkyl naringenin derivatives and their oximes exhibit antimicrobial activity against antibiotic-
resistant pathogens. The current study was aimed at determining the modulatory effect of these
compounds on the adhesion of selected representatives of the intestinal microbiota: Escherichia
coli, a commensal representative of the intestinal microbiota, and Enterococcus faecalis, a bacterium
that naturally colonizes the intestines but has disease-promoting potential. To better reflect the
variety of real-life scenarios, we performed these studies using two different intestinal cell lines: the
physiologically functioning (“healthy”) 3T3-L1 cell line and the disease-mimicking, cancerous HT-29
line. The study was performed in vitro under static and microfluidic conditions generated by the
Bioflux system. We detected the modulatory effect of the tested O-alkyl naringenin derivatives on
bacterial adhesion, which was dependent on the cell line studied and was more significant for E. coli
than for E. faecalis. In addition, it was noticed that this activity was affected by the concentration of
the tested compound and its structure (length of the carbon chain). In summary, O-alkyl naringenin
derivatives and their oximes possess a promising modulatory effect on the adhesion of selected
representatives of the intestinal microbiota.

Keywords: adhesion; biofilm; Bioflux; microfluidic conditions; naringenin derivatives; intestinal
microflora

1. Introduction

Cell adhesion is a phenomenon of paramount importance in various physiological
processes. It affects a plethora of physiological functions of cells, e.g., growth, differen-
tiation, and migration. Interactions during adhesion can occur either on the cell-to-cell
or cell-to-extracellular matrix (ECM; extracellular matrix) pathway, which for eukaryotic
cells is essential for the development of tissues, organs, and even whole organisms [1].
Non-specific factors responsible for cell adhesion include van der Waals forces, hydrogen
and ionic bonds, and the presence of hydrophobic groups [2]. Cell–cell inter-adhesion is
additionally stabilized by specific mechanisms, including the production of cell membrane
glycoproteins, known as cell adhesion molecules (CAMs). The role of CAMs has been
confirmed in many processes, both physiological and pathological. Under natural condi-
tions, they are involved in, e.g., embryogenesis, wound healing, and the maintenance of
normal tissue organization [3,4]. The negative effects of CAMs include their involvement
in tumorigenesis by allowing: (1) progression (growth of the primary tumor by affecting
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cell differentiation); (2) tissue invasion (morphological abnormalities and disorganization
of the cytoskeleton); and (3) metastasis (involvement in detachment of tumor cells from the
neoplastic mass and migration to other organs) [5–7].

Adhesion is, however, not limited to eukaryotic cells. This phenomenon is also of
high importance for prokaryotic cells, which, using a number of factors, e.g., motile cilia,
fimbriae, lipopolysaccharide, and outer membrane proteins [8], easily reach the epithe-
lial surface. A model example of the relevance of the ligation process of microbes with
cell receptors is the gastrointestinal tract, the largest organ of our body. There are many
factors preventing the adhesion of microbes to the gastrointestinal tract, including mucus
production, intestinal peristalsis, antibodies, and other components of the non-specific
immune response. This greatly underscores the importance of this environment in the
context of modulating microbial adhesion. However, despite these processes, microor-
ganisms constituting the gastrointestinal microbiome can easily cope with this microenvi-
ronment and overcome the above-mentioned disadvantages, reaching a final biomass of
1013–1014 cells [9]. Over the years, it has become clear that the gastrointestinal microbiota
coordinates the proper functioning of metabolism, immunity, and the development of
the human body. Intestinal bacteria exhibit a number of positive effects on the health of
the host, such as the synthesis of vitamins (vitamin K or B group vitamins), degradation
and detoxification of toxic and mutagenic compounds, maintenance of intestinal epithelial
integrity (production of short-chain fatty acids), adsorption of electrolytes and mineral
salts (sodium, calcium, magnesium, potassium), as well as production of compounds with
bactericidal activity (e.g., bacteriocins) [10,11]. However, in this unique environment, the
adhesion process of potentially pathogenic microorganisms can also negatively influence
the human body. It initiates the production of pro-inflammatory cytokines, which stim-
ulate the development of an inflammatory, destructive cascade in the intestinal mucosa.
Simultaneously, effective adherence of microbes increases the risk of their transition into
the deeper layers of the mucosa and the production of systemic infections. In that respect,
of particular interest are reports highlighting the involvement of intestinal bacteria in
the development of some severe neurodegenerative conditions, such as Parkinson’s and
Alzheimer’s disease [12,13]. Because of the double-edged nature of the adhesion process
(involvement in cancer progression and infectious diseases or maintaining the physiology
of the host), proper control of this process seems to be of high scientific relevance. So far,
several adhesion-modulatory strategies have been described, including: (1) modification of
the microbial surface [14], (2) blockage of adhesin biosynthesis [15], (3) interference with
adhesin modification processes [16], or (4) the use of methods blocking interactions between
adhesins and cell receptors, e.g., anti-adhesion antibodies [17]. It is worth highlighting that
adhesive molecules also have a positive effect on the immune response. This has allowed
the development of anti-adhesion strategies aimed at modulating disorders of the immune
system, including asthma, psoriasis, Crohn’s disease, multiple sclerosis, inflammatory
bowel disease (IBD), and cancer [18–23].

In the last decade, it has become very popular in the scientific community to screen
various substances for their ability to modulate the virulence of different pathogens, includ-
ing interference with the production of adhesins. There are already the first indications that
compounds from natural sources (e.g., lycopene) affect the adhesion process both in vitro
and in vivo [24]. Therefore, it is advisable to find new substances that have a modulating
effect on the adhesion process. A very promising group of compounds commonly found in
nature are flavonoids. They exhibit a wide range of positive effects on human health. They
modulate the activity of the immune system and present anti-cancer, anti-inflammatory,
anti-atherosclerotic, and neuroprotective effects [25]. Previous studies performed by our
team underscore the attractiveness of bioflavonoid derivatives. Indeed, we demonstrated
the antimicrobial activity of O-alkyl derivatives of naringenin and their oximes against
multidrug-resistant strains, e.g., Staphylococcus aureus MRSA (methicillin-resistant S. aureus),
Enterococcus faecalis VRE (vancomycin-resistant Enterococcus), and clarithromycin-resistant
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Helicobacter pylori [26]. In addition to this, our latest report showed the anticancer activity
of these compounds against the human colorectal adenocarcinoma cell line (HT-29) [27].

Accordingly, the aim of the present study was to test the ability of O-alkyl derivatives
of naringenin and their oximes to modulate the adhesion of selected microorganisms
colonizing the gastrointestinal tract to cell lines derived from this organ.

2. Results

In our investigations, we determined the impact of O-alkyl derivatives of naringenin
(1a–10a) and their oximes (1b–10b) on the adhesion of two representative strains of gut
microbiota to HT-29 and 3T3-L1 cell lines. All compounds that were used in our research
are presented in Table 1. The chemical data and methods of obtaining these derivatives
were described by us in previous works [26,27].

Table 1. Structures of selected O-alkyl derivatives of naringenin (1a–10a) and their oximes (1b–10b).
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In the first stage of determining the activity of our newly synthesized compounds, we
decided to check the effect of their different concentrations on the adhesive properties of two
selected bacterial species: E. coli, a commensal representative of the intestinal microbiota,
and E. faecalis, a bacterium that naturally colonizes the intestines but has disease-promoting
potential. To better reflect the variety of real-life scenarios, we performed these studies
using two different intestinal cell lines, i.e., the physiologically functioning (“healthy”)
3T3-L1 cell line and the disease-mimicking, cancerous HT-29 line.

When E. coli was co-incubated with the 3T3-L1 line, we noticed a very interesting cor-
relation between the structure/chain length of tested compounds and their ability to mod-
ulate a physical bacteria-cell line interaction (Figure 1). We—observed that short—chain
a compounds very strongly promoted the adhesion of E. coli to the 3T3-L1 line (e.g., 1a at
1–50 µg/mL increased attachment by 3 to 16 times). The longer the chain of these com-
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pounds, the weaker the effect was, until the moment when bacterial adhesion was disturbed
by substances 9a (≈1.1- to 2-fold for 10–100 µg/mL) and 10a (≈2-fold, regardless of the con-
centration used). Interestingly, we observed a completely opposite effect for b compounds.
In this case, long-chain compounds promoted adhesion (10b was the strongest and induced
this process 1.5- to 5.5-fold), while short-chain ones significantly reduced this phenomenon
(e.g., 1b at 1 µg/mL decreased attachment to 63%, while at a concentration of 25 µg/mL
adherence was practically not observed). For all the tested compounds promoting adhesion,
both from the a and b groups, we noticed attachment-inducing activity only when using
low-level concentrations.

For E. coli co-incubated with the HT-29 line, the obtained results were much more
homogeneous—all the tested substances reduced the bacterial adhesion to eukaryotic cells
(Figure 1). In this case, the exceptions were substances 1a, 3b, 4b, 5b, 6b, and 10b at
50 µg/mL as well as 4b and 5b at 25 µg/mL. The most interesting results in this regard
were obtained for compound 4b, because at concentrations within the range of 1–10µg/mL
or 75–100 µg/mL the level of adherence was very low (often only a few percent), while at
concentrations equal to 25 µg/mL and 50 µg/mL adhesion was 17- and 5-fold higher than
in the control.

The results described in the above paragraphs suggest that the effect of tested com-
pounds on E. coli is: (a) dependent on the tested cell line and often has a positive effect on
adhesion to the physiological 3T3-L1 line; (b) in general terms, in both tested cell lines, the
positive effect of low concentrations and the negative effect of high concentrations on the
adherence of E. coli were noticed, while co-incubation studies of this bacterium with the
HT-29 line indicate also that precisely selected, high concentrations of some compounds
can strongly induce bacterial adhesion to the cell line.

In an alternative research scenario, taking into account the co-incubation of E. faecalis
with eukaryotic cells and the presence of various concentrations of tested compounds,
the effect of the cell line was not as significant as in the case of E. coli. When we used
the 3T3-L1 line, we again noticed the relationship between the length of the side chain of
compounds and their impact on bacterial adhesion (Figure 1). This effect was, however,
visible exclusively when increasing the side chain only from the C-7 position of naringenin
(1a/1b vs. 3a/3b vs. 5a/5b vs. 7a/7b vs. 9a/9b), but not from both C-7 and C-4′ sites of
naringenin simultaneously (2a/2b vs. 4a/4b vs. 6a/6b vs. 8a/8b vs. 10a/10b). For both
tested groups of compounds (annotated as a and b), we observed that the extension of
the side chain has a negative effect on the pro-adhesive activity of these substances. For
example, the compounds 1a and 3a as well as 1b and 3b had a much more beneficial effect
on the adhesion of E. faecalis (at 1–10 µg/mL they increased this process 1.5- to 3-fold) than
7a and 9a as well as 7b and 9b, which often actually limited the attachment.

When using the HT-29 line, co-incubation with E. faecalis showed a similar relationship
between the structure of the tested compounds and their effect on adhesion as presented
previously (Figure 1). We noticed that substances with the attachment of the eight- or nine-
carbon chain(s) in the C-7 and C-4′ positions of naringenin (6a–8a and 6b–8b) promoted
the adhesion of bacteria to eukaryotic cells (depending on the concentration used, up to
two times), while both compounds with shorter or longer side chains reduced this process.

In general, the results described above indicate that the effect of tested substances on
E. faecalis is: (a) dependent on the tested cell line, although this effect is much less significant
than in the case of E. coli; (b) influenced by the compounds’ structure; (c) in simple terms,
a positive effect of low concentrations and a negative effect of high concentrations were
observed; similarly to E. coli, when co-incubating E. faecalis with the HT-29 line, some
precisely selected, high concentrations of the tested compounds can strongly increase the
adhesion of this bacterium to the cell line.

4



Antibiotics 2023, 12, 1076

Antibiotics 2023, 12, x FOR PEER REVIEW 5 of 17 
 

 

Figure 1. The results presenting the influence of the tested O-alkyl derivatives of naringenin (1a–

10a) and their oximes (1b–10b) on the adhesion of E. coli and E. faecalis to the surface of the 3T3-L1 

and HT-29 cell lines in static conditions. The data are presented in the form of heat maps. The study 

was performed with triplicate biological replications with three technical repetitions (n = 9); NG—

naringenin; NGOX—naringenin oxime. 

Figure 1. The results presenting the influence of the tested O-alkyl derivatives of naringenin (1a–10a)
and their oximes (1b–10b) on the adhesion of E. coli and E. faecalis to the surface of the 3T3-L1
and HT-29 cell lines in static conditions. The data are presented in the form of heat maps. The
study was performed with triplicate biological replications with three technical repetitions (n = 9);
NG—naringenin; NGOX—naringenin oxime.
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In the next step, we decided to determine whether the tested naringenin derivatives
negatively affect the viability of the examined intestinal cell lines. The cytotoxic effect of
O-alkyl naringenin derivatives (1a–10a) and their oximes (1b–10b) against the human colon
cancer line (HT-29) and “healthy” murine fibroblasts (3T3-L1) is reported as survival index
(SI) IC50 [µg/mL], being a concentration able to induce 50% inhibition of cell proliferation.
The obtained data are presented in Table 2 and were compared with the values determined
for the reference substances—naringenin (NG) and naringenin oxime (NGOX).

Table 2. Antiproliferative activity of O-alkyl derivatives of naringenin (1a–10a) and their oximes
(1b–10b) against the HT-29 and 3T3-L1 cell lines, after 2 h incubation, tested with the SRB assay.

Compound
HT-29 3T3-L1 Compound HT-29 3T3-L1

IC50 [µg/mL] IC50 [µg/mL] IC50 [µg/mL] IC50 [µg/mL]

1a 25.39 25.81 1b 38.44 34.99
2a >100 >100 2b >100 >100
3a 28.70 25.55 3b 29.15 32.12
4a >100 >100 4b 43.35 >100
5a 38.35 20.09 5b 49.78 49.93
6a >100 >100 6b >100 >100
7a 46.72 22.23 7b 57.81 41.56
8a >100 >100 8b >100 >100
9a >100 80.56 9b >100 >100

10a >100 >100 10b 48.23 >100
NG >100 >100 NGOX >100 >100

Naringenin and its oxime showed no proliferative effects against both cell lines,
3T3-L1 and HT-29, over the concentration range tested. The IC50 value for these two model
compounds was >100 µg/mL.

Among the tested naringenin derivatives lacking an oxime group, cytotoxic activity
against the 3T3-L1 line was demonstrated for monosubstituted O-alkyl derivatives of
naringenin, e.g., 1a, 3a, 5a, 7a, and 9a. The same compounds, with the exception of 9a, also
showed antiproliferative activity against the HT-29 line. It is interesting to note that the
cytotoxic effect was observed only for compounds having one carbon chain attached at
the C-7 position of the naringenin ring. Furthermore, a correlation between the number
of carbon atoms and the level of cytotoxic activity was observed. Indeed, the shorter the
attached carbon chain, the greater the effect of the compound on the proliferation of the
adenocarcinoma cells examined. In fact, the IC50 value for compound 1a, which contains
a hexyl group attached to the C-7 position of naringenin, was 25.39 µg/mL, which was
1.8 times lower than compound 7a (IC50 = 46.72 µg/mL), which possesses a nonyl moiety.

In contrast, against the 3T3-L1 line, compounds having chains with 6 to 9 carbon
atoms showed an effect on proliferation at a level 3–4 times higher than compounds with
longer chains (e.g., 9a having 10 carbon atoms). Naringenin derivatives with two alkyl
chains attached (the second at the C-4’ position) with different numbers of carbon atoms
(compounds 2a, 4a, 6a, 8a, and 10a) showed no effect on the proliferation of the tested cell
lines in the tested concentration range.
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In the case of naringenin derivatives bearing an additional oxime group (compounds
1b–10b), an effect on 3T3-L1 cell proliferation was also noted only for monosubstituted
compounds, e.g., 1b, 3b, 5b, and 7b. For them, IC50 values were in the range of 32.12 µg/mL
to 49.93 µg/mL. A similar relationship was observed for the human adenocarcinoma cell
line because the same compounds (1b, 3b, 5b, and 7b) showed cytotoxic effects against
this cell line. The IC50 value depended on the length of the attached chain and was higher
for the oxime derivatives with a longer alkyl chain attached to the naringenin ring. On
the other hand, both 4b and 10b, oximes of O-alkyl naringenin derivatives with attached
alkyl chains at the C-7 and C-4’ positions, affected cell differentiation of the HT-29 line
with comparable IC50 values of 43.35 and 48.23 µg/mL, respectively. In contrast, the other
di-substituted compounds, e.g., 2b, 6b, and 8b, showed no harmful effects against human
colon cancer cells in the concentration range tested (IC50 > 100 µg/mL).

Based on the results of the experiments presented above (adhesion in static conditions
and cytotoxicity against cell lines) as well as our detailed review of the literature indicating
the highest biological activity of flavonoids with a C8–C10 side chain [28–33], at the final
proof-of-concept stage of this research, compound 8b at 50 µg/mL was administered. In
this context, our priority was the ability of 8b to strongly enhance the adhesion of E. coli
to the physiological 3T3-L1 cell line without causing any cytotoxic effects. The choice
of concentration was, in turn, related to our willingness to obtain a noticeable biological
effect of this substance in an experimental model with high dynamics of physicochemical
conditions—microfluidic studies.

Applying microfluidic conditions, we observed that the use of 8b at 50 µg/mL had a
very strong, pro-adhesive effect on E. coli with respect to both cell lines tested. Here, for
the physiological 3T3-L1 cell line, the ratio of the area of bacterial biomass (BB) adhered
to the surface of the eukaryotic cells (EC) [the BB/EC ratio] was 0.6 ± 0.12 vs. 0.37 ± 0.13
for compound-exposed and control samples, respectively (Figure 2). For the tumor-altered
HT-29 cell line, the BB/EC ratio was 1.03 ± 0.06 vs. 0.65 ± 0.07 for substance-exposed
and control samples, respectively (Figure 2). Interestingly, under identical environmental
conditions, we did not detect such an effect for E. faecalis. In that case, for both cell lines,
the effect was neutral (the BB/EC ratio for treated and control samples was: 0.28 ± 0.15
vs. 0.29 ± 0.11 for 3T3-L1 and 1.36 ± 0.08 vs. 1.55 ± 0.15 for the HT-29 cell line) (Figure 2).
Representative photographs showing the adhesion of both tested bacteria to the surface
of the physiological cell line, 3T3-L1, with and without exposure to 8b, are shown in
Figure 3. The results obtained by us in the current set of microfluidic experiments indicate a
high selectivity in the pro-adhesive effect of the chosen substance. As demonstrated in the
example above, this activity can promote the adherence of commensal microorganisms with
a beneficial effect on the host’s gut (e.g., physiological strains of E. coli) without a negative,
dysbiotic effect on other representatives of the microbiota (including opportunistic bacteria,
e.g., E. faecalis).
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Figure 2. The results presenting the influence of 8b at 50 µg/mL on the adhesion of E. coli and
E. faecalis to the surface of the 3T3-L1 and HT-29 cell lines in the microfluidic conditions gener-
ated by the Bioflux system. The study was performed with triplicate biological replications with
three technical repetitions (n = 9). The p-value represented by ns was statistically insignificant, while
a p-value of <0.05 was considered statistically significant and presented as “*”.
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Figure 3. Representative photographs of light and fluorescence microscopy showing the adhesion of
E. coli and E. faecalis to the surface of the physiological cell line, 3T3-L1, with and without exposure
to 8b (50 µg/mL), in the microfluidic conditions generated by the Bioflux system. DAPI stains the
nucleus of the 3T3-L1 cell line, while SYTO9 stains bacterial cells (E. coli and E. faecalis).

3. Discussion

Naringenin is an organic flavonoid compound that is widely distributed in nature.
The largest source of naringenin is citrus fruits (grapefruit, orange, and tangerine), although
it is also present in smaller amounts in grapes, cherries, fenugreek, and Greek oregano, as
well as in coffee, tea, and red wine. The literature review confirms the broad-spectrum,
health-promoting effect of this flavonoid on the human body. It has been shown that
such activity is closely related to the affinity of naringenin for scavenging reactive oxygen
species and increasing the antioxidant defense of the host. This strictly translates into
its anti-inflammatory effect and determines its anti-atherosclerotic and neuroprotective
features. Additionally, it has been documented that naringenin also has anti-microbial and
anti-cancer activity [25,28].

The cell membrane is one of the main target sites of flavonoids against microorgan-
isms [34]. As observed in mechanistic studies on flavonoids, these compounds localize
themselves within the hydrophobic fractions of the lipid membrane bilayer and lead
to change in its fluidity and stiffness [35,36]. For this reason, the chemical structure of
flavonoids and their ability to modulate membrane fluidity are important parameters
affecting their biological activity [36]. For naringin and naringenin, two flavonoids relevant
to the current study, the capacity to preferentially localize in the polar lipid membrane
bilayer and exert an ordering effect on the hydrophobic region of this compartment has
been demonstrated [37,38]. Such activity of flavonoids, including naringenin, contributes
to the loss of the fluidity of cell membranes [35]. It is worth mentioning, however, that
this membrane-solidifying effect of naringenin is revealed only at higher concentrations

9



Antibiotics 2023, 12, 1076

of ≥2.5 µg/mL [39]. Quite obviously, such changes in cell membrane fluidity affect the
physiological properties of microorganisms [40]. In the study of Cazzola et al. [41], a close
correlation was observed between the increase in E. coli adhesion to eukaryotic cells and the
decrease in cell membrane fluidity of these bacteria. In another study carried out on four
selected bacterial species, it was shown that, together with the entry into the biofilm (seden-
tary) phase, microorganisms accumulate saturated fatty acids in their cell membranes,
leading to a decrease in their membranes’ fluidity [42]. Identical observations were made
in another article [43], where, using Pseudomonas aeruginosa as a model organism, the partic-
ipation of extracellular vesicles in membrane stiffening and promotion of biofilm formation
was additionally noticed. The above-described observations seem to perfectly complement
our team’s observations made in this paper, as we noticed that exposure of bacteria to
naringenin and the panel of its derivatives is accompanied by modifications in the ability
of the tested bacteria to adhere to host cells. Undoubtedly, this effect was dependent on
many factors, including both the chemical structure of the compound and its concentration,
as well as the type of bacteria or intestinal cell line used. Nevertheless, under conditions
of dynamic medium flow, we noticed the ability of the selected naringenin derivative 8b
to promote the adhesion of E. coli to both cell lines while having no impact on E. faecalis.
Based on our knowledge of the cell structure of both species of bacteria (Gram-negative
E. coli and Gram-positive E. faecalis), we suspect that the physical proximity between the
cell membrane of E. coli and the culture medium with the tested compound had a direct
impact on the results obtained. Gram-positive bacteria have no outer membrane, and the
only one that exists is physically separated from the external environment by a densely
cross-linked layer of peptidoglycan [44,45]. The physiology of Gram-negative bacteria is
more closely related to the presence of cell membranes as they produce two of them (inner
and outer membranes) [46,47], and therefore we postulate that the action of naringenin
derivatives may have a greater impact on changes in E. coli membrane fluidity and its
adhesive properties.

When assessing the influence of naringenin derivatives on the adhesive properties of
bacteria, one cannot ignore the role of their chemical structure in modulating the physiology
of microorganisms. In this context, consideration of our results obtained for the panel of
chemical modifiers of naringenin (alkoxy derivatives and their oximes) seems very helpful.
In general terms, we noticed that the appearance of the oxime residue affects the activity
of the tested compounds, but this effect was variable and largely dependent on chemical
modifications within the structure of naringenin, especially on the length of the alkyl chain
attached. In our opinion, much more interesting observations were obtained with respect
to the correlation between the presence of aliphatic chains in the C-7 and C-4′ positions and
the pro-adhesive properties of these substances. Here, we noticed that the highest biological
activity was most often found for naringenin derivatives with 8- to 10-carbon side chains.
Both shorter- and longer-chain compounds had reduced activity. When considering the
causes of this phenomenon, it is worth focusing on the physicochemical implications of
the above chemical modifications. Lipophilicity is one of the key parameters determining
the activity of flavonoids [34,48]. Therefore, hydrophobic substituents (including alkyl
chains) usually increase the biological activity of substances [48]. The elongation of the side
chain increases the hydrophobicity of the compound and, consequently, leads to a stronger
affinity for biological membranes [34,48]. However, it is suggested that excessive elongation
of compounds’ side chains is related to the decline of their optimal solubility, eventually
leading to a drastic decrease in their biological activity (the so-called “cut-off effect”) [29,34].
These observations are in great agreement with the results obtained by other research teams,
suggesting that the presence of medium-chain substituents has the most beneficial effect on
the increase in the flavonoids’ activity [29–33]. To sum up, in the current article, we proved
that the chemical modification of naringenin and attachment of medium-length side chains
have a positive effect on their pro-adhesive properties towards bacteria.

The gastrointestinal tract is the most heterogeneous and microbiologically dense organ
of the human body. A long residence time in the intestines is a characteristic pharmacoki-

10



Antibiotics 2023, 12, 1076

netic feature of flavonoids. For this obvious reason, it has been proven that during this
prolonged period, they interact with a variety of representatives of the microbiota [49].
This type of interaction translates into two important aspects. Firstly, microorganisms
are involved in the transformation of naringin (inactive form) into a host-beneficial narin-
genin (active form) [50]. Thus, the gastrointestinal microbiota plays a critical role in the
bioavailability of this bioflavonoid in the human body. On the other hand, the pres-
ence of flavonoids, including naringenin, is not indifferent to the microbiota residing
in the intestines. Many flavonoids (e.g., naringin, naringenin, hesperetin-7-O-glucoside,
prunin, isoquercitrin, hesperidin, rutin, and quercetin) have been shown to interact with
the vast majority of microorganisms belonging to the intestinal microbiota. In this way,
flavonoids present a modulatory effect on both the structure and qualitative composition
of the gastrointestinal microbiota [51]. The interaction of naringenin with representa-
tives of the natural intestinal flora and their metabolites has been shown to improve
animal health, e.g., in polycystic ovary syndrome (PCOS) [52] and non-alcoholic fatty liver
disease (NAFLD) [53]. Next-generation sequencing showed that administration of narin-
genin increases the abundance of a plethora of health-promoting bacterial species that are
part of the gastrointestinal microbiome, including Lactobacillus spp., Faecalibacterium spp.,
Butyricicoccus spp., Coprococcus spp., and Roseburia spp. [54]. It is also worth emphasizing
that the “metagenome”, a whole pool of genes of the microbiome, encodes information
about the metabolism of different classes of carbohydrates, amino acids, or xenobiotics,
sometimes being the only source for their degradation and absorption in a human organ-
ism [55,56]. Therefore, it is significant that naringenin, by enriching the microbiome of the
gastrointestinal tract with species of “beneficial” bacteria, promotes homeostasis of the host
not only by regulating inflammatory reactions but also by increasing its digestive abilities.
In addition, through this unique function, it prevents intestinal dysbiosis and thus protects
against the development of inflammatory bowel disease (IBD) (Crohn’s disease, ulcerative
colitis, and indeterminate colitis), irritable bowel syndrome (IBS), and celiac disease.

4. Materials and Methods
4.1. Naringenin Derivatives

Naringenin used for the synthesis of ether derivatives (1a–10a) and their oximes
(1b–10b) was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). The O-alkyl deriva-
tives of naringenin and oximes were synthesized according to methods described by us
in previous works [26,27]. Briefly, to obtain ether derivatives 1a–10a, to naringenin dis-
solved in organic solvent (anhydrous acetone or DMF; Chempur, Piekary Śląskie; Poland),
potassium carbonate and appropriate alkyl iodide in a molar ratio of 1:1.5:5 were added,
respectively. The reaction mixture was kept on a magnetic stirrer at room temperature
(when the reaction was performed in DMF) or at 45 ◦C (when the reaction was performed
in anhydrous acetone). The progress of the reaction was monitored by thin-layer chro-
matography (TLC), and after observing two products (mono- and di-O-alkyl derivatives),
the crude mixture was extracted with an organic solvent (ethyl acetate or diethyl ether).
The organic fractions were collected and concentrated on a vacuum evaporator, and the
products were separated by liquid column chromatography.

In the next step, compounds 1a–10a were modified into their oximes 1b–10b. Briefly,
the O-alkyl derivative was dissolved in anhydrous ethanol, and then hydroxylamine hy-
drochloride and anhydrous sodium acetate in a molar ratio of 1:3:3 were added, respectively.
After complete conversion of substrate, the reaction mixture was poured into ice water, and
precipitated white products were collected and purified by liquid column chromatography.
Using the same method, naringenin oxime (NGOX) was obtained.

4.2. Prokaryotic Cells

The study used two reference strains, Escherichia coli K12 (ATCC 10798) and Enterococ-
cus faecalis (ATCC 29212), obtained from the American Type Culture Collection. Both strains
were stored in trypticase soy broth (TSB; OXOID, Basingstoke, UK) with the addition of
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30% glycerol at −70 ◦C in the museum resources of the Department of Microbiology at the
Wroclaw Medical University.

Strains were reactivated from deep freeze by inoculation into TSB and an overnight
incubation under shaking conditions (MaxQTM6000 incubator shaker, Thermo Scientific,
Waltham, MA, USA) at 125 rpm and 37 ◦C. The purity of the strains was assessed using
enriched media: MacConkey (MC, OXOID, Basingstoke, UK) for E. coli and Columbia
Agar (CA, Becton, Dickinson and Company, San Diego, CA, USA) for E. faecalis. A fresh
18–20 h culture was prepared for each experiment on tryptic soy agar (TSA, OXOID,
Basingstoke, UK).

For studies determining the interaction of bacteria with eukaryotic cells, suspensions
of the tested strains were prepared in Luria broth (LB, Becton, Dickinson and Company,
USA) medium with a bacterial density of 6 × 108 CFU/mL.

4.3. Cell Culture Procedure

The human adenocarcinoma cell line, HT-29 (ATCC HTB-38), was cultured in αMEM
medium (IITD PAN) supplemented with 10% fetal bovine serum, FBS (Sigma-Aldrich,
Taufkirchen, Germany), 100 U/mL penicillin, 100 µg/mL streptomycin antibiotic solution
(Sigma-Aldrich, Taufkirchen, Germany), and 2 mM glutamine solution (Sigma-Aldrich,
Taufkirchen, Germany). Cells from less than 20 passages were used for the study. In
turn, preadipocytes from mouse embryos with the morphology of fibroblast cells, line
3T3-L1 (ATCC CL-173), were cultured in DMEM high-glucose medium (Life Technologies
Corporation, Carlsbad, CA, USA) with the same supplements as above. Cells from less
than 14 passages were used for the study. Both tested cell lines were grown at 37 ◦C in
5% CO2.

4.4. SRB Assay

The effect of O-alkyl derivatives of naringenin and their oximes on eukaryotic cells
was checked using a slightly modified SRB test described earlier [57]. Firstly, HT-29
(1 × 105 cells/mL) and 3T3-L1 (5 × 104 cells/mL) cell lines were incubated in adherent
microtiter plates under the conditions described above. The cells were then treated for
2 h with the tested compounds 1a–10a and 1b–10b at concentrations of 1, 5, 10, 25, 50, 75,
and 100 µg/mL each. After this time, the medium was removed and replaced with one
containing 50% (wt/vol) trichloroacetic acid (TCA; Sigma-Aldrich, Taufkirchen, Germany).
Following 1 h of incubation at 4 ◦C, the plate was rinsed with water, and then an acidic
solution of 0.4% sulforhodamine B (SRB) (Sigma-Aldrich, Taufkirchen, Germany), was
added to the dried wells and incubated in the dark for half an hour. At the end of this
time, the SRB solution was replaced by 1% (vol/vol) acetic acid, and the stained protein
precipitate was dissolved in 10 mM Tris base solution (pH 10.5). Absorbance was measured
at 560 nm in a plate reader (GloMax Discover Microplate Reader, Promega).

The cytotoxic effect of O-alkyl derivatives of naringenin and their oximes on eukaryotic
cells was expressed as the concentration of the tested compounds at which 50% growth
inhibition of the tested cell lines was observed. Values were presented in the form of
the survival index (SI)–IC50. All determinations were repeated in three independent
experiments, each performed in three technical replicates. Moreover, the effect of DMSO
(Sigma-Aldrich, Taufkirchen, Germany), the solvent present in all the initial solutions of
the tested compounds, on the growth of the cell lines used in the study was also verified.

4.5. Adhesion Assay

The adhesion ability of the tested bacterial strains to HT-29 and 3T3-L1 cell lines
was determined by an in vitro adhesion assay as described previously [58]. Eukaryotic
cells were infected with prokaryotic cells in the presence of the examined compounds in
pre-selected concentrations at an MOI (multiplicity of infection) ratio of 50. Cells were
exposed to the tested strains and compounds for 2 h. After this time, unbound bacteria were
removed by washing with PBS (Life Technologies Corporation, Carlsbad, CA, USA). The
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lysates acquired by cell lysis (0.5% Triton X-100 in LB): 90 min, 37 ◦C, 5% CO2 atmosphere,
were then seeded onto TSA and MC media for E. faecalis and E. coli, respectively. The assays
were performed in at least three independent experiments (cells from subsequent passages),
each in triplicate. A control without tested compounds was set for each strain.

4.6. Bioflux

Determination of the impact of a dynamic medium flow on the adhesive capacity
of bacteria was performed using the Bioflux 1000Z (Fluxion, San Francisco, CA, USA)
with a coupled microscope environmental chamber (Pecton Incubator XL S1, Carl Zeiss,
Jena, Germany), enabling the maintenance of 37 ◦C and microaerophilic conditions. At
the very beginning, all channels of dedicated microfluidic plates (Fluxion, San Francisco,
CA, USA) were flushed with 100 µL of αMEM or DMEM high-glucose medium with
supplements (further named “cell line medium”; for details of the supplementation see
“Cell culture procedure”) applying an intensive flow of 10 dyne/cm2 for 10 s. After
unblocking the lumen of the channels, the inlet and outlet wells were emptied, and 20 µL
of 100 µg/mL fibronectin solution (Sigma-Aldrich, Taufkirchen, Germany) was added
to each inlet channel. The medium was turned in the outlet direction at a flow rate of
1 dyne/cm2 for 1 min. After this step, the plate was left for a 1 h incubation period to
allow fibronectin to be absorbed on the surface of the microcapillaries. After the incubation
period, the microcapillaries were rinsed again with 100 µL of the cell line medium at
10 dyne/cm2 for 10 s to remove excess non-attached fibronectin. The outlet wells were
emptied and then refilled with 100 µL of the cell line medium containing 3T3-L1 or HT-29
cells (108 cells/mL). An outlet-to-inlet medium flow of 5 dyne/cm2 was turned on for
5 s, then the flow was stopped, and the cells were incubated for 0.5 h to allow them to
effectively adhere to the surface of the microcapillaries. After this time, 1 mL of the cell
line medium was added to the inlet wells, and the inlet-to-outlet flow was adjusted to
0.5 dyne/cm2 for 24 h, thus allowing the growth of the cell line monolayer. After one
day of incubation, the inlet and outlet wells were emptied, and then 1 mL of the cell
line medium [without antibiotics] containing one of the tested bacterial strains (E. coli or
E. faecalis; 108 CFU/mL) and a selected flavonoid, 8b (50 µg/mL), was added to the inlet
wells. In the control sample, the above compound was not added (the cell line medium
[without antibiotics] together with bacteria). In regard to this, in both tested and control
samples, the cell line-to-bacteria ratio was maintained at MOI = 50. After this, the medium
was set to flow from inlets to outlets at 0.5 dyne/cm2 for 4 h. In the next step, the inlet
wells were emptied, and 100 µL of saline solution containing a mix of two fluorescent dyes,
SYTO9 (L10316, ThermoFisher, Waltham, MA, USA) to visualize bacterial biomass and
DAPI (62248, ThermoFisher, Waltham, MA, USA), to detect eukaryotic cells, was added
to each well. The inlet-to-outlet flow was turned on at 0.5 dyne/cm2 for 10 min, followed
by a 0.5 h incubation to induce the absorption of the dyes by cells. After completing this
stage, photographs of the microcapillaries containing the tested biological materials were
taken using an inverted fluorescence microscope (GabH, Jena, Germany) and the Bioflux
Montage software (Fluxion, San Francisco, CA, USA). When determining the area occupied
by bacterial cells adhered to the surface of eukaryotic cells, the entire bacterial biomass
attached was taken into account (vertically and horizontally). These calculations did not
include bacterial cells adhering only to the surface of the microcapillaries. The tests were
performed in three biological repetitions with three technical replications (constituting
images from different fragments of the examined microcapillaries).

4.7. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 9 (GraphPad Co.,
San Diego, CA, USA). The normality of the distribution was checked by the Shapiro–Wilk
test. As all values were normally distributed, Student’s t-test was further used. The results
of statistical analyses were considered significant for values with p < 0.05.
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5. Conclusions

The present study showed that the synthesized naringenin derivatives modulate the
adhesion of selected intestinal microbiota to the tested cell lines. It was noticed that this
activity was affected by the concentration of the tested naringenin derivatives and their
structure (length of the carbon chain). To better reflect the variety of real-life scenarios, the
current research on O-alkyl derivatives of naringenin was focused not only on different
intestinal cell lines (physiological and cancerous) but also on both static and microfluidic
conditions. Therefore, the promising results obtained here provide a basis for in vivo
animal studies to clarify the effect of these bioflavonoids on the gut environment. This may
provide valuable information on the bioavailability and effect of these compounds on the
whole intestinal microbiome.
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Citation: Mączka, W.; Twardawska,

M.; Grabarczyk, M.; Wińska, K.
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Abstract: The main purpose of this article is to present the latest research related to selected biological
properties of carvacrol, such as antimicrobial, anti-inflammatory, and antioxidant activity. As a
monoterpenoid phenol, carvacrol is a component of many essential oils and is usually found in plants
together with its isomer, thymol. Carvacrol, either alone or in combination with other compounds,
has a strong antimicrobial effect on many different strains of bacteria and fungi that are dangerous to
humans or can cause significant losses in the economy. Carvacrol also exerts strong anti-inflammatory
properties by preventing the peroxidation of polyunsaturated fatty acids by inducing SOD, GPx,
GR, and CAT, as well as reducing the level of pro-inflammatory cytokines in the body. It also
affects the body’s immune response generated by LPS. Carvacrol is considered a safe compound
despite the limited amount of data on its metabolism in humans. This review also discusses the
biotransformations of carvacrol, because the knowledge of the possible degradation pathways of this
compound may help to minimize the risk of environmental contamination with phenolic compounds.

Keywords: carvacrol; antimicrobial; biotransformation

1. Introduction

Carvacrol (5-isopropyl-2-methylphenol) is a monoterpenoid alcohol, a liquid with a
boiling point of 236–237 ◦C and a density of 0.976 g/mL at 20 ◦C. It is insoluble in water
but very soluble in ethanol, acetone, and diethyl ether [1]. It is a component of essential oils
obtained from many plants, e.g., Corido thymus, Lippia pepperwort [2], black cumin (Nigella
sativa), oregano (Origanum compactum), O. dictamnus, O. microphyllum, O. onites, O. scabrum,
O. vulgare, pepperwort (Lepidium flavum), wild bergamot (Citrus aurantium var. bergamia
Loisel), Monarda didyma, thyme (Thymus glandulosus), and savory (Satureja hortensis) [3]. It is
worth noting that the content of carvacrol may vary depending on the tissue. In Origanum
vulgare “Hot and Spicy”, carvacrol is the main component found in petals (94.40 ± 1.23%),
tepals (96.92 ± 0.85%), bracts (96.07 ± 0.67%), and leaves (84.71 ± 1.59%), while p-cymene
was dominant in the stems (65.44 ± 5.77%) and carvacrol was present in a minor amount
(13.06 ± 6.74%) [4].

In plants, carvacrol is biosynthesized from γ-terpinene, which is formed by the meval-
onate pathway [5] or by the plastid-based methylerythritol pathway (MEP) [6]. Recently,
Krause et al. [7] proposed a carvacrol biosynthesis pathway in Lamiaceae plants in which γ-
terpinene is oxidized by cytochrome P450 (CYP) monooxygenases of the CYP71D subfamily
to produce an unstable cyclohexadienol intermediate. The resulting compound was then
dehydrogenated by a short-chain dehydrogenase/reductase (SDR) to the corresponding
ketone, which was converted to carvacrol. The combination of these enzymes produced
carvacrol with γ-terpinene in both in vitro and in vivo tests in Nicotiana benthamiana. On
the other hand, in the absence of SDR, no carvacrol formation was observed and only
p-cymene was formed. Carvacrol’s biosynthetic pathway genes are highly co-expressed
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with transcription factor genes such as ZIP and basic helix–loop–helix (bHLH), indicat-
ing their involvement in the regulation of carvacrol biosynthesis [4]. CYP71D subfamily
enzymes have also been detected in Origanum vulgare L. (CYP71D178, CYP71D180, and
CYP71D181) [8]. In addition, Sun et al. [9] found genes in the Thymus quinquecostatus
genome encoding terpene synthase (TPS), CYP, SDR, R2R3-MYB, and homeodomain–
leucine zipper (HD-ZIP) IV. Researchers have shown that Tq02G002290.1 (TqTPS1) encodes
the terpene synthase responsible for the biosynthesis of γ-terpinene from geranyl diphos-
phate (GPP) [9]. TPS-encoding genes are found in Origanum vulgare (OvTPS2) [8], Thymus
vulgaris (TvTPS2) [10], and Thymus caespititius (TcTPS2) [11]. The formation of γ-terpinene
is also crucial in the synthesis of thymol—an isomer of carvacrol [9].

In turn, by organic synthesis, carvacrol is obtained as a result of Friedel–Crafts alkyla-
tion of o-cresol with propylene or isopropyl alcohol on solid acid catalysts (e.g., UDCaT-5,
aluminum, or iron (III) chloride) [1,12]. Carvacrol can also be obtained by sulfonation
of p-cymene followed by alkaline fusion [13], chlorination of α-pinene with tert-butyl
hypochlorite [14], or as a result of the aromatization of carvone [12].

Carvacrol has been approved by the FDA for use in food and listed by the Council
of Europe as a Category B chemical flavoring agent that may be added to foodstuffs at a
level of 2 ppm in beverages, 5 ppm in flakes, and 25 ppm in candies [15]. Acute toxicity
studies have been performed on a variety of animals, which is described in the next part of
this publication.

Due to its flavoring (oregano-like smell and pizza-like flavor) [16] and antimicrobial
properties, it is most often used in the food industry as a natural food preservative [17]. In
dental practice, carvacrol has been used as a substitute for cretol and carbolic acid in the
treatment of toothache, sensitive dentine, and alveolar abscess, and as an antiseptic in the
pulp canals of the teeth [18]. It can also be used in the fight against mosquitoes, because
it has much greater activity as a mosquito repellent than the commercial preparation,
N,N-diethyl-m-methylbenzamide [19]. In addition, it reduces egg hatchability and induces
infertility in mosquitoes.

In addition to antimicrobial properties, this compound also exhibits a wide range
of other biological activities, including cardio-, reno-, and neuroprotective [20]; immune
response-modulating [21]; antioxidant; anti-inflammatory [22]; anticancer [23–25]; anal-
gesic [26]; anticonvulsant [27]; antidiabetic; hepatoprotective [28]; and anti-obesity proper-
ties [29,30] (Figure 1).

In the first part of our publication, the metabolism of carvacrol was discussed in
detail, with particular emphasis on its effect on CYP. When discussing the antimicrobial
properties, we paid attention to new forms of application of this compound. The challenges
surrounding the wider use of carvacrol in food or feed are its unpleasant and pungent
taste at higher doses; low bioavailability; high volatility; sensitivity to the surrounding
environment, such as in processing conditions (e.g., heat or other ingredients); and the
acidic environment in the digestive tract. The solution to the above problems seems to
be the use of colloidal systems, including microencapsulation and nanotechnology, which
were extensively discussed in the review by Wang and Wu [31]. Herein, we focused on
the impact of these forms of application on the antimicrobial activity of carvacrol. Since
infections are often accompanied by massive inflammation, an important advantage of an
antimicrobial agent is its anti-inflammatory and antioxidant effects, which are discussed
in the next part of our publication. We also called attention to the biotransformations that
carvacrol can undergo in the environment, because the awareness of human impact on the
environment is of great importance and it is essential not to contribute to the increase in
pollution when introducing new products into the market.
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2. Antimicrobial Activity of Carvacrol

Carvacrol has a strong antimicrobial effect against many strains of bacteria and fungi
that are dangerous to humans or cause significant losses in the economy (Table 1). A strain
of Candida albicans, next to C. glabrata, C. krusei, C. tropicalis, and C. parapsilosis, is one of
the few species of fungi that causes diseases in humans [32]. In people with a healthy
immune system, C. albicans is often harmless, remaining in balance with other members
of the local microflora and asymptomatically colonizing the digestive tract, reproductive
system, mouth, and skin. However, changes in the host microbiota (e.g., due to antibiotic
intake), changes in the host’s immune response (e.g., during stress, infection with another
microorganism, or immunosuppressive therapy), or changes in the local environment
(e.g., changes in pH or nutrients) may allow for excessive growth of C. albicans and cause
infection. These infections range from superficial mucosal and skin infections, such as
thrush, vaginal yeast infections, and diaper rashes, to blood-borne disseminated infections,
which have a high mortality rate. Infections with this pathogen account for 15% of all cases
of hospital-acquired sepsis and are particularly serious in immunocompromised individuals
(e.g., those with AIDS or those undergoing cancer or immunosuppressive therapies) and
those with implanted medical devices [33]. This strain of C. albicans produces highly
structured biofilms composed of multiple cell types encased in an extracellular matrix. It is
worth noting that fungal biofilms are largely resistant to current antifungal drugs, so high
doses are generally required to treat infections [34]. In the research by Jafri et al. [35] and
Niu et al. [36], C. albicans cells treated with carvacrol showed irregular surfaces, multiple
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hyphal lesions, reductions in cell number, inhibition of biofilm formation by up to 80%, and
inhibition of ergosterol synthesis. In turn, Miranda et al. [37] tested the activity of carvacrol
against C. albicans, C. glabrata, C. krusei, and C. dubliniensis, confirming the antifungal
activity of this compound from MIC 161.3 mg/L.

Ismail et al. [38] undertook research on the activity of carvacrol against the pathogenic
Candida auris strain. They showed that the growth of all C. auris isolates was inhibited by
carvacrol in the MIC range of 125–500 µg/mL, and the MFC values for the same isolates
were in the range of 250–1000 µg/mL. C. auris antioxidant enzymes such as catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GR),
and glutathione transferase (GST) were analyzed and evaluated after exposure to carvacrol.
It was observed that exposing the cell to increasing concentrations of carvacrol resulted in
an increase in the activity of CAT, SOD, and GPx. In contrast to GR and GST, there was an
obvious decrease in activity after exposure to carvacrol. The authors of the study proved
that carvacrol is able to reduce the expression of genes encoding antioxidant enzymes. They
also confirmed the effect of carvacrol on hemolysis in the range of 0.9–26.8%.

The antifungal activity of carvacrol in combination with antibiotics such as flucona-
zole, ketoconazole, or amphotericin B was tested against eight strains of Candida, including
C. tropicalis, C. parapsilosis, C. guilliermondii, and C. krusei. The MIC for carvacrol alone
ranged from 128 to 512 µg/mL. Different forms of interactions between carvacrol and
antifungal agents have been observed: synergism in 25% of the combinations, additivity
in 25%, and, finally, inertness in 50% of the combinations. No antagonist effect was ob-
served. A synergistic effect was observed with the combination of carvacrol/ketoconazole
and Amphotericin B against C. guilliermondii LM-103 and carvacrol/fluconazole against
C. parapsilosis ATCC 22019 [39].

Regarding the wider use of carvacrol as an antimicrobial agent, its bioavailability is
a major limitation. To this end, Mauriello et al. [40] encapsulated carvacrol using various
stabilizers, such as whey protein isolate and surfactant Tween 80, and measured its antimi-
crobial activity against Saccharomyces cerevisiae. The obtained results indicated antifungal
activity at a carvacrol concentration of <500 mg/L. Pure carvacrol had a stronger fungicidal
effect than the Tween 80 emulsion containing 25% and 50% carvacrol. When whey protein
isolate was used, the antimicrobial activity was proportional to the dissolution of carvacrol,
suggesting that the emulsion droplets act as micrometric reservoirs for the compound,
which is gradually released in the aqueous phase. Researchers postulate that the use of
encapsulation may also contribute to extending its durability.

A certain strain of Aspergillus flavus is a common contaminant in grain, oil, and their
products. Its metabolite, aflatoxin B1 (AFB1), has been proven to be highly carcinogenic.
Therefore, it is very important to find antifungal substances that could inhibit the growth
and production of toxins by A. flavus [41]. The optimal pH for the growth of the eight
toxigenic Aspergillus strains was reported to be pH 6 in unmodified potato dextrose broth.
Carvacrol, at 1.0 mM, completely inhibited fungal growth, but only at pH 4 and 8. At
lower concentrations (0.1 and 0.5 mM), partial inhibition of mycelial growth was observed
at all pH levels, with significantly less mycelial growth at pH 4 and 8 [42]. Qu et al. [43]
found that carvacrol was effective in inhibiting A. flavus growth and AFB1 production.
Carvacrol, when used at concentrations of 0, 50, 100, and 200 µg/mL, inhibited spore
germination, mycelial growth, and AFB1 production in proportion to the concentration.
In studies on the mechanism of action of carvacrol against A. flavus, it was found that
the production of ergosterol (5,7-diene oxysterol) in the mycelium decreased with the
increasing concentration of carvacrol [43]. Ergosterol is synthesized in the endoplasmic
reticulum through the sequential activity of 25 different enzymes [44]. It is important for
the structure of the cell membrane because its absence causes defects in the integrity of
the cell membrane of the microorganism and an imbalance in cell permeability [45,46],
which, in turn, can lead to eventual cell death. Thus, carvacrol was able to damage the
cell membrane. The effect of carvacrol on A. flavus lipids was also investigated using a
lipidomic metabolism analysis. When carvacrol was used at 200 µg/mL, a decrease in the
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level of most glycerolipids and phospholipids in the mycelium of A. flavus was observed.
Neutral lipids decreased, as did phosphatidylcholines, phosphatidylethanolamines, and
phosphatidylserines, while phosphatidylinositol and phosphatidylglycerols increased [43].
Glycerophospholipids are key components of the cellular lipid bilayer, and the composition
of fatty acids has a significant impact on properties of the cell membrane such as its fluidity
or its transport of triacylglycerols and cholesterol. Proper glycerophospholipid metabolism
is essential for optimal cell membrane dynamics [47]. Therefore, external factors that
induce changes in the amount of certain types of glycerophospholipids can affect the
overall cellular metabolism [43].

Carvacrol placed on nanofibers is used to produce packaging. Fonseca et al. [48]
conducted an experiment using nanofibers containing starch and carvacrol. Carvacrol
alone contributed to a greater inhibition of growth on day 7 by 13% of Penicillium sp. and by
30% of A. flavus ATCC 204304. The MIC values for both carvacrol and nanofibers depended
on the concentration. It is worth emphasizing that both Penicillium and Aspergillus fungi
are responsible for food spoilage, and, thus, an active antifungal agent is being sought for
use in packaging that will effectively limit the growth of these microorganisms and, at the
same time, will not pass into food. The use of nanofibers with the addition of carvacrol
seems to be a promising alternative to the currently used solutions.

Carvacrol was also active against plant soilborne pathogens (Alternaria tomatophila,
Podosphaera xanthii, and Xanthomonas perforans) which are common in South Florida of the
United States [49].

The antifungal activity of carvacrol was also tested on strains of Hyphomycetes
(Alternaria solani, Botrytis cinerea, Fusarium oxysporum, Pyricularia grisea, and Rhizoctonia
solani) and Oomycetes (Phytophthora capsici and Phytophthora nicotianae). Carvacrol, at a dose
of 50 µg/mL, was active against the above strains, with a degree of inhibition greater than
90% against B. cinerea, which was equal to the commercial fungicide chlorothalonil [50]. The
search for an effective antimicrobial agent is particularly important for B. cinerea, as it affects
more than 1400 plant species, including many economically important ornamentals, fruits,
and vegetables. It causes stem and fruit rot both before and after harvest. The economic
losses caused by this phytopathogen are estimated to be between USD 10 and 100 billion
worldwide [51]. The MIC for carvacrol was 120 mg/L, and the MBC was 140 mg/L. It
changed the morphology of B. cinerea hyphae by disrupting and distorting the mycelium.
It also negatively affected cell membrane permeability and caused a marked decrease in
the total lipid content in B. cinerea cells, suggesting that cell membrane structures were
destroyed [52].

On the other hand, harvesting fresh citrus fruits in warm and humid regions such
as Florida destroys Lasiodiplodia theobromae, which causes Diplodia stem-end rot (SER).
The EC50 value was 0.045 mg/mL. Carvacrol and thymol were then incorporated into
a commercial shellac coating and applied to “Ruby Red” grapefruit inoculated with L.
theobromae to determine their activity against Diplodia SER in vivo. Fruits were artificially
inoculated with L. theobromae 12 h before or immediately after coating, then incubated
at 29 ◦C and 90% relative humidity for 48 h. Lesion development was inhibited more
effectively when a coating containing 10 mg/mL carvacrol was applied prior to pathogen
inoculation. In addition, the inclusion of carvacrol in the shell did not adversely affect fruit
weight loss, skin color, or titrated acidity [53].

Bacteria such as Enterobacter cloacae, Escherichia coli, Listeria monocytogenes, Pseudomonas
fluorescens, Pseudomonas putida, and Staphylococcus aureus often develop during meat storage.
Eating meat contaminated with bacteria can be dangerous to human health. Therefore, work
is underway to develop packaging that would effectively inhibit the growth of microorgan-
isms. Xiao et al. [54] obtained a film containing chitosan, pullulan, and carvacrol, which
had acceptable technical parameters such as water vapor permeability, tensile strength,
and percentage elongation at break. At the same time, its use allowed the shelf life of goat
meat to be extended to more than 15 days. Another solution was to incorporate carvacrol
and carboxybetaine into the polyurethane, slowing down the release of carvacrol from
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the material. A synergistic antibacterial effect of bio-derived “kill and gun” polyurethane
against E. coli and S. aureus was observed [55].

On the surface of materials commonly used in medicine and food production, a micro-
bial biofilm often develops which is difficult to remove and promotes the development of
pathogenic bacteria. Carvacrol inhibited biofilm formation by up to 74–88% for Pseudomonas
aeruginosa ATCC15442, and up to 86–100% for S. aureus ATCC6538 [56].

An interesting solution seems to be the combination of carvacrol with proteolytic
enzymes. Mechmechani et al. [57] found a synergistic effect of a combination of carvacrol
with pepsin and trypsin on the degradation of P. aeruginosa and E. faecalis biofilms growing
on polystyrene or stainless steel surfaces. The effect was best after sequential treatment
with two enzymes prior to administration of carvacrol. The enzymes were effective in
destroying biofilms without causing cell death. By interacting with proteins, they caused
structural defects in biofilms, thus worsening the barrier properties.

A strain of Streptococcus pyogenes (group A streptococcus (GAS)) is a Gram-positive
bacterium commonly associated with pharyngitis. However, it can also cause scarlet fever,
impetigo, cellulitis, type II necrotizing fasciitis, streptococcal toxic shock syndrome, acute
rheumatic fever, and post-streptococcal glomerulonephritis. Approximately 18.1 million
people currently suffer from the serious disease GAS, with 1.78 million new cases and
500,000 deaths each year [58]. A strain of S. pyogenes has the ability to form a biofilm to evade
host defense systems. The biofilm is formed by microbial cells that are irreversibly bound to
a substrate or interface, or to each other. They are encapsulated in the EPS matrix which they
produce, and exhibit an altered phenotype in terms of growth rate and gene transcription.
In the studies of Wijesundar et al. [59], it was found that carvacrol induced deformations
and damage to the bacterial cells, as well as deactivation of extracellular polymers (EPS),
which, in the bacterial cell, are responsible for protecting the cell against toxic substances
and ensuring its strength. In addition, carvacrol reduced the hydrophobic properties of
multicellular bacterial structures by up to 84.2%, and was able to reduce the expression
of the LuxS gene associated with the formation of biofilms by S. pyogenes [59]. Carvacrol
also resulted to be a promising antifungal agent against S. aureus and S. epidermidis, which
mainly cause diseases of the skin and the respiratory, urinary, and digestive systems, as
well as osteomyelitis of the bone and meningitis. In a study by Mauriello et al. [40], the
authors attempted to correlate carvacrol with whey emulsion and compared the effect of
pure carvacrol with that of an emulsion. The obtained results indicated a strong bactericidal
effect against S. epidermidis ATCC 12228 and P. fluorescens ATCC 13525 at a carvacrol dose
of <500 mg/L. In turn, Luna et al. [60] used nanotechnology, which increased the chemical
and physical stability of carvacrol, extended its duration, and increased its effectiveness.
For the synthesis of carvacrol-delivering nanoparticles by ionotropic gelation, they used
chitosan due to its biocompatibility, biodegradability, intrinsic antibacterial activity, and
hemostatic and mucoadhesive properties. Its activity against E. coli ATCC 25922 and S.
aureus ATCC 25923 was tested, and it showed higher antibacterial activity compared to
nanoparticles. However, it is worth noting that the total amount of carvacrol released
from the nanoparticles after 24 h was significantly lower than that of the free chemical. In
turn, Cui et al. [61] obtained a nanomaterial based on cationic starch nanofibers containing
carvacrol and casein nanoparticles, and studied the effect of this material on the presence
of Bacillus cereus in soy products. It was found that the obtained nanofibers were able to
effectively inhibit the growth of B. cereus during cold storage and to maintain the sensory
qualities of soybean products.

In turn, Mechmechani et al. [62] investigated the effect of microcapsules of car-
vacrol on the biofilm-forming capacity of P. aeruginosa and Enterococcus faecalis. Car-
vacrol was able to reduce the P. aeruginosa biofilm to below the limit of detection after
only 15 min. A 4-fold lower MIC (1.25 mg/mL) than free carvacrol was observed for
P. aeruginosa (MIC = 5 mg/mL) when microcapsules were used. However, in relation to
E. faecalis, comparable results were obtained for both free carvacrol and microcapsules
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(MIC = 0.625 mg/mL). Carvacrol destabilized the bacterial cell membrane, leading to
cell death.

The effect of carvacrol in the form of nanocapsules on the formation of a biofilm by
Salmonella Enteritidis adhering to stainless steel was investigated by Yammine et al. [63].
Spherical nanocapsules with sizes of 159.25–234.76 nm were obtained using spray drying.
Although, in the case of free carvacrol, the MIC was present at the level of 1.25 mg/L,
after the application of this compound in the form of nanocapsules, the MIC decreased
to 0.31 mg/L. It is worth noting that the MIC of thymol in the form of nanocapsules was
0.62 mg/L. The anti-biofilm activity of free and nanoencapsulated carvacrol was dose-
dependent. Elimination of S. Enteritidis biofilms developed on stainless steel was achieved
after 15 min of treatment with carvacrol nanocapsules at twice the MIC dose. Carvacrol,
in the form of nanocapsules, showed no toxicity to Daphnia magna crustaceans after 48 h
of exposure.

In addition, Fang et al. [64] determined that the MIC values for carvacrol against Vibrio
parahemolyticus ATCC 17802, Shewanella putrefaciens ATCC 49138, S. aureus ATCC 6538,
and P. fluorescens ATCC 13525 were 0.5, 0.5, 0.125, and 0.5 mg/mL, respectively. Carvacrol
was found to alter cell membrane permeability, causing nucleic acids and proteins to leak
and resulting in cell death. This mechanism was confirmed by the observation of alkaline
phosphatase (AKP) leakage. This is an intracellular enzyme located between the cell wall
and the cell membrane, and in the event of damage to the cell wall, there is a strong leakage
of AKP outside the bacteria into the extracellular environment. The same researchers
also obtained a carvacrol/β-cyclodextrin emulsion, which they applied to edible films
of flaxseed gum (FSG)-sodium alginate (SA) to test the application of such a system for
storing Chinese sea bass (Lateolabrax maculatus) fillets. The addition of carvacrol at a
concentration of 1.0 mg/L ensured excellent organoleptic properties during cold storage of
the meat. However, carvacrol at 2.0 mg/L imparted a strong characteristic taste, which is
not desirable [64].

Carvacrol was also effective against multidrug-resistant Klebsiella pneumoniae, which is
responsible for the development of pneumonia, as it eliminated all bacterial cells within
4 h. It showed low MIC and MBC values (ranging from 130 to 260 mg/L) for K. pneumoniae
strains resistant to carbapenems and polymyxins. The obtained results encouraged the
researchers to test its effectiveness in a mouse model of pneumonia. Administration of
carvacrol to mice (10, 25, 50 mg/kg) was associated with increased survival and significantly
reduced bacterial load in peritoneal washings. In addition, the carvacrol-treated groups
had a significant reduction in the total white blood cell count and a significantly increased
platelet count compared to the group of mice not given carvacrol [65].

In addition, Khan et al. [66] studied the activity of carvacrol against E. coli producing
extended-spectrum β-lactamases (ESBLs) that were isolated from the blood of patients
with urinary tract infections. Carvacrol, which has a minimum inhibitory concentration of
150 µg/mL and a minimum bactericidal concentration of 300 µg/mL, reduced the number
of E. coli cells in a time-dependent manner. In addition, carvacrol was found to cause greater
membrane depolarization and increased oxidative stress in E. coli cells; it also induced the
release of cellular DNA, proteins, and potassium ions from bacterial cells and reduced both the
quantity of bacteria in macrophage invasion assays and the levels of the inflammatory proteins
TNF-α and COX-2. It has also been verified that carvacrol inhibits the activity of β-lactamase.

Carvacrol also inhibited the growth of Dickeya zeae (formerly Erwinia chrysanthemi
pv. zeae), which causes huge economic losses because it attacks banana, rice, maize, and
potato crops. Its presence has been noted in the USA, Asia, Australia, Africa, and Europe.
The MIC (0.1 mg/mL) and MBC (0.2 mg/mL) values were determined against the D. zeae
strain MS1, which was isolated from banana stems with soft rot symptoms. In addition,
carvacrol damaged the cell membrane, as a reduction in membrane potential, a decrease
in ATP concentration, and nucleic acid leakage were found. In addition, at sub-inhibitory
concentrations, a significant inhibition of the swimming motility and biofilm formation of D.
zeae MS1 was observed. A tissue infection test was also performed, showing that carvacrol
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significantly reduced the pathogenicity of D. zeae MS1. Inoculated banana seedlings showed
significantly fewer disease symptoms after treatment with carvacrol, and the effectiveness
against banana soft rot was 32.0% 14 days after inoculation [67].

Kasthuri et al. [68] tested the activity of carvacrol against S. aureus ATCC 6538, P. aerug-
inosa ATCC 15442, E. coli ATCC 10536, and Enterococcus hirae ATCC 10541 according to the
protocol of the British Standard European Norm 1276: phase2/step1 (EN1276). In addition,
a synergistic effect of the combination of carvacrol and nerol in the proportions of 0.625%
carvacrol + 1.25% nerol and 0.781% carvacrol + 1.56% nerol was found. In addition, this
combination destroyed the pre-formed biofilm. The effect of these terpenes on benign
keratinocyte (HaCaT) cells was also tested, and no toxic effects were found. On this basis,
the researchers postulate that the above combinations of carvacrol and nerol may be ac-
tive ingredients in preparations for washing and disinfecting the hands of people in both
hospital and home environments.

The synergistic effect of carvacrol with other terpenoids was also found by Sousa et al. [69]
against Gardnerella sp. In bacterial vaginosis (BV), an increase in anaerobic bacteria is
observed, leading to the formation of a multimicrobial biofilm consisting mainly of Gard-
nerella sp. BV is usually treated with broad-spectrum antibiotics such as metronidazole and
clindamycin, resulting in a high number of relapses due to the simultaneous eradication of
the beneficial Lactobacillus strains as well. For this reason, new alternative treatments are
sought. Carvacrol in combination with p-cymene showed strong synergistic antimicrobial
activity against Gardnerella sp. planktonic cultures. For biofilm elimination, the combination
of carvacrol and linalool at concentrations below the MIC was found to be effective without
exhibiting the cytotoxicity observed in reconstituted human vaginal epithelium [69].

A synergistic effect of carvacrol and nisin was found against Listeria monocytogenes and
S. aureus BNCC 186335 strains. For S. aureus BNCC 186335, the combination of carvacrol
and nisin resulted in a FICI of 0.281 and an FBCI of 0.09375. In addition, a decrease in
biofilm formation was observed. Nisin facilitates the entry of carvacrol into the cell. The
combination of carvacrol and nisin reduced the number of microorganisms growing in
pasteurized milk and maintained the milk quality at 25 ◦C and 4 ◦C [70]. Carvacrol alone
gave a MIC of 250 µg/mL and an MBC of 250 to 500 µg/mL when tested on 9 strains of
L. monocytogenes. Bacterial cells exposed to carvacrol showed depolarization of the cell
membrane and its increased permeability and changes in respiratory activity. The effec-
tiveness of the combination of carvacrol and nisin was tested by storing sliced Bolognese
sausages at 4 ◦C. A significant reduction in the growth rate of L. monocytogenes was then
observed compared to the controls [71]. This bacterium is able to survive and multiply
at refrigerator temperatures and is ubiquitous in the environment, easily contaminating
vegetables, fruits, dairy products, meat, seafood, and ready-to-eat foods. It causes listeriosis
in susceptible individuals, including the elderly, the immunocompromised, and pregnant
women, with an overall mortality rate of 20–30%, depending on the country [72].

A synergistic effect against E. coli CICC 10664 and S. aureus CICC 21600 was also
found for the combination of ε-poly-L-lysine (ε-PL) with carvacrol [73]. ε-PL is a polymer
consisting of a series of 25–35 L-lysine monomers that is derived from metabolites produced
by fermentation by Streptomyces albus 346 [74]. ε-PL has been approved as a safe food
preservative in China and the United States, and is widely used to preserve various foods,
such as cooked meat products, fruit and vegetable juices, and egg products. Apart from
its antibacterial properties, it also shows resistance to high temperatures, good solubility
in water, and low toxicity [75]. The combination of ε-PL and carvacrol was synergistic
against E. coli CICC 10664 and S. aureus CICC 21600, with fractional inhibitory concentration
indices (FICI) of 0.375 and 0.5, respectively. Damage to cell membranes and a change in its
permeability, as well as a decrease in the activity of the respiratory chain dehydrogenase,
were observed [73].

The latest publication of Addo et al. describes the synergistic effect of a combination
of carvacrol and cineole against E. coli ATCC 35150 growing on cucumbers. Strains of E.
coli O157:H7 usually cause diarrhea, and they have a high capacity to form biofilms. The
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combination of carvacrol and cineole effectively inhibited the growth of E. coli, destroying
the structure of the cell membrane and causing leakage of the bacterial cell contents. The
ability to form a biofilm was also limited. In addition, the carvacrol–cineole mixture
reduced the transcription of E. coli virulence genes, shiga toxin (stx1), intimin (eae), flagellar
regulation (flhD), and quorum sensing gene AI-2 (luxS) [76].

In turn, Fan et al. [77] showed the synergistic effect of carvacrol and thermosoni-
cation in combating microorganisms infecting carrot juices. In the developed method,
despite heating to 52 ◦C, the juices retained their original color and β-carotene content.
In addition, the use of high-frequency thermosonication together with carvacrol allowed
the shelf life of carrot juice to be extended by 25 days at 6 ◦C, while maintaining high
sedimentation stability.

Table 1. Antimicrobial activity of carvacrol against strains of microorganisms.

Microorganism Determination Method MIC and/or MFC Value References

Aspergillus flavus ATCC 204304 Serial dilution method in liquid medium MIC: 0.098 mg/mL
MFC: 0.098 mg/mL [48]

Candida albicans Serial dilution method in liquid medium MFC: 256 mg/L [37]

Candida albicans SC5314 Microdilution MIC: 250 mg/L [38]

Candida albicans SC5314 Microdilution MIC: 247 µg/mL [36]

Candida auris Microdilution MIC: 125 µg/mL [38]

Candida dubliniensis Serial dilution method in liquid medium MFC: 161.3 mg/L [37]

Candida glabrata Serial dilution method in liquid medium MFC: 238.9 mg/L [37]

Candida krusei Serial dilution method in liquid medium MFC: 256 mg/L [37]

Penicillium sp. isolated from soybeans Serial dilution method in liquid medium MIC: 0.098 mg/mL
MFC: 0.98 mg/mL [48]

Saccharomyces cerevisiae Serial dilution method in liquid medium MIC: <500 mg/L [40]

Bacterial strains

Bacillus cereus
ATCC 14579 Double dilution method in liquid medium MIC: 0.2 mg/mL [61]

Dickeya zeae MS1 Serial dilution method in liquid medium MIC: 0.1 mg/mL [67]

Enterococcus faecalis isolated from
French cheese Serial dilution method in liquid medium MIC: 0.625 mg/mL [62]

Enterococcus hirae ATCC 10541 Serial dilution method in liquid medium MIC: 312.5 µg/mL [68]

Escherichia coli
ATCC 25922 Microdilution MIC: 0.225 mg/mL [60]

Escherichia coli KBN10P03335 Serial dilution method in liquid medium MIC: 150 µg/mL
MBC: 300 µg/mL [66]

Gardnerella sp. UM241 Microdilution MIC: 0.08 µL/mL [69]

Klebsiella pneumoniae CTX-M-8,
OXA-48, KPC Serial dilution method in liquid medium MIC: 130 mg/L [65]

Pseudomonas aeruginosa CIP 103467 Serial dilution method in liquid medium MIC: 1.25 mg/mL [62]

Pseudomonas aeruginosa ATCC 15442 Serial dilution method in liquid medium MIC: 625 µg/mL [68]

Pseudomonas fluorescens ATCC 13525 Double dilution method in liquid medium MIC: 0.5 mg/mL [64]

Shewanella putrefaciens
ATCC 49138 Double dilution method in liquid medium MIC: 0.5 mg/mL [64]

Staphylococcus epidermidis
ATCC 12228 Serial dilution method in liquid medium MIC: <500 mg/L [40]
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Table 1. Cont.

Microorganism Determination Method MIC and/or MFC Value References

Staphylococcus aureus ATCC 25923 Microdilution MIC: 0.45 mg/mL [60]

Staphylococcus aureus ATCC 6538 Double dilution method in liquid medium MIC: 0.125 mg/mL [64]

Staphylococcus aureus ATCC 6538 Serial dilution method in liquid medium MIC: 78 µg/mL [68]

Streptococcus pyogenes ATCC 19615,
ATCC 49399 Serial dilution method in liquid medium MBIC: 125 µg/mL

MBEC: 250 µg/mL [59]

Vibrio parahaemolyticus ATCC 17802 Double dilution method in liquid medium MIC: 0.5 mg/mL [64]

3. Antioxidant and Anti-Inflammatory Activity of Carvacrol

During normal cellular metabolism, free radicals or reactive oxygen intermediates are
produced by cells. However, excessive accumulation of free radicals such as superoxide
radicals, hydrogen peroxide, and hydroxyl radicals lead to tissue damage [3]. Infectious
diseases often develop inflammation because the controlled accumulation of inflammatory
factors such as leukotrienes, prostaglandins, TNF-α, or interleukins (e.g., IL-1, IL-6, IL-
8, IL-10) has a beneficial effect in the fight against microbes. For example, cytokines
are the link between cell damage and inflammation symptoms (cell migration, swelling,
fever, or hyperalgesia). They are produced and released by many cell types in response
to inflammatory stimuli [78]. It is worth emphasizing that the generally beneficial pro-
inflammatory response, as a result of overstimulation, can contribute to the development
of dangerous disease syndromes such as sepsis and septic shock [79,80]. For this reason, it
is essential that the antimicrobial drug utilized also has antioxidant and anti-inflammatory
activity. The antioxidant and anti-inflammatory activity of carvacrol is described in Table 2.

Carvacrol showed significant antioxidant activity in in vitro FRAP, DPPH, and TEAC
assays, and Al-Mansori et al. [81] observed an increase in its activity with increasing
compound concentration in the range of 50 to 1000 ppm. It is worth noting that carvacrol
showed a stronger antioxidant effect than its isomer, thymol, and there was no synergistic
effect found when using their mixture at the tested concentrations.

In studies conducted in guinea pigs, carvacrol concentrations of 120 and 240 µg/mL
have been shown to reduce malondialdehyde levels compared to the control group [82].
Malondialdehyde is the main marker of polyunsaturated fatty acid peroxidation, as the
breakdown of cell membrane integrity deactivates membrane proteins, receptors, and their
associated enzymes, intensifying oxidative damage to cells [83]. It is worth emphasiz-
ing that in the concentrations utilized, the effect of carvacrol was comparable to that of
dexamethasone—a glucocorticosteroid with strong and long-lasting anti-inflammatory,
anti-allergic, and immunosuppressive effects [82]. A decrease in the level of malondialde-
hyde was also observed in the study by Carvalho et al. [84], where, in order to increase
the bioavailability of carvacrol, it was encapsulated in solid lipid nanoparticles (SLN), and
the effect of SLN on lung damage caused by inhalation of smoke through the respiratory
tract was investigated. The study was conducted on 30 rats, which were sacrificed 24 h
after inhalation trauma. SLN significantly reduced malondialdehyde levels compared to
the control group [84]. Carvacrol significantly improves the level of available glutathione
(GSH), which is mainly due to the removal of ROS. Carvacrol prevents lipid peroxidation
by inducing SOD, GPx, GR, and CAT [85,86].

In an in vivo animal study, the administration of carvacrol at doses of 50–100 mg/kg
was shown to have an anti-inflammatory effect, to relieve inflammatory edema in the paws
of mice, and to reduce IL-1β and PGE2 levels. At the same time, they showed that the
administration of a dose of 100 mg/kg reduces the expression of COX-2 and IL-1βmRNA.
In turn, the level of IL-10 was increased by carvacrol [5,85,87]. Another study evaluated the
anti-inflammatory effects of carvacrol in experimental models of edema induced by various
phlogistic agents. In models of dextran or histamine-induced paw edema, carvacrol, at
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50 mg/kg, reduced swelling by 46% and 35%, respectively. On the other hand, in the case of
substance P-induced edema, carvacrol (100 mg/kg) reduced the edema by 46%. In addition,
carvacrol reduced 12-O-tetradecanoyl phorbol acetate-induced ear swelling by 43% [88].

The anti-inflammatory properties of carvacrol were also tested in C57BL/6 mice
administered 5% acetic acid rectally, thereby inducing epithelial changes in the intestinal
mucosa and mimicking the phenotype of ulcerative colitis (UC), as ulcerative lesions of
the distal colon or abnormalities of the intestinal crypts were formed that extended to the
lamina propria. Prior to the induction of UC, rats were administered carvacrol at doses of
25, 50, or 100 mg/kg every 12 h for 3 days. Carvacrol significantly increased CAT, SOD, and
GPx activity. In addition, reductions in abdominal hyperalgesia, colonic myeloperoxidase
(MPO) activity, lipid peroxidation, and TNF-1 and IL-1 levels were observed [89,90].

The anti-inflammatory activity of carvacrol was tested in an in vitro model of strepto-
coccal pharyngitis using human tonsil epithelial cells (HTonEpiCs) induced with S. pyogenes
cell wall antigens. Pro-inflammatory cytokines such as IL-6, IL-8, ENA-78, and GCP-2
were found to decrease in a dose-dependent manner with carvacrol. In addition, HBD-2
production was significantly suppressed during the 24 h carvacrol treatment. Carvacrol
also had an effect on PGE2 and COX-2 levels in cell suspensions [91].

Prostaglandins also play an important role in the inflammatory process. Cyclooxyge-
nase (COX) is involved in the synthesis of these chemicals and has three isoforms, namely,
COX-1, COX-2, and COX-3. COX-2 is rapidly expressed by extracellular stimuli as part
of the inflammatory response, and is actually associated with inflammatory symptoms
such as pain and fever [92]. The effect of carvacrol on the expression of the COX-2 gene in
the LPS-stimulated macrophage cell line J774A.1 was studied. A decrease in COX-2 gene
expression was found at carvacrol concentrations of 0.008% and 0.016% [93].

The effect of carvacrol on COX-2 has been studied in in vitro tests. Carvacrol (IC50 = 0.8µM)
inhibited the production of COX-2-catalysed prostaglandin E2, and was comparable to
standard inhibitors such as indomethacin (IC50 = 0.7 µM) and NS-398 (N-[2-(cyclohexyloxy)-
4-nitrophenyl]-methanesulfonamide; IC50 = 0.8 µM) [94].

The control of COX-2 expression is mediated by peroxisome proliferator-activated
receptors (PPARs), which are ligand-dependent transcription factors belonging to the
superfamily of nuclear receptors. PPAR-dependent suppression of COX-2 promoter activity
by carvacrol was observed. This monoterpene is suggested to regulate COX-2 expression
through its agonistic effect on PPARγ [95].

When male rats were given carvacrol at a dose of 20 mg/kg, it was found to positively
modulate the Nrf2 transcription factor gene, which is an integral part of the host cell
defense mechanism against oxidative stress. Nrf2 binds to antioxidant response elements
(AREs) at the promoter sites of genes that encode several essential enzymes of the body’s
anti-inflammatory response [96].

The compound that facilitates the colonization of host cells by bacteria through ad-
hesion is lipopolysaccharide (LPS). It is the major component of the outer membrane of
Gram-negative bacteria and is a foreign substance to higher organisms. However, LPS
induces a rapid response in the immune system of the infected person. LPS is highly toxic
when present in human blood, which is why it is often called an endotoxin. It causes
fever and physical discomfort [97], and interacts with host cells, e.g., with monocytes,
macrophages, polymorphonuclear leukocytes, and B and T lymphocytes, as well as var-
ious endothelial and epithelial cells. One of the pathways that triggers inflammation
and is activated by LPS is the pathway with adapter proteins TRAM and TRIF, which
are involved in the transduction of the LPS-derived signal. This pathway leads to the
NF-κB-activated transcription of genes responsible for the production of proteins related to
the body’s immune response [98]. LPS may also stimulate the inflammasome of NALP3,
a high-molecular-weight multiprotein caspase-1-activating platform that coordinates the
maturation of highly potent pro-inflammatory cytokines such as IL-1β and IL-18 [99]. The
NALP3 inflammasome plays a key role in tissue damage caused by inflammation. In
turn, TLR4 stimulation initiates the signaling pathway of bone marrow differentiation
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factor 88 (MyD88), which promotes rapid activation of NF-κB, consequently leading to an
increase in IL-18, IL-6, IL-1β, tumor necrosis factor-α (TNF-α), and monocyte chemotactic
protein-1 (MCP-1) [100]. It is worth noting that an overreaction of the infected body to
LPS can result in immune suppression and organ dysfunction, which can even lead to
death [101].

Lipopolysaccharide from Porphyromonas gingivalis (LPS-G), alone and in combina-
tion with carvacrol, was used in studies on the potential protective role of carvacrol
in the inflammatory process. In an in vitro experiment, HL-1 cardiomyocytes were ex-
posed to LPS-G and incubated with carvacrol. Carvacrol has been shown to have an
anti-inflammatory effect by reducing the expression of TLR4, NF-κB, NALP3, and IL-1β.
Therefore, the researchers suggest that carvacrol may provide a significant protective ef-
fect against the inflammatory stimulus generated by LPS-G, including suppression of the
TLR4/NF-κB/NALP3/IL-1β signaling pathway [102].

In addition, studies conducted on mouse spleen cells have shown that carvacrol
enhances anti-inflammatory cytokines, increasing the expression of interferon gamma
(IFN-γ) and forkhead box P3 (FOXP3) genes while reducing pro-inflammatory activity and
modifying the expression of IL-4 and IL-17 genes, as well as transforming growth factor
beta (TGF-β) [103].

Carvacrol inhibited the activation of ERK1/2 by LPS. Carvacrol does not act at the
extracellular level; at least, it does not affect the binding of LPS to TLR4/CD14. It is
possible that carvacrol has a specific effect on the Ras/Raf pathway or that it acts on various
membrane receptors that are also modulated by LPS. The pro-inflammatory effects of LPS
are also mediated by NF-κB-dependent activation of transcription, and carvacrol blocks the
effect of LPS on the translocation of NF-κB (p65) from the cytoplasm to the nucleus and its
luciferase-coupled transcription. It has been shown to inhibit NF-κB transactivation even
in the absence of LPS, demonstrating its role as an inhibitor of basal NF-κB activation in
RAW 264.7 macrophages [104]. Activation of NF-κB by TLR4-mediated LPS is postulated
to be dependent on TAK1, an upstream activator of both JNK and IKK [105], but studies
by Somensi et al. have shown that carvacrol simultaneously inhibits ERK1/2 and NF-κB,
suggesting an alternative pathway for its anti-inflammatory effect [104].

Another important signaling molecule besides LPS that plays an important role in
the development of inflammatory immune responses is nitric oxide (NO) [25]. Carvacrol
removed NO which had formed as a result of spontaneous degradation of sodium nitro-
prusside [106].

Carvacrol also affects heat shock proteins (Hsp), the overexpression of which is ob-
served in inflammation caused by infection, high temperature, hypoxia, malnutrition, and
exposure to chemicals or UV radiation, among other factors. HSPs are important factors
regulating cell survival, differentiation, and death [107]. They prevent cellular damage
and increase immunoregulation by activating anti-inflammatory T cells [108]. Carvacrol
was able to co-induce the cellular expression of Hsp70 in Hsp70-specific T cell hybridomas
in vitro. On the other hand, in in vivo studies on Peyer’s patches in mice, amplification of
the T-cell responses to Hsp70 was observed after intragastric administration of carvacrol.
Carvacrol administration also increased the number of CD4+CD25+FoxP3+ T cells, both
systemically in the spleen and locally in the joint, and almost completely suppressed exper-
imental proteoglycan-induced arthritis [109]. It is worth noting that Hsp70 interacts with
the viral components of human cytomegalovirus, rabies virus, respiratory syncytial virus,
human papilloma virus, and herpes simplex virus [107].
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Table 2. Anti-inflammatory and antioxidant effects of carvacrol. (↑ increased or upregulate, ↓
decreased or downregulate).

Animal/Model Doses of Carvacrol Main Results Reference

In vitro tests (ABTS, DPPH, FRAP, TEAC) From 50 to 1000 ppm Antioxidant activity [81]

Guinea pigs exposed to cigarette smoke 120 and 240 µg/mL Malondialdehyde↓ [82]

Inhalation of smoke in rats Nanoparticles of carvacrol
in form of SLN Malondialdehyde↓ [84]

Induction of diabetes in rats 75 mg/kg for 8 weeks SOD↓, GPx↓, Bax↓, Bcl-2↑,
malondialdehyde↓ [86]

Mice 50–100 mg/kg COX-2↓, IL-1β↓, PGE2↓, IL-10↑ [11]

C57BL/6 mice 25, 50, or 100 mg/kg IL-1β↓, TNF-α↓, CAT↑, SOD↑,
GPx↑ [89]

Model of streptococcal pharyngitis (HTonEpiCs) 4–125 µg/mL IL-6↓, IL-8↓, ENA-78↓, GCP-2↓,
HBD-2↓, PGE2↓, COX-2↓ [91]

LPS-stimulated cell line J774A.1 0.008% and 0.016% COX-2↓ [93]

Ovine COX-2 activity assay IC50 = 0.8 µM Prostaglandin E2↓ [94]

Male Sprague–Dawley rats 20 mg/kg Nrf2↑ [96]

HL-1 cardiomyocytes exposed to LPS-G 6.25–50 µM IL-1β↓, TLR4↓,
NFκ-B↓, NALP3↓ [102]

Mouse splenocytes 75–300 µg/mL Gene expression of IL-4↓, IL-17↓,
IFN-γ↓, FOXP3↓ [103]

RAW264.7 cells 0.2 mM Hsp70↑ [109]

4. The Metabolism of Carvacrol

Carvacrol is generally considered to be a safe compound. Therefore, the lack of detailed
data on its metabolism in humans is surprising. In a Phase I clinical trial, carvacrol was
administered to healthy subjects at 1 and 2 mg/kg/day for 1 month, and no critical adverse
reactions or clinically significant changes in biochemical, hematological, endocrine, renal,
or hepatic function tests were observed [110]. More than 80% of carvacrol is absorbed or
metabolized in the duodenum and stomach. Encapsulation of carvacrol in microcapsules of
calcium alginate can effectively reduce its early absorption in the upper gastrointestinal tract
after oral administration [111]. The involvement of CYP in the metabolism of carvacrol in
humans has been confirmed in studies by Dong et al. [112] in 2012, when the compound was
incubated with human liver microsomes (HLM) in the presence of NADPH. The CYP2A6
isoform was shown to be the major enzyme involved in the metabolism of carvacrol in
humans. CYP1A2 and CYP2B6 isoforms also contributed to a lesser extent. In addition,
1-aminobenzotriazole (ABT), a non-specific CYP inhibitor, was found to almost completely
inhibit the formation of carvacrol metabolites. Conversely, among the selective inhibitors of
the CYP isoforms, 8-methoxypsoralen, a specific CYP2A6 inhibitor, significantly inhibited
the formation of carvacrol metabolites, confirming that this isoform is primarily responsible
for the metabolism of carvacrol in humans. The obtained results indicate that when
carvacrol is co-administered with other drugs that are mainly metabolized by CYP2A6,
further pharmacokinetic and clinical studies of these combinations of compounds should be
performed [112]. Carvacrol may affect the toxicity of other compounds. CYP2E1 is involved
in the metabolism of galactosamine. Significant increases in hepatic CYP2E1 mRNA
and protein expression were found in rats intoxicated with d-galactosamine. In contrast,
carvacrol supplementation suppressed mRNA expression of this protein, suggesting that
carvacrol may have a remarkable hepatoprotective effect in the case of d-galactosamine
poisoning [113].
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There are more data on the metabolism of carvacrol in animals [109].In rats given oral
carvacrol by gavage, the LD50 was 810 mg/kg body weight [114], while in mice, the LD50
was 80 mg/kg body weight after intravenous administration, 73.30 mg/kg body weight
when administered intraperitoneally (i.p.), and 680 mg/kg body weight after subcutaneous
administration. At very high doses (110–233.3 mg/kg bw), ataxia, decreased spontaneous
motor activity, and somnolence were observed in mice before death [29,115]. In dogs,
however, the lethal dose of intravenous carvacrol was 0.31 g/kg [116]. As early as 1932,
it was found that carvacrol is rapidly excreted in the urine of rats and rabbits [117,118].
Carvacrol appears to be slowly adsorbed in the rabbit intestine, as 22 h after administration
of 1.5 g, only about 25% of the dose was excreted in the urine [15]. More detailed studies
on the metabolism of carvacrol were carried out by Austgulen et al. on Wistar rats in 1987.
The compound (1 mmol/kg), dissolved in propylene glycol, was administered to the rats
through a gastric tube. It was found to be excreted either unchanged or as glucuronides and
sulfates. In much smaller amounts, hydroxylation of the methyl and isopropyl groups and
further oxidation to the acid take place. Only traces of hydroxylation in the aromatic ring
were observed, leading to the formation of 2,3-dihydroxy-p-cymene (Figure 2) [118,119].
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5. Biotransformation of Carvacrol

Care for the environment forces the consideration of the impact of each antimicrobial
agent on the surface water and soil ecosystem. For this reason, it is extremely important to
determine the possible degradation pathways of each new antimicrobial drug, including
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carvacrol. Biotransformation processes are often the first stage of degradation, and are
discussed in detail in this chapter.

The first reports on the biotransformation of carvacrol date back to 1972, when
Herber et al. [120] transformed carvacrol into a hydroquinone derivative using a Mucor
hiemalis culture. In addition, in their research, Numpaqe et al. [121] used the fungi Col-
letotrichum acutatum and Botryodiplodia theobromae, isolated from infected fruits of Solanum
betacea (tamarillo) and Persea americana (avocado). In the culture of C. acutatum, the fol-
lowing were obtained: 2-methyl-5-isopropylhydroquinone (thymohydroquinone), 5-(1-
hydroxy-1-methylethyl)-2-methylphenol, 2-isopropenyl-5-methylbenzene-1,4-diol, thymo-
quinone, and carvacrol ether derivative. In the culture of B. theobromae, 5-(2-hydroxy-1-
methylethyl)-2-methylphenol, 2-hydroxymethyl-5-isopropylphenol, and 5-isopropenyl-
2-methylphenol were observed. The transformation efficiency of B. theobromae for 5-(2-
hydroxy-1-methylethyl)-2-methylphenol and 5-(1-hydroxy-1-methylethyl)-2-methylphenol
was about 20%, and for the other compounds, it was much lower. It resulted that C. acu-
tatum metabolized carvacrol much more quickly than B. theobromae, while the efficiency
was only about 12% for the carvacrol ether derivative, and the values were lower for the
other compounds [121] (Figure 3). In Cladosporium sp. culture, carvacrol was converted to
9-hydroxycarvacrol, which was then oxidized to carvacrol-9-oic acid [122].
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6. Future Fields of Carvacrol Research

Due to its flavoring and antimicrobial properties, carvacrol is most often used in
the food industry as a natural food preservative. An area of research that has recently
been intensively developed is the possibility of using carvacrol as a component of active
packaging, especially for food storage. Carvacrol placed on specific carriers or included
in modified release preparations can limit the growth of pathogenic bacteria in food and
slow down the process of its spoilage. Currently, research is also being carried out on
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the use of carvacrol as a feed additive in order to maintain the sensory and nutritional
quality of poultry meat by inhibiting tissue lipid oxidation. It is debatable whether it is
considered a safe antimicrobial compound despite the lack of modern research in this
area. In particular, there are no unequivocal results indicating whether or to what extent
carvacrol acts as an inducer or inhibitor of the CYP isoforms found in humans. Therefore,
further research is needed in this area using modern methods, such as transcriptomic and
proteomic techniques, metabolomics, X-ray crystallography, spectroscopy, and computer
modeling. There are also no studies to date on the interaction of carvacrol with other food
ingredients and drugs.

Although most scientific studies have shown significant potential for carvacrol as an
antimicrobial agent, it is important to conduct appropriate clinical trials to determine the
safety of the optimal doses and to further study their effectiveness against the strains of
microorganisms that have been isolated from patients. Research is needed on the interaction
of carvacrol with antibiotics, and in the search for such combinations of carvacrol with
other drugs, researchers seek to prove that achieving a synergistic effect of both substances
is possible.

In recent years, an intensively developed area of research in microbiology has been the
structure and importance of microbial biofilms. In medicine, biofilm formation involving
pathogenic strains is often a major therapeutic challenge, as such infections are extremely
difficult to treat due to their natural tolerance to commonly used antibiotics and host
immune responses. On the other hand, it is known that biofilms of non-pathogenic bacteria
can effectively protect the body against infection with pathogenic strains. It is already
known that carvacrol disrupts formed biofilms and prevents their formation. However,
further research is needed on its mechanism of action on biofilms.

A serious challenge that stands in the way of the widespread use of carvacrol as an
antimicrobial drug is its limited bioavailability, which results from unfavorable physico-
chemical properties such as high volatility, instability, and low solubility in water. Some
studies have attempted to address this problem through the use of specific carriers or
modified-release carvacrol formulations, which may result in improvements to the uptake
of the active compound and its residence time in various organs or matrices. However,
the systems developed so far, especially with the use of nanotechnology, require detailed
toxicological studies in order to objectively assess the safety of their use.

Since carvacrol has a strong antimicrobial effect, it is very difficult to find strains of
microorganisms capable of biotransforming this compound. Finding strains of microor-
ganisms capable of transforming compounds with antimicrobial activity is particularly
tedious and laborious, which may explain the very limited number of publications on this
subject. However, research of this type is currently of particular importance in the context
of a holistic view of the functioning of all chemical compounds in the environment.

7. Conclusions

Carvacrol is a naturally occurring compound that has achieved great importance,
mainly due to its well-documented antimicrobial activity against many strains of bacteria,
yeasts, and fungi (Table 1). The combination of the hydroxyl group and the delocalized
electrons of the aromatic ring is essential for its activity. Importantly, the position of the
hydroxy group is of less importance, as carvacrol often has comparable activity to its isomer,
thymol. Carvacrol easily penetrates the cell membrane and can bind ATP or monovalent
cations (e.g., K+), changing the cell membrane potential and influencing homeostasis.
Changes in the respiratory chain and, consequently, decreases in ATP synthesis are also
observed. Retained lipophilicity contributes to damage to the cell membrane of fungal and
spore hyphae, changing the size and shape of cells, allowing for the leakage of cytoplasmic
contents, and causing cell death. Carvacrol also disrupts formed biofilms and prevents
their formation, especially in the case of Candida.

Serious infections are often accompanied by massive inflammation, which, in extreme
cases, can lead to sepsis. Carvacrol prevents polyunsaturated fatty acid peroxidation by
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inducing SOD, GPx, GR, and CAT. It also contributes to the reduction in pro-inflammatory
cytokines such as IL-6, IL-8, ENA-78, and GCP-2 in a dose-dependent manner. It also
inhibits the synthesis of prostaglandins, affecting the cellular level of COX-2. It also reduces
the level of the body’s immune response generated by LPS. Carvacrol also affects heat
shock proteins (Hsp), which are overexpressed in infection-induced inflammation.

In the case of the antimicrobials utilized herein, it is important to understand the
degradation pathways of the compounds in the environment. So far, it is known that strains
of B. theobromae, C. acutatum, M. hiemalis, and Cladosporium sp. are capable of carvacrol
biotransformation.
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Abstract: Vernonia polyanthes is a medicinal plant used to treat many disorders, including infec-
tious diseases. This study investigated the chemical constituents and the antibacterial activity
of V. polyanthes leaf rinse extract (Vp-LRE). The chemical characterization of Vp-LRE was estab-
lished using ultra-high performance liquid chromatography coupled to quadrupole time-of-flight
mass spectrometry (UHPLC/Q-TOF-MS), and glaucolide A was identified through 1H and 13C
nuclear magnetic resonance (NMR) and mass fragmentation. The cytotoxicity was evaluated us-
ing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). The antibacterial activity
was assessed by minimal inhibitory concentration and minimal bactericidal concentration. Inter-
actions between ligands and beta-lactamase were evaluated via molecular docking. UHPLC/Q-
TOF-MS detected acacetin, apigenin, chrysoeriol, isorhamnetin, isorhamnetin isomer, kaempferide,
3′,4′-dimethoxyluteolin, 3,7-dimethoxy-5,3′,4′-trihydroxyflavone, piptocarphin A and glaucolide A.
Vp-LRE (30 µg/mL) and glaucolide A (10 and 20 µg/mL) were cytotoxic against RAW 264.7 cells.
Glaucolide A was not active, but Vp-LRE inhibited the Staphylococcus aureus, methicillin-resistant
S. aureus (MRSA), Escherichia coli, Salmonella Choleraesuis and Typhimurium, with a bacteriostatic
effect. The compounds (glaucolide A, 3′,4′-dimethoxyluteolin, acacetin and apigenin) were able to
interact with beta-lactamase, mainly through hydrogen bonding, with free energy between −6.2 to
−7.5 kcal/mol. These results indicate that V. polyanthes is a potential natural source of phytochemicals
with a significant antibiotic effect against MRSA strains.

Keywords: Vernonia polyanthes; flavonoids; glaucolide A; UHPLC/Q-TOF-MS; antibacterial activity;
methicillin-resistant Staphylococcus aureus

1. Introduction

Infectious diseases are a major threat to human health and are responsible for high rates
of morbidity and mortality. The treatment of these diseases is conducted with antibiotics
that are often used irrationally, causing the emergence of microbial resistance (in addition to
adverse effects) [1]. The declining effectiveness of antibiotics in treating bacterial infections
worldwide is evident. The antimicrobial resistance in pathogenic bacteria has become
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one of the most serious and complex public health problems of the 21st century [2] with
worrying clinical and economic consequences for sanitary and health agencies [3].

In function of this alarming scenario, the World Health Organization (WHO) published
the top 20 drug-resistant bacteria list at a global level, with critical (priority 1), high
(priority 2) and medium (priority 3) priorities, requiring prompt action from the scientific
research community to develop new antibiotics. Escherichia coli (carbapenem-resistant,
3rd generation cephalosporin-resistant) (priority 1), Pseudomonas aeruginosa (carbapenem
resistant) (priority 1), Staphylococcus aureus [methicillin-resistant (MRSA), vancomycin
intermediate (VISA) and resistant (VRSA)] (priority 2) and Salmonella spp. (fluoroquinolone-
resistant) (priority 2) strains are major concerns [4]. In this sense, the research of new
therapeutic agents represents a relevant strategy in the combat of infections caused by
multidrug-resistant bacteria, including MRSA.

The antimicrobial properties of compounds produced by plants have been recognized
since antiquity and have been scientifically investigated in the last decades, and several
natural products are recognized as antibacterial agents [5–8]. This scientific framework
associated with the development of new technologies justifies the renewed interest in the
screening of natural products to discovery of new substances with antibacterial potential.
Even with the lack of support from major pharmaceutical industries, natural products
still show a substantial impact on the remedy discovery process [8]. Nowadays, among
all substances approved as new antibacterial chemical entities, a significant percentage of
them are natural compounds or their synthetic derivatives [7,8].

Vernonia polyanthes Less. (Asteraceae Bercht. & Presl family), commonly known in
Brazil as “assa-peixe”, occurs in South America and has been traditionally used mainly to
treat infectious and inflammatory processes, as well as wounds, burns, respiratory system
disorders, kidney dysfunctions and in an antimycobacterial capacity [9–11]. The thera-
peutic potential of V. polyanthes has been investigated, and its pharmacological activities,
such as antihypertensive and diuretic [12], antileishmanial [13], antimycobacterial [11],
antiulcerogenic [14], antinociceptive and anti-inflammatory [15], cytotoxic [16] and topical
anti-inflammatory [17] effects have been reported. Although some reports about the an-
tibacterial activities of V. polyanthes have been published [11,18–20], more investigations are
necessary to establish the real antibacterial potential of this plant species, focusing on new
antibiotics and new therapeutic approaches mainly to treat “untreatable” infectious diseases.
Thus, in function of the medical importance in the last decades, it is relevant to research the
antibacterial activity of V. polyanthes against multidrug-resistant clinical bacterial strains.

Based on the use of V. polyanthes leaves for the treatment of bacterial infectious diseases
and the clinical relevance of resistant pathogens, the aim of this study was to evaluate
the antibacterial activities of the leaf rinse extract of V. polyanthes (Vp-LRE) and its main
compound glaucolide A against reference and clinical multidrug-resistant Gram-positive
and Gram-negative bacterial strains.

2. Results
2.1. Production of the Extract of V. polyanthes

A crude extract of V. polyanthes was prepared by rinsing the leaves with dichloromethane.
The rinsed leaves extract of V. polyanthes (Vp-LRE) was chosen for analysis since many
bioactive compounds in Vernonia species (such as flavonoids and sesquiterpene lactones)
are localized mainly at the glandular trichomes leaves [21–23].

In this present study, Vp-LRE was prepared and its antibacterial activity against
ATCC® and clinical multidrug-resistant Gram-positive and Gram-negative bacterial strains
was evaluated, which have not been reported in the literature.

2.2. Total Phenolic and Flavonoid Content Determinations

The total phenolic content of Vp-LRE was spectrophotometrically determined using
Folin-Ciocalteu reagent, expressed as gallic acid equivalents (g GAE/100 g) and calculated
from the calibrated curve (r2 = 0.9970), while total flavonoid content was estimated using the
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aluminum chloride method and expressed as rutin equivalents (g RE/100 g) (r2 = 0.9995).
In V. polyanthes, the values were 2.53 ± 0.01 g GAE/100 g (Vp-LRE) for phenols and
4.26 ± 0.04 g RE/100 g (Vp-LRE) for flavonoids.

2.3. Evaluation of the Chemical Composition of Vp-LRE by Ultra-High Performance Liquid
Chromatography Coupled with Quadrupole Time-of-Flight Mass Spectrometry
(UHPLC-MS-QTOF) Analysis

UHPLC-MS-QTOF analysis was applied for the qualitative chemical characterization
of different metabolites in Vp-LRE. The components of Vp-LRE were separated and ana-
lyzed by UHPLC-MS-QTOF, and a typical UHPLC-MS-QTOF chromatogram of Vp-LRE, at
negative ion mode, is shown in Figure 1. Glaucolide A and apigenin were identified and
eight compounds were annotated, and detailed information of each peak is listed in Table 1.
Peak annotation was based on each compound’s molecular ions and its MS/MS studies
(Table 1), as well as comparison with the available literature. The options with the lower
mass error values and the higher MS scores useful for obtaining better confident formula
assignments were preferable. The structures of the proposed compounds were tentatively
annotated through studying the fragmentation pattern using MS/MS spectra. In addition,
the retention time (Rt) served as criterion of polarity and elution order, which was used for
the numbering of the compounds (Figure 1 and Table 1).

2.4. Isolation and Identification of Glaucolide A

As glaucolide A (1; Figure 2) was identified as one of the most representative com-
pounds in Vp-LRE, it was isolated from the extract via chromatographic fractionation
and additionally identified by 1H- and 13C-NMR data analysis in comparison to litera-
ture [24,25] 1H NMR (500 MHz, CDCl3) δ (ppm): 1.53 (3H; s, H-15); 1.64 (4H, s, H-3b and
H-14); 1.92 (3H, q, J = 1.0 Hz, H-4′); 2.04 (3H, s, H-2′′); 2.06 (3H, s, H-2′′); 2.29 (2H, m, H-2b
and H-3a); 2.59 (1H, m, H-9b); 2.79 (2H, m, H-5 and H-9a); 2.93 (1H, m, H-2a); 4.80 (3H,
m, H-8, H-13a and H-13b); 4.89 (1H, d, J = 9.5 Hz, H-6); 5.69 (1H, t, J = 1.0 Hz, H-3′); 6.14
(1H, t, J = 1.0 Hz, H-3′).13C NMR (125 MHz, CDCl3) δ (ppm): 18.0 (C-4′); 18.8 (C-14); 20.7
(C-15); 21.0 (C-2′′′); 22.4 (C-2′′); 31.8 (C-3); 32.8 (C-2); 40.3 (C-9); 55.0 (C-13); 58.7 (C-5); 61.4
(C-4); 64.4 (C-8); 80.8 (C-6); 84.7 (C-10); 125.0 (C-11); 127.8 (C-3′); 134.7 (C-2′); 163.3 (C-7);
166.2 (C-1′); 169.7 (C-12); 170.2 (C-1′′′); 170.9 (C-1′′); 206.6 (C-1). The purity of the isolated
glaucolide A was estimated to be higher than 95% via HPLC-DAD analysis (Figure 2).
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Table 1. Chemical characterization of V. polyanthes leaf rinse extract (Vp-LRE) by UHPLC-MS-QTOF.

Peak Proposed
Compound

Rt *
(min)

m/z **
[M − H]− Main Fragments Molecular

Formula Score Error
(ppm)

1 Isorhamnetin a 5.10 315.0508 299.0956, 197.8085 C16H12O7 99.30 1.0
2 Apigenin a,b 5.35 269.0453 197.8080, 162.8410, 116.9287 C15H10O5 100.00 1.1
3 Chrysoeriol 5.52 299.0562 284.0324, 256.0370, 215.1287 C16H12O6 99.64 1.3
4 Isorhamnetin isomer 5.61 315.0497 313.1101, 300.0261, 197.8059 C16H12O7 99.94 −2.5

5 3,7-dimethoxy-5,3′,
4′-trihydroxyflavone a 5.89 329.0670 314.0431, 299.0193, 197.8086 C17H13O7 99.80 2.7

6 Kaempferide 6.29 299.0549 284.0324, 197.8066, 116.9282 C16H12O6 99.96 −2.3
7 Piptocarphin A a 6.44 457.1261 [M + Cl]− 441.1403, 327.1259, 197.8077, 117.9282 C21H26O9 99.52 −0.9
8 Acacetin 6.97 283.0622 268.0374, 239.0346, 197.8082 C16H12O5 99.96 8.1
9 3′,4′-dimethoxyluteolin a 7.12 313.0724 298.0485, 255.0300, 197.8088 C17H14O6 98.26 3.8

10 Glaucolide A a,b 7.37 499.1384 [M + Cl]− 463.1617, 403.1399, 355.1585, 275.0925,
197.8084 C23H28O10 99.76 2.6

* Retention time; ** Mass-to-charge Ratio; a Compounds previously reported in Vernonia polyanthes by Igual et al.
(2013) [22]; b Confirmation with authentic standards.
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2.5. HPLC-DAD Analysis of Vp-LRE and Glaucolide A

The chromatographic HPLC-DAD profile of Vp-LRE, at λ 210 nm showed the presence
of six major peaks with an intense signal at the Rt of 15.04 min (Figure 2, black line). The
isolated glaucolide A, analyzed at the same chromatographic conditions of Vp-LRE showed
a high purity peak at Rt = 15.04 in the HPLC-DAD (Figure 2, red line).

2.6. In Vitro Cell Viability/Cytotoxicity Assay

RAW 264.7 cells were selected to evaluate the in vitro cell viability/cytotoxicity be-
cause macrophages play a critical role in bacterial infections, as they are responsible for
engulfing and destroying invading bacteria as well as producing cytokines, chemokines
and reactive oxygen species that help to eliminate bacteria and coordinate the immune
response to the infection [26]. This cell line was treated with concentrations ranging from
0.5 to 30 µg/mL of Vp-LRE extract or 0.5 to 20 µg/mL of glaucolide A. After 48 h, the
cell viability was determined via MTT assay. As shown in Figure 3, only on the highest
concentrations, Vp-LRE (30 µg/mL) and glaucolide A (10 and 20 µg/mL) induced a signifi-
cant cell viability reduction, compared to the not-treated cells. No significative difference
was found between non-treated cells and cells treated with the solvent (DMSO 0.5%). As
expected, the positive control (DMSO 5%) reduced the viability by around 90%.
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2.7. In Vitro Antibacterial Activity Assessment

The results of the in vitro antibacterial activity by minimal inhibitory concentration
(MIC) are presented in Tables 2 and 3. According to these tables, the MIC values showed
that Vp-LRE was effective against Staphylococcus aureus (ATCC 6538) and (ATCC 29213), Es-
cherichia coli (ATCC 10536), Salmonella Choleraesuis (ATCC 10708), Salmonella Typhimurium
(ATCC 13311) (Table 2) and MRSA 1485279, MRSA 1605677, MRSA 1664534, MRSA 1688441
and MRSA 1830466 (Table 3). Vp-LRE did not reveal antibacterial effects against the other
eight bacterial strains evaluated in this study (three ATCC® and five Salmonella clinical
strains) at the highest tested concentration (>5000 µg/mL). Glaucolide A showed antibacte-
rial activity against S. aureus (ATCC 6538) and S. aureus (ATCC 29213) (Table 2). For the
other strains, no antibacterial activity was observed in the gradient tested concentration
(up to 500 µg/mL).

After the establishment of MIC values (Tables 2 and 3), MBC and the bactericidal or
bacteriostatic effects were determined. Vp-LRE revealed a bacteriostatic effect, showing
MIC of 5000 µg/mL against E. coli (ATCC 10536), S. Choleraesuis (ATCC 10708) and S.
Typhimurium (ATCC 13311). In these cases, MBC was not established because 5000 µg/mL
was the highest concentration used in this study, as explained before. Considering the
antibacterial action of Vp-LRE under S. aureus (ATCC 6538) and S. aureus (ATCC 29213)
with MIC of 625 µg/mL, the MBC values were 2500 µg/mL and 1250 µg/mL, respectively,
with a bacteriostatic effect present for both strains. For MRSA 1485279, MRSA 1605677,
MRSA 1664534, MRSA 1688441 and MRSA 1830466, Vp-LRE demonstrated a bacteriostatic
effect and the MBC values were 2500 µg/mL against MRSA 1485279, MRSA 1664534 and
MRSA 1830466, and 5000 µg/mL for MRSA 1605677 and MRSA 1688441. It is noteworthy
that despite the antibacterial activity of Vp-LRE observed against S. Choleraesuis (ATCC
10708) (MIC = 5000 µg/mL) and S. Typhimurium (ATCC 13311) (MIC = 5000 µg/mL), this
extract and glaucolide A were unable to inhibit the five tested clinical strains of Salmonella.
Based on glaucolide A, it was not possible to determine the MBC values of the two reference
strains of S. aureus (ATCC 6538 and ATCC 29213) because 500 µg/mL was the highest
tested concentration.

2.8. Molecular Docking Interactions

Figure 4 shows the redocking of the cocrystallized ligand [[N-(benzyloxycarbonyl)
amino]methyl]phosphate (PHOS) at the catalytic site of the β-lactamase of S. aureus (PDBid:
1BLH), where the RMSD value was of 1.8929 Å. Thus, it was possible to perform the
molecular docking studies in the catalytic site with the proposed ligands.
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Table 2. Minimal inhibitory concentration (MIC) values of V. polyanthes leaf rinse extract (Vp-LRE)
and glaucolide A against ATCC® strains.

Bacterial Strain
MIC (µg/mL)

Vp-LRE Glaucolide A AMP * CHL *

S. aureus (ATCC 6538) 625 250 <4 8
S. aureus (ATCC 29213) 625 500 <4 a 16 b

E. coli (ATCC 10536) 5000 >500 <4 <4
E. coli (ATCC 25922) >5000 >500 <4 d <4 d

S. Choleraesuis (ATCC 10708) 5000 >500 <4 <4
S. Typhimurium (ATCC 13311) 5000 >500 <4 <4

P. aeruginosa (ATCC 9027) >5000 >500 >500 c 64 c

P. aeruginosa (ATCC 27853) >5000 >500 500 c 64 c

* MIC values of ampicillin (AMP) and chloramphenicol (CHL) were in accordance with the quality control
ranges reported for nonfastidious organisms by the Clinical and Laboratory Standards Institute (CLSI), document
M100-S24 [27]: a 0.5 to 2 µg/mL; b 2 to 16 µg/mL; c not reported; d 2 to 8 µg/mL. These values classify these
bacteria as sensitive, with the exception of P. aeruginosa (ATCC 9027) and (ATCC 27853).

Table 3. Minimal inhibitory concentration (MIC) values of V. polyanthes leaf rinse extract (Vp-LRE)
and glaucolide A against clinical strains.

Bacterial Strain
MIC (µg/mL)

Vp-LRE Glaucolide A AMP * CHL *

MRSA 1485279 312 >500 250 64
MRSA 1605677 156 >500 250 <4
MRSA 1664534 1250 >500 16 <4
MRSA 1688441 2500 >500 250 <4
MRSA 1830466 1250 >500 64 4

Salmonella spp. 1266695 >5000 >500 <4 <4
S. Enteritidis 1406591 >5000 >500 <4 <4
S. Enteritidis 1418594 >5000 >500 <4 <4
S. Enteritidis 1428260 >5000 >500 <4 <4

Salmonella spp. 1507708 >5000 >500 500 <4
* MIC values of ampicillin (AMP) and chloramphenicol (CHL) were in accordance with the quality control
ranges reported for nonfastidious organisms by the Clinical and Laboratory Standards Institute (CLSI), document
M100-S24 [27]: These values classify these bacteria as sensitive.
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Figure 4. Redocking of the crystallographic ligand at the catalytic site of β-lactamase of S. aureus.
(A) Crystallographic ligand conformation (moss) and conformation obtained by redocking (gray);
(B) Ligand at the enzyme site.

Clavulanic acid, the reference compound, interacted with the catalytic site of β-
lactamase through hydrogen bonding with the Ser70 residue, responsible for the nu-
cleophilic attack on the carbonyl carbon and consequent breakage of the β-lactam ring.
Hydrogen bonds with Tyr105, Asn132 and Glu166 residues, dipole–permanent interaction
with Gln237 and Van der Waals interactions with the other residues were also established
(Figure 5A). The free energy value was −6.6 kcal/mol (Table 4).
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the ligands and the catalytic site of the S. aureus β-lactamase. Glaucolide A (Figure 5B) 
established hydrogen bonding with residues Ser70, Asn170, Gln237 and Arg244, with a 
free energy value of −6.2 kcal/mol (Table 4). 3′,4′-Dimethoxyluteolin (Figure 5C) interacted 
with the Asn170 residue via hydrogen bonding, with the Asn132 residue via dipole-
permanence, with the aromatic ring of Tyr105 and Tyr171 and with the Ile239 residue 
through π-stacking alkyl interactions and π-alkyl, yielding a free energy value of −7.1 
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Figure 5. Main molecular interactions between compounds and class β-lactamase catalytic site of S.
aureus. (A) Clavulanic acid. (B) Glaucolide A. (C) 3′,4′-Dimethoxyluteolin. (D) Acacetin. (E) Apigenin.
Dark green: hydrogen bonding; Light green: Van der Waals; Light pink: alkyl or π-alkyl; Dark pink:
π-stacking; Light blue: permanent-dipole. Dashed lines: aromatic ring.

Table 4. Free energy values of ligands.

Ligands Free Energy (kcal/mol)

Clavulanic acid −6.6
Glaucolide A −6.2

3′,4′-Dimethoxyluteolin −7.1
Acacetin −7.4
Apigenin −7.5
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Figure 5 presents the conformations and main intermolecular interactions between
the ligands and the catalytic site of the S. aureus β-lactamase. Glaucolide A (Figure 5B)
established hydrogen bonding with residues Ser70, Asn170, Gln237 and Arg244, with
a free energy value of −6.2 kcal/mol (Table 4). 3′,4′-Dimethoxyluteolin (Figure 5C) in-
teracted with the Asn170 residue via hydrogen bonding, with the Asn132 residue via
dipole-permanence, with the aromatic ring of Tyr105 and Tyr171 and with the Ile239
residue through π-stacking alkyl interactions and π-alkyl, yielding a free energy value of
−7.1 kcal/mol (Table 4). Acacetin (Figure 5D) established hydrogen bonds with residues
Ser70, Asn132 and Asn170, a π-stacking type interaction with the aromatic ring of Tyr105
and alkyl and π-alkyl interactions with Ile239 residue, and the free energy value was
−7.4 kcal/mol (Table 4). The flavonoid apigenin (Figure 5E) established hydrogen bonds
with residues Ser70, Ser130, Asn132 and Asn170, a π-stacking type interaction with the
aromatic ring of Tyr105 and a π-alkyl interaction with Ile239 residue, and the free energy
value was −7.5 kcal/mol (Table 4).

3. Discussion

V. polyanthes leaves are used in Brazilian folk medicine to treat several infectious
diseases such as pneumonia, flu, coughs and uterine infections [28]. However, despite the
antimicrobial potential of V. polyanthes leaves, a correlation between its chemical compo-
sition and its antibacterial activity has not been supported by any scientific evidence so
far. Additionally, several studies have reported that flavonoids, sesquiterpene lactones
and other potentially active compounds of Vernonia species are located in the glandular
trichomes of the leaves, which are epidermal secretory structures related to the produc-
tion, storage and secretion of a wide number of compounds associated with plant defense
and its antimicrobial and antifeeding effects [21–23]. The locations of these structures on
the surfaces of the plant organs allow for the extraction of these compounds by washing
the leaves with organic solvents, producing a selective plant extract to obtain the stored
compounds in the glandular trichomes called Vp-LRE in the present study [21–23].

First, after preparation of the Vp-LRE, it was analyzed via UHPLC-ESI-QTOF-MS
(Figure 1), showing the presence of flavonoids and sesquiterpene lactones in this extract
(mainly glaucolide A, which was the major compound as observed through HPLC-DAD
analysis (Figure 2)).

Our chemical characterization of Vp-LRE is in accordance with previous studies of
metabolites found in Vernonia species [29–33]. A discreet number of scientific reports, focus-
ing on the chemical composition of V. polyanthes, can be found, showing the presence of mainly
caffeoylquinic acids, flavonoids and sesquiterpene lactones (Table 1) [19,20,22,29,30,34]. The
structures of the flavonoids acacetin, chrysoeriol, isorhamnetin, isorhamnetin isomer,
kaempferide, 3′,4′-dimethoxyluteolin and 3,7-dimethoxy-5,3′,4′-trihydroxyflavone were suc-
cessfully annotated, with acacetin, chrysoeriol and kaempferide being first detected in
V. polyanthes. In addition, glaucolide A and apigenin were identified via LC/MS analy-
sis and comparison with authentic compounds (Table 1).

The chemically characterized Vp-LRE was assayed against ATCC® and clinical multidrug-
resistant Gram-positive and Gram-negative bacterial strains. From the large panel of
evaluated bacteria, our results clearly demonstrated the most active antibacterial action of
Vp-LRE against S. aureus ATCC® and MRSA clinical tested strains. However, in another
investigation, da Costa et al. revealed that these MRSA strains might be heteroresistant
(hVISA) or vancomycin intermediate S. aureus (VISA), which could have more resistance
mechanisms than expected [35]. In this way, the antibacterial potential of V. polyanthes as a
source of bioactive natural compounds against multidrug-resistant S. aureus, as observed
with MRSA 1485279 (MIC = 312 µg/mL) and MRSA 1605677 (MIC = 156 µg/mL), is
unquestionable. Faced with the possibility of being a hVISA or VISA, these results show
that Vp-LRE can present different mode of action related to resistance beyond the presence
of the mecA gene (MRSA strains).
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Previously published antibacterial data of V. polyanthes show some different results
that may be due to different methods of extraction and antimicrobial evaluation. Oliveira
et al. reported a significant antimycobacterial activity of V. polyanthes hydroalcoholic root
extract used in the treatment of respiratory diseases [11]. Jorgetto et al. described the
hydroalcoholic leaf extract of this plant species bacteriostatic effect against Bacillus cereus
(ATCC 11778), Escherichia coli (ATCC 8739) and Proteus mirabilis (ATCC 25933) at MIC of
1.8 × 103, 7.2 × 103 and 1.4 × 103 µg/mL, respectively [18]. Silva et al. demonstrated
the antibiotic effect of V. polyanthes methanolic extract and essential oil against S. au-
reus (MIC90% of 3.3 × 103 and 2.8 µg/mL, in this order) and E. coli (MIC90% 26.9 × 103

and 24.1 × 103 µg/mL, respectively) clinical strains [19]. Finally, Waltrich, Hoscheid
and Prochnaus evaluated this property of aqueous and methanol extracts, and hexane,
dichloromethane and ethyl acetate fractions of V. polyanthes flowers against E. coli (ATCC
25922), S. aureus (ATCC 25923) and P. aeruginosa (ATCC 27853) [20]. These authors observed
that the ethyl acetate fractions from aqueous and methanol extracts were active against
S. aureus (ATCC 25923), inhibiting the bacterial growth at concentrations of 6 × 103 and
12 × 103 µg/disk, in this order [20]. In addition, an important aspect is the MIC values
obtained with the S. aureus reference and clinical strains. According to the Kuete’s classifica-
tion of antimicrobial activity of plant extracts [36], Vp-LRE revealed a moderate antibacterial
effect (100 < MIC ≤ 625 µg/mL) against S. aureus (ATCC 6538), S. aureus (ATCC 29213),
MRSA 1485279 and MRSA 1605677, contributing with the traditional uses of V. polyanthes
in the treatment of wounds and infectious diseases caused by this microorganism [9–11].

Because glaucolide A was identified as the major compound in Vp-LRE, it was isolated
from the extract via chromatographic fractionation, with a purity estimated as higher than
95% by HPLC-DAD data analysis and chemically identified using 13C- and 1H-NMR data
analysis in comparison to literature.

The antibacterial activity of glaucolide A was investigated, showing that this sesquiter-
pene lactone is active against S. aureus strains (ATCC 6538) and (ATCC 29213), with MIC
values of 250 and 500 µg/mL, respectively. However, glaucolide A showed no activity
against E. coli, S. Choleraesuis, S. Typhimurium, and P. aeruginosa ATCC® and the others
MRSA and Salmonella strains tested at the maximum concentration gradient of 500 µg/mL.
To our knowledge, glaucolide A has not been yet evaluated against these bacterial strains.

As previously reported by Picman [37], the α-methylene-γ-lactone group may not be
essential for the antibacterial activities of sesquiterpene lactones. The antibacterial activity
of glaucolide A, which lacks the α-methylene-γ-lactone group, was similar to vernolide,
vernodaline, and vernodalol, which have this group in their structures. For instance,
despite the α-methylene-γ-lactone group, vernodalol was not active against S. aureus, unlike
glaucolide A [38,39]. Our results are in agreement with the literature, indicating that the
antimicrobial activity of sesquiterpene lactones is related to many chemical characteristics,
such as substituent groups, their positions and configuration on the backbone, and that the
presence of the α-methylene-γ-lactone moiety or the β-substituted cyclopentenone ring
residue are not mandatory for the activity [37].

Regarding cytotoxicity to mammalian cells, Vp-LRE and glaucolide A showed po-
tential toxic effects against macrophages RAW 264.7 at the same range of antibacterial
concentrations. Williams et al. [40], who investigated the cytotoxicity of the extract from
the leaves of Vernonia pachyclada and glaucolides K, L, and M on the human ovarian cancer
cell line A2780, found moderate toxic effects for the extract and these compounds, with
glaucolide M being the most active. However, the hypothesis that cytotoxic effects of Vp-
LRE and glaucolide A may be involved with their antibacterial actions should be further
explored in the future.

In addition, many flavonoids such as apigenin have shown direct antibacterial ac-
tion, synergism with antimicrobial agents and deletion of bacterial virulence [41]. Ex-
tracts and fractions with high flavonoid content were reported to exhibit antibacterial
activity [42]. In this regard, the total phenolic (2.53 ± 0.01 g GAE/100 g) and flavonoid
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(4.26 ± 0.04 g RE/100 g) contents quantified in the Vp-LRE was higher than those observed
in other extracts of Vernonia species [43].

One of the strategies to solve bacterial resistance mediated by β-lactamase is the
inhibition of this enzyme. Currently, three β-lactamase inhibitors are used in clinical prac-
tice in association with β-lactam antibacterial agents: clavulanic acid, tazobactam and
sulbactam [44]. Our results showed that 3′,4′-dimethoxyluteolin, acacetin and apigenin
(compounds identified in V. polyanthes) were able to interact with the catalytic site of the S.
aureus β-lactamase with free energy values lower than of clavulanic acid (Table 4). Analyz-
ing the chemical structures of the ligands and clavulanic acid, the oxygen atoms seem to be
important for establishing hydrogen bonds with the amino acid residues of the catalytic
site of the enzyme. According to this data, 3′,4′-dimethoxyluteolin, acacetin and apigenin
can be promising inhibitor agents of β-lactamase found in multidrug resistant bacteria.

In conclusion, we have reported, for the first time, the antibacterial effects of the leaf
rinse extract of V. polyanthes (Vp-LRE) and its major compound glaucolide A against clinical
multidrug-resistant Gram-positive and Gram-negative bacterial strains. Flavonoids, such
as chrysoeriol, and other sesquiterpene lactones, such as piptocarphin A, were annotated in
Vp-LRE after chemical characterization via UHPLC-ESI-QTOF-MS analysis. This study also
provides evidence for the traditional use of V. polyanthes in the treatment of wounds and
bacterial infectious diseases. Considering the antibacterial effects observed using Vp-LRE,
although a contribution of glaucolide A may be present, we cannot discard the effects of
other active compounds in the extract, such as flavonoids. Further studies are in progress
to disclose other important biological effects of this medicinal plant.

4. Materials and Methods
4.1. Plant Material

V. polyanthes was cultivated at the Medicinal Garden of the Faculty of Pharmacy,
Federal University of Juiz de Fora, Juiz de Fora city, Minas Gerais State, Southeast region of
Brazil (21◦46′ S, 43◦22′ W), and fresh leaves were collected in January 2014. The species was
identified by Dr. Fátima Regina Gonçalves Salimena and a voucher specimen (CESJ number
10329) was deposited in the Herbarium Leopoldo Krieger of this Institution. The plant
name Vernonia polyanthes Less. has been checked with (http://www.worldfloraonline.org/
search?query=Vernonia+polyanthes) (accessed on 16 November 2022) and it is a synonym
of Vernonanthura phosphorica (Vell.) H. Rob.

4.2. Preparation of Plant Extract

Entire dried leaves (625 g) were rinsed with dichloromethane (5 L) via shaking for
1 min and 30 s at room temperature. The resultant solution was filtered and evaporated in
a rotary evaporator at controlled temperature (35–40 ◦C), resulting in 14 g of the leaf rinse
extract of V. polyanthes (Vp-LRE).

4.3. Total Phenolic Content Determination

The total phenolic content was determined according to the Folin–Ciocalteu colorimet-
ric method with little adjustments using gallic acid as standard [45]. The absorbance of the
resulting blue color solution was measured at 788 nm (Shimadzu®, UV-1800, Tokyo, Japan)
after two hours at room temperature. The analyses were performed in triplicate and the
results were expressed as g/100 g of gallic acid equivalents (GAE).

4.4. Total Flavonoid Content Determination

Aluminum chloride colorimetric method was carried out according to Sobrinho et al.
with few adjustments for total flavonoid content determination using rutin as the stan-
dard [45]. Each dilution of Vp-LRE stock solution (5 mg/mL in methanol) after a semi
purification was separately mixed with glacial acetic acid P.A., 20% pyridine methanolic
solution, 8% aluminum chloride methanolic solution, and distilled water. After 30 min
at room temperature, the absorbance of the reaction mixture was measured at 412 nm
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(Shimadzu®, UV-1800, Tokyo, Japan). The analyses were performed in triplicate and the
results were expressed as g/100 g of rutin equivalents (RE).

4.5. Chemical Composition of Vp-LRE by Ultra-High Performance Liquid Chromatography
Coupled to Quadrupole Time-of-Flight Mass Spectrometry (UHPLC/Q-TOF-MS) Analysis

The UHPLC analysis was conducted with an Acquity UHPLC system (Waters Corpo-
ration, Milford, MA, USA), supplied with a quaternary pump and an autosampler coupled
to an electrospray ionization quadrupole time-of-flight tandem mass spectrometer (ESI-
QTOF/MS). Separation was achieved using a BEH C18 column (100 mm × 2.1 mm, 1.7 µm)
with a flow rate at 0.4 mL/min, and a mobile phase of water with 0.1% formic acid (A)
and acetonitrile (B) with a linear gradient of 5% B to 98% B in 12 min. Before the injections
(0.5 µL for Vp-LRE and 1.0 µL for the authentic standards), samples were dissolved in
methanol (10 mg/mL), centrifuged and filtered in a 0.22 µm filter. ESI-MS spectrometer
was operated on negative ionization mode with scan range from m/z 100–1000. The ion
source temperature was 120 ◦C with a desolvation temperature of 450 ◦C, a capillary
voltage was 2 kV, a cone voltage was 30 V, and the collision energy was in ramp mode,
ranging from 15–30 eV, using nitrogen as desolvation (800 L/h) and cone gas (50 L/h). Data
were centroided during acquisition, and leucine-enkephalin (m/z 565.2771; 200 pg/mL)
(Sigma-Aldrich, Steinheim, Germany) was continuously infused as an external reference
into the ESI source with automatic mass correction enabled (LockSpray™). MassLynx™ 4.1
and Chromalynx™ softwares (Waters Corp., Milford, MA, USA) were used to process all
data. Moreover, along with the use of authentic standards compounds (apigenin and glau-
colide A) for identification, the MS2 spectra were compared with literature data and online
databases, such as MassBank, ChemSpider and Spectral Database for Organic Compounds.

4.6. Isolation and Purification of Glaucolide A from Vp-LRE

Vp-LRE (10 g) was submitted to a vacuum liquid chromatograph system (glass
columns with 3–12 cm i.d.) using silica gel (40–63 µm) as stationary phase and com-
binations of hexane: ethyl acetate as solvents, furnishing 6 fractions (Vp-1 to 6). Fraction
Vp-5 (3.5 g, hexane- EtOAc 7:3) was subjected to column chromatography over silica gel,
using hexane- EtOAc mixtures as eluent, giving seven subfractions, affording one (0.7 g,
from fraction Vp-5.5). The chemical structure of compound 1 was established as glaucolide
A using 1H- and 13C-NMR analysis in comparison with literature. 1H- and 13C-NMR spec-
tra (500 MHz for 1H-NMR and 125 MHz for 13C-NMR) were registered in CDCl3 solutions
on a Bruker 500 Advance spectrometer with trimethylsilane (TMS) as the internal standard.

4.7. HPLC-DAD Analysis of Vp-LRE and Glaucolide A

Vp-LRE and glaucolide A (isolated from Vp-LRE) were analyzed in a high-performance
liquid chromatography (HPLC) system (Waters Corporation, Milford, MA, USA) supplied
with a DAD (diode array) detector, binary pumps and an autosampler. As an analytical
column, the SunFire C18 (5 µm particle size, 4.6 mm × 250 mm, Waters Corporation) was
used. The mobile phase was water with 0.5% phosphoric acid (A) and acetonitrile (B) in
gradient elution: 40–100% (B) in 0–35 min, with the flow rate of 1 mL/min and detection
at 210 nm. Solutions of Vp-LRE and glaucolide A (2 mg/mL) in acetonitrile were filtered
through 0.45 µm membrane filters and a volume of 30 µL was injected.

4.8. In Vitro Cell Viability/Cytotoxicity Assay
4.8.1. Cell Line and Cell Culture Conditions

RAW 264.7 macrophage-like cell line (ATCC TIP-71; laboratory’s own stock) was
cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS), 100 U/mL of
penicillin and 100 µg/mL of streptomycin at 37 ◦C in 5% CO2/95% atmosphere. At 80%
confluence, these cells were subjected to the experiment or subculture.
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4.8.2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium Bromide (MTT) Assay

The cell viability/cytotoxicity was evaluated by MTT assay [46]. RAW 264.7 cells were
plated at density of 2 × 105 cells/well onto 96-well flat bottom plates and incubated at
37 ◦C and 5% CO2 for 24 h. The medium was removed and the fresh medium with or
without concentrations of Vp-LRE (0.5, 1, 2, 5, 10, 15 and 30 µg/mL) and glaucolide A
(1, 2, 5, 10 and 20 µg/mL) were added. After 48 h (37 ◦C; 5% CO2), the supernatant was
removed and 100 µL of MTT (5 mg/mL) was added to each well and incubated (37 ◦C;
5% CO2) for an additional 2 h and 30 min. Subsequently, the supernatant was removed
and 100 µL/well of DMSO was added to dissolve any deposited formazan. The optical
density was determined at 595 nm using a microplate reader (SpectraMax 190, Molecular
Devices, Sunnyvale, CA, USA). DMSO (5%) was used as positive control. All treatments
were performed in triplicate.

4.9. In Vitro Antibacterial Activity Assessment
4.9.1. Bacterial Strains

American Type Culture Collection (ATCC®) bacterial strains of Staphylococcus aureus
subsp. aureus ((ATCC 6538), methicillin-sensitive Staphylococcus aureus (MSSA)), Staphylo-
coccus aureus subsp. aureus ((ATCC 29213), MSSA), Escherichia coli (ATCC 10536), Escherichia
coli (ATCC 25922), Salmonella enterica subsp. enterica serovar Choleraesuis (ATCC 10708),
Salmonella enterica subsp. enterica serovar Typhimurium (ATCC 13311), Pseudomonas aerugi-
nosa (ATCC 9027) and Pseudomonas aeruginosa (ATCC 27853) were selected for the in vitro
antibacterial activity assessment. Five methicillin-resistant Staphylococcus aureus (MRSA)
1485279, MRSA 1605677, MRSA 1664534, MRSA 1688441 and MRSA 1830466, two Salmonella
spp. 1266695 and Salmonella spp. 1507708, and three Salmonella Enteritidis 1406591, S. En-
teritidis 1418594 and S. Enteritidis 1428260 clinical strains isolated from patients attended
at Hospital Universitário Clementino Fraga Filho, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, Brazil, kindly donated by MSc. Adriana Lúcia Pires Ferreira, were also
tested. These strains were identified via the VITEK 2® automated system (BioMérieux,
Durham, NC, USA). All the bacterial strains were stored as suspensions in a 10% (w/v) skim
milk solution containing 10% (v/v) glycerol at −20 ◦C before use in the bioassays. Prior
to use, these strains were aerobically grown in Müeller-Hinton Agar (MHA) at 35 ± 2 ◦C
for 18–24 h. In this article, we used S. aureus (ATCC 6538), S. aureus (ATCC 29213), E. coli
(ATCC 10536), E. coli (ATCC 25922), S. Choleraesuis (ATCC 10708), S. Typhimurium (ATCC
13311), P. aeruginosa (ATCC 9027) and P. aeruginosa (ATCC 27853) to simplify the text.

4.9.2. Minimal Inhibitory Concentration (MIC) Determination

The MIC values of Vp-LRE and glaucolide A (samples) and ampicillin (AMP) and
chloramphenicol (CHL) (standard antibiotics) were determined using the broth microdi-
lution method according to the M07-A9 document, with few adjustments [47]. Samples
stock solutions were prepared in DMSO (solvent) and water (diluent) at 10 mg/mL (w/v)
for Vp-LRE and 1 mg/mL for glaucolide A. Antibiotics stock solutions were prepared at
1 mg/mL with solvents and diluents recommended by CLSI [27,47]. In triplicate, two-fold
serial dilutions were prepared at concentrations ranging from 5000 to 40 µg/mL (Vp-LRE)
and 500 to 4 µg/mL (glaucolide A, AMP and CHL). The appropriate controls were per-
formed. The Vp-LRE concentration gradient was established based on Fabry et al. criteria
(MIC < 8000 µg/mL) [48]. Posteriorly, 10 µL of standardized bacteria suspension according
to 0.5 McFarland scale were added. After incubation at 35 ± 2 ◦C for 16–20 h under aerobic
conditions, 20 µL of 2,3,5-triphenyl tetrazolium chloride (TTC) solution (1 mg/mL) were
used as an indicator of bacterial growth. The system was incubated for further 30 min, and
the MIC was determined.
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4.9.3. Minimal Bactericidal Concentration (MBC) and Bactericidal or Bacteriostatic Effect
Determinations

After determination of MIC values, MBC was established following the Andrews’
procedure by spreading of 10 µL of suspensions from wells showing no bacterial growth on
MHA Petri dishes [49]. After incubation at 35 ± 2 ◦C for 16–20 h under aerobic conditions,
MBC was determined as the lowest concentration of dilutions that prevented the visible
bacterial growth after subculture on MHA Petri dishes. Bacterial growth or no bacterial
growth on MHA revealed a bacteriostatic or bactericidal effect, respectively.

4.10. Molecular Docking

The three-dimensional structures of the ligands (glaucolide A, 3′,4′-dimethoxyluteolin,
acacetin, apigenin and clavulanic acid) were drawn using the MarvinSketch 20.17 program,
which were submitted for geometric optimization in the Avogadro 1.2.0 program to obtain
structures that were energetically more stable. The crystallographic coordinates of the
three-dimensional structure of β-lactamase from S. aureus were obtained from the Protein
Data Bank (PDB) (PDBid: 1BLH, resolution 2.3 Å). However, the AutoDock Tools 1.5.6
program was used to prepare this enzyme, where water molecules were removed and polar
hydrogens and electrical charges were added for each atom. In addition, this program
was used to define the settings of the Grid Box, whose dimension was 14 × 12 × 16 points
spaced 1 Å with coordinates x: 5.264, y: −7.758 and z: −6.726. The AutoDock Vina 1.1.2
program was used to perform the molecular docking, and the lowest energy conformations
were selected. Then, the results were analyzed using the Discovery Studio v20.1.0.19295
2020 program [50]. The molecular docking protocol was validated by the redocking method
with root-mean-square deviation (RMSD) value less than 2.0 Å.

4.11. Statistical Analysis

The results of the cell viability assay were given as mean values (±SD) and analyzed
using GraphPad Prism (version 6.0) software. Significant differences were determined by
one-way analysis of variance (ANOVA) and following Tukey’s test for multiple compar-
isons. The significance level in the analysis was p < 0.05.

5. Conclusions

In conclusion, we have reported, for the first time, the antibacterial effects of the leaf
rinse extract of V. polyanthes (Vp-LRE) and its major compound glaucolide A against clinical
multidrug-resistant Gram-positive and Gram-negative bacterial strains. Flavonoids, such
as chrysoeriol, and other sesquiterpene lactones, such as piptocarphin A, were annotated
in Vp-LRE after chemical characterization via UHPLC-ESI-QTOF-MS analysis. The under-
taken study provided evidence for the traditional use of V. polyanthes in the treatment of
wounds and bacterial infectious diseases. Considering the antibacterial effects observed by
Vp-LRE, although a contribution of glaucolide A may be present, we cannot discard the
effects of other active compounds in the extract, such as flavonoids. Further studies are in
progress to disclose other important biological effects of this medicinal plant.
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Abstract: Nowadays, the wide spread of foodborne illness and the growing concerns about the
use of synthetic food additives have shifted the focus of researchers towards essential oils (EOs) as
possible antimicrobials and preservatives of natural origin. Thanks to their antimicrobial properties
against pathogenic and food spoilage microorganisms, EOs have shown good potential for use as
alternative food additives, also to counteract biofilm-forming bacterial strains, the spread of which
is considered to be among the main causes of the increase in foodborne illness outbreaks. In this
context, the aim of this study has been to define the antibacterial and antibiofilm profile of thyme
(Thymus vulgaris L.) essential oil (TEO) against widespread foodborne pathogens, Salmonella enterica
subsp. enterica serovar Typhimurium and Bacillus cereus. TEO chemical composition was analyzed
through gas chromatography-mass spectrometry (GC-MS). Preliminary in vitro antibacterial tests
allowed to qualitatively verify TEO efficacy against the tested foodborne pathogens. The subsequent
determination of minimal inhibitory concentration (MIC) and minimal bactericidal concentration
(MBC) values allowed to quantitatively define the bacteriostatic and bactericidal effects of TEO. To
evaluate the ability of essential oils to inhibit biofilm formation, a microplate assay was performed for
the bacterial biofilm biomass measurement. Results suggest that TEO, rich in bioactive compounds,
is able to inhibit the growth of tested foodborne bacteria. In addition, the highlighted in vitro anti-
biofilm properties of TEO suggest the use of this natural agent as a promising food preservative to
counteract biofilm-related infections in the food industry.

Keywords: thyme essential oil; antibacterial agent; antibiofilm activity; natural food preservatives;
foodborne illness pathogens

1. Introduction

Foodborne illness encompasses a wide spectrum of illnesses defined by the WHO’s
Department of Food Safety, Zoonoses and Foodborne Diseases (FOS) as a growing public
health problem worldwide [1]. In recent years, most of the foodborne outbreaks in Eu-
rope and the United States were related to the consumption of contaminated meat and
meat products; fresh processed products of pig meat were the most frequently involved
category, along with chicken meat [2]. Meat and meat products contain essential amino
acids, B-group vitamins, minerals and other nutrients ideal both for human nutrition and
microbial growth [3]. Fresh and transformed meat are rich substrates that strongly support
significant microbial growth, since they have nutrients, pH values and water contents
generally compatible with the growth of a large number and variety of microorganisms [4].
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Therefore, meat and meat products are easily perishable foods and are highly suscepti-
ble to the growth of microorganisms, including spoilage microorganisms and foodborne
pathogens [5] causing outbreaks which severely affect public health and the economy [6].

The pathogens of great concern for foodborne illness outbreaks mainly include
Salmonella spp., enterohemorrhagic Escherichia coli, Listeria monocytogenes, Bacillus spp.,
Staphylococcus aureus and Clostridium spp. [4,7].

Salmonella spp. is among the most common etiological agents of human gastroenteritis,
frequently isolated from both the mammal’s gut and environment. Effluents, floors and
walls of contaminated abattoir are considered major sources of Salmonella species [8,9].
Several serotypes of Salmonella enterica such as Salmonella enterica subsp. enterica serovar
Typhimurium are particularly dangerous because they can cause food poisoning and
develop biofilms that are difficult to remove [10].

Among other bacterial pathogens causing foodborne illnesses, Bacillus cereus is well-
known. It is spread both in the environment and in raw foods, such as meat, rice and
vegetables. The inadequate cooling after heat treatment is indicated as the main factor
contributing to the spread of B. cereus in the above-mentioned foods [11]. This microor-
ganism is of particular concern for the food industry, causing food safety issues due to the
formation of spores, emetic toxins and biofilms causing diarrhea [12].

The ability of foodborne strains to develop biofilms on different surfaces enhances
their persistence in different environments by increasing their physical and chemical
resistance [13]. Biofilm-forming bacteria are able to adhere to a wide range of surfaces,
including stainless steel, plastic, glass and also food. The adhesion process occurs in a few
minutes, until the development of mature biofilms in some hours or days [14], causing
major challenges for the food industry [15].

The use of safe and effective preservation methods that allow to counteract the spread
of foodborne illness outbreaks and prevent the deterioration of meat products is crucial.
Heating, chilling and packaging are some of the current methods for meat and meat prod-
uct preservation, together with high pressure and ionizing radiation [4]. In addition, the
use of chemical preservatives and additives, such as nitrites and nitrates, allow to pre-
vent the spoilage caused by foodborne microorganisms and pathogenic bacteria in meat
products [16]. However, the increasing use of synthetic additives in food has raised many
carcinogenic and toxic problems and has been related to allergy episodes [4,17–19]. For
these reasons, consumers today demand food free of artificial substances, such as antimi-
crobial and chemically synthesized food preservatives, as they are perceived as harmful
to health. Current trends for products without synthetic preservatives have led to the
search for natural antimicrobial compounds. There has been thorough research on natural
food additives with a broad spectrum of antimicrobial activities, capable of improving the
microbiological quality and the shelf-life of perishable foods. Aromatic plants and their
derivatives, such as essential oils (EOs), have attracted considerable interest [20–24]. Nu-
merous studies demonstrated that essential oils employed as preservatives possess in vitro
antimicrobial properties [25,26]. For instance, results of recent research demonstrated the
antimicrobial activity of thyme essential oil against several foodborne pathogens [27–29],
thus encouraging their potential use to reduce pathogenic bacteria spread and for the
extension of food products’ shelf-life [30]. Several studies are underway to evaluate the
effectiveness of essential oils when added to foods [31,32], while studies on the application
of EOs to prevent biofilm production on food and environmental surfaces have recently
increased [33–35].

In this frame, the present study aims to evaluate the in vitro antibacterial effects
of thyme essential oil (TEO), form Thymus vulgaris L., against important and common
causative agents of food infections. Even if TEO is well-known for its ability to inhibit the
growth of both Gram negative and Gram positive bacteria [36–38], a significant variabil-
ity may exist among the in vitro antibacterial effects of the same type of EO, depending
both on EO chemical composition and variable susceptibility by tested microbial isolates.
In addition, foodborne isolates of the same species could present a different susceptibil-
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ity/resistance to natural extracts [39–41]. In this regard, this work aims to confirm the
presence of antimicrobial molecules in the tested Italian TEO and to increase the number of
scientific evidences demonstrating the sensitivity of important foodborne illness etiological
agents to TEO. In particular, the in vitro antibacterial activity of TEO was evaluated against
two meat isolates, i.e., S. Typhimurium and Bacillus cereus. Considering that recent studies
showing TEO antibiofilm effects are still few, TEO was tested against foodborne pathogenic
isolates both in planktonic and biofilm form, with the future prospect to use it in food
preservation to control the safety and quality of meat products along the entire food chain
and biofilm formation associated with foodborne pathogens.

2. Results and Discussion
2.1. Chemical Composition of Thyme Essential Oil

The quality and authenticity of thyme essential oil (TEO) tested in this study were
evaluated by the manufacturer according to the European Pharmacopoeia (Ph. Eur.)
recommendations, by checking the purity of plant raw materials (Thymus vulgaris L.) and
by measuring quality markers after extraction. In particular, panel sensory analysis allowed
the examination of TEO organoleptic properties (odor, color, aspect), while physical analysis
(i.e., density and moisture content measuring) allowed to evaluate its purity (>95%), along
with the absence of water, and to define TEO as free from foreign bodies or extraneous
matter, and from impurities of the raw material itself. These simple, cheap and fast analyses
allowed the identification of any adulteration, but chemical characterization analysis by
gas chromatography mass spectrometry was necessary to confirm TEO specific fingerprint.

TEO chemical composition is shown in Table 1. Seven main volatile compounds,
representing 98.838 ± 0.99% of the total detected constituents, were identified by gas
chromatography mass spectrometry analyses in TEO (Figure 1).

Table 1. Chemical composition of thyme essential oil.

N◦ Peak RI Relative Peak Area % Identified Compound Structure

1 973 1.232 ± 0.01 sabinene
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2D structures were acquired from PubChem Compound Database. RI, retention index.

Thymol (44.435 ± 0.22%), limonene (39.391 ± 0.20%), β-pinene (7.177 ± 0.04%) and γ-
terpinene (4.405 ± 0.02%) were identified as the major constituents. The other components,
i.e., sabinene, α-phellandrene and o-cymene, were present in a total amount of less than 4%
(3.430 ± 0.51%).

Essential oils (EOs) are complex matrices with extremely variable composition and
properties. It is known that the chemical constituents of EOs may vary depending on several
factors, including harvest season, habitat, drying processes of plant raw material, extraction
techniques, storage time and others [42,43]. Due to this variability, the determination of
the TEO constituent profile was necessary to confirm the presence of bioactive molecules,
including antibacterial compounds. In particular, the chemical composition of TEO in our
study is found to be comparable to previous literature studies reporting thymol, limonene,
β-pinene and γ-terpinene as major compounds in TEO [44–49]. Similar studies reported
that thymol percentage ranging from 12% to 71% for Thymus vulgaris EO really contributes
to its antimicrobial activity [46,47].
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Figure 1. Gas chromatogram of the tested thyme essential oil. The most abundant components were
identified through GC-MS analysis by Thermo Scientific TRACE 1310 GC system coupled to an ITQ
900 mass spectrometer and are assigned in the figure. RT, retention time.

2.2. In Vitro Antibacterial Activity of Thyme Essential Oil against Salmonella enterica subsp.
Enterica Serovar Typhimurium and Bacillus cereus Food Isolates

TEO exhibited an appreciable inhibitory activity against both S. Typhimurium and B.
cereus bacterial meat isolates, as demonstrated by the inhibition zone of bacterial growth
estimated through the agar well diffusion method. Figure 2 shows the mean diameter of
the inhibition zone (MDIZ) of bacterial growth exerted by TEO against S. Typhimurium
ST1 (Figure 2A) and B. cereus BC3 (Figure 2B) isolates.
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Figure 2. In vitro antibacterial activity of thyme essential oil against S. Typhimurium ST1 (A) and
B. cereus BC3 (B) food isolates. Results were obtained by agar well diffusion method; triplicate
assays with independent cultures. The mean diameters of inhibition zone, reported as mean values
± standard deviation (expressed in mm), are graphically represented. One-way ANOVA test was
performed to evaluate statistical significance. Bars comparison with positive control bar (absence
of TEO) was analyzed by Dunnett’s post hoc test (p < 0.05), using asterisks to indicate statistical
significance respect to the positive control (**** p < 0.0001; *** p < 0.001; * p < 0.05). Tukey’s post
hoc test (p < 0.05) allowed to examine the statistical significance for multiple comparisons between
bars. Different letters (a, b) indicate significant differences between bars; bars with no significant
differences receive the same letter. MDIZ, mean diameter of the inhibition zone; TEO, thyme essential
oil; GNT, gentamicin; AMX, amoxicillin.

The MDIZ values ranged between 18.33 ± 1.25 mm (vs. S. Typhimurium ST1 at
the volume of 25 µL/well) and 37.33 ± 2.05 mm (vs. B. cereus BC3 at the volume of
100 µL/well). Gentamicin and amoxicillin, tested as positive controls, showed antibacterial
efficacy against the isolates, with MDIZ values of 16.67 ± 2.25 mm and 29.00 ± 2.94 mm,
respectively; no effects were observed for the negative control. The MDIZ values measured
around the wells filled with TEO (at the volumes of 50 µL/well and 100 µL/well against
S. Typhimurium ST1 and at the volumes of 100 µL/well against B. cereus BC3) were
significantly higher with respect to MDIZ values measured around the wells filled with
the antibiotics gentamicin and amoxicillin. The in vitro antibacterial activity of TEO was
also confirmed by quantitative assays. Table 2 shows values of minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC).

Table 2. Values of minimal inhibitory concentration and minimal bactericidal concentration of thyme
essential oil and positive controls against S. Typhimurium ST1 and B. cereus BC3 food isolates.

Antibacterial Agent
S. Typhimurium ST1 B. cereus BC3

MIC MBC MIC MBC

TEO 20 µL mL−1 100 µL mL−1 10 µL mL−1 80 µL mL−1

GNT 30 µg mL−1 500 µg mL−1 - -
AMX - - 50 µg mL−1 200 µg mL−1

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; TEO, thyme essential oil;
GNT, gentamicin; AMX, amoxicillin.
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Tested TEO was able to exert both bacteriostatic and bactericidal effects against S. Ty-
phimurium ST1 and B. cereus BC3 isolates, with a lower sensitivity of the Gram-negative
isolate of S. Typhimurium to TEO, compared to the Gram-positive isolate of B. cereus.
These results are partly in line with recent data in the literature. The significant in vitro
antimicrobial activity of TEO has been demonstrated by different studies against various
food pathogens, including Gram-positive bacteria, such as Bacillus cereus [47], and also
against several serotypes of S. Typhimurium spp. [50]. In particular, the recent study
conducted by Gonzalez et al. (2021) confirmed the in vitro bactericidal activity of TEO
against S. Typhimurium, an important Gram negative pathogen and causative agent of
food outbreaks [51]. In addition, obtained results are particularly significant given that
the Italian tested TEO resulted to be more effective compared to other previous studies
which tested this essential oil against the same bacterial species. For example, in the study
by Valizadeh et al. (2016), the values of the inhibition zone diameter (mm) obtained by
testing Thymus vulgaris essential oil using the agar well diffusion method were shown
to be significantly lower both against S. Typhimurium (15 mm) and B. cereus (17 mm)
isolates [52], compared to Italian TEO tested in this study at the same volume (100 µL)
and with the same method. Moreover, MIC for TEO against S. Typhimurium ST1 food
isolate indicates more significant antimicrobial effects of tested essential oil than those
obtained by Penalver et al. (2005); the MIC value (4% v/v) for thyme essential oil against
S. Typhimurium was two-fold higher, indicating lower in vitro antimicrobial effects [53].
In the study of Turgis et al. (2012) no activity was observed for Thymus vulgaris essential
oil against S. Typhimurium at the concentration of 4000 ppm [54]. Finally, another recent
study reports a five-fold higher MIC value against B. cereus (5% v/v) than that obtained
by testing TEO against B. cereus BC3 isolate [55], thus demonstrating the more significant
activity of tested Italian TEO against this foodborne pathogen.

TEO antimicrobial activity depends on its chemical composition. Synergistic interac-
tions between bioactive compounds are responsible for specific antimicrobial mechanisms
of action. According to Kang et al. (2018), TEO rich in p-cymene, thymol and γ-terpinene
showed the ability to inhibit the growth of B. cereus by causing membrane damage, al-
terations in cell morphology and a decrease in the intracellular pool of ATP [56]. The
hyper-permeabilization of the bacterial cell membrane, resulting in the loss of membrane
potential and collapse of proton pumps and depletion of ATP, with consequent delays or
inhibitions of microbial growth, could be the main mechanism of action of TEO against
Salmonella spp. [35].

2.3. In Vitro Antibiofilm Activity of Thyme Essential Oil against Salmonella enterica subsp.
Enterica Serovar Typhimurium and Bacillus cereus Food Isolates

The anti-biofilm activity of TEO was evaluated against S. Typhimurium and B. cereus
food isolates by the tissue culture plate method to assess the impact of this natural agent
upon biofilm formation in the food industry.

In vitro microbiological tests showed that TEO caused a significant inhibition of
biofilm biomass of both S. Typhimurium and B. cereus food isolates compared to untreated
controls, as reported in Figures 3A and 4A, respectively.

Optical density (OD600nm) values were measured for biofilms grown in the absence
and in the presence of increasing concentrations of TEO (10, 20, 40, 80, 100 µL mL−1).
Comparison with the negative control values, represented by sterile broth growth medium,
allowed for the determination of the adhesion level for each test condition, enabling the
classification of microbial isolates as non-adherent, weakly adherent, moderately adherent
and strongly adherent.
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Figure 3. Adherence levels of S. Typhimurium ST1 food isolate. (A) Biofilm biomass at the bottom
of multi-well plates in the presence and absence of increasing concentrations (10, 20, 40, 80, 100 µL
mL−1) of TEO. (B) Optical density (OD) values, detected by absorbance reading at a wavelength
of 600 nm with a microplate reader, of bacterial biofilms developed by S. Typhimurium ST1 in
absence and in the presence of increasing concentrations (10, 20, 40, 80, 100 µL mL−1) of TEO. The
comparison with negative control, represented by the broth medium, allowed to determine the level
of adherence for each experimental condition. One-way ANOVA test was performed to evaluate
statistical significance. Bars comparison with positive control bar (absence of TEO) was analyzed by
Dunnett’s post hoc test (p < 0.05), using asterisks to indicate statistical significance with respect to the
positive control (**** p < 0.0001; *** p < 0.001). Tukey’s post hoc test (p < 0.05) allowed to examine
the statistical significance for multiple comparisons between bars. Different letters (a–d) indicate
significant differences between bars; bars with no significant differences receive the same letter. TEO,
thyme essential oil; ODI, isolates optical density, ODC, negative control optical density.
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Figure 4. Adherence levels of B. cereus BC3 food isolate. (A) Biofilm biomass at the bottom of multi-
well plates in the presence and absence of increasing concentrations (10, 20, 40, 80, 100 µL mL−1) of
TEO. (B) Optical density (OD) values, detected by absorbance reading at a wavelength of 600 nm
with a microplate reader, of bacterial biofilms developed by B. cereus BC3 in the presence and absence
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of increasing concentrations (10, 20, 40, 80, 100 µL mL−1) of TEO. The comparison with negative
control, represented by the broth medium, allowed to determine the level of adherence for each
experimental condition. One-way ANOVA test was performed to evaluate statistical significance.
Bars comparison with positive control bar (absence of TEO) was analyzed by Dunnett’s post hoc
test (p < 0.05), using asterisks to indicate statistical significance with respect to the positive control
(**** p < 0.0001). Tukey’s post hoc test (p < 0.05) allowed to examine the statistical significance for
multiple comparisons between bars. Different letters (a, b, c) indicate significant differences between
bars; bars with no significant differences receive the same letter. TEO, thyme essential oil; ODI,
isolates optical density, ODC, negative control optical density.

In detail, in the absence of TEO (0 µL mL−1), and at the concentration of 10 µL mL−1,
S. Typhimurium ST1 isolate showed strong adherence (4 × ODC < ODI), while in the
presence of increasing concentrations of oil, there was a gradual decrease in adhesion,
until the absence of adherence at the concentration of 100 µL mL−1 of TEO (ODI ≤ ODC)
(Figure 3B), identified as the minimum biofilm inhibition concentration (MBIC) value for
the tested oil against S. Typhimurium isolate. B. cereus BC3 isolate showed strong adherence
(4 × ODC < ODI) in the absence of thyme essential oil (0 µL mL−1), while in the presence
of increasing concentrations of TEO, there was a gradual decrease in adhesion, up to the
absence of adhesion at the concentration of 40 µL mL−1 of TEO (ODC ≤ ODI) (Figure 4B).
Therefore, the concentration of 40 µL mL−1 can be indicated as the minimum biofilm
inhibition concentration (MBIC) for TEO against B. cereus meat isolate.

At increasing concentrations of TEO, a progressive increase in the percentage of biofilm
inhibition was observed, for both S. Typhimurium (Figure 5A) and B. cereus (Figure 5B)
food isolates.

In particular, TEO was able to inhibit biofilm formation by S. Typhimurium ST1 at
the concentration of 10 µL mL−1, with an inhibition percentage of 30.03 ± 3.52%, show-
ing a progressive increase in the percentage of biofilm inhibition with increasing TEO
concentrations, reaching the inhibition percentage of 89.62 ± 0.32% at the concentration
of 100 µL mL−1 (Figure 5A); in the absence of TEO, there was no inhibition of biofilm
formation for S. Typhimurium food isolate. These results are really promising, compared
with results of other studies which demonstrated the antibiofilm effect of thyme essential
oil against Salmonella spp., with an inhibition percentage of biofilm formation exceeding
60% but generally less than 80% [35,57,58]. This effect could be attributed to the ability
of TEO monoterpenes to spread through the exopolysaccharide matrix (EPS) of bacterial
biofilms, interfering with key events in the biofilm formation process, such as adhesion
protein production [35].

Regarding the tested B. cereus meat isolate, there was no inhibition of biofilm formation
in the absence of TEO. TEO inhibited the biofilm formation at the concentration of 10 µL
mL−1 (inhibition percentage of 49.11 ± 9.73%), even if the food isolate was still classifiable
as adherent. At the concentration of 100 µL mL−1, the percentage of biofilm inhibition
reached the value of 83.85 ± 0.28% (Figure 5B). In the absence of TEO, there was no in-
hibition of biofilm formation for both S. Typhimurium and B. cereus food isolates. Other
previous studies demonstrated that TEO exerts a significant inhibitory effect on the for-
mation of biofilm by B. cereus, although the values of inhibition percentage are lower than
those reported in this study and the mechanisms have not yet been fully understood [56,59].

63



Antibiotics 2023, 12, 485
Antibiotics 2023, 12, x FOR PEER REVIEW 11 of 17 
 

 

Figure 5. Inhibitory effect of thyme essential oil against biofilm formation by S. Typhimurium ST1 

(A) and Bacillus cereus BC3 (B) food isolates. Graphs show the percentage inhibition values of bio-

films in the presence and absence of increasing concentrations of TEO (10, 20, 40, 80, 100 µL mL−1). 

One-way ANOVA test was performed to evaluate statistical significance. Bars comparison with pos-

itive control bar (absence of TEO) was analyzed by Dunnett’s post hoc test (p < 0.05), using asterisks 

to indicate statistical significance with respect to the positive control (****p < 0.0001; ***p < 0.001). 

Tukey’s post hoc test (p < 0.05) allowed to examine the statistical significance for multiple compari-

sons between bars. Different letters (a, b, c, d, e) indicate significant differences between bars; bars 

with no significant differences receive the same letter. TEO, thyme essential oil. 

3. Materials and Methods 

3.1. Thyme Essential Oil (TEO) 

Thyme essential oil (TEO) was provided by the Italian manufacturing company Alta 

Profumeria S.r.l. (Durazzano, Benevento, Italy) in collaboration with the University of 

Sannio for several scientific research projects. It was obtained from plant aerial parts 

(leaves and flowers) of Thumus vulgaris L. by the steam distillation method and it was 

stored at 0–4 °C in the dark until further use. 

3.2. Gas Chromatography-Mass Spectrometry Analysis of TEO 

GC-MS analysis was carried out by Thermo Scientific TRACE 1310 GC system cou-

pled to an ITQ 900 mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). An 

HP-5MS capillary column (30 m × 0.25 mm, 0.25 μm film thickness) was used. Analyses 

Figure 5. Inhibitory effect of thyme essential oil against biofilm formation by S. Typhimurium ST1 (A)
and Bacillus cereus BC3 (B) food isolates. Graphs show the percentage inhibition values of biofilms in
the presence and absence of increasing concentrations of TEO (10, 20, 40, 80, 100 µL mL−1). One-way
ANOVA test was performed to evaluate statistical significance. Bars comparison with positive control
bar (absence of TEO) was analyzed by Dunnett’s post hoc test (p < 0.05), using asterisks to indicate
statistical significance with respect to the positive control (**** p < 0.0001; *** p < 0.001). Tukey’s
post hoc test (p < 0.05) allowed to examine the statistical significance for multiple comparisons
between bars. Different letters (a, b, c, d, e) indicate significant differences between bars; bars with no
significant differences receive the same letter. TEO, thyme essential oil.

3. Materials and Methods
3.1. Thyme Essential Oil (TEO)

Thyme essential oil (TEO) was provided by the Italian manufacturing company Alta
Profumeria S.r.l. (Durazzano, Benevento, Italy) in collaboration with the University of
Sannio for several scientific research projects. It was obtained from plant aerial parts (leaves
and flowers) of Thumus vulgaris L. by the steam distillation method and it was stored at
0–4 ◦C in the dark until further use.

3.2. Gas Chromatography-Mass Spectrometry Analysis of TEO

GC-MS analysis was carried out by Thermo Scientific TRACE 1310 GC system coupled
to an ITQ 900 mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). An HP-
5MS capillary column (30 m × 0.25 mm, 0.25 µm film thickness) was used. Analyses were
performed according to Alsaraf et al. (2020) [60], with slight modifications. The maximum
elution temperature was 350 ◦C, with helium as the carrier gas (flow rate of 1 mL min−1).
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Injection temperature was set to 290 ◦C, while 270 ◦C was the set temperature for the ion
source. The chemical ionization energy of 70 eV was used for MS. Mass spectral data
collection in full-scan mass was carried out between 40 and 550 amu. TEO was diluted in
hexane (1:10 dilution ratio) and an aliquot of sample (2 µL) was injected (150:1 split ratio).
Oven temperature was programmed at 60 ◦C, with a constant gradually increasing rate
of 3 ◦C min−1 until 280 ◦C. Compounds were identified using NIST MS Search Software
(version 2.0). Identification was based on retention indices relatives to n-alkanes and
computer matching by comparing query mass spectra with reference mass spectra in
the Wiley 8 mass spectral libraries (USA National Institute of Science and Technology
software 2.0) of the GC/MS data system. Analyses were performed in duplicate and the
percentage of each identified compound was estimated by dividing its mean area by the
total chromatogram area.

3.3. Meat Bacterial Isolates and Growth Conditions

TEO was tested for its antibacterial effects against Salmonella enterica subsp. enterica
serovar Typhimurium and Bacillus cereus meat isolates in the Laboratory of Microbiology
of the Department of Science and Technology, University of Sannio. Bacterial isolates
used in this study were denominated S. Typhimurium ST1 and B. cereus BC3. They were
isolated from samples of minced chicken meat (S. Typhimurium ST1) and minced pig
meat (B. cereus BC3) and identified by differential and chromogenic selective media. In
particular, the selective and chromogenic and differential media Xylose Lysine Desoxy-
cholate Agar (CONDA, Madrid, Spain) and Bacillus ChromoSelect Agar (Sigma-Aldrich
S.r.l., Milano, Italy), with the addition of Polymyxin B Selektiv-Supplement (Cat. No. P9602,
Sigma-Aldrich S.r.l., Milano, Italy), were used for in vitro growth and identification of
S. Typhimurium and B. cereus isolates, respectively. After Gram staining (Gram staining kit,
Sigma-Aldrich S.r.l., Milano, Italy), the observation by microscopy Motic B1-223 (Thermo
Fisher Scientific, Waltham, MA, USA) allowed to complete the phenotypic identification.
S. Typhimurium ST1 isolate was shown to be susceptible to β-lactam antibiotics (amoxi-
cillin and ampicillin) and chloramphenicol, as well as gentamicin, chosen as the positive
control (Supplemenatry Material Table S1). The sensitivity profile of B. cereus BC3 isolate
(Table S1) shows its susceptibility to chloramphenicol, gentamicin and β-lactam antibiotics,
especially to amoxicillin, selected as the control for following antimicrobial tests. Meat
bacterial isolates were grown at 37 ◦C for 24 h in aerobic conditions, on the non-selective
medium Luria Bertani (LB) (CONDA, Madrid, Spain), in order to revitalize them before
use for microbiological assay.

3.4. In Vitro Antibacterial Assays
3.4.1. Agar Well Diffusion Method

A preliminary in vitro antimicrobial assay was performed in order to qualitatively
evaluate the TEO antibacterial activity against tested foodborne isolates. Specifically, the
agar well diffusion method was carried out, similar to Perez (1990) [61]. Briefly, bacte-
rial meat isolates were grown in LB broth. After reaching an optical density (O.D.) of
0.5 OD600nm, aliquots (200 µL) of each microbial suspension were spread on LB agar. Then,
wells of 6 mm diameter were punched with sterilized glass Pasteur into agar media and
were filled up with TEO aliquots (25, 50, 100 µL) and with selected test controls. In particu-
lar, gentamicin (Sigma-Aldrich S.r.l., Milano, Italy) and amoxicillin (Sigma-Aldrich S.r.l.,
Milano, Italy) were used as positive controls for S. Typhimurium ST1 and B. cereus BC3
isolates, respectively; distilled water was used as a negative control. After plates incubation
at 37 ◦C for 24 h, in aerobic conditions, the mean diameter of the inhibition zone (MDIZ)
(expressed in mm) produced by TEO around the wells was measured in order to evaluate
the TEO in vitro antibacterial activity against the selected bacterial foodborne pathogens.
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3.4.2. Tube Dilution Method

Tube dilution method with standard bacterial inoculum 1 × 105 CFU/mL (Colonies
Forming Units/mL) in LB broth was performed, according to the Clinical and Laboratory
Standards Institute (CLSI) 2022 guidelines [62], in order to quantitatively determine the
susceptibility of S. Typhimurium ST1 and B. cereus BC3 foodborne isolates to different
concentrations of TEO. In brief, TEO was directly added to the broth medium reaching
increasing final concentrations (0, 5, 10, 20, 40, 60, 80, 100, 120, 140 µL mL−1). After
a vigorous stirring by vortex mixer, tubes were incubated at 37 ◦C for 24 h in aerobic
conditions, with constant shaking to maintain homogenous TEO micelle aggregates in
the broth medium. After incubation, the values of minimum inhibitory concentration
(MIC) were determined through the observation of tube turbidity. In addition, for the
determination of the minimum bactericidal concentration (MBC) values, aliquots of serial
dilutions of the bacterial suspensions were spread on LB agar and viable bacterial counts
were performed after plate incubation under appropriate growth conditions. MIC was
assigned to the lowest concentration of TEO that prevented the bacterial growth. MBC was
defined as the minimum concentration of TEO that killed 99% of bacteria from the initial
inoculum. Gentamicin (Sigma-Aldrich S.r.l., Milano, Italy) and amoxicillin (Sigma-Aldrich
S.r.l., Milano, Italy) were used as positive controls for S. Typhimurium ST1 and B. cereus
BC3 isolates, respectively, while distilled water was used as the negative control.

3.5. In Vitro Antibiofilm Assays
3.5.1. Tissue Culture Plate Method (TCPM)

The so-called Tissue culture plate method (TCPM) was carried out to measure biofilm
biomass of tested foodborne bacteria, as described in Sateriale et al. (2020) [63]. After
growing overnight cultures of selected microorganisms at 37 ◦C for 24 h in LB broth, with
aerobic incubation, the OD600nm of fresh cultures were further adjusted until 0.5 OD. Then,
aliquots of starter cultures (200 µL) were dispensed into wells of a 96-well flat-bottomed
microplate (Nunc™ MicroWell 96-well microplates, Thermo Scientific, Roskilde, Denmark)
in six replicates, using sterile LB broth as the negative control. The incubation at 37 ◦C
for 24 h without shaking allowed the adhesion of bacterial cells to the microplate surface.
Each bacterial culture was removed after incubation, and free-floating bacterial cells were
removed by washing wells with phosphate buffer saline (1× PBS, pH 7.3) three times. Then,
adherent biofilms were fixed with 85% ethanol (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) for 15 min and stained with 0.2% crystal violet (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) for 5 min. After washing with deionized water to remove the stain
excess, plates were dried upside down in a thermostat at the temperature of 30 ◦C for 10 min.
After the addition of 85% ethanol (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
in crystal violet-stained biofilms, the OD values were recorded at 600 nm wavelength by
a microplate reader (Bio-Rad Microplate reader, Model 680). The measurement of the
optical density of bacterial isolates (ODI), and the comparison with values measured for
sterile LB broth used as the negative control (ODC), allowed to classify the bacterial isolates
as non-adherent (ODI ≤ ODC), weakly adherent (ODC < ODI ≤ 2 × ODC), moderately
adherent (2 × ODC < ODI ≤ 4 × ODC) and strongly adherent (4 × ODC < ODI).

3.5.2. Biofilm Formation Inhibition Assay

To evaluate the ability of TEO to inhibit biofilm formation, some modifications to the
tissue culture plate method were carried out. In particular, increasing concentrations of
TEO (0, 10, 20, 40, 80, 100 µg mL−1) were added to each 96-well microplate well. Sterile
LB broth was added to the negative control wells. Finally, 0.1 mL of each bacterial culture,
with 0.5 OD A600nm wavelength, was pipetted to each well, reaching the final volume
of 0.2 mL. LB (0.2 mL) broth was added into the wells without bacterial culture as the
blank. The plates were wrapped loosely and aerobically incubated at 37 ◦C for 24 h without
shaking. After incubation, the staining step of the TCPM method with crystal violet was
performed, followed by microplate reading at the wavelength of 600 nm. According to

66



Antibiotics 2023, 12, 485

Bakkiyaraj et al. (2013) [64], results were indicated as the percentage of biofilm formation
inhibition, as follows:

Biofilm formation inhibition % =

(
ODcontrol −ODassay

ODcontrol

)
× 100

where ODcontrol corresponds to the mean optical density measured for bacterial biofilms
grown in the absence of TEO, while ODassay is the mean optical density measured for
bacterial biofilms grown in the presence of TEO. Minimum Biofilm Inhibition Concen-
tration (MBIC) was defined as the lowest concentration of TEO able to produce bacterial
biofilm inhibition.

3.6. Statistical Data Analysis

Antimicrobial assays were performed against three independent bacterial cultures.
Obtained results have been graphically reported by ‘GraphPad Prism 7.00′ software and
statistical significance has been validated by one-way ANOVA test, with Dunnett’s and
Tukey’s corrections. p values < 0.05 have been considered statistically significant.

4. Conclusions

In this study, we demonstrated that thyme essential oil (TEO) has an excellent antibac-
terial activity against important food pathogens, Salmonella enterica subsp. enterica serovar
Typhimurium and Bacillus cereus, in planktonic form. The bacteriostatic and bactericidal
activities of TEO were higher against the Gram-positive pathogens than the Gram-negative
ones. TEO was also active in counteracting the biofilm formation by S. Typhimurium and
B. cereus. Altogether, the results of this study suggest that TEO may be a viable candidate as
a natural food additive to be employed in the food industry, as an alternative to synthetic
preservatives, to control foodborne contamination and biofilm formation associated with
S. Typhimurium and B. cereus pathogens. The antibacterial and antibiofilm activities of TEO
against meat pathogen isolates stimulate further research to assess TEO ability to prolong
the shelf-life of meat food.
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Abstract: Many antimicrobial compounds have been seeking to protect the human body against
pathogenic microbial infections. In recent times, there has been considerable growth of pathogens
resistant to existing drugs due to the inappropriate use of antibiotics. In the present study, bacteria
isolated from the honey of stingless bees native to the Amazon called Scaptotrigona aff. postica and Apis
mellifera were used to determine their potential antimicrobial properties and characterize the medium
cultivated with isolated bacteria. The results showed inhibition of nine isolates. Among these isolates,
SCA12, SCA13, and SCA15 showed inhibitory activity similar to that of vancomycin, which was used
as a positive control. The SCA13 strain obtained the best results with antimicrobial extract against the
tested pathogens; the species was identified as Enterococcus faecalis, and its lyophilized extract was
characterized by temperature, pH, and trypsin, in which they showed antimicrobial activity. This
work shows that bacteria isolated from the stingless bee honey, Scaptotrigona aff. postica, have the
potential to produce antimicrobial substances.

Keywords: plant-derived compounds; stingless bee honey; pathogenic strains; antimicrobial activity

1. Introduction

Bee honey has been studied for centuries, from classical antiquity to the present day.
In this context, honey has been used for various purposes, ranging from food supplements
to wound healing. Honey, along with other bee products, is associated with the image of a
natural, healthy, and clean product [1]; its medicinal properties and antimicrobial activity
are generally related to its physical and chemical characteristics [2]. Gonçalves et al. [3]
mentioned that in addition to its nutritional properties, the use of honey in folk medicine is
also due to its pharmacological properties. Among these properties, antimicrobial activity
has attracted interest among researchers because of its potential applicability in clinical
cases [4–6].

The honey of stingless bees, known as meliponines, is used in popular therapies,
mainly in rural areas [7] and among indigenous peoples, who believe that different types
of honey have specific healing properties and are used to cure a wide range of diseases [8].
Understanding the antibacterial potential of bee honey and its microorganisms can be an
attractive and low-cost alternative for the treatment of clinical conditions, in addition to
leveraging the production chain of the stingless bee product, Scaptotrigona aff. postica [9].
Bees of the Meliponini tribe comprise approximately 60 genera distributed throughout the
tropical and subtropical regions of the world. They are important insects in the maintenance
of ecosystems, acting as a source of food, in addition to dispersing seeds and pollen through
pollination. This last function gives bees the name of pollinating insects, and among these is
the species Scaptotrigona depilis, common in neotropical regions such as Argentina, Bolivia,

71



Antibiotics 2023, 12, 223

Paraguay, and Brazil, with prevalence in the states of Mato Grosso do Sul, Minas Gerais,
Paraná, Rio Grande do Sul, and São Paulo [10].

Among the pharmacological properties of honey, its antimicrobial activity, such as
healing and antioxidant capacity, has aroused interest among researchers because of its
potential applicability in clinical cases. Therefore, the use of honey as a therapeutic agent
has shown promising results. However, therapeutic effects vary according to the con-
stituents and compound varieties. Honey has been reported to have an inhibitory effect on
approximately 60 species of bacteria, 3 including aerobic and anaerobic gram-positive and
gram-negative bacteria, such as Staphylococcus aureus and Pseudomonas aeruginosa, which
are considered opportunistic pathogens [11–17].

In general, honey produced by the meliponine species presents several differences in
physicochemical terms compared to honey produced by A. mellifera. For instance, honey
from stingless bees has higher acidity, which can be detected by its taste and sensorial
properties [18]. Acidity is important for maintaining stability and reducing the risk of the
development of pathogenic microorganisms. Physicochemical factors (such as pH and
acidity) are considered important antimicrobial factors, providing greater stability to the
product, since the optimal pH for the growth of several pathogens in animals ranging
from 7.2 to 7.4. Thus, antimicrobial activity can be caused by several physicochemical
factors, such as pH, humidity, and sugars present in its composition. In addition to
physicochemical factors, the presence of symbiotic bacteria in honey detains mechanisms
that produce peptides and other molecules with antimicrobial properties, such as organic
acids [19].

It is now recognized that most honey has proven antibacterial activity, which is depen-
dent on a variety of factors. These factors include hydrogen peroxide generation, osmosis,
acidity, limited availability of water molecules, and the presence of antimicrobial molecules,
such as flavonoids and phenolic acids. In addition to their proven antibacterial activity,
flavonoids are powerful antioxidants with an incredible ability to scavenge free radicals [20].
Regarding microorganisms with antimicrobial properties found in honey, several bioac-
tive molecules such as potential antibiotics are the results of secondary metabolites of
bacterial fermentation processes, with other compounds that may present antioxidant
activity [19,20].

Honey from açai (Euterpe oleracea) produced in Pará has different qualities from other
wild floral nectar honey because the açai bioactive compounds are not only found in the
fruit, but also in different vegetal organs of the plant, such as the floral nectar. Well-known
bioactive compounds present in açai, such as anthocyanins, flavonoids, non-anthocyanin
flavonoids, amino acids, fatty acids, and minerals, have important anti-inflammatory and
antioxidative properties. In addition, açai fruits have high levels of total mesophilic bacteria
with high diversity, some of them being probiotic candidates and antagonistic potential
against pathogens [21].

Given the importance of studies cited on physicochemical factors and microbial compo-
sition of honey from stingless bees, the objective of the present study was to detect in vitro
antimicrobial activity from bacteria isolated from the honey of the native Amazonian
stingless bee Scaptotrigona aff. postica against pathogenic bacteria. In addition, we char-
acterized the compounds produced by these bacteria in relation to oxygen concentration,
temperature, pH, and enzymatic activity.

2. Results
2.1. Sample Isolation

Twenty-eight strains were obtained from 9 honey samples (5 of A. mellifera and 4 of
S. aff. postica), 22 strains of which were isolated from S. aff. postica honey and 6 strains of
which were isolated from A. mellifera honey. Microbial growth occurred on plates that were
anaerobically inoculated with A. mellifera honey in MRS agar culture medium. The first
honey concentration of 100% was pure, the second was a concentration diluted in 50%
saline solution, and the third corresponded to a concentration diluted in 25% of honey in
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saline solution to evaluate whether the concentration of honey is a parameter that influences
the number of colonies obtained. Preliminary results confirmed that there was growth only
in the anaerobic plates in the spread plate (50% and 25%) and pour plate (100% and 50%)
techniques, as shown in Table 1.

Table 1. Microbial growth of A. mellifera honey samples on MRS Agar for aerobic and anaero-
bic processes.

Presence of Oxygen Honey
Concentration

Spread
Plate

Pour
Plate

Aerobiosis 100% − −
Aerobiosis 50% − −
Aerobiosis 25% − −

Anaerobiosis 100% − +
Anaerobiosis 50% + +
Anaerobiosis 25% + −

In the procedure performed with honey from S. aff. postica, many plates showed
microbial growth, with high bacterial content which grew in 10−1, 10−2, and 10−3 dilutions
of samples.

Figure 1 shows the antimicrobial test performed on samples of S. aff. postica honey
at three concentrations (25%, 50%, and 100%) against E. coli. The results showed that the
antimicrobial capacity of honey from S. aff. postica was higher at the highest concentration
used. As can be seen in Figure 1, the inhibition halos are higher according to the honey
concentration used. Based on these results, it was observed that the smallest halos were
observed as the samples were diluted. The lower the concentration, the lower the antimi-
crobial activity of the honey, a natural hygroscopic characteristic of honey (dehydration of
the bacteria by hyperosmolar properties) for E.coli, inhibition is related to physicochemical
characteristics of honey and not necessarily to antimicrobial compounds.
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Figure 1. Antimicrobial test with different concentrations (25%, 50%, and 100%) of S. aff. postica honey
against E. coli.

2.2. Screening of Strains with Antimicrobial Activity

The 28 isolated strains of S. aff. postica and A. mellifera grew under anaerobic conditions
in the absence of oxygen. With a concentration of less than 0.1% Oxygen. The strains
were coded according to the bee species and the number of colonies isolated from the Petri
dishes. Isolated strains of S. aff. postica were coded as SCA, and the isolated strains of A.
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mellifera were coded as API. The 28 isolated strains underwent an antimicrobial selection
test, in which their ability to inhibit pathogenic bacteria B. cereus (Biomedh 11778, Itapoa,
Belo Horizonte, E. coli (Laborclin 25922, Pinhais, Brazil), S. aureus (Laborclin 25923, Pinhais,
Brazil) and Salmonella sp. (Biomedh 14028, Itapoa, Belo Horizonte) was tested. The tests
were performed in triplicate and the interactions were analyzed according to the presence
or absence of halos. Table 2 shows the results of the presence or absence of inhibition by
the isolated strain, classified into low (<11 mm), medium (12–14 mm) and high (>15 mm)
activity, respectively, according to the size growth inhibition halo in the antimicrobial test.
From a qualitative analysis, halos with small diameters showed low antimicrobial activity,
as well as halos with large diameters, showed high antimicrobial activity.

Table 2. Antimicrobial selection test of strains isolated from the honey of S. aff. postica (SCA) and A.
mellifera (API). (−) No activity, (+) Low activity, (++) Medium activity, (+++) High activity.

Isolated Strain
Inhibitory Activity

B. cereus E. coli S. aureus Salmonella sp.

SCA01 − − − −
SCA02 − − − −
SCA03 − − − −
SCA04 − − − +
SCA05 − − − +
SCA06 − − − ++
SCA07 ++ + ++ ++
SCA08 − − + −
SCA09 − − − −
SCA10 − − − −
SCA11 ++ ++ − +++
SCA12 + ++ − ++
SCA13 +++ ++ + +
SCA14 + + − −
SCA15 + ++ + ++
SCA16 ++ − ++ −
SCA17 ++ + − ++
SCA18 + − − ++
SCA19 + − − −
SCA20 − − − −
SCA21 − − − −
SCA22 − − − −
API01 − − − −
API02 + − − −
API03 ++ + − −
API04 − − − −
API05 + − + −
API06 ++ − + −
Streptomycin ++ ++ +++ +++

Bacillus cereus was inhibited by 14 isolates, highlighting the SCA13 strain, which
showed greater inhibition than the positive control. E. coli was inhibited by eight strains,
and S. aureus showed fewer strains with antimicrobial capacity, totaling seven isolates.
Salmonella sp. was inhibited by ten honey isolates. The SCA-07, SCA-13, and SCA-15 strains
showed the highest antimicrobial spectrum among those isolated from S. aff. postica honey.

From the results obtained, seven strains were selected from S. aff. postica and two from
A. mellifera: SCA-07, SCA-11, SCA-12, SCA-13, SCA-15, SCA-16, SCA-17, API03, and API-06
according to the potential inhibitory activity against pathogenic bacteria (B. cereus, E. coli, S.
aureus, and Salmonella sp.).
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2.3. Morphological Identification and Molecular Identification

In the morphological identification step, a Gram stain was performed. The strains
SCA-07, SCA-11, SCA-12, SCA-15, SCA-17, API-03, and API-06 were classified as Gram-
variable because they contain Gram-positive bacilli at the top and Gram-negative cocci at
the bottom. The SCA-13 strain was classified as a Gram-positive coccus. The SCA-16 strain
was classified as a Gram-positive bacillus.

The SCA13 strain was selected according to the best results obtained by screening
for strains with antimicrobial activity for molecular identification. Its total DNA was
extracted using phenol/chloroform and characterized via a comparison of homology to
the 16S gene. The DNA sequences obtained from the ACTGene Molecular Analysis were
compared with existing sequences using the Basic Local Alignment Search Tool (BLAST) of
the National Center of Biotechnology Information (NCBI), which resulted in a 98% match
to the species Enterococcus faecalis. The result of the analysis of sequence similarities is in
Supplementary Materials Data S1.

2.4. Antagonist Activity

The bacteria isolated from honey selected in the inhibitory potential test underwent
antagonist analysis and were tested with the spot-on-lawn assay to determine whether they
had antagonistic activity against indicator bacteria, B. cereus and L. monocytogenes (Figure 2).
Selected strains were tested, and antagonist activity was detected by the formation of a
growth inhibition halo. In Figure 2, it is possible to observe inhibition halos against the
indicator bacteria to select the antimicrobial-producing bacteria.
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Figure 2. Spot-on-lawn assay results. (A) SCA12 bacterium showing growth inhibition halo against
the indicator bacterium, B. cereus; (B) SCA13 bacterium showing growth inhibition halo against the
indicator bacterium, B. cereus; (C) SCA15 bacterium showing a halo of inhibition against the indicator
bacterium, L. monocytogenes.

Strains SCA07, SCA16, SCA17, API03, and API06 were not significantly different from
the control (p > 0.05) and strain SCA11 (p ≤ 0.05), that is, they showed lower inhibition
than vancomycin, in relation to the indicator. The SCA12, SCA13, and SCA15 strains were
statistically significant (p < 0.00001). Therefore, they had an inhibitory action similar to that
of vancomycin, used as a positive control (Figure 3).
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Figure 3. Antimicrobial activity of strains isolated from different kinds of honey against (A) L.
monocytogenes, and (B) B. cereus. * p < 0.05; ** p < 0.01; *** p < 0.00001.

Later, lyophilized extracts isolated from SCA12, SCA13, and SCA15 were tested in
wells by diffusion to determine whether the substances produced by the bacteria isolated
from honey were produced extracellularly or intracellularly. SCA13 and SCA15 were able
to inhibit both pathogenic bacteria, whereas the SCA12 strain was not able to inhibit L.
monocytogenes. The SCA13 strain exhibited a higher inhibition halo, as shown in Table 3.

Table 3. Well-Diffusion test results of lyophilized isolated extracts. (−) No activity, (+) Low activity
(<11 mm), (++) Medium activity (12–14 mm) and (+++) High (>15 mm) activity.

Isolated
Strain

Inhibitory Activity
B. cereus L. monocytogenes

SCA12 ++ −
SCA13 +++ ++
SCA15 + +

2.5. Extract Characterization

The exposed strain SCA13, which is facultative aerobic, showed an extract with higher
inhibitory activity under anaerobic conditions against both pathogens (B. cereus and L.
monocytogenes) than under aerobic conditions.

The inhibitory activity of SCA-13, a facultative anaerobic Gram-positive coccus (E.
faecalis) showed higher inhibition at anaerobiosis treatment. Excess oxygen and oxidative
stress can disrupt the growth of most organisms, but the underlying mechanisms of damage
have proved difficult to unravel. For instance, O2

− and H2O2 can oxidize the exposed
Fe–S clusters of a family of dehydratases. This event destabilizes the clusters, and their
consequent disintegration eliminates enzyme activity. SCA-13 had to be able to overcome a
number of barriers including anaerobiosis, pH shifts, and high osmolarity. The isolated
bacteria from honey also had to develop successful strategies to be able to compete with
other organisms for substrate found in these environments. In addition, SCA-13 must also
assimilate nutrient substrates as well as survive under the harsh conditions presented to it
in honey and in the gastrointestinal tract of bees.

With the metabolites of the inoculum growth of the SCA13 strain having been more
favorable in anaerobiosis, the lyophilized anaerobic extract underwent three types of treat-
ments (thermostability, sensitivity to neutral pH, and sensitivity to proteolytic enzymes).

In relation to temperature sensitivity, the extract of strain SCA13 was autoclaved
at 121 ◦C for 15 min. The extracts obtained after autoclaving did not show statistical
differences from vancomycin. The supernatant extract of the SCA13 strain was incubated

76



Antibiotics 2023, 12, 223

for 72 h to inhibit the growth of the indicator bacteria from the thermostability treatment at
121 ◦C. From Table 4, it can be inferred that the proteins were not denatured during heat
treatment, as they did not present statistical significance (p > 0.05) for the two indicator
bacteria; that is, the extract of the SCA13 strain was not altered in the thermostability test at
121 ◦C, which shows the resistance of antimicrobial peptides to high temperatures.

Table 4. Treatment results. Mean and standard deviation of growth inhibition halos (with 10 mm).
* SCA13 without Treatment.

Strain SCA13
(Treatment)

Inhibitory Activity
B. cereus L. monocytogenes

Control wT * 10.25 ± 0.4 10.25 ± 0.5
Autoclaved 11.50 ± 0.5 11.00 ± 0.0
Neutral pH 10.25 ± 0.4 08.50 ± 0.5

Trypsin 08.00 ± 0.0 08.00 ± 0.0

Inhibition halos formed in the neutral pH (pH 7.0) characterization of SCA13 strain
extracts. The extract of the SCA13 strain did not show statistical significance (p > 0.05)
against either pathogen, so it can be stated that the neutralization of the extract was not
able to reduce the antimicrobial activity of the peptides.

As for sensitivity to the proteolytic enzyme trypsin, the extract did not show a signifi-
cant difference (p > 0.05) between B. cereus and L. monocytogenes, showing that it was not
inactivated after a possible inactivation with the enzyme trypsin in relation to the control
without any type of treatment. The inactivation of antimicrobial peptides in the presence
of trypsin and other proteolytic enzymes would be an indication that the substance is a
protein in nature.

The lyophilized extract of the SCA13 strain that showed inhibitory activity in the well
diffusion test was tested with the application of treatments to determine its characteristics
and spectrum of action under different conditions. Table 4 presents the results.

3. Discussion

Every day, new antimicrobials are sought to evade antimicrobial resistance generated
by the abusive and inappropriate use of antibiotics. Honey is a natural, healthy product
with medicinal properties and antimicrobial activity, closely related to its physicochemical
characteristics and, more recently, to the gut microbiota of honeybees. In the present
study, we found that the higher the concentration of honey, the greater the inhibition of
pathogenic bacteria. It is important to emphasize that the initial results were not able
to verify the hypothesis that the bacteria present in the honey were responsible for the
inhibition owing to the chemical and nutritional composition of the honey, which contains
other compounds capable of inhibiting it. The water content of honey is undoubtedly one
of the most important characteristics, as it influences its viscosity, specific weight, maturity,
crystallization, flavor, conservation, and palatability [22].

Many species of microorganism are found in the intestines of bees; of these 1% yeast
(W. anomalus), 29% are gram positive bacteria, including Bacillus, Bacterium, Streptococcus
and Clostridium species, and 70% are gram-negative or gram-positive bacteria, including
Achromobacter, Citrobacter, Enterobacter, Erwinia, E. coli, Flavobacterium, Klebsiella, Proteus
and Pseudomonas. [23]. These insects need to defend themselves against pathogens, but
they also need to protect their food sources from attacks by microorganisms. According
to Menegatti [24], one of the defense strategies acquired during the evolution of insects is
symbiotic association with bacteria capable of biosynthesizing natural products (antibiotics
and antifungals) against pathogens. Therefore, most of the bacteria found in both the
honey of A. mellifera and stingless bees have antimicrobial capacity as a function of the bees’
defense against pathogens found in their natural habitat.

The SCA13 strain resulted from the molecular identification of Enterococcus faecalis, a
species of bacteria that is abundant in food sources of animal origin such as cheese, chicken,
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and cassava [25]. In addition, it survives under adverse conditions such as extreme pH,
temperature, and salinity [26]. They can produce substances with antagonistic potential,
such as organic acids (lactic acid), hydrogen peroxide, lytic bacteriophages, proteolytic
enzymes, and antimicrobial substances of a protein nature, called bacteriocins [27,28].
Studies have been developed on the antibacterial activity of honey on antibiotic-resistant
pathogens, pathogenic bacteria involved in some diseases, pathogenic bacterial food and
bacteria responsible for the deterioration of food (spoilage bacteria), and their different lev-
els of sensitivity to honey. Bacteria such as Staphylococcus aureus, Staphylococcus epidermidis,
Bacillus stearothermophilus are extremely sensitive, while Staphylococcus uberis, Escherichia
coli, Klebsiella pneumoniae, Bacillus cereus, Alcaligenes faecalis, Lactobacillus acidophilus, Heli-
cobacter pylori, Bacillus subtilis are moderately sensitive and the growth of Micrococcus luteus,
Enterococcus faecalis and Pseudomonas aeruginosa appear to be unaffected by honey [29].

Using the spot-on-lawn assay, Nardi [30] observed a better comparison of antimicrobial
activity, according to Çadick and Çitak [31], these metabolites can be produced during the
test period, which can increase the diffusion capacity of the substances produced by the
bacteria and the concentration of these substances in the culture medium with three strains
that showed inhibitory activity against the two indicator bacteria.

These extracts were tested by diffusion in wells to determine whether the substances
produced by the bacteria isolated from honey were produced extracellularly or intracellu-
larly. Studies carried out on Solanum trilobatum leaves resulted in a protein with antibacterial
potential against V. cholerae and S. aureus evaluated by well diffusion method and Min-
imum Inhibitory Concentration (MIC) by microdilution assay. In addition, the protein
was identified by peptide mass fingerprinting, and morphology by the three-dimensional
structure [32]. In a study by Salles [9], many strains isolated from açai showed growth
inhibition halos using the spot-on-lawn technique against B. cereus and L. monocytogenes.
These results agree with those of the honey strains, in which the extract of the SCA13 strain
showed the highest inhibitory rates in the well-diffusion test through growth inhibition
halos among others, as shown in Figure 2. According to Dimitrieva-Moats and Unlu [33],
lyophilized extract promotes more stable activity. Thus, inhibition was observed due to an
increase in the concentration of the extract produced. Using the well-diffusion technique, it
was possible to verify that the metabolites produced by the bacteria isolated from honey
were produced extracellularly. Table 3 shows that the selected producing bacteria were
able to inhibit the two indicator bacteria, except for the SCA12 strain, which was not able
to inhibit L. monocytogenes.

The characterization tests of the bacterial extract were carried out because some physic-
ochemical factors (such as pH and acidity) are considered important antimicrobial factors,
providing greater stability to the product regarding the development of microorganisms.
According to studies by Nogueira-Neto [34], the optimal pH for the growth range of several
pathogenic microorganisms in animals is between 7.2 to 7.4. Melipona honey has high
acidity, which is an indicator of the tested antimicrobial properties. Many authors have
claimed that some bacterial strains increase the production of metabolites when they are
subjected to a certain level of stress. This explains the increased production of peptides due
to oxidative stress or in a microaerophilic environment. According to Ochner [35], several
proteins are produced by bacteria in the defense against oxidative stress, many of which
are related to the response to this stress have already been identified, although there is a
lack of studies that explain their mechanisms of action in a more complex way.

Regarding the concept of sensitivity to the proteolytic enzyme trypsin, some studies,
such as that conducted by Salles [9], showed resistance to the trypsin enzyme in two types
of treatment times: 2 h and 18 h. In contrast to the work by Bromberg [36], the bacteriocin
produced by CTC 484 culture showed saline sensitivity to trypsin. These results are in
concordance with the extract of the SCA13 strain subjected to trypsin treatment, which
showed growth inhibition. Govan and Harris [37] stated that extracts that were reactive in
the presence of trypsin might be new types of peptides that have not yet been studied.
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Breeding native stingless bees is a prominent activity in the state of Pará, with many
species indicating potential for management and breeding in the Amazon biome [38].
The breeding of “straw bees” (S. aff. postica) has recently gained prominence because of
its potential use in directed pollination of the açai palm tree (Euterpe oleracea) crop, and
productivity could be increased by up to 2.5 times with the pollination service [39]. The
results of this study allow us to infer the importance of honey in the creation of this bee
species, and this product may become a future tool for bioactive compounds with potential
uses in the pharmaceutical industry.

4. Materials and Methods
4.1. Collection, Asepsis, and Isolation of Strains

Honey samples from S. aff. postica and A. mellifera were collected from the municipality
of Santa Maria do Pará in 2018. The honey samples from both species used in this study, A.
mellifera and S. aff. postica, showed floral predominance in açai (Euterpe oleracea) cultures. It
was found that the honey was monofloral for açai in S. aff. postica honey. Four samples (A,
B, C, and D) were collected from S. aff. postica and five samples (A, B, C, D, and E) were
collected from A. mellifera. Honey was collected using a syringe and stored in 50 mL falcon
tubes. The samples were stored at the Center for Valorization of Bioactive Compounds of
the Amazon (CVACBA). Nine samples were used: four (A, B, C, and D) of honey from S.
aff. postica and five samples (A, B, C, D, and E) of honey from A. mellifera.

From these samples, 30 g of honey was used in three concentrations: the first pure
reference to a concentration of 100%, the second was a concentration diluted in 50%
saline solution (FUJIFILM Irvine Scientific 0.85%, Santa Ana, CA, USA), and the third
corresponded to a concentration diluted in 25% of honey in saline solution (FUJIFILM
Irvine Scientific 0.85%, Santa Ana, USA) to evaluate whether the concentration of honey is
a parameter that influences the number of colonies obtained. Subsequently, the techniques
of spread plate and pour plate of the concentrations obtained in Petri dishes containing
culture medium agar of Man Rogosa Sharpe (MRS agar) were performed to verify whether
the bacteria present in the honey had aerobic or anaerobic characteristics. The procedure
was carried out in 12 plates, divided into spread plates (100%, 50%, and 25%) for aerobiosis,
spread plates (100%, 50%, and 25%) for anaerobiosis, pour plates (100%, 50%, and 25%) for
aerobic, and pour plates (100%, 50%, and 25%) for anaerobic conditions. The plates were
then incubated at 37 ◦C for 72 h.

With the acquisition of four samples of honey from S. aff. postica, serial dilutions
were performed in up to 10 units of honey in peptone saline solution (HIMEDIA, Model
AG-7013/SP, West Chester, PA, USA) for each sample, totaling 20 plates. Soon after
dilution, the honey solutions were placed in Petri dishes containing Man Rogosa and
Sharpe (MRS agar) using the spread plate technique. The solutions were spread over the
culture medium using a Drigalski spatula. The plates were then incubated at 37 ◦C for 72 h
under anaerobic conditions.

4.2. Screening—Antimicrobial Test

To perform the antimicrobial test, different concentrations of honey were initially used
(100%, 50%, and 25%) against the pathogenic bacteria, Escherichia coli (Laborclin 25922,
Pinhais, Brazil). This technique was carried out as follows: plates containing Mueller-
Hinton agar prepared in advance were removed from the refrigerator until they reached
room temperature. Wells (4 mm in diameter) were made on an agar plate. Using a sterile
swab, the bacterial inoculum with 0.5 turbidites on the MacFarland scale was evenly
distributed over the agar surface and left to rest at 27 ◦C for approximately 3 min. Fifty
microliters of the concentrations obtained from honey from A. mellifera and S. aff. postica
were dispensed into each properly identified well. After this procedure, the plates were
incubated in a bacteriological oven at 37 ◦C for 24 h in aerobiosis with opening jar and
anaerobic environment using a sealable jar with the BD GasPak™ EZ Anaerobe Container
System (Sparks, USA).
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To screen for candidate bacteria, another antimicrobial test was performed according
to the methodology adapted from Patel [40], which consisted of filtering the metabolites
produced by the honey isolates. The procedure consisted of applying a bacterial inoculum
with a turbidity of 0.5 on the MacFarland scale using the turbidimetric method to standard-
ize the pathogenic bacteria used in the test (S. aureus, E. coli, B. cereus, and Salmonella sp.).
The inoculum was distributed over the surfaces of Petri dishes containing Mueller-Hinton
agar medium. Wells were made on the surface of the agar, 4 mm in diameter, and agar
was removed from the wells with sterile forceps. The wells were properly identified, and
25 µL of bacterial filtrate from colonies isolated and cultivated from honey from A. mellifera
and S. aff. postica was dispensed into the wells according to the strains isolated. The plates
were then incubated in an oven at 37 ◦C for 24 h. The antibiotic was Streptomycin (10 µg)
(Laborclin 640623, Pinhais, Brazil). All selected positive samples were analyzed in triplicate.

4.3. Identification of the Genera of Microorganisms

The identification was based on physicochemical tests following the methodology of
ANVISA [41] for the detection and identification of bacteria of medical importance.

4.3.1. Genomic DNA Extraction

Total DNA was extracted from the bacterial DNA extraction as described by Seldin
and Dubnau [42] using phenol-chloroform. After extraction, the DNA sample was mixed
with blue juice dye in a proportion of 1:2 of the total volume of the mixture and subjected
to horizontal electrophoresis in 1 % (w/v) agarose gel. Ethidium bromide (0.1%) was
added to 10× diluted Tris-acetate-EDTA (TAE) buffer for 30 min at a constant voltage of
90 V. The molecular weight marker used was the “1 Kb Plus DNA Ladder” (Promega®,
Madison, USA). The gel was observed and photographed under UV light using a UV light
transilluminator (model) to analyze the purity and quality of the genetic material.

4.3.2. Molecular Identification

The bacterial strain was molecularly identified by amplifying the entire 16S rRNA
gene fragment using universal primers 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) [43] and
1492R (5’-GGTTACCTTGTTACGACTT-3’) [44]. PCR was performed in a final volume of
70µL containing 5X Green GoTaq® Flexi Buffer (1X) from Promega®, 1 mM MgCl2, 0.2 mM
dNTPs, 1.5 µM of each primer, 5 U/µL of GoTaq® DNA polymerase, DNA at concentrations
between 50 and 100 ng/µL, and sterile filtered water (all reagents from Sigma-Aldrich®).
The cycle applied was: 35× (1 min at 95 ◦C; 1 min at 55 ◦C; 1 min at 72 ◦C); 1× (10 min at
72 ◦C); 4 ◦C. Sequencing of the DNA sample was performed through outsourced services
of the company ACTGene Molecular Analysis using the Sanger method [45]. The obtained
sequences were compared with those present in GenBank using the Basic Local Alignment
Search Tool (BLAST) of the National Center of Biotechnology Information (NCBI) using the
BLAST nucleotide tool (BLASTn) [46].

4.4. The Antagonist Activity
4.4.1. Spot-on-Lawn Assay

The bacteria that showed antimicrobial activity and were consequently selected for
the screening process underwent an antagonist test against other microorganisms called
indicator cultures (Bacillus cereus and Listeria monocytogenes).

According to the method described by Nardi [30], bacterial samples were activated
in test tubes containing MRS broth (Man, Rogosa, and Sharpe) and incubated at 37 ◦C for
24 h under aerobic conditions, shaking the tubes in the Shaker TOS20 orbital shaker at
200 rpm. After activation, 5 µL of each sample was deposited in the center of a petri dish
containing MRS agar and incubated in an anaerobic chamber at 37 ◦C for 24 h. After this
period, chloroform was added to the lids of the Petri dishes with sterilized cotton under UV
light for 30 min to eliminate microorganisms. Immediately after UV exposure, the plates
were closed under laminar flow. The indicator cultures underwent activation and were
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grown in brain-heart infusion (BHI) broth. Soon after, 10 µL of the indicator culture was
added to tubes containing 3.5 mL of semi-solid agar. Then, the tubes with semi-solid agar
containing the indicator bacteria were poured into Petri dishes, with 3.5 mL of semi-solid
agar in 15 mL Falcon tubes added to the plates. Vancomycin-640630-Laborclin (30 µg) was
used as the positive control. The plates were then incubated at 37 ◦C for 48 h under aerobic
conditions. Inhibition zones were based on the Clinical and Laboratory Standards Institute—
Performance Standards for Antimicrobial Susceptibility Testing method [47]. From the
measurement of the size of the zone of inhibition with a halometer and the classification
of strains into sensitive, moderately sensitive, intermediate, or resistant according to the
diameter of the standard zone established for each antimicrobial drug. The analysis was
performed in triplicate.

4.4.2. Diffusion Test in Wells

The well diffusion test was carried out with the aim of determining whether the
compounds produced by the bacteria isolated from honey present intra-or extracellular
activity to facilitate the characterization process that was carried out later, as mentioned
in the work performed by Salles [9]. Patel’s study [40] was used as a reference for the
development of the analysis. Producing bacteria that showed inhibitory activity were
activated in MRS broth and incubated at 37 ◦C for 24 h under aerobic conditions. The
isolated bacteria were centrifuged at 5000 rpm for 5 min, and the supernatants were
collected. The supernatant extracts of each producer bacterium were filtered through
whatmann paper nº 2 with the help of a vacuum pump (Prismatec 132, Itu, Brazil) and then
frozen at −20 ◦C for 24 h to be lyophilized (JJ cientifica, São Carlos, Brazil) for 72 h. After
this process, the lyophilized content of each tube was resuspended in 500 µL of ultrapure
water, and it was inoculated in wells made in BHI agar with 3.5 mL of semi-solid BHI
medium and 40 µL of the indicator culture (B. cereus and L. monocytogenes). The plates
were then incubated at 37 ◦C for 24 h under aerobic conditions. Extracts with activity were
selected for characterization. The analysis was performed in triplicate.

4.5. Extract Characterization

The extracts produced by the bacteria that showed antimicrobial activity were charac-
terized in their spectrum of action through four types of treatments [48].

4.5.1. Oxygen Concentration

The extract of the bacterium that showed antimicrobial activity in the analysis of
antagonist activity was tested to determine if the concentration of oxygen in the culture
medium could interfere with the inhibition potential of the extract and subsequently opti-
mize the production process of the lyophilized extract. For this, two different cultivations
were carried out, one cultivation under aerobic conditions using agitator equipment to
control the distribution of oxygen in the jars, and the method used to generate an anaerobic
environment was the BD GasPak™ EZ Anaerobe Container System (Sparks, USA).

4.5.2. Thermal Stability

Regarding thermal stability, the first step involved autoclaving the supernatant extracts
at 121 ◦C for 15 min, after which the extracts were frozen and lyophilized. The next step
consisted of resuspending the extract in 1000 µL of ultrapure water and then inoculating it
into wells made in BHI agar culture medium with the addition of 3.5 mL of semi-solid BHI
medium and 40 µL of the indicator bacteria (B. cereus and L. monocytogenes).

4.5.3. Proteolytic Enzyme Sensitivity

Sensitivity to proteolytic enzymes was determined according to the method adapted [9].
The lyophilized extracts were resuspended in 1 mL of Tris-HCl buffer (50 mM, pH 7.6) plus
calcium chloride (1 mM), with the proteolytic enzyme trypsin (Sequencing Grade Modified
9PIV511-PROMEGA modified) added to the medium at a ratio of 1:100 (12.5 ng/µL) and
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it was diluted in 100 µL of acetic acid buffer. The samples were then placed in a water
bath at 37 ◦C overnight. Subsequently, it was inoculated into wells made in BHI agar with
3.5 mL of semi-solid BHI medium and 40 µL of the indicator (B. cereus and L. monocytogenes)
culture. The plates were then incubated at 37 ◦C for 24 h under aerobic conditions [49].

4.5.4. pH Effect

For pH characterization, the extracts were neutralized to pH 7.0, using sodium hy-
droxide (20%). The pH measurements were performed using pH indicator strips. After
neutralization of the extracts, they were resuspended in 1000 µL of ultrapure water and
later were inoculated in wells made in BHI agar added to 3.5 mL of semi-solid BHI medium
with 40 µL of the indicator culture (B. cereus and L. monocytogenes).

4.6. Statistical Analysis

Statistical analyses were performed using the BioEstat® software (version 5.0). Analy-
sis of variance was performed using the Kruskal-Wallis test to verify whether the isolated
strains had superior or inferior inhibitory action compared to the control (antibiotic). In all
tests, a significant level of 0.05 (α = 0.05) was considered.

5. Conclusions

This study shows that bacteria isolated from the stingless bee honey, Scaptotrigona aff.
postica, have the potential to produce antimicrobial substances. Of the twenty-eight bacteria
isolated, three showed extracellular activity in the well-diffusion test after the lyophilization
process, including SCA13 (which was identified as Enterococcus faecalis). Characterization
tests are fundamental to defining the characteristics that differentiate antimicrobial peptides
from others. The extract of the characterized bacteria showed a small decrease in activity
in the presence of trypsin compared with the indicator bacteria. The results demonstrate
the possibility of the substance contained in the supernatant extract being of a protein-like
nature. The extracts showed activity after autoclaving at 121 ◦C, indicating that they may
be class I and II bacteriocins. The neutralized extracts showed the same activity as that of
the control extract, a factor that indicates better activity of the extract at acidic pH.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12020223/s1. Supplementary Data S1. Complete
sequence of the bacterium SCA13. Result of the analysis of sequence similarities with the species
Enterococcus faecalis in the BLAST database (Basic Local Alignment Search Tool—NCBI).
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Abstract: Monteverdia ilicifolia is a Brazilian native plant, traditionally used to treat gastric diseases
that are now associated with Helicobacter pylori and are commonly associated with several human
diseases. We point out the M. ilicifolia extract as active against H. pylori. The crude extract produced
with acetone:water presented the best H. pylori inhibitory activity of all five extracts (MIC 64 µg/mL).
The ethyl-acetate fractions from crude extracts produced with ethanol and acetone showed a MIC
of 64 µg/mL. Both ethyl-acetate fractions and the crude extract produced with acetone showed
an antioxidant capacity of between 14.51 and 19.48 µg/mL in the DPPH assay. In the FRAP assay,
two ethyl-acetate fractions (EAF2 and EAF4) presented the antioxidant capacity of 5.40 and 5.15 mM
Trolox/g of extract. According to the results obtained from the antioxidant and antibacterial assays,
two fractions (EAF2 and nBF5) were analyzed by mass spectrometry and confirmed the presence of
monomeric, dimeric, trimeric tannins, and glycosylated flavonoids. Some compounds were tested
using bioinformatics to evaluate the best enzyme inhibitors and the molecular interaction between
the enzyme and the tested ligands. The presence of these polyphenol compounds could play an
important role in antioxidant and inhibitory capacities against H. pylori and can be used to assist in
the treatment or prevention of infection by H. pylori.

Keywords: Monteverdia ilicifolia; Maytenus ilicifolia; antioxidant capacity; condensed tannins;
glycosylated flavonoids; bioinformatics

1. Introduction

Helicobacter pylori is a Gram-negative bacillus that can contribute to the development
of human diseases, such as gastric ulcers, gastritis, gastric adenocarcinoma, and lymphoma.
The bacteria express some virulence factors that expand the possibilities of the bacteria
interacting with the host cells. One of those factors allows the bacteria to neutralize the
acidity of gastric secretion, hydrolyzing urea to ammonium and CO2, promoting the
adjustment of pH in the stomach to neutral, and producing a cytopathic effect in the
stomach cells. This mechanism allows the bacteria to survive in stomach conditions [1,2].

In 2015 approximately 50% of the world’s population (4.4 billion) was estimated to be
infected with H. pylori. In developing and newly industrialized countries, the prevalence
is higher than in developed countries. This difference reflects the level of urbanization,
sanitation, access to clean water, and varied socioeconomic statuses. Brazil has one of the
highest infection prevalences in Latin America and the Caribbean (71.2%) [3].

The first-line treatment for H. pylori infection is one proton pump inhibitor, amoxicillin,
and clarithromycin for 14 days. As an alternative, treatment can be used in quadruple
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therapy with bismuth for 10–14 days and concomitant therapy for 14 days [4]. Several
therapeutic strategies have been proposed to increase bacteria eradication rates. H. pylori
infection is a unique therapeutic challenge. The infection eradication failure rate remains
as high as 5–20%, along with frequent relapses in gastric ulcers even after the discerned
complete healing. Natural products have great potential to serve as alternative sources
of bioactive compounds and can be used to treat infectious diseases. The rapid growth of
bacterial resistance to antimicrobials is occurring worldwide, putting the effectiveness of
these drugs at risk, and making the treatment of bacterial infections a major challenge [5].

Time and effort have been spent to find effective alternative treatments against the
bacterium and to intervene in the initial infection phase, which is becoming very popular
in the search for alternative therapies, including medicinal plants that are active against the
bacterium, to improve the effectiveness of bacteria eradication [6].

Monteverdia ilicifolia (Mart. ex Reissek) Biral, previously known as Maytenus ilicifolia
Mart. ex Reissek Celastraceae is an Atlantic Forest native plant. In Brazil it is popularly
known as espinheira-santa, cancerosa, and cancorosa-de-sete-espinhos [7,8]. M. ilicifolia
is popularly used due to its analgesic, antiulcer, antitumor, aphrodisiac, antispasmodic,
contraceptive, antiulcerogenic, diuretic, and healing properties. In 1988 the medicinal
properties of M. ilicifolia were proven to treat gastrointestinal diseases, especially gastritis
and ulcers, and in 2009 the plant was included in the National List of Medicinal Plants of
Interest to the Unified Health System, associated with the Health Ministry, in Brazil [9].

M. ilicifolia ethnopharmacological information is well documented, with pharmaco-
logical, microbiological, and phytochemistry studies. The leaves of M. ilicifolia are rich in
triterpenes, chromones, alkaloids, essential oils, and polyphenols, as well as tannins and
flavonoids. The identified compounds in the vegetal specie have shown antiulcerogenic,
antioxidant, gastroprotection, antifungal, anticarcinogenic, anti-leishmanicidal, trypanomi-
cide, and anti-inflammatory properties [10–16].

Polyphenol extracts from medicinal plants have been studied for their antimicrobial
activity. The results have been positive, showing their ability to inhibit the growth of
Vibrio cholerae, Streptococcus mutans, Campylobacter jejuni, Escherichia coli, Candida albicans,
Staphylococcus aureus, Porphyromonas gingivalis, and Helicobacter pylori, among others [17,18].

This study aimed to evaluate the antibacterial (H. pylori) and antioxidant activity, as
well as identify compounds from M. ilicifolia extracts and fractions.

2. Results and Discussion
2.1. Epicatechin Determination Using HPLC

According to the Brazilian Pharmacopeia [19], the M. ilicifolia plant drug must present
at least 2.8 mg/g in the extract of epicatechin. All extracts prepared showed an epicatechin
concentration higher than the preconized limit. The profile for the five extracts is presented
in Figure 1. The CE1 presented the lower epicatechin concentration (mg/g of extract) of
3.6± 0.02, followed by the CE2 at 15.54± 0.14, CE4 at 16.77± 2.14, and CE3 at 19.63 ± 2.04.
The CE5 presented a higher epicatechin concentration of 20.66 ± 1.99.

2.2. Antibacterial Activities of Extracts and Semi-Purified Fractions against H. pylori

Initially, the effect of the crude extracts, ethyl-acetate, n-butanolic, and aqueous frac-
tions was investigated at different concentrations (32–1024 µg/mL), as shown in Table 1.

Table 1. The MIC50 of Monteverdia ilicifolia extracts and fractions against Helicobacter pylori.

MIC50 (µg/mL ± SD) CE1 CE2 CE3 CE4 CE5

CE 1024 ± 2.1 1024 ± 5.1 512 ± 5.6 512 ± 2.2 64 ± 9.8
EAF >1024 ± 17.3 64 ± 5.4 256 ± 1.3 256 ± 3.5 64 ± 16.1
nBF >1024 ± 4.7 256 ± 1.3 1024 ± 2.7 1024 ± 3.2 128 ± 4.0
AQF >1024 ± 4.5 >1024 ± 0.7 512 ± 1.9 512 ± 5.1 256 ± 8.7

CE1 = crude extract aqueous; CE2 = crude extract ethanol: water 50:50; CE3 = crude extract ethanol: water 70:30;
CE4 = crude extract ethanol: water 96:4; CE5 = crude extract acetone:water 7:3; EAF: ethyl-acetate fraction; nBF:
n-butanolic fraction; AQF: aqueous fraction.
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Figure 1. Chromatographic profile at 210 nm of the purified extract of Monteverdia ilicifolia. Chromato-
graphic conditions: column Phenomenex®, Gemini C-18 (250 mm× 4.6 mm i.d., 5 µm), SecurityGuard
(RP-cartridge) (20 mm× 4.6 mm i.d., 5 µm). Mobile phase: water (formic acid 0.1%) A and acetonitrile
(formic acid 0.1%) B: 0 min 18% B; 13 min 25% B; 16 min 34% B; 20 min 42% B; 23 min 65% B; 25 min
18% B; flow-rate, 0.8 mL/min (CE1 = crude extract aqueous; CE2 = crude extract ethanol: water 50:50;
CE3 = crude extract ethanol: water 70:30; CE4 = crude extract ethanol: water 96:4; CE5 = crude extract
acetone: water 7:3).

The best inhibitory activity corresponded to the CE5, EAF2, and EAF5 with an MIC50
of 64 µg/mL and nBF5 of 128 µg/mL. It was observed that partition with ethyl acetate
demonstrated better MIC in comparison with other fractions.

The antibacterial result obtained is concordant with the result found in a previous
study using Plumbago zeylanica L. The extract produced with acetone presented the lowest
MICs when compared with the ethanol:water extract. In another study performed with
Sclerocarya birrea (A.Rich.) Hochst, the result was similar, where the extract produced with
acetone:water showed a MIC comparable with amoxicillin and metronidazole [20,21].

The fractions produced with the ethyl acetate and n-butanol for the ethanol:water 50:50
(v/v) and acetone:water 7:3 (v/v) extracts showed to be MIC between 64 and 256 µg/mL.
This can be explained because when a crude extract is prepared using the mixture of
acetone:water or when a fraction is obtained by the partition of crude extracts with ethyl
acetate, the compounds that are mostly obtained in both cases are phenolic compounds [22].

The result obtained for the nBF inhibitory activity (128 µg/mL) can be compared
with the result shown in the study using Rosa hybrida Colorado extract that is, it is rich
in polyphenols compounds when the MIC was 10 µg/mL to the butanolic fraction and
100 µg/mL to the ethanolic fraction [23].

One of H. pylori’s virulence factors is the presence of the urease enzyme. This enzyme
is responsible for allowing the bacteria to stay alive in the acid stomach environment [1,2].
The ability of M. ilicifolia extracts and fractions to inhibit the bacterial urease enzyme was
evaluated. The results (Table S1) showed that nBF5 presented the best inhibition (47.08%),
followed by EAF2 (40.50%). nBF2 and EAF5 showed an enzyme inhibition of 37.27% and
37.51%, respectively.

The anti-H. pylori activity was tested for several traditional herbs in past studies and
showed that Cimicifuga heracleifolia Kom could inhibit the urease enzyme by 42% [24]. It
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was related to the ability of several phenolic compounds to inhibit the urease enzyme.
Compounds that had catechol as a skeleton showed the most potent inhibitory activities,
ranging from 38 to 94%. This activity is attributed to the two ortho-hydroxyl groups
that are presented in the aromatic ring of polyphenols molecules [25]. According to
Pessuto [11], the number of polyphenolic hydroxyls present in the compound structure
and the stereochemistry of the compounds are directly related to the ability to scavenge
free radicals.

M. ilicifolia is a plant rich in polyphenols compounds, such as (epi)catechin (I),
(epi)gallocatechin (II), procyanidins B1 and B2 (III and IV), quercetin-3-O-α-L-
rhamnopyranosyl(1→6)-O-[β-D-glucopyranosyl(1→3)-O-α-L-rhamnopyranosyl(1→2)]-O-
β-D-galactopyranoside (V), and kaempferol-3-O-α-L-rhamnopyranosyl(1→6)-O-[β-D-
glucopyranosyl(1→3)-O-α-L-rhamnopyranosyl(1→2)]-O-β-Dgalactopyranoside (VI) mayte-
folins A and B (VII and VIII), (Figure 2). Due to the well-known presence of phenolic
compounds in the specie, we can suggest that the anti-H. pylori activity observed is a result
of their presence [11,26,27].
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Figure 2. Chemical structures of compounds from Monteverdia ilicifolia (I–VIII) (Chem Draw v.14.0.0.118).

2.3. UPLC-MS Profiles of M. ilicifolia Extracts

Based on the anti-H. pylori assays, two fractions were chosen to follow the chemistry
characterization. EAF2 and nBF5 were used in the UPLC-MS analysis.

Table 2 shows the retention time of the compounds separated for chromatography
from EAF2, as well as the ion and correspondent fragment in the negative mode.

In the nBF5 fraction, it was characterized by glycosylated flavonoids such as kaempferol-
galactoside-rhamnoside-rhamnoside and quercetin-rhamnopiranosyl-glucopiranoside-
rhamonoside; besides this, the fraction presents some compounds that could not be identified
(Table S2).

Several studies have shown the presence of tannins and flavonoids in M. ilicifolia
extracts that are considered responsible for their biological activity. Monomeric and dimeric
flavonoids, such as epicatechin and procyanidins B1 and B2, were isolated and charac-
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terized in studies over the years from aqueous, hexanic, and acetonic extracts [11,28,29].
Glycosylated flavonoids are also present in the leaves extracted from M. aquifolium and
M. ilicifolia and are composed of quercetin and kaempferol 3-O-glycosides [27,28,30,31].
Some authors have already demonstrated that procyanidins, catechin, and gallic acid iso-
lated from natural products can have activity against H. pylori with reference strain and
antibiotic-sensitive and resistant clinical isolates [32–36].

Table 2. Compound identification of EAF2 (ethanol: water 50:50 v/v) detected by UHPLC-HRMS
negative mode.

Identification Retention Time (Min) [M-H]-

(m/z) Main Fragments

(epi)gallocatechin 8.83 305 109, 125, 139, 165, 219, 237, 261
procyanidin B2 10.63 577 125, 151, 245, 289, 407, 425, 451
(epi)catechin 12.29 289 109, 179, 203, 245
(epi)afzelechin-(epi)catechin 13.70 561 125, 289, 435
(epi)afzelechin-(epi)catechin-(epi)catechin 14.77 849 125, 289, 407, 559, 679
(epi)afzelechin-(epi)afzelechin-(epi)catechin 15.31 833 125, 239, 407, 543
kaempferol-galactoside-rhamnoside-rhamnoside 15.51 739 284
(epi)catechin-(epi)catechin 17.17 577 125, 161, 289, 407
(epi)afzelechin-(epi)catechin 21.31 561 289, 435
kaempferol-rhamnopentoside 21.71 563 284

All these studies support the characterization proposed in the present work, consid-
ering that the same substances were isolated and characterized in those studies carried
out with the specie. With the results obtained in the activity assays conducted with the
fractions, we can presume that the phenolic compounds are responsible for the activity, as
several authors demonstrated [11,27,28,30,31].

2.4. Antioxidant Capacity of Extracts and Semi-Purified Fractions

For the antioxidant capacity assays, seven extracts and fractions were selected that
showed the best activity against H. pylori. The DPPH results are shown in Figure S1; the
antioxidant capacity is present as IC50, which means that the extract concentration is needed
to promote 50% of the antioxidant activity.

The antioxidant capacity for the tested extracts varies between 14.51 and 98.35 µg/mL.
The more pronounced antioxidant capacity was observed in EAF4 with an IC50 14.51 µg/mL
followed by CE5 (IC50 19.08 µg/mL) and EAF2 (IC50 19.48 µg/mL), with no significant
statistical difference. The worst antioxidant capacity in the DPPH assay was observed for
nBF5 with an IC50 98.35 µg/mL and the AQF3 (IC50 94.72 µg/mL). The quercetin, used
as a positive control, presented an IC50 of 2.99 µg/mL. It is known that the antioxidant
capacity is more pronounced in the presence of polyphenols [11]. This can explain why the
extract obtained with acetone and water was rich in phenolic compounds and had a more
notable result.

A previous study tested the antioxidant capacity using the DPPH radical scavenging
method of the ethyl-acetate and n-butanolic fraction from M. royleana (Wall. ex M.A.
Lawson) Cufod, both rich in polyphenols. The ethyl-acetate fraction showed an IC50 of
55.01 µg/mL, while the n-butanolic fraction was 58.01 µg/mL. The antioxidant capacity
was evaluated for the ethyl-acetate fraction from an acetonic crude extract by the DPPH
radical scavenging method and showed a result of 25.39 µg/mL [11,37].

For the FRAP assay, the values of the antioxidant capacity were expressed as an mM
Trolox/g extract equivalent (Figure S2). In this assay, the absorbance variance found was
linearly proportional to the antioxidant concentration.

The FRAP assay showed results varying from 0.77 to 5.40 mM Trolox/g of the extract.
The EAF2 and EAF4 showed the result of 5.40 and 5.15 mM Trolox/g of the extract,
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respectively, with no significant statistical difference. The quercetin was used as the
positive control, and the antioxidant capacity was 15.41 mM Trolox/g of the extract.

Some species from the Celastraceae family were tested to determine the antioxidant
capacity using the FRAP assay. They found Cassine orientalis (Jacq.) Kuntze e M. pyria
(Willemet) N. Robson has an antioxidant capacity of 584 ± 5.24 e 190 ± 0.87 µM trolox/g
in the extract [38].

Polyphenols have a great chemical structure for the removal of free radicals. For the
best activity, these compounds must present some specific structural characteristics with
the hydroxyl groups and in the ring substitution. Some structural specifications were tested
previously, and it was confirmed that the presence of the ortho-hydroxyl group in the ring
B increases the antioxidant capacity [39,40].

The compounds present in the extracts produced with organic solvents can eliminate
free radicals more effectively than those compounds with more polarity present in aqueous
extracts or fractions; the explanation could be the higher presence of phenolic compounds
in the extracts produced using organic solvents.

The fact that FAE2 showed the best antioxidant capacity over the nBF could be ex-
plained by the fact that EAF2 is richer in phenolic compounds. These results are according to
the conclusions of [11], who said that phenolic hydroxyl present in the phenolic compounds,
as the fraction with the best antioxidant capacity and the one rich in phenolic compounds
with orto-hydroxyl in the structure, are more capable of scavenging free radicals.

In summary, the present study demonstrated the anti-H. pylori activity of M. ilicifolia
extracts and fractions represents a strong potential for use in the treatment or even more
strongly acting in the prevention of H. pylori infection. The antioxidant capacity was
confirmed for the specie using two different methods. Both activities can be attributed
to the presence of phenolic compounds, such as monomeric, dimeric, and glycosylated
flavonoids, which can be found in higher amounts in the extracts and fractions produced
with organic solvents.

2.5. Virtual Screening

To identify the compound most likely to act as the H. pylori urease inhibitor from those
present in the M. ilicifolia extract, four molecular docking simulations for each compound
in the library using two different programs were carried out. In this way, the mean
scores obtained from each program were used in the calculation of the mean relative
score expressed by Equation (1). The compound kaempferol-3-galactoside-6-rhamnoside-3-
rhamnoside, named CID 44258967, had the highest mean relative score, followed by the
compound (epi)afzelechin-(epi)catechin-(epi)catechin, named AFZ-CAT-CAT (Figure 3).
For these compounds, the best pose obtained in each docking simulation in the Gold
program showed a recurrent conformation pattern in the urease active site (Figure S3),
which suggests a site-specific interaction profile with the enzyme, which is characteristic of
compounds with a drug-like behavior. Together, these data suggest that the compounds
CID 44258967 and AFZ-CAT-CAT are the most likely urease inhibitors presented in the
M. ilicifolia extract.

To describe the molecular interactions that occur between urease and the best MRS
ligands, the PoseView program [41] was used. For the compound CID44258967 (Figure 4A),
the program predicts the hydrogen bonds with residues His221, Glu222, Thr251, Ala278,
and Arg338, hydrophobic contacts with the residues Met317, Leu318, Cys321, and Phe334,
a π-π stacking with residue Phe334, and a charge-dipole interaction with one of the Ni2+

cofactors. For the compound AFZ-CAT-CAT (Figure 4B), hydrogen bonds are predicted
with the residues Ala169, Glu222, Asp223, and Asp362, a hydrophobic contact with Met366
and charge-dipole interaction with the two Ni2+ cofactors.

There are no reports in the literature citing the activity of kaempferol-3-galactoside-
6-rhamnoside-3-rhamnoside or (epi)afzelechin-(epi)catechin-(epi)catechin as urease in-
hibitors, which makes this work the first one to associate anti-ureolytic activity with these
two compounds.
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reference crystallographic ligand DJM (CID42065735) was used as reference.

Regarding toxicity, as far as we know, there are no reports in the literature describing
the possible toxic effects of these two compounds, which leads us to evaluate their toxicity
in silico by the SwissADME server. As a result, the AFZ-CAT-CAT compound showed
three violations of Lipinski’s rules, MW > 500, the number of N or O > 10, and the number
of NH or OH > 5. In addition, it has an alert as a possible pan assay interference compound
(PAIN). The compound CID44258967 presented the same three violations of Lipinski’s rules
but no alert as PAIN. However, Lipinsky’s rules assess the usability of the compounds
as oral drugs, not regarding their toxic effects. In this way, the extract, and fractions of
M. ilicifolia used in this work, have already been evaluated for toxicity and showed no
relevant effect on the mitochondrial activity of human stomach AGS cells (AGS, ATCC
CRL-1739) [42].
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3. Materials and Methods
3.1. Plant Material

The leaves of M. ilicifolia were collected in Marialva, Brazil (23◦28′43′′ S; 51◦47′39′′ W;
622 m altitude) on 16 February 2016. The plant material was identified and deposited in the
State University of Maringa herbarium under registration number 29221. The material was
collected with the permission of IBAMA-SISBIO and registered under the number 11995-3.
Access to the botanical material was registered by the Sistema Nacional de Gestão do
Patrimônio Genético e do Conhecimento Tradicional Associado, SisGen, under #AB65084.

3.2. Extracts and Fractions Preparation

The pulverized leaves were macerated with n-hexane (10%, w/v) for 10 days to
decrease. Afterward, five extracts of 10% (w/v) were produced by turbo extraction (Ultra-
turrax®—UTC115KT) using in v/v proportion:water (CE1); ethanol:water 50:50 (CE2);
ethanol:water 70:30 (CE3); ethanol:water 96:4 (CE4), and acetone:water 7:3 (CE5). The
solutions were filtered, evaporated on a rotary evaporator under reduced pressure at 40 ◦C,
and lyophilized. The extracts were further partitioned in water with ethyl acetate and n-
butanol. The fractios solutions were evaporated and lyophilized, resulting in ethyl-acetate
(EAF), n-butanolic (nBF), and aqueous fractions (AQF) [11]. The crude extracts and fractions
yield are presented in Table S3.

3.3. Epicatechin Determination Using HPLC Method

The analyses were carried out using a Thermo® HPLC (Thermo Electron, Waltham,
MA, USA), with a PDA (photo diode array) spectrophotometry detector module (Model
Finnigan™ Surveyor PDA Plus Detector-Thermo Electron, Waltham, MA, USA), integral
pumps, and degasser (Finnigan™ Surveyor LC Pump Plus - Thermo Electron, Waltham, MA,
USA) and autosampler (Finnigan™ Surveyor Autosampler Plus-Thermo Electron, Waltham,
MA, USA) equipped with a 10 µL loop and controller software (Chromquest™, version 4.2,
Thermo Electron, Waltham, MA, USA), a Phenomenex® Gemini C-18 (250 × 4.6 mm, 5 µm)
(Phenomenex®, Torrance, CA, USA), and a guard column (Phenomenex® SecurityGuard™-
RP C-18 cartridge) (Phenomenex®, Torrance, CA, USA). It was used as a mobile phase
water:formic acid (pH 2.5) (phase A) and acetonitrile:formic acid (pH 2.5) (phase B). It used
a linear gradient of 0 min 18% B; 13 min 25% B; 16 min 34% B; 20 min 42% B; 23 min 65%
B; 25 min 18% B, with a flow of 0.8 mL/min, and 100 µL injection volume. Detection was
performed at 210 nm [29].

The sample preparation was carried out following a previous study using 1 g of
each crude extract instead the pulverized leaves. The standard solution’s preparation
and obtention of the calibration curve were conducted according to the previous study
(Epicatechin calibration curve: y = 151,061x + 2,726,000) [29].

3.4. Bacteria Strain

It used H. pylori strain ATCC® 43504, amoxicillin sensitive, and metronidazole resis-
tance. Bacteria were grown in the Columbia Agar supplemented with sheep blood (5%) in
a 10.0% CO2 atmosphere at 37.0 ◦C for 72 h [43].

3.4.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The anti-H. pylori assay was conducted by the microdilution method [44]. As a
positive control, amoxicillin and metronidazole (Sigma Chemical Co., St. Louis, MO, USA)
were used. In each well, 100 µL of the sample solutions (32–1024 µg/mL) and 100 µL
H. pylori suspension (≈106–107 bacteria/mL) were added both in supplemented BHI.
The absorbance was measured at 620 nm and then incubated (37.0 ◦C/72 h/10.0% CO2).
After incubation, the plate was homogenized, and a new measurement was performed to
determine the MIC.

The MBC assay was performed for samples that presented MIC. The sample cor-
responding to the microplate well without apparent growth in BHI was harvested in a
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Columbia Agar plate (5% sheep blood) and incubated at 37.0 ◦C, 10.0% CO2, 72 h. The
assay was determined by the lowest sample concentration able to inhibit colony formation.

3.4.2. Urease Inhibition Assay

Urease inhibition activity was determined based on the production of ammonia cat-
alyzed by the enzyme urease, according to the method described by [44]. The reaction
microplate contained a mixture of 25 µL of urease 4 UI (Sigma Jack Bean urease type III)
and 25 µL of the sample at varying concentrations, and it was incubated at room temper-
ature for two hours. Then, 25 µL of phenol red (0.02%) and 200 µL of urea (50 mM) in
100 mM phosphate buffer (pH 6.8) were added to the microplate. After 20 min, the mixture
absorbance was read at 540 mm using a microplate reader (iMark®, BioRad, Washington,
DC, USA). Boric acid was used as the standard positive control for urease inhibition.

3.5. UHPLC-MS Conditions

UHPLC-MS analysis was performed on a Nexera X2 liquid chromatography system
with an LC-30AD pump and Phenomenex® Gemini C-18 column (250 mm × 4.6 mm)
coupled with a Q-TOF Impact II (Bruker Daltonics, Bremen, Germany), with electrospray
ionization source. The column was maintained at 40 ◦C with a linear elution gradient of
water 0.1% formic acid (eluent A) and acetonitrile 0.1% formic acid (eluent B). The elution
procedure follows 0–13 min 18% B; 13–16 min 25% B; 16–20 min 34% B; 20–23 min 42% B;
23–25 min 65% B; 25–28 min 18% B. The flow rate was 0.4 mL/min, and a 20 µL aliquot of
each sample was injected.

The ESI was set in the Auto MS/MS acquisition mode, with an acquisition rate of
5 Hz (MS and MS/MS). The scans were acquired using the mass analyzer at 70–1500 m/z.
The analyses were performed in a positive and negative ionization mode, with a capillary
voltage of 4.00 kV, supply temperature of 220 ◦C, and desolvation gas flow of 8.0 L/min.
Daughter-scan experiments were performed using the collision-induced dissociation (CID)
obtained using a collision energy ramp in the range of 15–50 eV and collision gas pressure
of 3.06 × 10−3 mBar in the collision chamber.

3.6. Antioxidant Capacity Assay
3.6.1. Determination of DPPH (2,2-diphenyl-1-picrylhydrazyl) Radical Levels

M. ilicifolia extracts and fractions were diluted in methanol and prepared at final
concentrations of 3.1–100.0 µg/mL. A total of 100 µL of freshly prepared 130 µM DPPH
was added to 100 µL of the sample at different concentrations. The microplates were kept
at room temperature and protected from light. After 30 min, the absorbances were mea-
sured at 517 nm in a microplate spectrophotometer (Biochrom Asys UVM 340-Cambridge,
Cambridgeshire, England). Negative (methanol added to DPPH), white (methanol only),
and positive (Trolox standard) controls were used [45].

3.6.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay method was described previously [45]. Trolox and samples (20–100 µg/mL)
were diluted in ethanol. Absorbance values were measured using a microplate spectrophotome-
ter (Biochrom Asys UVM 340 - Cambridge, Cambridgeshire, England) at 595 nm. To determine
the total antioxidant capacity, it was used in the Trolox calibration curve equation (20–600 µM;
y = 0.0028x + 0.0199 R2 = 0.9993) from the sample’s absorbances. The results were expressed as
Trolox equivalent antioxidant capacity (TEAC).

3.7. Virtual Screening

One of the beta subunits of the hetero 24-mer urease from H. pylori and bonded to
the inhibitor 2-{[1-(3,5-dimethylphenyl)-1H-imidazol-2-yl]sulfanyl}-N-hydroxyacetamide
(named DJM; CID 42065735) (PDB id: 6ZJA) was used in the virtual screening of compounds
described in the M. ilicifolia extract (Table S4). The programs and respective protocols were
defined based on the redocking of the ligand in the urease. The AutoDock-Vina (Vina)
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program [46] used the standard search and ranking algorithms, with the search space
defined by the box centered on the ligand, with dimensions of 30, 20, and 30 Å at x, y, and
z, respectively. The uff force field [47] was used to minimize the ligands. The program
Gold [48] uses the search space with a 15 Å radius centered on the ligand. The search
algorithm employed a 200% efficiency, with 30 runs, and the ASP scoring and the ‘Allow
early termination’ option was disabled.

The compounds described in the M. ilicifolia extract plus the reference ligand CID
42065735 were in the library for the virtual screening. The 2D or 3D structures of the
compounds were obtained from the PubChem database or drawn by the ChemDraw®

program. Different isomers were used when necessary, and the OpenBabel program [49]
was used to add hydrogens and convert them to 3D.

The mean relative score (MRS) was calculated from the mean docking score of each
compound after four simulations using each program (Equation (1)). In this equation,
Vina represents the average score of the compound obtained from four simulations using
the Vina program, and Vinamax expresses the maximum average score observed for the
given compounds of the library; the same concept was applied to the results from the Gold
program (Gold and Goldmax). The MRS allows the ranking of compounds with the ligand
CID42065735 as a reference.

MRS =
1
2

(
Vina

Vinamax
+

Gold
Goldmax

)
(1)

The in-silico toxicity was estimated by the SwissADME server [50].

3.8. Statistical Analysis

Numerical data were presented as the means ± standard deviation (SD). The number
of repetitions of individual assays was different and was present in the description of each
of them. One-way ANOVA with Bonferroni post-test was performed considering values of
p ≤ 0.05 as statistically significant.

4. Conclusions

The EAF2 and nBF5 presented the best in vitro anti-H. pylori activity among all the ex-
tracts and fractions tested. In the urease enzyme inhibition test, the highest percentage of in-
hibition was observed in the nBF5 and EAF2. The antioxidant capacity was better observed
in the ethyl acetate fractions tested and for the CE5. The in silico assays demonstrated that
kaempferol-3-galactoside-6-rhamnoside-3-rhamnoside and (epi)afzelechin-(epi)catechin-
(epi)catechin presented in the fractions EAF2 and nBF5 and have an anti-ureolytic activity.
The anti-H. pylori and antioxidant activity observed can be attributed to the phenolic
compounds present in EAF2 and nBF5.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12010046/s1, Table S1: Urease inhibition results of
Monteverdia ilicifolia extracts and semi-purified fractions; Table S2: Compounds identification of
nBF5 (acetone: water 7:3 v/v) detected by UHPLC-HRMS negative mode; Table S3: Crude extracts
and fractions yield from Monteverdia ilicifolia in percentage; Figure S1: Antioxidant capacity for the
DPPH method in extracts and semi-purified fractions of Monteverdia ilicifolia. (CE1 = crude extract
aqueous; CE2 = crude extract ethanol: water 50:50; CE3 = crude extract ethanol: water 70:30; CE4 =
crude extract ethanol: water 96:4; CE5 = crude extract acetone: water 7:3; EAF: ethyl acetate fraction;
nBF: n-butanolic fraction; AQF: aqueous fraction); Figure S2: Antioxidant capacity for the FRAP
method in extracts and semi-purified fractions of Monteverdia ilicifolia.(CE1 = crude extract aqueous;
CE2 = crude extract ethanol: water 50:50; CE3 = crude extract ethanol: water 70:30; CE4 = crude
extract ethanol: water 96:4; CE5 = crude extract acetone: water 7:3; EAF: ethyl acetate fraction; nBF:
n-butanolic fraction; AQF: aqueous fraction); Figure S3: Poses found by docking simulations of the
ligands Kaempferol-3-galactoside-6-rhamnoside-3-rhamnoside, CID44258967 (A) and (epi)afzelechin-
(epi)catechin-(epi)catechin, AFZ-CAT-CAT (B), obtained with the Gold program. The repetition of
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the same conformation for each pose in all simulations indicates a pattern of drug-like behaviour;
Table S4: Compounds identification of EAF2 and nBF5.
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Abbreviations

CE1 Crude extract aqueous
EAF1 Ethyl-acetate fraction from crude extract aqueous
nBF1 n-Butanolic fraction from crude extract aqueous
AQF1 Aqueous fraction from crude extract aqueous
CE2 Crude extract ethanol: water 50:50 (v/v)
EAF2 Ethyl-acetate fraction from crude extract ethanol: water 50:50 (v/v)
nBF2 n-Butanolic fraction from crude extract ethanol: water 50:50 (v/v)
AQF2 Aqueous fraction from crude extract ethanol: water 50:50 (v/v)
CE3 Crude extract ethanol: water 70:30 (v/v)
EAF3 Ethyl-acetate fraction from crude extract ethanol: water 70:30 (v/v)
nBF3 n-Butanolic fraction from crude extract ethanol: water 70:30 (v/v)
AQF3 Aqueous fraction from crude extract ethanol: water 70:30 (v/v)
CE4 Crude extract ethanol: water 96:4 (v/v)
EAF4 Ethyl-acetate fraction from crude extract ethanol: water 96:4 (v/v)
nBF4 n-Butanolic fraction from crude extract ethanol: water 96:4 (v/v)
AQF4 Aqueous fraction from crude extract ethanol: water 96:4 (v/v)
CE5 Crude extract acetone: water 70:30 (v/v)
EAF5 Ethyl-acetate fraction from crude extract acetone: water 70:30 (v/v)
nBF5 n-Butanolic fraction from crude extract acetone: water 70:30 (v/v)
AQF5 Aqueous fraction from crude extract acetone: water 70:30 (v/v)
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Abstract: Microbial resistance, caused by the overuse or inadequate application of antibiotics, is a
worldwide crisis, increasing the risk of treatment failure and healthcare costs. Plant essential oils (EOs)
consist of hydrophobic metabolites with antimicrobial activity. The antimicrobial potential of the
chemical diversity of plants from the Atlantic Rainforest remains scarcely characterized. In the current
work, we determined the metabolite profile of the EOs from aromatic plants from nine locations
and accessed their antimicrobial and biocidal activity by agar diffusion assays, minimum inhibitory
concentration, time-kill and cell-component leakage assays. The pharmacokinetic properties of the
EO compounds were investigated by in silico tools. More than a hundred metabolites were identified,
mainly consisting of sesqui and monoterpenes. Individual plants and botanical families exhibited
extensive chemical variations in their EO composition. Probabilistic models demonstrated that
qualitative and quantitative differences contribute to chemical diversity, depending on the botanical
family. The EOs exhibited antimicrobial biocidal activity against pathogenic bacteria, fungi and
multiple predicted pharmacological targets. Our results demonstrate the antimicrobial potential of
EOs from rainforest plants, indicate novel macromolecular targets, and contribute to highlighting the
chemical diversity of native species.

Keywords: ADME; biological activity; GC-MS; network analyses; terpene; volatiles

1. Introduction

Antimicrobial resistance is the main cause of relapsing infections and treatment failure
in microbe-induced pathogenesis, leading to higher rates of patient morbidity and mortality,
but also imposing increased costs to healthcare [1]. The selective pressure enforced by the
overuse and/or misuse of antimicrobials triggers genetic and metabolic modifications in
pathogenic microorganisms that allow them to extrude or detoxify multiple drugs, giving
rise to Multidrug-Resistant (MDR) pathogens [1]. The molecular mechanisms underlying
drug resistance are classified into three main groups: (i) reduction in the intracellular
concentration of the antimicrobial agent; (ii) molecular modifications of the antimicrobial
target; and (iii) inactivation of the antimicrobial molecule [2]. The evolution of pathogenic
microorganisms shuffles and combines these general mechanisms to overcome the mode of
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action of several classes of antimicrobial compounds. Thus, new therapeutic molecules are
continuously sought after to combat MDR pathogens.

Several plant compounds and mixtures of compounds exhibit antimicrobial poten-
tial, including Essential Oils (EOs) [3]. EOs are an important part of the volatile organic
metabolites, produced by four major biosynthetic routes: the shikimate/phenylalanine, the
mevalonic acid, the methylerythritol phosphate and lipoxygenase pathways [4–7]. EOs con-
sist of hydrophobic metabolites stored in and released by specialized secretory structures
of the plants, involved in a wide range of biotic interactions in the natural environment,
including with herbivores and their parasitoids, pollinators, and other plants [4,6,7]. Chem-
ically, EOs consist of complex blends of terpenoids, benzenoids/phenylpropanoids, volatile
carotenoid derivatives, and methylated volatiles [6,7]. The hydrophobicity and variable
degree of reactivity of EO metabolites make them interesting therapeutic products to be
used against pathogenic microorganisms, alone or in combination with traditional antibi-
otics [8–10]. However, a large portion of the plants’ chemical diversity remains unexplored,
as most studies have focused on domesticated species. The flora in the Brazilian portion of
the Atlantic Rainforest is considered one of the richest in the world, consisting of more than
forty-thousand species, with nearly half of them being endemic [11]. The biome is also one
of the primary biodiversity hotspots in the world, with approximately twenty-thousand
species [11]. The plants in the Atlantic Rainforest exhibit high inter- and intra-specific
genetic variation, which, coupled with the distinct environmental conditions, allows them
to produce hundreds of thousands of distinct specialized metabolites [12]. The chemical
diversity of the EOs from rainforest plants remains scarcely characterized. Comprehensive
chemical characterization of the EOs from undomesticated species may discover novel
aspects of the plants metabolic diversity and contribute alternative compounds for green
chemistry applications, including the design of novel pharmaceuticals.

The current work aimed at investigating the chemical composition and antimicro-
bial potential of the EOs from plant species found in the Atlantic Rainforest. The results
demonstrate expressive inter- and intra-specific chemical variation, significant antimicro-
bial activity and interesting pharmacokinetic characteristics and macromolecular phar-
macological targets of the EO compounds. These findings can contribute to their use in
pharmaceutical applications.

2. Results
2.1. Botanical and Chemical Characterization

Fifty distinct aromatic plant species, belonging to fifteen botanical families, were identi-
fied in nine locations of the Atlantic rainforest in the State of São Paulo (Table S1, Figure S1).
The number of families with associated traditional use were found in coastal locations
(Ubatuba and Pariquera-Açu) and the transition region in Votuporanga (Figures S1 and S2).
The metabolite profile of 63 EO samples was determined by GC-MS (Figure 1, Table 1).
The oil yield was highly variable, ranging between 0.004 and 2.88%, with shrubs pro-
ducing approximately 1.6 times higher contents than trees (Figure S3). The highest EO
contents were found in Pipearaceae shrubs (Figure S3). The biological metabolite varia-
tion ranged between trace amounts (≤0.05) and 94.46%. The complete chemical data and
their associated metadata are deposited at the National Metabolomics Repository, under
identifier ST000606.

A total of 113 metabolites were identified, consisting mostly of monoterpenes (MT)
(29%) and sesquiterpenes (ST) (56%), along with phenylpropanoids (PP) (7.5%), benzyl
alcohols (BA) (3%) and ketones (MK) (3%) (Figure 1). More than 50% (63/113) of the
metabolites were present as major components (Table 1) and most metabolites in the
EOs chemical composition (≥80%) were identified in all samples (50 out of 63, 79.4%)
(Table 1, Figures 1 and 2). The percentage of unidentified metabolites ranged between
1.12% (Lp6101606, Piper aduncum) and 44.2% (Lp6101714, Eugenia myrcianthes) of the total
(Figure 1). The number of metabolites per sample ranged between 2 (Lp051901, Myrcia
spectabilis) and 28 (Lp6101822, Campomanesia guavirota) (Figure 1).
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The identified metabolites were classified in monoterpenes (MT) (29%), sesquiterpenes
(ST) (56%), phenylpropanoids (PP) (7.5%), benzenoids (BA) (3%), and ketones (MK) (3%)
(Table 1, Figures S4–S6). The most frequent compound was α-pinene, followed by bicy-
clogermacrene, germacrene D and trans-caryophyllene (Table 1). The least frequent metabo-
lites, present above trace levels, were geraniol and methyl-geranate (Table S1). Coastal
locations (Pariquera-Açu and Ubatuba) exhibited higher botanical diversity of aromatic
species, alongside the plateau sites in Campinas and Votuporanga (Figures S1 and S2).
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Table 1. Main components (≥10%) of the essential oil extracted from plant species from the Atlantic
rainforest. Plant species are presented within botanical families. Latitude and longitude coordinates
are represented as decimal values. Essential oil yield is presented as dry weight (w/w) percentages.
Complete chemical profile, literature, and calculated retention indices (RI) and experiment metadata
are deposited at the National Metabolomics Repository under identifier ST000606.

Family/Species Sample/Herbarium Code Location (Coordinates,
Elevation) Yield (%) Major Components (%)

Anacardiaceae

Schinus terebinthifolius Raddi R1772/IAC 47521
Ribeirão Preto

(47◦51′58.72′′ S,
21◦12′52.36′′ W, 570 m)

0.26 α-phellandrene (23.2); α-pinene
(18.2); β-phellandrene (16.8)

Annonaceae

Annona dioica A.St.-Hil. Lp06101603/IAC 47955
Votuporanga

(50◦3′55.60′′ S,
20◦27′41.20′′ W, 463 m)

0.37
bicyclogermacrene (30.1);

germacrene D (21.0);
trans-caryophyllene (12.2)

Guatteria australis A.St.-Hil. R1598/ IAC 46831 Ubatuba (45◦7′39.30′′ S,
23◦25′18.60′′ W, 26 m) 0.14 spathulenol (27.4); caryophyllene

oxide (18.8)

Xylopia aromatica (Lam.) Mart. Lp6101712/ IAC 47969
Votuporanga

(50◦3′34.99′′ S,
20◦27′15.20′′ W, 4 m)

0.16 limonene (71.7)

Xylopia brasiliensis Spreng. R1739/IAC 47266
Pariquera-Açu
(47◦52′48.76′′ S,

24◦36′48.42′′ W, 25 m)
0.17 1,8-cineole (11.1); spathulenol

(28.3)

Araceae

Monstera cf. adansonii Schott L52008/IAC 47079 Ubatuba (45◦7′47.57′′ S,
23◦24′49.97′′ W, 180 m) 0.14 β-phellandrene (36.7), α-pinene

(17.2), 2 tridecanone (17.0)

Araliaceae

Dendropanax cuneatus (DC.)
Decne. & Planch. C010/IAC 47099 Jundiai (46◦55′40.69′′ S,

23◦6′42.70′′ W, 770 m) 0.12
caryophyllene oxide (15.6), trans
caryophyllene (13.2), β pinene

(10.9)

Dendropanax cuneatus (DC.)
Decne. & Planch. Lp6101818/IAC 47975 Adamantina (51◦9′6.80′′ S,

21◦39′47.01′′ W, 380 m) 0.004

spathulenol (22.1), trans
caryophyllene (18.4),

bicyclogermacrene (15.7),
δ-3-carene (12.5)

Dendropanax cuneatus (DC.)
Decne. & Planch. R1770/IAC 47519 Mococa (46◦59′55.30′′ S,

21◦25′24.56′′ W, 568 m) 0.21 bicyclogermacrene (32.8)

Asteraceae

Baccharis dracunculifolia DC. R1755/IAC 47282
Pariquera-Açu
(46◦59′44.79′′ S,

24◦37′15.32′′ W, 25 m)
0.42

trans-nerolidol (30.5),
β-copaen-4-α-ol (12.0), limonene

(11.6)

Baccharis dracunculifolia DC. R1773/IAC 47522
Ribeirão Preto

(47◦52′12.64′′ S,
21◦11′27.63′′ W, 557 m)

0.54 trans-nerolidol (27.3), limonene
(17.4)

Cyrtocymura scorpioides (Lam.)
H. Rob. C005/IAC 47097 Jundiai (46◦55′40.69′′ S,

23◦6′42.70′′ W, 770 m) 0.32 germacrene D (36.1), β-pinene
(26.6)

Euphorbiacae

Croton celtidifolius Baill. Lp52912/IAC 29030
Monte Alegre do Sul

(46◦40′30.18′′ S,
22◦41′58.52′′ W, 743 m)

0.16 cis-β-guaiene (15.8), germacrene D
(11.7), trans-nerolidol (11.1)

Croton floribundus Spreng. R4167/IAC 46976 Campinas (47◦4′3.36′′ S,
22◦51′45.72′′ W, 670 m) 0.09 trans-caryophyllene (21.9),

caryophyllene oxide (13.7)

Croton urucurana Baill. R1768/IAC 47517 Mococa (46◦59′55.30′′ S,
21◦25′24.56′′ W, 568 m) 0.11 bicyclogermagrene (43.4),

germacrene D (24.0)

Croton warmingii Müll. Arg. R4165/IAC 46974 Campinas (47◦4′3.57′′ S,
22◦51′45.79′′ W, 670 m) 0.15 bicyclogermacrene (17.4),

trans-caryophyllene (16.8)
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Table 1. Cont.

Family/Species Sample/Herbarium Code Location (Coordinates,
Elevation) Yield (%) Major Components (%)

Lauraceae

Aiouea sp. R1736/IAC 47263
Pariquera-Açu
(46◦59′44.79′′ S,

24◦37′15.32′′ W, 25 m)
0.28 α-phellandrene (24.5),

trans-nerolidol (19.4)

Aniba viridis Mez R1746/IAC 47273
Pariquera-Açu

(47◦52′48.76′′ S, 24◦

36′48.42′′ W, 25 m)
0.59 benzyl salicylate (23.4), benzyl

benzoate (14.1)

Aniba viridis Mez Lp51907/ AC 47071 Ubatuba (45◦7′39.29′′ S,
23◦25′18.59′′ W, 29 m) 0.42 linalool (11.1), trans-nerolidol

(73.1)
Endlicheria paniculata (Spreng.)

J.F.Macbr. R1622/IAC 46801 Campinas (47◦4′3.30′′ S,
22◦51′50.00′′ W, 652 m) 0.05 α-selinene (34.5), spathulenol

(15.3), γ-muurolene (11.8)
Nectandra megapotamica

(Spreng.) Mez Lp6101820/IAC 47986 Adamantina (51◦9′7.50′′ S,
21◦39′47.00′′ W, 349 m) 0.13 cis-β-guaiene (23.4), spathulenol

(15.6)
Nectandra megapotamica

(Spreng.) Mez R1761/IAC 47510 Mococa (46◦58′51.65′′ S,
21◦26′53.71′′ W, 600 m) 0.27 α-pinene (27.1), β-pinene (28.2),

bicyclogermagrene (16.4)

Nectandra megapotamica
(Spreng.) Mez R1774/IAC 47523

Ribeirão Preto
(47◦52′12.64′′ S,

21◦11′27.63′′ W, 557 m)
0.10 oxygenated sesquiterpene (28.1),

α-pinene (18.7), β-pinene (17.3)

Nectranda megapotamica
(Spreng.) Mez Lp052902/IAC 47084

Monte Alegre do Sul
(46◦39′57.60′′ S,

22◦42′15.12′′ W, 778 m)
0.07 cis-β-guaiene (22.7), α-pinene

(21.2), β-pinene (18.5)

Ocotea odorifera (Vell.) Rohwer R1747/IAC 47274
Pariquera-Açu (47◦52′

48.76′′ S, 24◦36′48.42′′ W,
25 m)

2.88 camphor (50.5), methyl-eugenol
(20.0)

Meliaceae

Trichilia elegans A.Juss. Lp6101709/IAC 47961
Votuporanga

(50◦3′30.60′′ S,
20◦27′27.50′′ W, 479 m)

0.28 germacrene B (44.3)

Myristicaceae

Virola bicuhyba (Schott ex
Spreng.) Warb. Lp52003/IAC 49465 Ubatuba (45◦7′20.86′′ S,

23◦24′34.06′′ W, 50 m) 0.14 cis-β-guaiene (21.4),
trans-caryophyllene (18.1)

Myrtaceae

Calyptranthes lanceolata O.Berg R1745/IAC 47272
Pariquera-Açu
(47◦52′48.76′′ S,

24◦36′48.42′′ W, 25 m)
0.12 methyl eugenol (80.4)

Calyptranthes lucida Mart. ex
DC. Lp52009/IAC 47080 Ubatuba (45◦7′39.29′′ S,

23◦25′18.59′′ W, 30 m) 0.19
caryophyllene oxide (17.3),
trans-caryophyllene (16.9),
bicyclogermacrene (12.4)

Campomanesia guavirota (DC.)
Kiaersk. Lp6101822/IAC 47988 Adamantina (51◦9′8.20′′ S,

21◦39′46.50′′ W, 355 m) 0.33 α-pinene (12.3), linalool (11.8)

Eugenia moraviana O.Berg. Lp06101816/ IAC 47973 Adamantina (51◦9′6.19′′ S,
21◦39′47.80′′ W, 373 m) 0.04

β-pinene (16.2),
trans-caryophyllene (14.2), β

elemene (11.0)

Eugenia neoverrucosa Sobral R1626/IAC 46825 Campinas (47◦4′0.30′′ S,
22◦51′52.03′′ W, 650 m) 0.42 α-pinene (94.5)

Eugenia prasina O.Berg Lp51905/IAC 47069 Ubatuba (45◦7′39.29′′ S,
23◦25′18.59′′ W, 29 m) 0.28 limonene (61.4), α-pinene (12.6)

Eugenia pyriformis Cambess. C009/IAC 34660 Jundiai (46◦55′40.69′′ S,
23◦6′42.69′′ W, 770 m) 0.17 β-pinene (39.7), α-pinene (31.5)

Eugenia myrcianthes Nied. Lp6101714/ IAC 47971
Votuporanga

(50◦3′30.10′′ S,
20◦27′20.99′′ W, 488 m)

0.06 β-copaen-4-α-ol (31.7)

Marlierea exocoriata Mart. Lp52006/IAC 47077 Ubatuba (45◦7′8.70′′ S,
23◦24′32.52′′ W, 38 m) 0.28 α-pinene (37.6), β-pinene (18.2),

sabinene (11.2)

Myrcia spectabilis DC. Lp051901/IAC 47045 Ubatuba (45◦7′39.29′′ S,
23◦25′18.59′′ W, 29 m) 0.41 trans-cis-farnesol (52.1),

cis-cis-farnesol (41.1)

Myrcia splendens (Sw.) DC. C007/IAC 37365 Jundiai (46◦55′40.51′′ S,
23◦6′42.52′′ W, 770 m) 0.21 α-pinene (28.1), germacrene D

(20.9)

Myrcia tomentosa (Aubl.) DC. Lp06101817/IAC 47974 Adamantina (51◦9′6.40′′ S,
21◦39′46.70′′ W, 370 m) 0.15 germacrene D (33.09%),

trans-caryophyllene (20.41%),
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Table 1. Cont.

Piperaceae

Piper aduncum L. Lp52911/IAC 47090
Monte Alegre do Sul

(46◦40′20.99′′ S,
22◦42′0.36′′ W, 743 m)

0.51
spathulenol (10.6), valencene (9.7),

α-pinene (6.4), asaricin (14.9),
safrole (13.3)

Piper aduncum L. Lp6101606/IAC 47958
Votuporanga

(50◦3′53.10′′ S,
20◦27′46.30′′ W, 458 m)

1.52 asaricin (80.1), safrole (10.8)

Piper aduncum L. Lp6101608/IAC 47960
Votuporanga

(50◦3′53.10′′ S,
20◦27′46.60′′ W, 465 m)

1.55 asaricin (73.4), safrole (10.5)

Piper amalago L. Lp06091202/IAC 32056 Campinas (47◦4′2.30′′ S,
22◦51′53.70′′ W, 664 m) 0.20 β-phellandrene (39.3), α-pinene

(14.8), germacrene D (11.7)

Piper amalago L. Lp06091206/IAC 46823 Campinas (50◦3′53.09′′ S,
20◦27′46.30′′ W, 458 m) 0.36

β-phellandrene (15.9), α-pinene
(6.7), sabinene (6.3),

bicyclogermagrene (20.8),
spathulenol (9.1)

Piper amalago L. R1763/IAC 47512 Mococa (46◦58′51.65′′ S,
21◦26′53.71′′ W, 600 m) 0.26 β-phellandrene (33.1), α-pinene

(11.7), bicyclogermagrene (15.0)

Piper amalago L. Lp6101821/IAC 47987 Adamantina (51◦9′7.89′′ S,
21◦39′47.19′′ W, 349 m) 0.23

β-phellandrene (12.3), sabinene
(8.2), myrcene (6.8),

bicyclogermagrene (19.4);
γ-muurolene (5.9), spathulenol

(5.6)

Piper amplum Kunth. R1740/IAC 7267
Pariquera-Açu
(47◦52′48.76′′ S,

24◦36′48.42′′ W, 25 m)
0.38

α-pinene (18.1), cis-β-ocimene
(10.5), limonene (8.6),

trans-caryophyllene (8.8),
germacrene D (5,5)

Piper cernuum Vell. L51904/IAC 7068 Ubatuba (45◦7′39.04′′ S,
23◦25′18.52′′ W, 30 m) 0.32

α-pinene (10.0), camphene (6.3),
dihydro-β-agarofuran (28.7),

10-epi γ-eudesmol (13.5),
4-epi-cis-dihydro-agarofuran (10.8)

Piper cernuum Vell. R1741/IAC 7268
Pariquera-Açu
(47◦52′48.76′′ S,

24◦36′48.42′′ W, 25 m)
1.84

dihydro-β-agarofuran (33.8),
10-epi-γ-eudesmol (12.2), α-pinene

(11.8), camphene (8.7)

Piper crassinervium Kunth. R1764/IAC 7513 Mococa (46◦59′55.30′′ S,
21◦25′24.56′′ W, 568 m) 0.53

β-pinene (11.6), α-pinene (11.5),
germacrene D (9,2),

trans-caryophyllene (7.8), guaiol
(5.5), bicyclogermacrene (5.1)

Piper gaudichaudianum Kunth. R1738/IAC 7265
Pariquera-Açu
(47◦52′48.76′′ S,

24◦36′48.42′′ W, 25 m)
0.16

trans-nerolidol (17.5), α-pinene
(12.2), caryophyllene oxide (8.5),

trans-caryophyllene (8.2), β-pinene
(7.0), trans-β-guaiene (6.9)

Piper leptorum Kunth. Lp052903/IAC 7085
Monte Alegre do Sul

(46◦39′53.99′′ S,
22◦42′13.32′′ W, 778 m)

0.60 seychellene (34.7), caryophyllene
oxide (12.5)

Piper rivinoides Kunth. L52007/IAC 47078 Ubatuba (45◦7′16.03′′ S,
23◦25′16.36′′ W, 30 m) 0.63 α-pinene (73.2), β-pinene (5.2)

Piper solmsianum C.DC. R1633/IAC 46832 Ubatuba (45◦7′8.79′′ S,
23◦24′32.47′′ W, 40 m) 0.39 δ-3-carene (66.9), myrcene (26.1),

α-pinene (22.7), α-selinene (5.5)

Piper umbellatum (L.) R4169/IAC 46978 Campinas (47◦4′4.69′′ S,
22◦51′54.60′′ W, 667 m) 0.18

germacrene D (55.8),
bicyclogermacrene (11.8),
trans-caryophyllene (6.3)

Piper xylosteoides (Kunth.)
Steud. L52004/IAC 47075 Ubatuba (45◦7′37.64′′ S,

23◦25′16.03′′ W, 30 m) 1.04

spathulenol (12.3), germacrene B
(10.6), β-copaen-4-α-ol (9.4),

trans-nerolidol (8.2),
trans-β-guaiene; (7.8)

Rutaceae

Esenbeckia febrifuga (A.St.-Hil.)
A.Juss. ex Mart Lp06091205/IAC 44591 Campinas (47◦4′3.49′′ S,

22◦51′47.19′′ W, 672 m) 0.14 caryophyllene oxide (46.7)

Helietta apiculata Benth. Lp6101823/IAC 47989
Adamantina

(51◦9′12.19′′ S,
21◦39′41.90′′ W, 365 m)

0.16 limonene (42.3)

Metrodorea nigra A.St.-Hil. Lp06091204/IAC 46826 Campinas (47◦4′0.52′′ S,
22◦51′52.24′′ W, 650 m) 0.05

spathulenol (23.6),
bicyclogermacrene (16.6),

germacrene D (15.3)

Zanthoxylum petiolare A.St.-Hil.
& Tul. Lp6101710/IAC 47962

Votuporanga
(50◦3′29.80′′ S,

20◦27′27.40′′ W, 479 m)
0.18 β-phellandrene (40.7), germacrene

D (22.0)
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Table 1. Cont.

Salicaceae

Casearia sylvestris Sw. R1643/IAC 46842 Ubatuba (45◦7′26.44′′ S,
23◦24′37.87′′ W, 50 m) 0.16 trans-β-guaiene (12.2),

1,10-di-epi-cubenol (12.1)

Sapindaceae

Cupania vernalis Cambess. L4160/IAC 46969 Campinas (47◦4′1.63′′ S,
22◦51′47.24′′ W, 670 m) 0.20

bicyclogermacrene (35.9),
germacrene D (21.4),

trans-caryophyllene (16.1)

Verbenaceae

Aloysia virgata (Ruiz & Pav.)
Juss. C004/IAC 4614 Jundiai (46◦55′40.45′′ S,

23◦6′42.48′′ W, 770 m) 0.22 γ-muurolene (32.7),
trans-β-guaiene (24.6)
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(b) variable (metabolite contents) contributions to the total variance. Contribution is a variable
scaled version of the squared correlation between individual profiles/variables and component axes,
represented as color scale. (c) Sparse Partial Least Square (sPLS) classification of the EO chemical
profiles using the botanical families as discriminant (DA). Confidence ellipses at 95% were generated
by 100 times bootstrapping and are color-coded. (d) Relevance network for metabolite and botanical
family association at 75% threshold. Chemical classes and sPLS−DA association are represented
by colors.

Multivariate analyses demonstrated that a large portion (86.3%) of the variation in
the chemical composition of the EOs remained unexplained, even when considering ten
principal components (Figures 2 and S4). A sparse Partial Least Squares Regression (sPLS)
approach, using the botanical families as discriminant variables (DA, discriminant analysis),
was employed to reduce data dimensionality (Figure 2). The supervised classification
was not enough to clearly attribute the EOs’ chemical composition to a given botanical
family, as a wide range of metabolites was shared by the investigated individuals. We
hypothesized that the unbalanced nature of the data—that is, the uneven frequency of
botanical families among the locations—could have contributed to the poor prediction
performance of the method. Therefore, simulations with balanced data were carried out
(Figure S4), although they were not sufficient in increasing the classification performance
of the method, suggesting the existence of high intra-specific chemical variation. The
presence of family-specific compounds, such as geraniol in Annonaceae and n-octane in
Euphorbiaceae, contributed to group separation.

The significant intra-group variation prompted us to investigate the chemical diversity
among the individuals within the most frequent botanical families, applying Gaussian
Mixture (GMM) modelling to the EO chemical profiles (Figures 3 and S6). The agreement
between the model and the actual data classification, estimated by the adjusted Rand index
(ARI), was higher than 65% for all botanical families, with the exception of Annonaceae
(Figure 3). The best-fit GMM models demonstrated that quantitative differences in the
chemical composition were the principal contributors to sample separation in Asteraceae
and Piperaceae (model VII) and Myrtaceae and Lauraceae (model VEI), whereas, in Euphor-
biaceae and Rutaceae (model VEV), qualitative chemical differences also contributed to
the within-group covariance (Figures 3 and S6). The groups of chemical profiles in the EOs
from Euphorbiaceae were highly variable, although the number of identified metabolites
was approximately 1.7-fold smaller than in Myrtaceae and Piperaceae (Figures 3 and S6).
The relative contribution of mono and sesquiterpenes to the best-fit GM model of the
EOs’ composition was investigated and the qualitative (n) and quantitative (q) differences
between the contribution of mono and sesquiterpenes to the EO models is shown (Figure 3).
Monoterpenes had the most significant contribution to the composition of Piperaceae EOs,
and sesquiterpenes to Myrtaceae, whereas benzyl alcohols are relevant metabolites in
Lauraceae (Figure 3).

The metabolic models were associated with the phylogenetic classification at the genus-
level for Lauraceae and Myrtaceae, and at the species-level for Piperaceae; these were the
botanical families with the highest agreement between the theoretical model and the ob-
served chemical composition. In Lauraceae, relevance networks demonstrated that benzyl
alcohols were strongly associated with the genus Aniba, whereas allo-aromadendrene,
germacrene D and δ-cadinene were more intricately linked to Nectandra. Myrcene, trans-
β-guaiene and bicyclogermacrene were relevant to the EO composition of all of the in-
vestigated genera in Myrtaceae, although the relevance network analyses differentiated
the chemical profile of EOs from the genera Myrcia, Eugenia and Calyptranthes (Figure 3).
Germancre B was relevant to Myrcia and Eugenia, whereas spathulenol and aromadendrene
were significant to Eugenia and Calyptranthes (Figure 3). In Piperaceae, the metabolic profile
of Piper amalago EOs was the most divergent, with contributions from α-phellandrene,
β-bourbonene and 1-epi-cubenol, whereas several metabolites were shared with P. aduncum
and P. cernuum EOs, although high camphene levels and the presence of dihydro-agarofuran
sesquiterpenes were exclusive to the latter (Figure 3).
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(b) Contribution of MT and ST metabolites to the qualitative (n) and quantitative (q) EO profile in
the most frequently sampled aromatic families. Contribution is represented as a percentage of the
composition in each botanical family. Relevance network for the identified metabolites in Myrtaceae
(c) and Lauraceae (d) genera, and Piperaceae species (e). Association scores are represented as
gradient for each network.

Simultaneous hierarchical clustering of the samples based on the PLS similarity ma-
trix and relevance network analyses demonstrated that the significant associations were
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caused by the presence or absence of specific metabolites, such as dihydro-agarofuran
sesquiterpenes in Piper cernuum and benzyl alcohols in Lauraceae, and the absence of
monoterpenes in Salicaceae and Sapindaceae (Figures 1–3). Among the distinct metabolite
profiles, monoterpenes were not detected in Eos from Casearea sylvestris (Salicaceae) and
Cupania vernalis (Sapindaceae).

2.2. Chemical Composition and Antimicrobial Activity

Certified tea tree (Melaleuca alternifolia (Maiden and Betche) Cheel) EO and four
pathogenic bacteria were used to determine the working concentration for the growth
inhibition assays (Figure 4). The dilution medium (mineral oil) did not interfere with
bacterial growth, whereas, the broad-spectrum antibiotics (cefotaxime) prevented bacterial
growth at 100 µg.mL−1 (Figure 4). Concentrated EO completely inhibited Staphylococcus epi-
dermidis growth and caused 35%, 51%, and 78% reduction in the propagation of Escherichia
coli, S. aureus, and Corynebacterium xerosis, respectively (Figure 4). The growth inhibition of
the frequent skin and mucous membrane colonizers S. epidermidis and C. xerosis were the
most responsive to EO treatment (Figure 4), whereas E. coli and S. aureus were less affected
by EO-induced growth inhibition (Figure 4). The tea tree EO concentration at 5% (v/v)
allowed us to clearly identify growth inhibition for the investigated pathogens and was
employed in the large-scale disk diffusion agar assays of the antimicrobial potential of the
EOs from the rainforest species.
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C. xerosis. (c) PCA biplot of bacterial growth inhibition by the individual EOs. (d) Heatmap rep-
resentation of the correlation between EO composition and minimum inhibitory concentration for
pathogenic fungi and bacteria. Pearson’s correlation coefficients and their corresponding p-values are
shown in Table S2.

Most of the EOs from the rainforest plants exhibited antibacterial activity, although
individual EO antibacterial activity was highly variable (Figures 4 and S7). The maximum
growth inhibition reached up to 60% against E. coli (Lp6101823, from Helietta apiculata,
Rutaceae) (Figures 4 and S7). Other EOs also exhibited a high potential to impair bacterial
growth, such as 45% against S. epidermidis (R1598, Guatteria australis, Annonaceae), 40%
against S. aureus (R1745, Calyptranthes lanceolata, Myrtaceae) and 30% against C. xerosis
(Lp52006, Marlierea exocoriata, Myrtaceae), representing 2.4-, 1.6-, 3.7- and 1.6-fold the in-
hibitory effect of certified M. alternifolia EO at the same concentration (Figures 4 and S7).
The composition of the bacteria cell wall influenced the susceptibility to EO activity, con-
tributing to approximately 41% of the variation in the PC analyses (Figure 4). The weight
of the Gram-negative type of cell wall (E. coli) most strongly affected the first component,
whereas the Gram-positive wall assembly (staphylococci and C. xerosis) exerted greater
influence on the first component (Figure 4). The capacity to inhibit bacterial growth by
the EO from native rainforest species was often higher or equivalent to certified Melaleuca
alternifolia oil (Figure S7).

Ten EOs were selected for Minimum Inhibitory Concentration (MIC) assays against the
previously investigated bacteria, plus the opportunistic pathogen Pseudomonas aeruginosas,
the skin pathogen Propionibacterium acnes, the filamentous fungus Aspergillus niger, and
the infective yeast Candida albicans (Table 2). The antibacterial activity was confirmed for
concentrations as low as 0.124 µL/mL (Lp6101712, Xylopia aromatica, Annonaceae) against
C. xerosis. Aspergillus niger and Candida albicans growth was impaired by all tested EOs
at 0.5 µL/mL (Table 2). The correlation between the contents of the major metabolites in
the essential oils and their antibacterial activity was investigated and are represented as a
heatmap (Figure 4), and the statistical significance is presented in Table S2. The contents
of oxygenated sesquiterpenes and bicyclogermacrene were positively correlated with the
inhibition of E. coli, C. albicans, P. aeruginosa, and A. niger (Figure 4, Table S2). The myrcene
contents were also positively correlated with the impairment of C. albicans, P. aeruginosa,
and A. niger propagation, whereas the levels of limonene were positively correlated with
the inhibition of P. acnes (Figure 4, Table S2). The contents of several major metabolites
exhibited weak correlation with the antimicrobial activity against the tested pathogens
(Figure 4).

To investigate the mechanism of action of the EOs against the tested pathogenic bac-
teria, we employed time-kill and cell component leakage assays (Figure 5). The bacterial
kinetics of the EOs demonstrated that complete killing was reached 2 h after treatment at
MIC with the EOs from Myrtaceae and Annonaceae against E. coli, Rutaceae, Myrtaceae,
Salicaceae, Annonaceae, and Lauraceae against S. epidermidis and S. aureus (Figure 5). None
of the tested EOs were able to induce the complete killing of C. xerosis at MIC, although
most of them were able to reduce propagation up to 8 h after treatment (Figure 5). The in-
vestigated EOs induced cell component leakage at MIC for all of the tested bacterial species
(Figure 5). The loss of nucleic acid and protein was detected, suggesting that EO treatment
caused the formation of non-selective pores. The investigated EOs caused a greater loss of
intracellular nucleic acids to S. aureus and C. xerosis, whereas protein leakage was higher
in E. coli, S. aureus, and C. xerosis (Figure 5). As shown in the growth inhibition, MIC
and time-kill assays, the most effective EOs for inducing bacterial intracellular component
losses were from Helietta apiculata (Rutaceae, Lp6101823), Xylopia brasiliensis (Annonaceae,
R1739), and Nectandra megapotamica (Lauraceae, R1774) (Figure 5). Correlation analyses
demonstrated that growth inhibition was positively correlated to nucleic acid leakage for
E. coli and, to a lesser extent, S. epidermidis (Figure 5, Table S3). In contrast, for S. aureus,
growth impairment was positively associated with protein loss (Figure 5, Table S3).
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Table 2. Minimum inhibitory concentrations (MIC) of selected EOs. Growth inhibition is presented
in µg mL−1 in comparison to normalized positive and negative controls plus/minus standard errors.

Microorganism

Botanical Family Bacteria Filamentous
Fungus Yeast

Plant Species
(Location)

Sample
Code C. xerosis E. coli P. acnes P.

aeruginosa S. aureus S.
epidermidis A. niger C. albicans

Annonaceae

Xylopia brasiliensis
(Pariquera-Açu) R1739 50 ± 2.2 50 ± 2.5 25 ± 1.3 25 ± 1.1 50 ± 2.5 50 ± 2.4 25 ± 1.2 25 ± 1.3

Xylopia aromatica
(Votuporanga) Lp6101712 6.2 ± 0.1 25 ± 1.2 12.5 ± 0.6 25 ± 1.2 25 ± 1.3 25 ± 1.2 25 ± 1.2 25 ± 1.2

Lauraceae

Nectandra
megapotamica

(Ribeirão Preto)
R1774 6.2 ± 0.1 12.5 ± 0.6 25 ± 1.2 25 ± 1.1 25 ± 1.2 25 ± 1.2 25 ± 1.1 25 ± 1.2

Myrtaceae

Eugenia neoverrucosa
(Campinas) R1626 6.2 ± 0.1 25 ± 1.2 25 ±1.2 25 ± 1.2 25 ± 1.1 25 ± 1.2 25 ± 1.2 25 ± 1.2

Eugenia prasina
(Ubatuba) Lp51905 12.5 ± 0.6 25 ± 1.2 25 ± 1.2 12.5 ± 0.6 25 ± 1.1 25 ± 1.1 25 ± 1.2 25 ± 1.2

Eugenia pyriformis
(Jundiai) C009 50 ± 2.3 50 ± 2.2 25 ± 1.2 25 ± 1.2 50 ± 2.2 50 ± 2.3 25 ± 1.2 25 ± 1.2

Myrcia splendens
(Jundiai) C007 12.5 ± 0.6 25 ± 1.2 12.5 ± 0.6 25 ± 1.2 25 ± 1.2 25 ± 1.2 25 ± 1.2 25 ± 1.2

Rutaceae

Helietta apiculata
(Adamantina) Lp6101823 12.5 ± 0.6 25 ± 1.2 12.5 ± 0.6 25 ± 1.2 25 ± 1.2 25 ± 1.2 25 ± 1.2 25 ± 1.2

Salicaceae

Casearia sylvestris
(Ubatuba) R1643 12.5 ± 0.6 25 ± 1.2 12.5 ± 0.5 25 ± 1.2 25 ± 1.3 25 ± 1.2 25 ± 1.2 25 ± 1.2

The performance of the EOs from the rainforest plants against pathogenic microorgan-
isms prompted us to investigate the pharmacokinetic properties of their major components
using in silico tools (Figure 6). The Absorption, Distribution, Metabolism, and Excretion
(ADME) properties, such as the number of heavy atoms, number of aromatic heavy atoms,
fraction Csp3, number of rotatable bonds, H-bond acceptors and donors, molecule pre-
dicted solubility, absorption, CYP inhibition prediction, violation of Lipinski, Ghose, Veber,
Egan, and Muegge parameters, bioavailability score, PAINS and Brenk alerts, Lead-likeness
violations and predicted synthetic accessibility, were investigated for 27 major EO compo-
nents (Table S4). Most of the metabolites present in the EOs exhibited adequate drug-like
predicted properties, individually (Table S4), indicating their medicinal potential alone or
in combination with other metabolites found in EOs. The complexity of EO composition
was not reflected in the number of predicted macromolecular targets, as EOs with a greater
number of major metabolites, such as R1643 from Casearia sylvestris (Salicaceae), exhib-
ited a similar number of predicted targets than those with a simpler composition, such
as Lp6101712, from Xylopia aromatica (Annonaceae), where limonene represented more
than 71% of the EO metabolites (Table 1, Figure 6). The EOs from Annonaceae (R1739
and Lp6101712, from Xylopia brasiliensis and X. aromatica) had the most divergent number
of predicted macromolecular targets, with 12 exclusive categories including the classes
Eraser, Primary active transporter, Other nuclear protein, Lyase, Reader, Transferase, and
Ligase (Figure 6, Table S5). The majority of the EO metabolites displayed the predicted
macromolecular targets of pharmacological interest (Figure 6).
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3. Discussion

Essential oils are among the most studied plant extracts for treating infectious dis-
eases and controlling microbial growth, primarily due to the antimicrobial activity of
terpenes, phenylpropanoids, and flavonoids [3,8,10,13]. The antimicrobial mechanisms and
molecular target sites of the metabolites in plant EOs are distinct from those of traditional
antimicrobial agents, making them important elements in combinatorial strategies against
infectious microorganisms [10,13]. To address the knowledge gap in the antimicrobial
potential of EOs from the highly diverse rainforest, we have botanically classified and
chemically characterized the EOs of plant species from nine areas. The isolated EOS were
further characterized for antimicrobial and biocidal activity through agar diffusion assays,
minimum inhibitory concentration, time-kill, and cell-component leakage assays. Subse-
quently, we investigated the pharmacokinetic properties of the EO compounds using in
silico tools.

The chemical profiling of the EOs confirmed the roles of inter- and intra-specific ge-
netic variation and environmental conditions in determining the metabolic diversity of
rainforest plants [12]. In the EOs from 50 species, we identified 113 distinct metabolites. In
contrast, the chemical characterization of the EOs from 48 Lamiaceae species, including
basil, rosemary, lavender, and peppermint, revealed 83 compounds [14], although a review
work demonstrated that 150 compounds have been identified in EOs from Rosmarinus
officinalis L. alone [15]. In two commercial cultivars of lavender and lavandin, the chemical
characterization revealed 50 compounds in the EOs [16]. Fruits from the native African
Xylopia aethiopica produced EOs with 14 identified metabolites in GC-MS analyses [17]. Em-
ploying high-speed countercurrent GC, 15 compounds were identified in the EOs from the
rainforest native Piper mollicomum [18,19]. The genus Piper is widely distributed throughout
the tropics and more than 250 compounds were identified in the EOs from its species [20].
Thus, the resolution of the chemical profiles identified in our study are comparable to those
reported for EOs from cultivated and wild aromatic plants. As observed in the cultivated
and model plants [4,21,22], the investigated rainforest species also exhibited high intra-
specific chemical variation, although family-specific compounds were also present, such
as geraniol in Annonaceae and η-octane in Euphorbiaceae. Among the distinct metabolite
profiles, monoterpenes were not detected in the EOs from Casearea sylvestris (Salicacea) and
Cupania vernalis (Sapindaceae). Although known as a sesquiterpene-rich species, monoter-
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penes have been identified in the Eos of C. sylvestris [23,24]. The metabolite profile of
C. vernalis remains poorly characterized, although several extracts were demonstrated to
exhibit biological activity [25]. The significant intra-group variation in their EO chemical
composition was further investigated by applying Gaussian Mixture (GM) modelling.
GM clustering has a probabilistic nature and does not assume independence between
adjacent measures, making it suitable to study metabolites synthesized by the same or
shared pathways [26,27]. The chemical profiles of the EOs from Euphorbiacea were highly
variable, mostly due to quantitative differences [28,29], as shown for the Croton species.
The relative contribution of the chemical classes to EO composition was variable, with a
predominance of monoterpenes in Piperaceae, sesquiterpenes in Myrtaceae, and benzyl
alcohols in Lauraceae. The principal biosynthetic pathway of monoterpenes in plants is the
MEP/DOPX localized in plastids, whereas sesquiterpenes are synthesized from precursors
of the mevalonate pathway in the cytosol, although interaction between the pathways are
known [6,30]. The scaffold of sesquiterpenes in plants is catalyzed by Terpene Synthases
(TPS), which produce structurally distinct acyclic, mono-, bi- and tri-cyclic ST from common
prenyl diphosphate precursors [31]. Genomic studies have associated the transcription of
TPS genes to the ST profile in Myrtaceae [32,33], Lauraceae [34,35], and Piperaceae [36].
The shikimate pathway and phenylalanine biosynthesis from chorismate produce volatile
benzenoids, although the information is from plant reproductive structures and does not
include Lauraceae [37]. The extensive intra-specific chemical diversity of aromatic and
medicinal plant species is challenging for several steps required for their widespread use,
including yield, cultivation, and extraction conditions [38]. Similarly, the chemical varia-
tion within a given species reinforces the need for genetic and chemical profiling of the
individuals of interest [39,40].

The antibacterial activity of the isolated EOs was initially investigated by agar dif-
fusion assays against the frequent skin and mucous membrane colonizers Staphylococcus
epidermidis and Corynebacterium xerosis [41,42], as well as the leading bacterial pathogens
in healthcare-associated infections, Escherichia coli and S. aureus [43]. S. aureus, along with
Enterococcus spp., Klebsiella spp., Acinetobacter baumannii, Pseudomonas aeruginosa, and En-
terobacter spp., constitutes the “ESKAPE” group of multi-drug resistant pathogens [8].
Antibacterial activity was observed for most of the EOs from the rainforest, at higher levels
than that observed for certified Melaleuca alternifolia oil. The composition of the bacterial
cell wall determined the susceptibility to EO activity, as shown previously [8,13,44]. The
antimicrobial activity of the EOs was more variable for the Gram-negative type of cell wall
(E. coli), whereas the Gram-positive wall assembly (staphylococci and C. xerosis), consist-
ing of glycopolymers and proteins, associated with teichoic acids, polysaccharides, and
proteins, was less affected by the investigated EOs. These observations agree with the
roles of EO compounds in the destabilization of bacterial cellular architecture, due to the
disruption of the membrane’s integrity, leading to the impairment of cellular activities, such
as energy production and membrane transport, and the loss of cellular components and
ions [44]. These observations suggest a potential harmful effect of the EOs to non-target
cells; however, their use in cosmetics and household products has been shown to be safe
and able to impair bacterial growth. Moreover, combinatory therapeutic alternatives and
topic applications may contribute to reducing mutagenic, cyto- and geno-toxic, effects.

The metabolite profile and synergistic interactions among the compounds are critical to
EO antimicrobial activity [9,44,45]. The reactivity of the metabolites is associated with their
antimicrobial potential, as oxygenate and cyclic molecules have higher inhibitory effect on
microorganisms than hydrocarbons in mixtures or isolated [9,44]. The interactions among
the EO metabolites responsible for antimicrobial properties may lead to the enhanced
activity or attenuation of negative effects [44,45]. Moreover, the distinct molecular structure
of the EO compounds allow them to display a broader spectrum of action in comparison to
isolated substances [44,45].

The ability to inhibit bacterial growth allowed us to choose ten EOs for the MIC assays,
using the “ESKAPE” opportunistic pathogen Pseudomonas aeruginosas, the skin pathogen
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Propionibacterium acnes, in addition to the previously investigated bacteria, along with the
filamentous fungus Aspergillus niger and the infectious yeast Candida albicans. The MIC
assays confirmed the antimicrobial potential of the EOs, at levels similar to those reported
for oils from commercially cultivated plants, such as rosemary and thyme [8,46]. The
contents of oxygenated sesquiterpenes, bicyclogermacrene and myrcene were positively
correlated to microbial growth inhibition. Recent studies have demonstrated that phenolic
terpenoids display higher antibacterial activity against Gram-negative and Gram-positive
bacteria [47]. The author observed that treatment with phenolic terpenoids carvacrol and
thymol immediately caused the loss of cell membrane integrity and ion leakage. The
importance of the hydroxyl group of the phenol moiety was also highlighted in the work,
as O-methyl derivatives and benzylic partners were shown to be ineffective [47]. These
observations agree with the correlation results in our study. However, the contents of
several major metabolites exhibit weak correlation with the antimicrobial activity against
the tested pathogens, indicating a synergistic effect among the EO metabolites [8,48]. The
combination of carvacrol, thymol, eugenol and nootkatone was shown to exert the bacterio-
static and bactericidal effects, even at low concentrations, highlighting the complementary
effect of the different compounds in the EO [48].

The mechanism of the EOs’ action against the pathogenic bacteria was investigated
by time-kill and cell component leakage assays. The kill kinetics assays confirmed fast
bactericidal action, as shown previously for EOs from cultivated Origanum vulgare [49–51]
and tea tree [52]. However, viable cells were detectable at later stages for all treatments,
including broad-spectrum commercial antibiotics. Treatment with the EOs at MIC induced
the loss of nucleic acid and protein, suggesting the formation of non-selective pores. The
time-kill and cell component leakage results agree with the proposed modes of action of
EOs against bacterial pathogens, functioning to destabilize the cell structure, then leading
to perturbations in the integrity of the membrane system, disrupting several cellular
activities, such as energy production and cellular transport [44,51,52]. The disruption of
bacterial membranes by EOs appears to be non-selective and to induce a general leakage
of the cellular components and the loss of ions [44], although our indirect evidence from
correlation analyses indicate that EO-induced nucleic acid leakage is more prejudicial to
E. coli and S. epidermidis than to S. aureus and C. xerosis.

The use of plant-derived compounds in pharmaceutical applications is dependent on
their pharmacokinetic properties, Absorption, Distribution, Metabolism, and Excretion
(ADME), which is, in turn, dependent on the chemical structure of its individual compo-
nents [38,45]. In silico predictive tools demonstrated that the individual metabolites found
in the investigated EOs exhibit adequate drug-like predicted properties. Moreover, the
predicted macromolecular targets of the individual metabolites include several classes of
pharmacological interest, such as kinases, phosphatases, nuclear receptors and cytochrome
P450. The complexity of EO composition did not reflect the number of predicted macro-
molecular targets, but was associated with the molecular structure of its metabolites. The
EOs isolated from Xylopia brasiliensis and X. aromatica (Annonaceae) were predicted to
have 12 exclusive classes of macromolecular targets. The identification of macromolecular
targets of pharmacological interest suggests that the EOs may have further applications in
drug composition.

4. Materials and Methods
4.1. Biological Samples Collection and Environmental Data

Aromatic plants were sampled from nine Atlantic rainforest reserves at experimental
stations managed by Agência Paulista de Tecnologia dos Agronegócios (APTA) (Figure S1)
for botanical identification, herbarium mounts and chemical analyses. The families of
aromatic plants were selected based on their reported biological activity, aroma emission
and plant distribution (Table S6).

Plants were tagged and the coordinate reference determined by Global Positioning Sys-
tem (GPS). Voucher specimens were deposited at the Herbarium of Instituto Agronômico
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(IAC) (http://herbario.iac.sp.gov.br/ (accessed on 7 December 2022)), under the given
accession numbers (Table 1) and classified according to the list of species of Brazilian
flora [53].

4.2. Essential Oil Extraction

As this was a study of native aromatic plants, in order to preserve the species, only the
vegetative aerial parts were sampled, and the essential oils were extracted exclusively from
the leaves. The leaves were detached from the stalks and air-dried at room temperature,
in the absence of direct light. The EOs were extracted from 54 to 1870 g of dry material,
depending on availability, for two hours, by hydrodistillation in Clevenger-type apparatus,
according to the Brazilian Pharmacopeia [54]. The oils were stored in hermetically closed
vials at −20 ◦C before chemical profiling. Yield is represented as oil weight (g) per dry
material weight (g).

4.3. Chemical Characterization and Quantification of Essential Oils

The chemical composition of the EOs was determined by gas chromatography coupled
with mass spectrometry (GC-MS Shimadzu, model QP-5000, Kyoto, Japan), equipped with
fused silica capillary column OV—5 (30 m × 0.25 mm × 0.25 µm, Ohio Valley Specialty
Chemical, Inc., Marietta, OH, USA), using Helium as a carrier gas (1.0 mL min−1); op-
erating with injector temperature of 220 ◦C, the transfer line was kept at 230 ◦C, a split
ratio of 1:20, and an injection volume of 1.0 µL of EO solution (1 µL essential oil/1 mL
ethyl-acetate, chromatography grade) was employed using the auto-sampler. The GC
was operated under temperature-programmed conditions, between 60 ◦C and 240 ◦C, by
3 ◦C per min−1. The MS data were acquired in the full-scan mode (m/z 40–450) using
the electron ionization (EI), with an ionization voltage of 70 eV. The quantitative anal-
yses were performed by the area normalization method, as triplicate readings, by gas
chromatography with a flame ionization detector (GC–FID Shimadzu, model GC-2010).
The analyses were conducted under the same oven operating conditions used in GC-MS.
The metabolites were identified by the comparative analyses of mass spectra against the
system database (Nist 62.lib) and by retention indices [55] obtained from the injection
of a mixture of n-alkanes (C9H20-C25H52, Sigma Aldrich, St. Louis, MO, USA, 99%), ap-
plying the equation described by Van den Dool and Kratz [56]. The metabolites were
considered as major components when representing ≥ 10%. The complete chemical data
and their associated metadata are deposited at the National Metabolomics Repository
(https://www.metabolomicsworkbench.org/data/index.php (accessed on 7 December
2022)), under identifier ST000606.

4.4. Microbial Strains

Certified cultures of Escherichia coli (ATCC 8739), Staphylococcus aureus (ATCC 6538),
S. epidermidis (ATCC 12228), Corynebacterium xerosis (ATCC 373), Pseudomonas aeruginosa
(ATCC 9027), Propionibacterium acnes (ATCC 11827), Candida albicans (ATCC 10231) and As-
pergillus niger (ATCC 16404) were provided by Instituto Adolfo Lutz (São Paulo, SP, Brazil).
Bacterial cultures were started from isolated colonies, and fungal cultures, from single
spores. The bacterial concentration was estimated based on spectrophotometric absorbance
readings at 600 nm for E. coli and P. aeruginosa, 490 nm for S. epidermidis and P. aeruginosa,
530 nm for S. aureus and 578 nm for C. xerosis, for McFarland turbidity standard.

4.5. Estimation of EO Effective Concentration for Antimicrobial Activity

Certified commercial essential oil from tea tree (Melaleuca alternifolia, (Maiden and
Betche) Cheel) was used to estimate the effective concentration for antimicrobial activity
analyses. Serial EO dilutions were prepared in sterile mineral oil in a volume/volume basis
up to a total of 200 µL. The bacterial cultures were diluted to 0.5 McFarland standards in
Tryptone Soy Broth (TSB, Oxoid Thermo Scientific, Loughborough, UK) liquid medium
and supplemented with serial dilutions of tea tree EO. The suspensions were incubated
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at 37 ± 2 ◦C, with continuous agitation at 200 rpm for 36 h. Absorbance readings of
1 mL aliquots were used to calculate growth inhibition, in comparison to the negative
control consisting of TSB supplemented with 200 µL of sterile mineral oil. Broad-spectrum
antibiotics cefotaxime (Merck/Sigma-Aldrich, St. Louis, MO, USA) was used as the positive
control at 500 µg mL−1. The minimum estimated concentration of tea tree EO impairing
bacterial growth (5% v/v) was used in further analyses with the 63 EO samples from the
rainforest plants.

4.6. Antimicrobial Activity Analyses

Antibacterial activity was investigated by growth inhibition in agar diffusion assays
for four bacterial species, and minimum inhibitory concentration (MIC) analyses were
used for the bacteria and fungi. For both assays, bacterial suspensions were initiated from
inoculating a single colony to 20 mL of TSB (Oxoid ThermoScientific, UK) and grown to
saturation at 28 ◦C, for approximately 14 h, with 200 rpm shaking. An aliquot of 1 mL was
transferred to 20 mL of fresh medium, and the procedure was repeated twice. Bacterial
concentrations on the final saturated suspension were corrected to 10−8 colony forming
unit (CFU) per mL−1 by absorbance readings at 600 nm for E. coli and P. aeruginosa, 490 nm
for S. epidermidis, 530 nm for S. aureus, and 578 nm for C. xerosis, to prepare the adjusted
inocula. For the agar diffusion assays, 1 mL of the saturated bacterial culture was added
to 400 mL of cooled, fused Nutrient Agar medium (Oxoid ThermoScientific, UK) and
supplemented with 1.5 mL of a 2% (w/v) solution of 2,3,5-triphenyl tetrazolium chloride
(TTC). The mixture was poured into 9 mm sterile Petri dishes containing five, evenly
distributed, sterile aluminum rings with a diameter of 6 mm. The rings were removed from
the solidified medium and 300 µL of essential oil at 5% (w/v) in sterile mineral oil were
added to the wells. The plates were incubated horizontally in a bacteriological oven at
37 ± 2 ◦C for 48 h, and after growth, the abaxial surface of the plates was digitalized, and
inhibition halos were measure in ImageJ2 [57], by applying the Measure function from the
Analyze menu. Melaleuca EO (absolute and 5% (w/v)) and cefotaxime (500 µg mL−1) and
the sterile mineral oils were used as positive and negative controls, respectively.

The minimal inhibitory concentration (MIC) was determined for nine EO samples
using the broth microdilution method, according to CLSI guidelines [58]. The EO samples
were diluted at 1% (v/v) in propylene glycol and submitted to serial dilutions (1:2) in
sterile 96-well microplates containing 100 µL of TBS. Actively growing microorganisms
from the adjusted cultures were diluted an optical density of 0.5 McFarland, equivalent
to 2 × 106 colony forming units (CFU).mL−1 in TSB and 20 µL of the diluted culture were
added to the wells to give a final inoculum of approximately 1 × 105 CFU.mL−1. The
microplates were incubated at 37 ± 2 ◦C for 48 h for bacteria or at 25 ± 2 ◦C for 72 h for
fungal and yeast cultures. The MIC values were determined by monitoring the microor-
ganism growth at the adequate optical density in the presence of multiple concentrations
of the EOs. After the incubation period, the plates were scanned for turbidity in an En-
zyme Linked Immunosorbent Assay (ELISA) reader. The negative controls consisted of
TS broth and TS broth inoculated with propylene glycol, without EO. The MIC values
are presented as the smallest concentration inhibiting microorganism growth in µg of EO
per mL ± standard error.

4.7. Mode of Action Investigations

The antimicrobial mode of action of the nine selected EO samples was investigated for
bactericidal activity and cell-component leakage analyses, as described in the Clinical and
Laboratory Standards Institute M26A approved guidelines [58]. In the time-kill kinetics
analyses, bacterial suspensions were grown in the TSBup to mid logarithmic phase, as
described. Dilutions corresponding to 0.5 McFarland (~10−8 CFU mL−1) were prepared
in 10 mM PBS buffer at pH 7.4, and added to 20 mL TBS supplemented with 200 µL of
EO at 50 µg mL−1. Aliquots were taken at 0, 2, 4, 8, 12, 16, 20 and 24 h after inoculation
and plated on TBS agar in triplicate. The plates were incubated overnight at 37 ◦C and the
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bacterial colonies were counted. Cefotaxime and sterile mineral oil were used as positive
and negative control, respectively.

The membrane permeability was investigated by cell-component leakage analyses, as
described [59]. Bacterial suspensions at 0.5 McFarland turbidity (~108 CFU mL−1) were
supplemented with 50 µg.mL−1 of EO, incubated at 37 ◦C with continuous agitation at
200 rpm for 12 h. Intact bacterial cells were precipitated by centrifugation at 9000× g for
10 min at 4 ◦C and the contents of extracellular nucleic acids and proteins were determined
by absorbance readings of the supernatant at 260 nm and 280 nm, respectively.

4.8. EO Metabolite Physicochemical and Pharmacokinetic Properties

The major metabolites of the nine selected EOs were compiled, their canonical Simpli-
fied Molecular-Input Line-Entry System (SMILES) format were obtained and their molecu-
lar structures were used for in silico prediction of physicochemical, drug-likeness, phar-
macokinetics, medicinal chemistry friendliness, and Absorption, Distribution, Metabolism
and Excretion (ADME) properties, using the SwissADME algorithm [60]. Macromolecular
target prediction was carried out using SwissTargetPrediction algorithm [60].

4.9. Data Analyses

Data preprocessing and analyses were performed using R [61]. The oil yield and
chemical composition data were averaged, centered and Pareto-scaled. Supervised and
unsupervised multivariate and modelling analyses were performed using mixOmics [62]
and mclust [63]. The best fitting model for the chemical data was determined by Bayesian
Information Criterion (BIC) and Integrated Complete-data Likelihood (ICL) and include the
number of mixing components and covariance parametrization [63]. For each component,
several parameters were computed, including the mean and the variance, as well as the
density mixing probabilities and the total number of gene pairs. Pearson coefficients and
correlation significance levels were obtained in Hmisc [64] and represented graphically
using corrplot [65].

This article does not contain any studies with human and/or animal participants
performed by any of the authors. The sampling of native plants for research purposes is
authorized under permit AD0077F, issued by Sistema Nacional de Gestão do Patrimônio
Genético e do Conhecimento Tradicional Associado (SisGen).

The metabolomics and metadata reported in this paper are available at Metabolomics
Workbench (https://www.metabolomicsworkbench.org/data/index.php (accessed on
7 December 2022)), study identifier ST000606.

5. Conclusions

In the current study, we have investigated the antimicrobial potential of the EOs
from aromatic plants from the Atlantic rainforest. EOs were isolated from 63 plants,
comprising 15 botanical families. The EOs’ chemical compositions consisted of 113 distinct
metabolites, primarily mono and sesquiterpenes. Multivariate analyses detected extensive
inter- and intra-specific variation in the chemical profiles of the EOs. These observations
were confirmed by Gaussian models, which revealed distinct contributions of quantitative
and qualitative differences within the botanical families. Relevance networks allowed the
identification of genera-specific metabolites for Lauraceae and Myrtaceae, and species-
specific profiles for Piperaceae. The EOs exhibited extensive antimicrobial potential against
pathogenic bacteria and fungi, and the biocidal capacity was demonstrated for a selected
group of EOs. The EOs’ treatment of pathogenic bacteria promoted a fast reduction in
the number of viable, colony-forming cells, and caused the loss of cellular components.
In silico analyses demonstrated that the major metabolites in the EOs have adequate
pharmacokinetic properties and interesting predicted pharmacological targets. Our results
may contribute to the development of new plant-based antimicrobial products.
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Abstract: Aspergillus flavus is a facultative parasite that contaminates several important food crops at
both the pre- and post-harvest stages. Moreover, it is an opportunistic animal and human pathogen
that causes aspergillosis diseases. A. flavus also produces the polyketide-derived carcinogenic and mu-
tagenic secondary metabolite aflatoxin, which negatively impacts global food security and threatens
human and livestock health. Recently, plant-derived natural compounds and essential oils (EOs) have
shown great potential in combatting A. flavus spoilage and aflatoxin contamination. In this review,
the in situ antifungal and antiaflatoxigenic properties of EOs are discussed. The mechanisms through
which EOs affect A. flavus growth and aflatoxin biosynthesis are then reviewed. Indeed, several
involve physical, chemical, or biochemical changes to the cell wall, cell membrane, mitochondria,
and related metabolic enzymes and genes. Finally, the future perspectives towards the application
of plant-derived natural compounds and EOs in food protection and novel antifungal agent devel-
opment are discussed. The present review highlights the great potential of plant-derived natural
compounds and EOs to protect agricultural commodities and food items from A. flavus spoilage and
aflatoxin contamination, along with reducing the threat of aspergillosis diseases.

Keywords: natural compounds; essential oil; antifungal agent; Aspergillus flavus; aflatoxin;
mechanism of action

1. Introduction

Aspergillus flavus is a facultative parasite that naturally exists as a saprophytic soil
fungus and contaminates several important food crops at both the pre- and post-harvest
stages. The fungus causes diseases in agricultural crops, such as cottonseed, maize, peanuts,
and tree nuts, alongside being an opportunistic animal and human pathogen that causes
aspergillosis diseases (Figure 1) [1]. A. flavus produces aflatoxin, which is a carcinogenic
and mutagenic polyketide secondary metabolite. Aflatoxin contamination represents a
worldwide food safety concern that impacts both the marketability and safety of multiple
food crops [2]. The global economic losses due to their contamination have been estimated
to be in the hundreds of millions of dollars, while maize and peanuts are the most affected
food crops. For example, the US Food and Drug Administration (FDA) estimates that
aflatoxin contamination in maize alone could cause annual losses to the food industry
ranging from 52.1 million USD to 1.68 billion USD. Although most aflatoxigenic fungi
commonly grow in tropical and subtropical climates (35◦ N–35◦ S), zones with a perennial
aflatoxin contamination risk have expanded due to global climate changes. A. flavus and
aflatoxin contaminations are predicted to pose serious threats to many countries and regions
in the near future [3].
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A. flavus also colonizes the soil and decays vegetation, which makes avoiding ex-
posure to this fungus at home, at the workplace, or even during hospitalizations almost
impossible [2]. Indeed, A. flavus is also isolated comparatively at a higher frequency from
aspergillosis infections in humans, especially in developing countries. According to the
US Centers for Disease Control and Prevention (CDC), the number of hospitalizations
related to aspergillosis in the United States increased by an average of 3% per year during
2000–2013. Moreover, nearly 15,000 aspergillosis-associated hospitalizations occurred in
the United States in 2014, at an estimated cost of 1.2 billion USD. Interestingly, most people
breathe in Aspergillus spores every day without becoming ill. However, people with weak-
ened immune systems or lung diseases are at a higher risk of developing health problems
due to Aspergillus. For example, recent studies on ventilated patients with COVID-19 have
reported a higher incidence of aspergillosis, affecting up to 30% of intubated patients [4].

The control of A. flavus and aflatoxin contamination usually focuses on inhibiting
the development of spores and mycelia and/or the inactivation of aflatoxins by their
transformation into nontoxic compounds. These processes depend primarily on chemical
and physical approaches, including the use of synthetic fungicides, ozone fumigation,
irradiation, dehulling or cooking processes, and manipulating environmental factors during
harvests and storage. Most of the current strategies are expensive, time-consuming, and
inefficient, while some even fail to protect the food without causing major changes in
its physical properties and a serious loss of nutritive value. The continued application
of synthetic fungicides is still the most effective and widely used recourse to control A.
flavus and aflatoxin contamination. Synthetic fungicides, represented by azoles, which
act by inhibiting the fungal cell membrane synthesis, are currently the major recourse for
preventing Aspergillus contamination in food. However, despite the strict regulations on
the application of chemical compounds in food, the use of synthetic fungicides can induce
notable side effects, including toxicity to humans and animals, environmental pollution,
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and the development of drug-resistant fungal pathogens [5,6]. For example, triazole
fungicides are one of the most widely used broad-spectrum fungicides. Human exposure
to triazole fungicides induces various adverse health effects, including developmental and
hepatic toxicities, liver carcinogenicity, and reproductive toxicities. Recent studies also
suggest that many triazole fungicides are potential endocrine disruptors and could interfere
with steroid hormone biosynthesis in mammals [7]. Strobilurin fungicides are another
group of fungicides that have been widely used in agriculture for decades. Studies have
confirmed the cytotoxicity and genotoxicity of strobilurin fungicides to human peripheral
blood lymphocytes [8]. Aspergillosis treatments also depend on the use of azole antifungal
drugs (e.g., voriconazole and itraconazole), to which an increasing number of fungal
species have developed resistance. Meanwhile, consumers’ demand for healthier and more
sustainable food products is also increasing. In response, the food industry is reformulating
its products to replace artificial food additives and preservatives with natural, label-friendly
alternatives [9]. Therefore, the development of novel antifungal agents that effectively
inhibit the growth, mycotoxin biosynthesis, and pathogenicity of A. flavus is in urgent need.

Most plants produce natural antimicrobial agents, either as part of their normal growth
and development or in response to microbial infections or environmental stresses. Many
plant-derived natural compounds and herbal extracts, such as phenols, terpenes, and
terpenoids, have great potential for utilization in the combat of both foodborne and human
pathogens [9]. Besides being highly effective, many plant-derived natural compounds are
safe for human health and biodegradable, which makes them attractive substitutes for
synthetic preservatives. Although plant-derived natural compounds seem promising for
the development of novel antifungal and antiaflatoxigenic strategies against A. flavus, the
lack of in situ and in vivo studies regarding their activities and the limited understanding of
their mechanisms of action, as well as the lack of cost-benefit and ecotoxicity assessments,
have largely deterred their application in the development of novel antifungal agents.
Furthermore, standardized commercial productions require the consideration of multiple
factors, including plant varieties, plant nutrition, geographic location, seasonal variation,
surrounding climate, agronomic practices, and methods of extraction and storage [10].
Therefore, further studies are required to understand their physicochemical properties and
possible mechanisms of action. Hence, this review aims to provide an overview of the
published data on these issues. Moreover, the information provided here can facilitate the
implementation of plant-derived natural compounds as natural antifungal agents in food
preservation and human health protection.

2. Antifungal and Antiaflatoxigenic Activities of Plant-Derived Natural Compounds
against A. flavus

Plant-derived natural compounds are known to have broad-spectrum antimicrobial
activities and diverse effects on microbial physiological and metabolic activities. Many
studies have demonstrated that plant-derived natural compounds or essential oils (EOs)
exhibit antifungal and antiaflatoxigenic activities against A. flavus. Many previous studies
were conducted in vitro using direct-contact antimicrobial assays [10–15]. Some plant-
derived natural compounds have been similarly tested on food materials, such as corn,
wheat, soybean, chickpea, pistachio, peanut, and rice (Table 1). The most widely invested
plant-derived natural compounds or EOs against A. flavus and aflatoxin contamination
in food materials are isolated from food-flavoring plants, such as clove (Syzygium aro-
maticum L.), cinnamon (Cinnamomum zeglanicum, C. verum), oregano (Origanum vulgare L.),
and thyme (Thymus vulgaris L.). These plants and their EOs or extracts have been used
in food preparation for centuries and are categorized as “generally recognized as safe”
(GRAS) by the U.S. FDA. Moreover, many of them possess beneficial effects on the human
body, which, combined, makes them the ideal sources of safe, natural, antifungal, and
antiaflatoxigenic agents.
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Table 1. In situ antifungal and antiaflatoxigenic activities of plant-derived natural compounds against
A. flavus in different food systems.

Name of the Plant Major Components Food Systems Antifungal Activity Antiaflatoxigenic
Activity References

Ageratum conyzoides

β-Caryophyllene;
germacrene-D;

dimetoxy
ageratocromene

Wheat; corn; soybean

80.8% inhibition at
1 µL/mL (vapor) in

wheat grain (12 months);
79.5% and 100%

inhibition in corn and
soybeans, respectively,

with 5 µL EO (disk
diffusion assay, 5 days)

93.7% reduction with
50 µL in 60 g corn (direct
contact) (10 days); >75%
reduction with 50 µL in
60 g in soybeans (direct

contact) (10 days)

[16,17]

Ajowan
(Trachyspermum

ammi L.)
p-Cymene; thymol Wheat; chickpea

46.2% and 65.2%
inhibition at 0.8 µL/mL

(vapor) in wheat and
chickpea, respectively

(12 months)

100% inhibition at
0.8 µL/mL (vapor) in
wheat and chickpea

(12 months)

[18]

Anise (Pimpinella
anisum L.) Anethol Corn; wheat

MIC: 1000–3000 µg/g
(dependent on aw) in
corn (11 days); 100%

inhibition at 1% (v/w) in
wheat (14 days)

100% inhibition at
1000→ 3000 µg/g

(dependent on aw) in
corn (11 days); 100%

inhibition at 1% (v/w) in
wheat (8 weeks)

[6,19]

Boldo (Pëumus
boldus Mol)

α-Terpinolene;
α-terperpine; p-cimene Corn

MIC: 500–2000 µg/g
(dependent on aw)

(11 days)

100% inhibition at
500–2000 µg/g

(dependent on aw)
(11 days)

[6]

Boswellia carterii
Birdw

Phenylethyl alcohol;
benzyl acetate

Pepper fruits (Piper
nigrum L.)

65.4% inhibition at
1.75 µL/mL (vapor)

(6 months)
No record [20]

Boswellia serrata 3-Carene; β-ocimene Corn No record 95.6% inhibition at
10 µL/g (10 days) [21]

Cananga odorata β-Caryophyllene Chickpea
77.4% inhibition at
2 µL/mL (vapor)

(6 months)
No record [22]

Caraway (Carum
carvi) Limonene; carvone Bread; polenta

90% inhibition at
636.47 µL/L (vapor) in

bread (14 days)

100% inhibition in bread
requires > 500 µL/L of
EO (vapor) (14 days);

100% inhibition at
4.5 µg/g in polenta

(14 days)

[23,24]

Carum copticum p-Cymene; γ-terpinene;
thymol Cherry tomato

58.0% inhibition at
100 µL/mL (vapor)

(30 days)
No record [25]

Chenopodium
ambrosioides Linn.

α-Terpinene; p-cymene;
Ascaridole Pigeon pea

100% inhibition at
0.29 µL/mL (vapor)

(6 months)
No record [26]

Cicuta virosa L. var.
latisecta Celak

p-Cymene; γ-terpinene;
cuminaldehyde Cherry tomato

89.9% inhibition at
200 µg/mL (vapor)

(9 days)
No record [27]

Cinnamomum
glaucescens

1,8-Cineole;
2-propenoic acid Chickpea

71.1% inhibition at
4.5 µL/mL (vapor)

(12 months)
No record [28]

Cinnamon
(Cinnamomum

verum)

Cinnamaldehyde;
eugenol

Maize extract
medium; bread

90% inhibition at
820→ 1000 mg/L

(depending on
temperature and water

activity) in maize extract
medium (12 days); 90%

inhibition at 558.44 µL/L
(vapor) in bread (14 days)

500–1000 mg/L
(depending on

temperature and water
activity) in maize extract
medium (12 days); 100%
inhibition at 500 µL/L

(vapor) in bread (14 days)

[23,29]

Cinnamon
(Cinnamomum

zeglanicum)

Cinnamaldehyde;
eugenol; phenol,
2-methoxy-4-(2-

propenyl)phenol

Pistachio; finger
millet (Eleusine
coracana); wheat

60–83% inhibition at
0.5 µL/mL (vapor) in

finger millet (up to
6 months); 100%

inhibition at 2% (v/w) in
wheat (14 days)

100% inhibition with
25 mL of 9% (vol/vol) EO

solution in 500 g
pistachio (3 months);
100% inhibition at 2%

(v/w) in wheat (8 weeks)

[19,30,31]

Citrus reticulata Limonene; geranial;
neral

Tuberous roots of
Asparagus racemosus

68.6% inhibition at
500 ppm (v/v)
(12 months)

61.76% inhibition at
500 ppm (v/v)
(12 months)

[32]
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Table 1. Cont.

Name of the Plant Major Components Food Systems Antifungal Activity Antiaflatoxigenic
Activity References

Clausena pentaphylla
Sabinene;

α-terpinolene;
methyl eugenol

Pigeon pea seed
100% inhibition at

0.29 µL/mL (vapor)
(6 months)

No record [33]

Clove (Caryophyllus
aromaticus) eugenol Pistachio No record

100% inhibition with
25 mL of 9% (vol/vol) EO

in 500 g pistachio
(3 months).

[30]

Clove (Syzygium
aromaticum L.)

Benzenemethanol;
eugenol; eugeyl

acetate;
β-caryophyllene

Corn; Iranian white
cheese; bread;
tomato paste

100% inhibition at
500–3000 µg/g

(dependent on water
activity) in corn (11 days);

100% inhibition at 10
µL/L (vapor) in corn

(5 days); 100% inhibition
at 150 ppm in Iranian
white cheese (up to

40 days); 90% inhibition
at 674.49 µL/L (vapor) in

bread (14 days); 48%
inhibition at 500 ppm in
tomato paste (2 months)

100% inhibition at
1000–2000 µg/g

(dependent on water
activity) in corn (11 days);

100% inhibition at
10 µL/L (vapor) in corn
(5 days); 100% inhibition
at 50–150 ppm in Iranian

white cheese (up to
40 days); 100% inhibition

at 500 µL/L (vapor) in
bread (14 days);

[6,23,34–36]

Coleus aromaticus Thymol; γ-terpinene;
p-cymene Wheat

87.37% inhibition at
0.1 µL/mL (vapor)

(12 months);
No record [16]

Commiphora myrrha
α–Elemene;
curzerene;

furanoeudesma-1,3-
diene

Chickpea
55.4% inhibition at
3 µL/mL (vapor)

(6 months)
No record [22]

Coriander
(Coriandrum sativum

L.)
Linalool; λ-terpinene Chickpea

65.5% inhibition at
2.5 µL/mL (vapor)

(6 months)
No record [22]

Cymbopogon citratus Geranial; neral;
myrcene

Tuberous root of
Asparagus racemosus

78.4% inhibition at
500 ppm (v/v)
(12 months)

100% inhibition at
500 ppm (v/v) on

(12 months)
[32]

Dill (Anethum
graveolens L.)

Carvone; limonene;
apiol Cherry tomato

88.9% inhibition at
120 µg/mL (vapor)

(9 days)
No record [37]

Fennel (Foeniculum
vulgare) Estragole; anethole Tobacco leave

51.20–55.35% inhibition
at 1.25 µL/mL (vapor)

(6 months);

100% inhibition at
1.25 µL/mL (vapor)

(6 months);
[38]

Fingerroot
(Boesenbergia rotunda) Nerol; L-camphor In-shell peanut No record

98.3% and 18.0%
inhibition at 16% (v/v, in
mineral oil) when applied
via direct exposure and

vapor exposure,
respectively (10 days).

[39]

Hedychium spicatum 1,8-Cineole Chickpea 72.0% inhibition at
2.5 µL/mL (vapor) No record [22]

Holy basil (Ocimum
sanctum)

Eugenol;
β-caryophyllene

Apocynaceae
(Rauvolfia serpentina
L., medicinal plant)

74.0% inhibition at
1 µL/mL (vapor)

(6 months)
No record [40]

Hyptis suaveolens
β -Caryophyllene;

caryophyllene oxide;
sabinene

Wheat
83.3% inhibition at
1.2 µL/mL (vapor)

(12 months)
No record [16]

Juniper (Juniperus
communis L.) α-Pinene Polenta No record 100% inhibition at

50 µg/g (14 days) [24]

Lemongrass
(Cymbopogon citrati

[DC] Stapf.)
Neral; geranial Bread

90% inhibition at
134.12 µL/L (vapor)

(14 days)

100% inhibition at
125 µL/L (vapor)

(14 days)
[23]

Lippia alba Myrcene; neral;
geranial Green gram seed

92.5% inhibition at
80 µL/0.25 L (vapor)

(6 months)

100% inhibition at
80 µL/0.25 L (vapor)

(6 months)
[41]

Litsea cubeba
D-Limonene;

(Z)-limonene oxide;
(E)-limonene oxide

Licorice 100% inhibition at 5 µL/g
(vapor) (20 days);

100% inhibition at 5 µL/g
(vapor) (20 days); [42]

Marjoram (Origanum
majorana L.)

Terpinen-4-ol;
cis-sabinene hydrate;

p-cymene
Chickpea

67.9% inhibition at
3 µL/mL (vapor)

(6 months)
No record [22]
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Table 1. Cont.

Name of the Plant Major Components Food Systems Antifungal Activity Antiaflatoxigenic
Activity References

Mentha spicata L. Carvone; limonene Chickpea
52.2% inhibition at
1 µL/mL (vapor)

(12 months);

100% inhibition at
1 µL/mL (vapor)

(12 months);
[43]

Michelia alba Linalool Brown rice
100% inhibition at
300 µL/L (vapor)

(12 weeks)
No record [44]

Mint (Mentha viridis) Menthone; carvone Wheat; corn

100% inhibition at
200 mL/100 g in corn

(21 days); 92% inhibition
at 2% (v/w) in wheat

(14 days)

100% inhibition at
300 mL/100 g in corn

(21 days); >99%
inhibition at 2% (v/w) in

wheat (8 weeks)

[19,45]

Mountain thyme
(Hedeoma multiflora

Benth)

α-Terpinolene;
p-cymene; carvacrol Corn

100% inhibition at
500–2000 µg/g

(dependent on water
activity) (11 days);

100% inhibition at
1000 µg/g (11 days); [6]

Ocimum basilicum L. Methyl eugenol

Dry fruits (cashew
nut, almond, grapes,
chironji, groundnut,

date palm, and
coconut)

53.8–65.5% inhibition at
1 µg/mL (vapor)

(6 months)
No record [46]

Oregano (Origanum
vulgare L.)

Carvacrol; linalool;
4-terpineol

Maize extract
medium; bread; corn;

soybean

90% inhibition at
820→ 1000 mg/L

(depending on
temperature and water

activity) in maize extract
medium (12 days); 90%

inhibition at 319.85 µL/L
(vapor) in bread

(14 days); 100% inhibition
with 5 µL EO in corn and
soybean (disk diffusion

assay, 5 days)

100% inhibition at
>1000 mg/L in maize

extract medium (12 days);
100% inhibition at

125 µL/L (vapor) in
bread (14 days); >90%
and 88.16% inhibition

with 200 µL EO in 60 g
corn and soybean,
respectively (direct
contact) (10 days)

[17,23,29]

Pine (Pinus pinaster) β-Caryophyllene;
β-selinene In-shell peanut No record

98.1% and 12.9%
inhibition at 16% (v/v, in
mineral oil) when applied
via direct exposure and

vapor exposure,
respectively (10 days)

[39]

Poleo (Lippia turbinate
var. integrifolia

(griseb))

Peperitenone oxide;
limonene Corn

100% inhibition at
500–2000 µg/g

(depending on water
active) (11 days)

100% inhibition at
500–2000 µg/g

(depending on water
active) (11 days)

[6]

Rosewood (Aniba
rosaeodora) Linalool In-shell peanut No record

98.5% and 17.2%
inhibition at 16% (v/v, in
mineral oil) when applied
via direct exposure and

vapor exposure,
respectively (10 days)

[39]

Rosmarinus officinalis
L.

α-Pinene; 1, 8-cineole;
camphor

Black pepper (Piper
nigrum)

73.5% inhibition at
1.5 µL/mL (vapor)

(6 months);
No record [47]

Styrax tonkinensis
Benzoic acid;

6-phenyl-tetrahydro-
naphthaline

In-shell peanut No record

95.8% and 20.2%
inhibition at 16% (v/v, in
mineral oil) when applied
via direct exposure and

vapor exposure,
respectively (10 days).

[39]

Summer savory
(Satureja hortensis)

γ-terpinene;
carvacrol; thymol Tomato paste 59% inhibition at

500 ppm (2 months) No record [36]

Thyme (Thymus
vulgaris L.)

Carvacrol;
a-terpinolene;

thymol; p-cymene;
β-phellandrene;

linalool

Bread; tomato paste;
wheat; brown rice;

white rice

90% inhibition at
474.2 µL/L (vapor) in
bread (14 days); 87%

inhibition at 500 ppm in
tomato paste (2 months);

100% inhibition at 1%
(v/w) in wheat (14 days)

100% inhibition at
250 µL/L (vapor) in

bread (14 days); 100%
inhibition at 1% (v/w) on
wheat (8 weeks); 72.7%
inhibition at 10 µg/mL
(vapor) in brown rice;

18.0% inhibition at
10 µg/mL (vapor) in

white rice

[19,23,36,48]
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Table 1. Cont.

Name of the Plant Major Components Food Systems Antifungal Activity Antiaflatoxigenic
Activity References

Thyme (Zataria
multiflora) Thymol; carvacrol Iranian white cheese 89.0% inhibition at

600 ppm (up to 40 days)
92.9% inhibition at

600 ppm (up to 40 days) [35]

Thymus daenensis
Celak Thymol; carvacrol Pistachio No record

100% inhibition with 25
ml of 9% (vol/vol) EO

solution in 500 g
pistachio (3 months)

[30]

Turmeric (Curcuma
longa L.)

Tumerone;
ar-turmerone; β-

sesquiphellandrene;
zingiberene;

cycloisolongifolene

Corn ~90% inhibition at
4 µg/mL (5 days)

~93% inhibition at
4 µg/mL (5 days) [49]

Vatica (Vatica
diospyroides
Symington)

Benzyl acetate Corn 100% inhibition at
50 µL/L (vapor) (5 days)

100% inhibition at
50 µL/L (vapor) (5 days) [34]

Ylang ylang (Cananga
odorata)

Linalool; benzyl
acetate; tetradecane;

germacrene D
In-shell peanut No record

96.4% and 25.1%
inhibition at 16% (v/v, in
mineral oil) when applied
via direct exposure and

vapor exposure,
respectively (10 days).

[39]

Zanthoxylum alatum Linalool; methyl
cinnamate

Black pepper (Piper
nigrum)

87.6% inhibition at
2.5 µL/mL (vapor)

(6 months)
No record [50]

Zanthoxylum molle
Rehd

Limonene;
terpinen-4-ol;
2-undecanone

Cherry tomato
91.7% inhibition at
0.2 µg/mL (vapor)

(9 days)
No record [51]

Zingiber zerumbet α-Caryophyllene;
zerumbone Corn 100% inhibition at

200 ppm (15 days)

100% inhibition at
100 ppm (direct contact)

(15 days)
[52]

Ziziphora
clinopodioides

Pulegone;
piperitenone;

p-menth-3-en-8-ol
Corn No record 99.8% inhibition at

6250 µg/mL (29 days) [53]

The antifungal agents extracted from different plants are highly diverse [54,55]. Most of
the plant-derived natural compounds that exhibit antifungal activity are phenols, terpenes,
and terpenoids [9]. The antimicrobial activity of phenols is closely connected with their
hydroxyl group, which is bonded directly to a benzene ring. The presence of a free
hydroxyl group enables phenols to exchange their proton, thus, promoting their ability to
modify the cell membrane integrity of microbes [56]. Meanwhile, the hydroxyl group’s
relative position on the benzene ring can potentially affect their antimicrobial efficacy.
Tian et al. investigated the structure–activity relationships of plant-derived flavonoids
against A. flavus growth and aflatoxin biosynthesis. Flavonoids represent the largest
group of naturally occurring phenolic compounds, and Tian et al. identified that the
[–OH] or [–O–CH3] groups at position 6 of ring A and position 4′ of ring B are closely
associated with the antifungal and antiaflatoxigenic activities of natural flavonoids [57].
Regarding terpenes, the connection between their structure and functional groups and
their antimicrobial activities remains unclear. Previously, the number of double bonds
and acyclic, monocyclic, and bicyclic structures in terpenes has been shown to limit their
antimicrobial activities [9,58]. Terpenoids are suggested to possess greater antimicrobial
activities than most terpenes, and these activities are mainly determined by their functional
groups, such as alcohols and aldehydes [59]. Furthermore, their hydrogen-bonding capacity
and relative solubility could potentially affect their antimicrobial activities.

The efficiency of plant-derived natural compounds against fungal growth and my-
cotoxin production is affected by environmental factors, including light, oxygen, pH,
temperature, and water activity. Light exposure and high amounts of oxygen in packaging
generally decrease the antimicrobial efficiency of plant-derived natural compounds, proba-
bly through oxidation [60]. Passone et al. reported that exposing boldo (Pëumus boldus
Mol.) to UV light and sunlight for 30 min reduced the EOs’ antifungal activity by 29.1%
and 29.6%, respectively [61]. The antimicrobial effects of plant-derived natural compounds
tend to increase as environmental pH levels decrease [62]. The hydrophobicity of plant-
derived natural compounds has been reported to increase at low pH levels since these
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dissolve in the lipids of microbial cell membranes more easily. Temperature is a key factor
in the growth and mycotoxin production of A. flavus. The susceptibility of microbials to
plant-derived natural compounds generally increases as storage temperatures decrease [60].
Meanwhile, the antifungal ability of plant-derived natural compounds is usually stable
against alterations in temperature. Passone et al. evaluated the antifungal activity of
EOs in boldo (P. boldus Mol.) and poleo (Lippia turbinata) following exposure to various
temperatures (40, 60, and 80 ◦C). They observed the same level of inhibition against A.
flavus [61]. Sharma and Tripathi tested the thermostability of Citrus sinensis L. EOs against
A. niger following exposure to temperatures of 40, 60, 80, 100, and 121 ◦C and found that
the activity of C. sinensis EOs did not change after any of the treatments [62]. Furthermore,
the antifungal and antiaflatoxigenic efficiencies of EOs are closely dependent on the water
activity of the substrate. Generally, as the water activity decreases, the fungal growth is
unfavored, and the antifungal activity of the EOs is promoted. The antiaflatoxigenic effects
of EOs increase at relatively low water activities [61].

The interactions between individual plant-derived natural compounds may cause
synergistic or antagonistic effects. For example, several studies report that a mixture of the
major components of an essential oil exhibits weaker antibacterial activity than the whole
EO, most likely due to the remaining missing components [63,64]. Currently, the majority
of studies regarding the synergistic antifungal effects of plant-derived natural compounds
have focused on the interactions of phenols, terpenes, and terpenoids. Songsamoe et al.
tested the synergistic effect of linalool and caryophyllene and found that a 10:1 ratio was
key to enhancing the antifungal activity of M. alba EOs against A. flavus [44]. Stević et al.
likewise demonstrated that the synergistic activity between thymol and carvacrol plays
an important role in the overall antifungal activity of thyme and oregano EOs [65]. The
synergistic antifungal effects of different EOs have been further reported. For example, a
combination of oregano and thyme EOs resulted in a synergistic antifungal effect against a
variety of food pathogens, including A. flavus, A. parasiticus, and P. chrysogenum. Moreover,
mixtures of peppermint and tea tree EOs exhibited synergistic effects against A. niger [66].
However, it remains extremely difficult to predict the antimicrobial efficacy of EO mixtures
since each EO is a complex mixture of different chemical compounds, and interactions
between the individual components can produce both synergistic and antagonistic antimi-
crobial effects [67]. The interaction between EO compounds and those in the food matrix
could potentially affect the antifungal and antiaflatoxigenic efficiencies of EOs. Tian et al.
evaluated the antiaflatoxigenic activity of thyme EOs in brown and white rice [48]. Here,
thyme EOs reduced aflatoxin accumulation by up to 72.7% in brown rice but by only 18.0%
in white rice. Brown rice contains higher levels of fiber, minerals, phenolic compounds,
protein, and vitamins compared with white rice [68], which may partly contribute to its
resistance to aflatoxin contamination. Further suggestions include a potential interaction
between the EO’s phenolic compounds and those in white rice, while the possible synergis-
tic effects between these bioactive constituents can promote the antiaflatoxigenic activity of
this EO.

The synergistic antifungal effects of plant-derived natural compounds with fungicides
and antifungal drugs have also been reported. For example, baicalein, a flavonoid originally
isolated from Scutellaria baicalensis and Scutellaria lateriflora, showed no antifungal effects
against A. flavus when tested at a concentration of 4 µg/mL in an in vitro test. However,
at the same concentration, baicalein was able to reduce the 80% effective concentrations
of strobilurins (azoxystrobin and pyraclostrobin) from 4 µg/mL and 0.125 µg/mL to
0.5 µg/mL and 0.016 µg/mL, respectively [69,70]. Cinnamaldehyde was reported to
show strong synergy with fluconazole antifungal drugs against the human pathogenic
fungus A. fumigatus by reducing the minimum inhibitory concentration of fluconazole from
200 µg/mL to 25 µg/mL in vitro [71]. Plant-derived natural compounds are suggested to
promote the antifungal activity of fungicides and drugs by increasing the bioavailability
of co-administered drugs in fungal cells through the inhibition of metabolizing enzymes,
such as cytochrome P450 isoforms and multi-drug or efflux transporters [72–74]. Plant-
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derived natural compounds are able to boost the antifungal efficiency of commonly used
antifungal agents while reducing their required amounts for the effective inhibition of
fungal contamination and infections, and, hence, they may lower the potential toxic effects
on humans. Therefore, plant-derived natural compounds represent a good source of
combined agents for antifungal treatments or therapies. Further studies on the in vivo
and in situ synergistic effects of plant-derived natural compounds with fungicides and
antifungal drugs are of great significance.

3. Antifungal Mechanisms of Plant-Derived Natural Compounds and EOs against
A. flavus
3.1. Acting on the Cell Wall of A. flavus

Different plant-derived natural compounds may target various kinds of microbes
and execute their antimicrobial activity through numerous mechanisms. Meanwhile, the
antifungal effects of natural compounds often have multiple targets, including the cell
wall, cell membrane, mitochondria, and metabolic enzymes. Accordingly, their antifungal
mechanisms of action may be due to physical, chemical, or biochemical changes in these
cell components. Fungi have a unique cell wall structure that is absent in humans. It is
comprised of a complex and dynamic structure of chitin, glycans, and glycoproteins, which
fulfills several essential functions connected with the interaction between the cell and its
environment. Indeed, the fungal cell wall is involved in the morphogenesis of fungal cells,
the protection of the protoplasts from physical damage and osmotic stress, cell recognition
in various interactions, and the exchange of nutrients and metabolic products, alongside
drug resistance against antifungal agents [75]. Cumulatively, these properties make the
fungal cell wall a promising target for antifungal agents. Chitin and glucan are mainly
located in the inner layer of the fungal cell wall. In most filamentous fungi, chitin con-
sists of β-1,4-linked N-acetylglucosamine and is covalently linked to β-1,3-glucan, which
provides the structural integrity and physical strength of the cell wall [28,29]. Therefore,
the disruption of chitin biosynthesis causes disorder in the fungal cell wall, which leads
to cell lysis and death [26]. Many successful antifungal agents, such as nikkomycin and
polyoxin, perform their antifungal activity by specifically inhibiting fungal chitin synthase
(Figure 2). Another major cell wall polysaccharide in filamentous fungi is β-1,3-glucan,
which is essential for proper cell wall formation and normal cellular development [27]. An-
tifungal agents, such as caspofungin, micafungin, and anidulafungin, inhibit β-1,3-glucan
synthase and, consequently, can disrupt the fungal cell wall formation, preventing fungal
growth. In the outer layer of the fungal cell wall, cell wall-associated proteins are covalently
bound to mannan and form mannosylated glycoproteins [34–36]. These proteins perform a
wide range of functions and are involved in various cellular activities, including cell-to-cell
interactions, trafficking of nutrition and macromolecules, providing protection against toxic
substances, and cell surface adhesion.
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The antifungal activity of numerous plant-derived natural compounds and EOs was
reported to damage the integrity and rigidity of the A. flavus cell wall. For example, paeonol
(2-hydroxy-4-methoxyacetone), which is an active component commonly isolated from
Cynanchum paniculatum, is reported to alter the cell wall ultrastructure and reduce the
content of both β-1,3-glucan and chitin in A. flavus [76]. Similarly, extracts of Tulbaghia
violacea were found to reduce the content of β-1,3-glucan and chitin in the A. flavus cell
wall [77]. Indeed, da Silva and co-workers tested the antifungal effects of R. officinalis
L. EOs and observed significant microscopic morphological changes, including cell wall
rupturing and cytoplasmic leakage [78]. Such modifications are potentially associated
with plant-derived natural compounds interfering with the enzymes related to cell wall
synthesis. The building blocks of the fungal cell wall, such as chitins, glucans, and pectins,
are continuously remodeled to cope with fungal growth and development by different
enzymes, such as chitin and glucan synthases, glycohydrolases, and transglycosidases [79].
Fungicides have been developed by targeting the related enzymes, including polyoxins
(which inhibit chitin synthesis), echinocandins (which inhibit β-1,3-glucan synthase), and
tricyclazole (which inhibits melanin synthesis). Several plant-based natural compounds are
known to inhibit cell wall synthases. Indeed, Marei et al. found that thymol and limonene
had inhibitory effects on fungal cellulase and pectin methyl esterase [80]. Additionally, Bang
et al. reported that cinnamaldehyde inhibits chitin synthase and β-1,3-glucan synthase [81].

3.2. Acting on the Cell Membrane of A. flavus

Fungal membranes have been proposed as the major targets for the antifungal activity
of plant-based natural compounds (Figure 3). The ability to pass through the cell wall
and penetrate the cell membrane is fundamental for their antifungal activity. Natural com-
pounds may affect fungal membranes through several mechanisms of action, including:
(1) altering membrane fluidity and permeability; (2) reducing the proton motive force;
(3) damaging membrane proteins; (4) inhibiting enzymes related to membrane synthesis;
(5) inducing cytoplasmic membrane degradation [82–84]. These alterations in the cell
membrane result in the loss of cell homeostasis, leakage of cell components, and, ultimately,
cell death. Plant-based natural compounds, such as thymol, carvacrol, and eugenol, have
been reported to cause ion imbalance across the cell membrane by dissipating H+ and
K+ ion gradients, thus, facilitating the leakage of vital cellular components and inducing
water stress, alongside intracellular ATP depletion [85]. Numerous plant-based natural
compounds act by binding to membrane ergosterol or inhibiting its biosynthesis. Ergosterol
is the main sterol derivative of fungi and is essential for preserving cell membrane func-
tionality and maintaining the cell’s integrity, viability, and normal growth functions [86].
Since ergosterol is essential to fungal cells, antifungal drugs and fungicides have been
developed and widely applied to act through the same mechanism in both clinical and
agricultural antifungal practices. Among them, polyenes (which bind to ergosterol) and
azoles (which inhibit ergosterol synthesis) are the most successful. Freires and co-workers
found that coriander (C. sativum L.) EO could bind to the fungal membrane ergosterol and
increase ionic permeability to cause membrane damage, leading to cell death [87]. Tian
et al. reported that C. jensenianum EOs inhibited ergosterol biosynthesis in A. flavus [88]. A
similar effect was also detected with natural compounds extracted from dill (A. graveolens
L.), thyme (T. vulgaris L.), and turmeric (C. longa L.) [49,89,90]. Moreover, treatments with
the plant-derived natural monoterpene citral downregulated ergosterol biosynthetic genes
(e.g., erg7, erg11, erg6, erg3, and erg5) [91]. Lipophilic natural compounds, such as phenols
and aldehydes, can pass through the double phospholipid bilayer and interact with ergos-
terol or enter the nucleus and regulate its biosynthetic genes. Ultimately, this causes cell
membrane modification, fatty acid profile alterations, and osmotic imbalances, which lead
to irreversible damage to the membrane and morphological alteration in hyphae, conidio-
phores, and conidia and, finally, cell death [9]. The attachment or penetration of the natural
compounds via the fungal membranes may prompt the cell structures to disintegrate, caus-
ing the fungal cells to become more permeable to the compounds. Phenols, such as thymol,
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carvacrol, and eugenol, possess a system of delocalized electrons and may also reduce the
pH gradient across the cytoplasmic membrane by acting as proton exchangers. The collapse
of the proton motive force and the depletion of the ATP pool, resulting from such an effect,
can lead to the leakage of iron and intracellular cell constituents and, eventually, cause cell
death [92]. Terpenoids also execute their antimicrobial activity at the cell membrane level.
It has been reported that terpenoids disrupt the membrane permeability by altering the
membrane fatty acid composition and ergosterol content, which results in leakage of the
cell contents [93].
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3.3. Acting on the Mitochondria of A. flavus

Mitochondria play wide-ranging roles in fungal cells. Mostly known for their role in
cellular respiration, mitochondria are also associated with other important cellular func-
tions related to virulence, developmental and morphogenetic transitions, drug resistance,
ergosterol biosynthesis, and cell wall maintenance [94]. The respiratory chain has been
proven to be an effective target for fungicides to control fungal contamination in food crops.
Quinone outside-inhibiting (QoI) fungicides, represented by strobilurins, are the most im-
portant group of fungicides developed for respiration inhibition (Figure 4). QoI fungicides
inhibit fungal pathogens by blocking the transfer of electrons at the quinone outer binding
site of the mitochondrial complex III, thus, reducing the production of ATP, which leads to
a reduction in the normal metabolic functions and, eventually, cell death. Plant-derived nat-
ural compounds and EOs also appear to inhibit fungal growth by damaging mitochondria.
For example, (E)-2-hexenal, a leaf volatile produced naturally by green plants as a defense
response, was found to inhibit the mitochondrial dehydrogenases and disrupt the mito-
chondrial energy metabolism of A. flavus [95,96]. Honokiol, a phenolic compound isolated
from the plant Magnolia officinalis, caused mitochondrial hyperpolarization and dysfunction
and led to ATP depletion in A. flavus [97]. Dill (A. graveolens L.) EOs were reported to
reduce A. flavus growth by promoting mitochondrial dysfunction and the accumulation of
reactive oxygen species (ROS) [90]. Tea tree EO was also found to damage the mitochondria
of Botrytis cinerea [98]. However, the exact mechanisms through which dill and tea tree
EOs function are not fully understood. It has been suggested that these EOs may contain
natural compounds that can modulate mitochondrial functions by (1) disrupting the mi-
tochondrial membrane, (2) inhibiting mitochondrial enzymes, (3) suppressing oxidative
phosphorylation, and (4) altering the mitochondrial redox balance. Li et al. reported
that tee tree EOs can destroy the mitochondrial morphology and function in B. cinerea
by increasing the mitochondrial membrane permeability and decreasing the enzymatic
activities related to the tricarboxylic acid (TCA) cycle (malic dehydrogenase, succinate
dehydrogenase, ATPase, citrate synthetase, isocitrate dehydrogenase, and α-ketoglutarate
dehydrogenase). These alterations subsequently result in matrix loss, accumulation of
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ROS, and increased mitochondrial irregularity [98]. Zheng et al. determined that citral
exerted antifungal activity by altering the mitochondrial morphology, which resulted in the
loss of the mitochondrial matrix and mitochondrial collapse [99]. Tian et al. also detected
mitochondrial morphological alterations in A. flavus treated with dill EOs and suggested
that these are caused by an increase in the mitochondrial membrane permeability, mal-
functions in the cellular metabolism, and a breakdown of the mitochondrial matrix [90].
Additionally, plant-based natural compounds may be able to damage fungal mitochondria
by disrupting the osmotic balance, causing calcium and protons to leak, and, consequently,
altering the electrochemical potentials. For example, Rao and co-workers reported that
carvacrol was able to induce calcium stress in yeast’s mitochondria through the activation
of the target of rapamycin (TOR) signaling pathway [100]. Some EOs contain natural
compounds that can induce mitochondrial dysfunction via the inhibition of mitochondrial
enzymes. For example, turmeric (C. longa L.) EOs were found to inhibit ATPase, malate
dehydrogenase, and succinate dehydrogenase in A. flavus mitochondria, thus, suppressing
its contamination in maize [49]. Dill EOs were also found to inhibit fungal ATPase [101].
Phenols and aldehydes in plants have been suggested to be the major natural compounds
that interact with mitochondrial enzymes [102].

Antibiotics 2022, 11, x FOR PEER REVIEW 12 of 21 
 

 

Figure 4. Mechanism of action of plant-derived natural compounds and antifungal agents acting on 

the mitochondria of A. flavus. I, II, III, IV, mitochondrial complex I, II, III, IV. 

4. Antiaflatoxigenic Mechanisms of Plant-Derived Natural Compounds and EOs 

against A. flavus 

Aflatoxin is a polyketide-derived furanocoumarin; a type of carcinogenic and 

mutagenic secondary metabolite that threatens global food security. Many studies suggest 

that reduced fungal growth is not solely responsible for the inhibition of aflatoxin 

production by plant-based natural compounds. Instead, the specific inhibition of aflatoxin 

biosynthesis is also thought to play a role. Different plant-derived natural compounds 

have been proven to inhibit the production of aflatoxin at lower concentrations than those 

that inhibit mycelial growth. For example, Tian et al. tested the antiaflatoxigenic activity 

of 36 structurally related natural flavonoids isolated from plants. Baicalein, flavone, 

hispidulin, kaempferol, and liquiritigenin were found to exclusively exhibit significant 

antiaflatoxigenic activity (>80% inhibition compared to the control), despite having none 

or very low antifungal activity [57]. Aflatoxin production inhibitors that do not affect 

fungal growth may also be useful as selective aflatoxin control agents without 

significantly interrupting the microbial environment or incurring the rapid spread of 

resistant strains. 

Currently, the antiaflatoxigenic modes of action of plant-based natural compounds 

are not clearly understood. However, over the last few decades, it has been hypothesized 

that natural compounds may inhibit aflatoxin biosynthesis through: (1) modulating 

extracellular and intracellular factors affecting aflatoxin biosynthesis; (2) interrupting the 

cell signaling upstream of the aflatoxin biosynthetic pathway; (3) inhibiting carbohydrate 

catabolism, which is connected to aflatoxin biosynthesis; (4) inhibiting specific genes or 

enzymes in the aflatoxin biosynthetic pathway (Figure 5) [103]. In addition, the 

antiaflatoxigenic activity of natural compounds is potentially related to the transduction 

and perception of signals involved in the switch of fungal cells from vegetative to 

reproductive development. The correlation between secondary metabolism and fungal 

sporulation has been highlighted in many studies [22,104]. 

Figure 4. Mechanism of action of plant-derived natural compounds and antifungal agents acting on
the mitochondria of A. flavus. I, II, III, IV, mitochondrial complex I, II, III, IV.

4. Antiaflatoxigenic Mechanisms of Plant-Derived Natural Compounds and EOs
against A. flavus

Aflatoxin is a polyketide-derived furanocoumarin; a type of carcinogenic and muta-
genic secondary metabolite that threatens global food security. Many studies suggest that
reduced fungal growth is not solely responsible for the inhibition of aflatoxin production by
plant-based natural compounds. Instead, the specific inhibition of aflatoxin biosynthesis is
also thought to play a role. Different plant-derived natural compounds have been proven to
inhibit the production of aflatoxin at lower concentrations than those that inhibit mycelial
growth. For example, Tian et al. tested the antiaflatoxigenic activity of 36 structurally
related natural flavonoids isolated from plants. Baicalein, flavone, hispidulin, kaempferol,
and liquiritigenin were found to exclusively exhibit significant antiaflatoxigenic activity
(>80% inhibition compared to the control), despite having none or very low antifungal
activity [57]. Aflatoxin production inhibitors that do not affect fungal growth may also be
useful as selective aflatoxin control agents without significantly interrupting the microbial
environment or incurring the rapid spread of resistant strains.
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Currently, the antiaflatoxigenic modes of action of plant-based natural compounds are
not clearly understood. However, over the last few decades, it has been hypothesized that
natural compounds may inhibit aflatoxin biosynthesis through: (1) modulating extracellular
and intracellular factors affecting aflatoxin biosynthesis; (2) interrupting the cell signaling
upstream of the aflatoxin biosynthetic pathway; (3) inhibiting carbohydrate catabolism,
which is connected to aflatoxin biosynthesis; (4) inhibiting specific genes or enzymes in the
aflatoxin biosynthetic pathway (Figure 5) [103]. In addition, the antiaflatoxigenic activity
of natural compounds is potentially related to the transduction and perception of signals
involved in the switch of fungal cells from vegetative to reproductive development. The
correlation between secondary metabolism and fungal sporulation has been highlighted in
many studies [22,104].
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In particular, the mitochondria in A. flavus also play critical roles in the biosynthesis of
aflatoxin. Mitochondria are responsible for providing ATP, NADPH, and acetyl-CoA for
aflatoxin biosynthesis. Plant-based natural components may disrupt the mitochondria and
cease the formation of acetyl-CoA that feeds the aflatoxin biosynthesis pathway, ultimately
leading to the inhibition of aflatoxin biosynthesis. Mitochondria are also involved in many
important fungal cellular activities that affect aflatoxin production, such as regulating
fungal development, directing cellular metabolism, and maintaining cellular ROS levels.
Many secondary fungal metabolites, including aflatoxin, are synthesized when the fungus
finishes its initial growth phase and begins its development stage, which is represented
by sporulation [22,104]. Moreover, mitochondria have been suggested to contribute to the
regulation of both the physiological and morphological developments of fungal cells [105].
Mitochondria also regulate the lipid metabolism in fungal cells. It has been suggested that
on initiation of aflatoxin biosynthesis, the external carbon source was greatly consumed,
thus, resulting in aflatoxin production from the breakdown of reserve carbon sources,
mostly lipids and fatty acids [106]. Additionally, some natural compounds’ antiaflatox-
igenic activities may be related to the inhibition of lipid peroxidation and oxygenation,
which are processes involved in aflatoxin biosynthesis [107]. Studies on A. flavus have
revealed the importance of oxylipins in the regulation of aflatoxin biosynthesis, conidia
production, and sclerotia formation [108]. Mitochondria may also affect aflatoxin synthesis
via a ROS-related mechanism. Studies have shown that aflatoxin biosynthesis involves a
boost in the oxygen uptake of fungal cells, followed by an increase in ROS generation. This
change occurs when fungal cells switch from trophophase to idiophase, at which point
different secondary metabolic pathways become active [109]. The stimulation of aflatoxin
biosynthesis by ROS-induced oxidative stress has also been previously reported [110,111].
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The presence of multiple cytochrome p450 monooxygenases and monooxygenases in the
aflatoxin biosynthesis pathway also indicates the involvement of both oxygen consumption
and ROS production in this system. Many natural compounds possess strong antioxidant
activities that can scavenge the ROS inside the fungal cells. The antiaflatoxigenic mech-
anism of natural compounds may be associated with their antioxidant activity and ROS
scavenging ability, which attenuates the fungal oxidative stress responses and reduces
aflatoxin production [112].

Additional reports have also suggested that the antiaflatoxigenic activity of some
natural compounds occurs via the inhibition of the carbohydrate metabolism by inhibiting
some key enzymes [27]. Alternatively, it could occur by inhibiting the aflatoxin biosynthetic
pathway by suppressing the expression of the aflatoxin biosynthetic genes. Indeed, the
expression of internal transcriptional regulators (aflR and aflS) in the aflatoxin biosynthetic
pathway is inhibited by natural phenols and terpenoids [113,114]. Furthermore, the expres-
sion of structural genes, such as aflD, aflK, aflE, aflM, aflO, aflP, aflO, and aflQ, is reported to
be suppressed by different plant-derived natural components [49,113–115]. However, the
mechanisms through which they exert their actions at the molecular level still need to be
deciphered fully.

5. Future Perspective

Recently, consumers’ demands for healthier and more sustainable food products have
required the food industry to reformulate their products by replacing artificial additives
with natural, label-friendly alternatives [9]. Many plant-derived natural compounds and
EOs have exhibited great potential against fungal propagation and mycotoxin production.
Many present either no mammalian toxicity or a lower one than synthetic fungicides, which
had a higher lethal dose of 50 values during toxicological testing using oral administration
in mice [116–118]. Presently, natural compound-based fungicides are being developed and
are available in European countries and the USA, e.g., FungastopTM and ArmorexTM II
(Soil Technologies Corp., Fairfield, IA, USA). Future studies may focus on improving the
stability and performance of plant-derived natural antifungal compounds and EOs to allow
for their application in foods and complex biological systems, in addition to an in-depth
investigation into their antifungal mechanisms (Figure 6).
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The extraction process for plant-derived bioactive compounds and EOs plays an
important role in both their yield and quality. Considering their low amounts in plants,
it is desirable to use methodologies that can result in maximum yields with a minimum
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loss in functional properties. Plant-derived bioactive compounds encompass a wide range
of natural metabolites with different physiochemical qualities. The extraction of these
compounds is strongly dependent on the hydrophobic or lipophilic characters of the target
molecules. Currently, various innovative extraction methods have been proposed for the
extraction of bioactive compounds and EOs from plant materials, including high pressure
extraction, high voltage electrical discharges, microwave-assisted extraction, pressurized
liquid extraction, pulsed electric fields-assisted extraction, sub- and supercritical fluid
extraction, and ultrasound-assisted extraction [119–121]. These techniques are able to
reduce the usage of chemical solvents and energy during the extraction process and improve
the yields and quality of EOs.

Despite the great interest in the exploitation of natural compound-based food preserva-
tives, their large-scale utilization is currently limited, as are their antifungal and antimyco-
toxigenic activities [122]. The major limitations regarding the application of plant-derived
natural compounds in food commodities include low water solubility, instability, sus-
ceptibility to oxidation, volatilization, and rapid degradation in different environmental
conditions [123]. Meanwhile, due to the low stability of many natural components, their
antifungal and antimycotoxigenic effects tend to be compromised following long-term
storage. One way to mitigate this effect is to develop suitable structural barriers to enclose
the natural compounds. In this regard, modern encapsulation techniques that use different
physical, physicochemical, and mechanical methods with the assistance of carrier matrices
have been tested for the formulation of natural compounds or EO-based preservatives.
The encapsulation of plant-derived natural compounds and EOs can reduce the loss of
bioactivity and offer the possibility of controlling the release in treated foods [124]. Thus,
emulsion-based delivery systems and active packaging materials, formulated with the
incorporation of natural compounds, have been tested to improve the aqueous solubility
and mass transfer of natural antimicrobial compounds in foods. In particular, nanotech-
nology, as a quickly growing field, has been applied to a variety of marketable products
around the world. Nanoencapsulation of bioactive compounds and nanoemulsified EOs
have demonstrated the advantages of more efficient and targeted use of antifungal agents
in a safer and environmentally friendly way [125–128]. Such advantages were associated
with their distinct physicochemical and functional characteristics and enhanced ability to
transport bioactive constituents through biological membranes. Therefore, nanotechnology
has the potential to significantly improve the antifungal efficiency of plant-derived natural
compounds and EOs in practical applications.

Currently, the primarily used antifungal drugs and fungicides exert their antifungal
activities by targeting the fungal cell wall, cell membrane, mitochondria, or important
metabolic enzymes. Plant-derived natural antifungal compounds that act on either the
same or connected cellular structures can potentially enhance the antifungal effects of the
fungicides. Natural compounds that disrupt cell membrane functions or ATP production
may also inhibit the activity of drug efflux pumps, thus, decreasing the drug resistance
of fungal cells. Natural compounds that interact with the cellular redox system may
improve the antifungal effects of mitochondria-targeting antifungal agents [129]. In these
cases, the natural compounds function by attenuating the ability of the fungal cells to
activate the defense response against fungicides. Hence, these do not necessarily require
a great degree of antifungal potency to be effective. The application of these natural
compounds, in combination with conventional fungicides, can lower the dosage levels
required to control the pathogens and reduce the costs and risks of negative side effects.
Such natural compounds could make the use of conventional fungicides safer and more
effective, while also overcoming the development of drug resistance in both food and
human fungal pathogens.

137



Antibiotics 2022, 11, 1727

Author Contributions: Conceptualization, F.T. and H.S.C.; methodology, F.T.; software, F.T. and
S.Y.W.; investigation, S.Y.W., S.Y.L. and S.B.P.; resources, H.S.C.; data curation, S.Y.L. and Y.Z.;
writing—original draft preparation, F.T.; writing—review and editing, H.S.C.; visualization, F.T. and
H.S.C.; supervision, H.S.C.; project administration, H.S.C.; funding acquisition, H.S.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant (21153MFDS605) from the Ministry of Food and
Drug Safety (2022), Republic of Korea.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fountain, J.; Scully, B.; Ni, X.; Kemerait, R.; Lee, D.; Chen, Z.-Y.; Guo, B. Environmental influences on maize-Aspergillus flavus

interactions and aflatoxin production. Front. Microbiol. 2014, 5, 40. [CrossRef] [PubMed]
2. Amaike, S.; Keller, N.P. Aspergillus flavus. Annu. Rev. Phytopathol. 2011, 49, 107–133. [CrossRef]
3. Baranyi, N.; Kocsubé, S.; Varga, J. Aflatoxins: Climate change and biodegradation. Curr. Opin. Food Sci. 2015, 5, 60–66. [CrossRef]
4. Bartoletti, M.; Pascale, R.; Cricca, M.; Rinaldi, M.; Maccaro, A.; Bussini, L.; Fornaro, G.; Tonetti, T.; Pizzilli, G.; Francalanci, E.; et al.

Epidemiology of invasive pulmonary aspergillosis among intubated patients with COVID-19: A prospective study. Clin. Infect.
Dis 2021, 73, e3606–e3614. [CrossRef] [PubMed]

5. Prakash, B.; Shukla, R.; Singh, P.; Kumar, A.; Mishra, P.K.; Dubey, N.K. Efficacy of chemically characterized Piper betle L. essential
oil against fungal and aflatoxin contamination of some edible commodities and its antioxidant activity. Int. J. Food Microbiol. 2010,
142, 114–119. [CrossRef]

6. Bluma, R.V.; Etcheverry, M.G. Application of essential oils in maize grain: Impact on Aspergillus section Flavi growth parameters
and aflatoxin accumulation. Food Microbiol. 2008, 25, 324–334. [CrossRef]

7. Lv, X.; Pan, L.; Wang, J.; Lu, L.; Yan, W.; Zhu, Y.; Xu, Y.; Guo, M.; Zhuang, S. Effects of triazole fungicides on androgenic disruption
and CYP3A4 enzyme activity. Environ. Pollut. 2017, 222, 504–512. [CrossRef]

8. Feng, Y.; Huang, Y.; Zhan, H.; Bhatt, P.; Chen, S. An overview of strobilurin fungicide degradation: Current status and future
perspective. Front. Microbiol. 2020, 11, 389. [CrossRef]

9. Rao, J.; Chen, B.; McClements, D.J. Improving the efficacy of essential oils as antimicrobials in foods: Mechanisms of action. Annu.
Rev. Food Sci. Technol. 2019, 10, 365–387. [CrossRef]

10. Khan, F.A.; Khan, N.M.; Ahmad, S.; Nasruddin; Aziz, R.; Ullah, I.; Almehmadi, M.; Allahyani, M.; Alsaiari, A.A.; Aljuaid, A.
Phytochemical profiling, antioxidant, antimicrobial and cholinesterase inhibitory effects of essential oils isolated from the leaves
of Artemisia scoparia and Artemisia absinthium. Pharmaceuticals 2022, 15, 1221. [CrossRef]

11. Khan, F.A.; Khan, S.; Khan, N.M.; Khan, H.; Khan, S.; Ahmad, S.; Rehman, N.; Aziz, R. Antimicrobial and antioxidant role of the
aerial parts of Aconitum violaceum. J. Mex. Chem. Soc. 2021, 65, 84–93. [CrossRef]

12. Ali, F.; Jan, A.K.; Khan, N.M.; Ali, R.; Mukhtiar, M.; Khan, S.; Khan, S.A.; Aziz, R. Selective biological activities and phytochemical
profiling of two wild plant species, Teucrium polium and Capsicum annum from Sheringal, Pakistan. Chiang Mai J. Sci. 2018, 45,
881–887.

13. Khan, H.; Ali, F.; Khan, N.M.; Shah, A.; Rahman, S.U. GC-MS Analysis of fixed oil from Nelumbo nucifera Gaertn seeds: Evaluation
of antimicrobial, antileishmanial and urease inhibitory activities. J. Chem. Soc. Pak. 2016, 38, 1168–1173.

14. Hu, Z.Y.; Yuan, K.; Zhou, Q.; Lu, C.; Du, L.H.; Liu, F. Mechanism of antifungal activity of Perilla frutescens essential oil against
Aspergillus flavus by transcriptomic analysis. Food Control 2021, 123, 107703. [CrossRef]

15. Oliveira, R.C.; Carvajal-Moreno, M.; Correa, B.; Rojo-Callejas, F. Cellular, physiological and molecular approaches to investigate
the antifungal and anti-aflatoxigenic effects of thyme essential oil on Aspergillus flavus. Food Chem. 2020, 315, 126096. [CrossRef]

16. Prakash, B.; Dubey, N.K. Evaluation of chemically characterised essential oils of Coleus aromaticus, Hyptis suaveolens and Ageratum
conyzoides against storage fungi and aflatoxin contamination of food commodities. Int. J. Food Sci. Technol. 2011, 46, 754–760.
[CrossRef]

17. Esper, R.H.; Goncalez, E.; Marques, M.O.; Felicio, R.C.; Felicio, J.D. Potential of essential oils for protection of grains contaminated
by aflatoxin produced by Aspergillus flavus. Front. Microbiol. 2014, 5, 269. [CrossRef]

18. Kedia, A.; Prakash, B.; Mishra, P.K.; Dwivedy, A.K.; Dubey, N. Trachyspermum ammi L. essential oil as plant based preservative in
food system. Ind. Crops Prod. 2015, 69, 104–109. [CrossRef]

19. Soliman, K.M.; Badeaa, R. Effect of oil extracted from some medicinal plants on different mycotoxigenic fungi. Food Chem. Toxicol.
2002, 40, 1669–1675. [CrossRef]

20. Prakash, B.; Mishra, P.K.; Kedia, A.; Dubey, N. Antifungal, antiaflatoxin and antioxidant potential of chemically characterized
Boswellia carterii Birdw essential oil and its in vivo practical applicability in preservation of Piper nigrum L. fruits. LWT Food Sci.
Technol. 2014, 56, 240–247. [CrossRef]

21. Venkatesh, H.N.; Sudharshana, T.N.; Abhishek, R.U.; Thippeswamy, S.; Manjunath, K.; Mohana, D.C. Antifungal and antimy-
cotoxigenic properties of chemically characterised essential oil of Boswellia serrata Roxb. ex Colebr. Int. J. Food Prop. 2017, 20,
1856–1868. [CrossRef]

138



Antibiotics 2022, 11, 1727

22. Prakash, B.; Singh, P.; Kedia, A.; Dubey, N. Assessment of some essential oils as food preservatives based on antifungal,
antiaflatoxin, antioxidant activities and in vivo efficacy in food system. Food Res. Int. 2012, 49, 201–208. [CrossRef]
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Abstract: Naringenin is a trihydroxyflavanone present in large amount in different citrus fruits,
e.g., oranges, pomelos, grapefruits, but also in tomatoes, fenugreek and coffee. It has a wide range
of pharmacological and biological effects beneficial to human health. Its antioxidant, anti-cancer,
anti-inflammatory, antifungal and antimicrobial activity is frequently reported in scientific literature.
In this review we presented the current state of knowledge on the antimicrobial activity of naringenin
and its natural and synthetic derivatives as a phytobiotic against resistant Gram-positive and Gram-
negative bacteria as well as fungi in humans. Most of the data reported here have been obtained from
in vitro or in vivo studies. Over the past few years, due to the overuse of antibiotics, the occurrence
of bacteria resistant to all available antibiotics has been growing. Therefore, the main focus here is on
antibiotic resistant strains, which are a significant, worldwide problem in the treatment of infectious
diseases. The situation is so alarming that the WHO has listed microbial resistance to drugs on the
list of the 10 most important health problems facing humanity. In addition, based on scientific reports
from recent years, we described the potential molecular mechanism of action of these bioflavonoids
against pathogenic strains of microorganisms. As plant-derived substances have been pushed out of
use with the beginning of the antibiotic era, we hope that this review will contribute to their return as
alternative methods of preventing and treating infections in the epoch of drug resistance.

Keywords: naringenin; naringenin derivatives; antimicrobial activity; anti-inflammatory activity;
antioxidant activity; antifungal activity

1. Introduction

Naringenin (5,7,4′-trihydroxyflavanone) is an aglycone, which is a derivative of
hydrogenated flavone, belonging to the group of flavonoid compounds, which are a
part of a huge group of polyphenols. It is also produced by the cyclization of 2′,4′,6′,4-
tetrahydroxychalcone (naringenin chalcone) (Figure 1). This bioflavanone occurs naturally
in an inactive form as naringin and is converted into its active form, naringenin, by bacteria
belonging to the gut microbiome [1]. This, one of the most important representatives of
flavonoid compounds, is a component of the everyday human diet, where it is responsible
for the color and bitter-sour taste of food. The best sources of it are grapefruit, sour orange,
tart cherries, tomatoes, grapes and Greek oregano. It is also found in smaller amounts in
bergamot, beans, fenugreek, milk thistle, tea, coffee, cocoa and red wine [2]. Although
almost all citrus fruits are source of flavonoids for humans, their concentration varies
and depends on the type, variety, harvest time and environmental conditions in which
they grow.

Naringenin has a wide range of positive effects on human health. It promotes car-
bohydrate metabolism, increases antioxidant defense, scavenges reactive oxygen species,
modulates the activity of the immune system and also has anti-cancer, anti-inflammatory
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and anti-atherosclerotic effects [3]. It also has the ability to cross the blood-brain barrier,
and therefore exerts a variety of positive neuronal effects [4]. These versatile properties of
naringenin can be helpful in the prevention and combating of such disorders as obesity,
hyperlipidemia, hypertension, atherosclerosis, diabetes and even Alzheimer’s disease.
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The last decade has enriched world literature with reviews about naringenin and its
natural derivatives in terms of their biological properties, e.g., anti-cancer [5], antioxidant,
anti-hyperlipidemic, anti-obesity, hepatoprotective [6,7], anti-inflammatory, anti-diabetic
and anti-neurodegenerative activities [8,9]. This paper summarizes the current knowl-
edge on the antimicrobial activity of this bioflavonoid and its natural but also synthetic
derivatives. The analysis considers clinical strains of both bacteria—Gram-positive and
Gram-negative—characterized by a wide panel of resistance, but also non-pathogenic
strains. Furthermore, we collected information about antifungal activity of these sub-
stances. In addition, we presented detailed information explaining the mechanism of action
of these compounds based on the world literature of recent years.

2. Content of Naringenin and its Glycosides in Plants and Products of Plant Origin

Naringenin is widespread in various citrus fruits (grapefruits, lemons, limes, oranges,
mandarins, pomelos and bergamots), but also in vegetables, herbs and products of plant
origin such as juices or wine. The content in plants is different and depends on the
variety and part (flavedo, albedo, pith, seeds, membranes) of fruits, and the diversity of
the composition in products of plant origin results from the way of preparation of the
final product [10,11]. In plants, naringenin usually occurs as glycoside form: naringin
(naringenin-7-rhamnoglucoside) and narirutin (naringenin-7-glucoside) (Figure 1).

Grapefruit (Citrus paradisi) is a fruit known for its abundant content of naringenin
and its derivatives. The comparison of the content of flavonoids in different varieties
of grapefruit proved that naringin is a dominant compound. Its content in white grape-
fruit was 16.90 mg/100 mg, and in pink/red grapefruit 13.87 mg/100 mg. Moreover,
the second flavonoid occurring in the greatest amount was narirutin, with an amount
of 5.36 mg/100mg and 3.34 mg/100 mg in white and pink/red variety, respectively [12].
McIntosh et al. also determined the content of naringin in three varieties (Duncan, Marsh
and Thompson) of grapefruit in different parts of the fruit. Their research, conducted on dif-
ferent plant tissues, showed the highest amount of naringin in the back membrane, which is
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near albedo (17,994–27,330 ppm) in all tested varieties. The lowest content of this glucoside
form of naringenin has been found in juice vesicles (295–377 ppm) [10]. Additionally,
Victor et al. searched for the best extraction method of naringin from grapefruit peel. As a
result of their research, scientists obtained the highest amount of naringenin glycoside from
wet albedo using hot methanol (0.7375 g of naringin/69.84 g fresh albedo) [11]. Among
ready-to-eat products of plant origin characterized by a high content of naringenin and its
derivatives, grapefruit juices are distinguished. Ho and co-workers determined the content
of naringenin and naringin in grapefruit juices obtained from four different varieties of
grapefruits by squeezing the fruits by hand or by squeezer. In more than half the results,
the amount of naringin in juices obtained by squeezer was two times higher than by hand
(141–656 mg/L grapefruit juice). Furthermore, the concentration of aglycon–naringenin in
both types of squeezing was definitely lower, in range of 2.2–80 mg/L grapefruit juice [13].

Naringin is also observed in pomelo fruits (Citrus grandis). Sudto et al. performed
different types of extraction on pomelo peels, which confirmed the content of naringenin-
7-rhamnoglucoside up to 2.4% [14]. Moreover, Lin and co-workers tested three different
cultivars of pomelo, and each of them were fragmented to exocarp, mesocarp, lamella, WBW
(waste blanching water) and WBE (waste blanching water from exocarps). The naringin
concentration was highest in the WBW part of fruit in every variation and amounted to
25.53 mg/g [15].

Another citrus fruit especially abundant in naringin is sweet orange (Citrus sinensis).
High performance liquid chromatography (HPLC) is an effective and frequently used
method to evaluate the content of compounds. Ni et al. using this method determined the
amount of flavonoids in citrus juice from Citrus sinensis. Authors reported the naringin was
present in a concentration of 22.06 ± 0.50 µg/mL. However, naringenin was not detected in
the tested concentration range [16]. It is also interesting that in citrus juices tested by Silva
et al., naringenin and naringin were present in low concentrations of 0.11–0.176 mg/100 mg
and 0.011–0.030 mg/100 mg, respectively [17]. Yalim and co-workers also evaluated the
naringin content of sweet orange juices obtained from three different varieties of oranges
from four various regions. One type of juice was received by squeezing fruits by hand and
second one by blending the orange peels (albedo and flavedo) and mixed with deionized
water. The concentration of naringin in orange peel juice was about 2–20 times higher than
in orange juice [18].

A scientific group from Spain determined the content of flavonoids in citrus juice
obtained from four Citrus species: C. paradisi, C. aurantium, C. reticulata and C. sinensis.
The concentration of naringin and naringenin were 338.36 mg/100 g and 2.35 mg/100 g,
respectively [19]. Also, Dhuique-Mayer et al. evaluated the amount of naringenin glycoside
from citrus juices from eight varieties of sweet oranges and also from clementine (Citrus
clementina) and mandarin (Citrus deliciosa). The concentration of narirutin in tested juices
was in the range of 37.2–98.4 mg/L [20].

Besides citrus fruits, the presence of naringenin was observed in Musa paradisiaca L.
Behiry et al. determined the concentration of naringenin in banana peel methanolic extract
at the level of 8.47 mg/100 g dry extract [21]. Naringenin and its derivatives were also
detected at a much lower concentration by Dębski et al. in seven-day-old sprouts of
fenugreek (Trigonella foenum-graecum L.). Scientists specified the concentration of naringenin
and esters of naringenin at the level of 1.4 µg/100 g DW (dry weight). However, glycosides
of naringenin were observed in a concentration of 6.3 µg/100 g DW [22]. In the case of
green beans of coffee, Alkaltham et al. reported the concentration of naringenin at the level
of 1.7 mg/100 g. Furthermore, beans roasted in a microwave or in a conventional oven
contained a three-fold higher amount of naringenin with concentrations of 6.04 mg/100 g
and 6.05 mg/100 g, respectively [23].

Naringenin also occurs in vegetables, e.g., in tomatoes. Paganga and co-workers deter-
mined the concentration of naringenin in Spanish tomatoes at a level of 282 mg/kg DW [24].
Interesting work was conducted by Bugianesi et al., which determined the blood content of
naringenin after consumption of cooked tomato paste by men. Their results showed that
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the test meal containing 150 mg of cooked tomatoes contained 3.8 mg of naringenin and
the content of naringenin in plasma after 2 h was 0.12 µmol/L [25].

3. Other Derivatives of Naringenin

Among naringenin derivatives, one of the most described compounds are ether derivatives
of naringenin. O-alkyl derivatives of naringenin also occur naturally in plants of the Boragi-
naceae family, e.g., 5-O-methylnaringenin, 7,4′-di-O-methylnaringenin, 7-O-methylnaringenin
(sakuranetin) and isosakuranetin (4′-O-methylnaringenin) (Figure 2) [26–28]. Sakuranetin is a
phytoalexin present in rice, which is biosynthesized in plants as an effect of biotic or abiotic
stress by naringenin 7-O-methyltransferase [29]. There is also a chemical method to obtain
7-O-methylnaringenin in a simple reaction of naringenin with methyl iodide or methyl bromide
in short time with a high yield [30]. Furthermore, 7-O-butylnaringenin is well-known for high
activity against Staphylococcus aureus MRSA (methicillin-resistant S. aureus) [31], but also against
Helicobacter pylori [32]. The elongation of the alkyl chain attached to naringenin at the C-7
position, and also at the C-4′ position, is a popular reaction in the last decade [30,33,34].
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4. Properties of Naringenin
4.1. Anti-Cancer Activity

The anti-cancer, anti-proliferative and anti-tumor activity of naringenin is primar-
ily related to its ability to repair DNA. Its anti-tumor activity has been demonstrated
against breast cancer cells [35], liver cancer [36,37], prostate cancer [38], melanoma [39] and
glioblastoma of the brain and spinal cord [40].

Naringenin has been shown to affect both the internal (mitochondrial) and the external
(receptor) pathway of apoptosis activation. This bioflavonoid acts in multiple ways at
different steps in these pathways. First of all, it blocks the G0/G1 and G2/M phases, and
therefore prevents the proliferation of neoplastic cells. It influences the accumulation of the
p53 protein, which in turn binds to anti-apoptotic proteins (e.g., Bcl-2), promotes the action
of the Bax protein and leads to the formation of pores in the mitochondrial membrane. In
this way, it contributes to the loss of the mitochondrial membrane potential, and through
this it releases apoptogenic factors, e.g., AIF, cytochrome c [41,42]. It induces apoptosis by
damaging the cell nucleus or increasing the ratio of Bax/Bcl-2 cells, i.e., key regulators of
apoptosis that control ion flow (K+, H+, Cl−, Ca2+) and reactive oxygen species. Thus, it
acts as the “death factor” of the neoplastic cell. Under the influence of naringenin, there is
also an intracellular accumulation of TGF-β1 (a factor involved in tumorigenesis), and thus
reduced secretion and inhibition of the neoplastic process [36].

Recent studies have shown that naringenin, in addition to its effect on apoptosis, also has
an inhibitory effect on proliferation (inhibits the phosphorylation of ERK1/2—extracellular
signal-regulated kinase 1/2 and JNK—Jun N-terminal kinase) and angiogenesis (inhibits
the expression of Tie2—tyrosine-protein kinase receptor-2 and enhances the expression of
Ang2—angiopoietin-2) in murine and human melanoma cells (B16F10 and SK-MEL-28 cell
lines, respectively) [43].
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4.2. Anti-Inflammatory Activity

Naringenin inhibits leukocyte recruitment, thus preventing the action of resident
macrophages, which produce chemotactic molecules to attract leukocytes to the focus of
inflammation (mainly neutrophils). It also acts directly on macrophages by inducing the
activation of Nfr2, a factor that initiates the anti-inflammatory response [44]. In addition,
naringenin stops the activation of NF-κB, thus contributing to the inhibition of the secretion
of pro-inflammatory cytokines, e.g., IL-33, TNFα, IL-1β and IL-6 [8]. It has been shown
that this bioflavonoid can suppress the TLR4 receptor, necessary to recognizing bacterial
lipopolysaccharide and initiating an inflammatory response in the body [6,8]. Other in-
tracellular proteins (e.g., MyD88—myeloid differentation primary response protein 88;
TIRAP/Mal—Tir domain-containing adapter protein; TRIF/TICAM1—TIR domain con-
taining adapter including INF-β; TRAM/TICAM2—Trif-related adapter molecule) are also
involved in the recruitment of inflammation, leading to the activation of a cascade of pro-
teins necessary in various conventional pathways (e.g., NO secretion or NF-κB activation).
This allows the activated macrophage to participate in inflammation, for example by syn-
thesizing nitric oxide, oxygen free radicals or pro-inflammatory cytokines. However, in the
presence of naringenin, it becomes impossible, forasmuch as this bioflavonoid also inhibits
nitric oxide synthase (iNOS), preventing the release of NO. It also has an inhibitory effect
on the mitogen-activated protein kinase, MAPK, the cascade of which plays an important
role in the expression of pro-inflammatory cytokines. In addition, naringenin inhibits the
production of superoxide anion and other reactive oxygen species (ROS) while increasing
antioxidant capacity [45].

4.3. Antioxidant Activity

Naringenin is a powerful antioxidant. It can scavenge free radicals and affect the
activity of antioxidant enzymes. Jung et al. reported an increase in the activity of superoxide
dismutase (SOD) and catalase (CAT) after the administration of this bioflavonoid in the
studied group of people with hypercholesterolemia [46]. On the other hand, in animal
studies, the administration of this bioflavonoid decreased lipid peroxidation and increased
the level of antioxidants. In addition, it has been shown to effectively neutralize hydroxyl
(•OH), superoxide (O2−), hydrogen peroxide (H2O2) radicals, nitric oxide (NO−) and
DPPH radicals, thereby alleviating liver complications caused by the administration of
streptozotocin (STZ) [47]. The same authors, using in vivo studies on mice, showed an
increase in the activity of SOD, CAT, glutathione peroxidase (GPx), glutathione S-transferase
(GST) and glutathione (GSH), i.e., enzymes that are the body’s defense strategy under
unfavorable conditions. Naringenin’s antioxidant abilities are most likely due to its ability
to chelate trace amounts of metals, such as iron and copper, which contribute to enhancing
ROS production [48]. In addition, naringenin has the ability to donate electrons or a
hydrogen atom, leading to the oxidation of superoxide and hydroxyl radicals generated by
hydrogen peroxide, therefore causing an enhancement of antigenotoxic activity [49].

4.4. Effects on the Nervous System

Naringenin inhibits pain induced by inflammatory stimuli, such as phenyl-β-benzoquinone,
acetic acid, formalin, complete Freud’s adjuvant, capsaicin, carrageenan, superoxide anion
and LPS [50].

It has been shown that this bioflavonoid has an antinociceptive effect and enhances
the pain tolerance of the nervous system in vivo [4]. Inflammatory cells released by pro-
hyperalgesic cytokines (such as IL-33, TNF-α, IL-1β and IL-6), activate the nociceptor
neurons and induce pain sensitization, leading to pain [51]. The ability of naringenin to
inhibit NF-κB activity and induce Nfr2 activation indicates its indirect influence on the
activity of nociceptor neuron. It has been shown that naringenin inhibits NF-κB-dependent
production of TNF-α and IL-1β, i.e., cytokines that induce nociception by sensitizing
neurons through p38 MAPK phosphorylation [50]. Moreover, naringenin regulates TRP
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channels, expressed by nociceptor neurons such as TRPV1, TRPM3 and TRPM8. In this
way, it contributes to the induction of analgesia, i.e., the phenomenon of pain relief [52].

4.5. Antidiabetic Activity

In vitro and in vivo studies prove the role of naringenin in the prevention and treat-
ment of insulin resistance and type 2 diabetes. This bioflavonoid can reduce glucose
adsorption by the intestinal brush border, and also reduces the level of this sugar in the
kidneys. The in vivo research of Li and co-workers on albino rabbits provides evidence
that naringenin, by inhibiting intestinal glucose absorption as well as renal reabsorption,
directly contributes to the attenuation of hyperglycemia. Furthermore, in vitro studies
concerning isolation of the brush border membrane vesicles (BBMV) of the intestines and
the renal cortex revealed reduced activity of glucose uptake [53].

Moreover, it has been shown that naringenin also contributes to reabsorption, in-
creased uptake and use of glucose by muscle and adipose tissues. Using primary porcine
myotubes confirmed increased glucose uptake by naringenin while reducing intracellu-
lar ROS [54,55]. That indicates this bioflavonoid is counteracting insulin resistance. In
turn, adipocytes 3T3-L1, treated with naringenin, showed significant reduction of insulin-
stimulated glucose levels [56]. Moreover, the signaling cascades, i.e., NF-κB and JNK,
inhibited by this aglycone, have suppressed TNF-α induction and adipocyte expression in-
duced by co-culture of macrophages, TLR2. This action directly contributes to the inhibitory
involvement in obesity-induced cellulitis [57].

Naringenin has also been shown to have a productive effect on pancreatic β-cells. By
“teaching” them, it increases their ability to detect glucose. Bhattacharya et al. proved in
their study that β-cells from rat pancreas’, exposed to this bioflavonoid, upregulate insulin-
stimulated glucose secretion and, in addition, increase the expression of several genes of
these cells: Glut2; Gck; Ins1,2; Beta2; Act1,2; Pdx1 and Bcl2. This suggests that naringenin
has a pro-apoptotic effect on pancreatic cells, increasing their sensitivity to glucose [58].

4.6. Hepatoprotective Properties

Naringenin reduces triglyceride production and affects gluconeogenesis, contributing
to the attenuation of hyperglycemia and hyperlipidemia. The in vivo studies of Ortiz-
Andrade et al. confirm this effect. They showed that this bioflavonoid increases the
concentration of high-density lipoproteins (HDL) in the serum of Wistar albino rats. In
addition, it contributes to the reduction of the activity of enzymes necessary in the process
of gluconeogenesis: glucose-6-phosphatase and fructose-1,6-bisphosphatase in the liver [59].
In turn, in vivo studies performed by Sharma et al. confirm that naringin significantly
improves the lipid profile in the same animal model on a high-fat diet. Rat serum shows
decreased levels of triglycerides, triacylglycerol, LDL cholesterol and non-esterified fatty
acids (NEFA), while elevated levels of HDL cholesterol are observed [60].

4.7. Antimicrobial Activity of Naringenin

The increasing resistance of bacteria to antimicrobial drugs is a global trend, compa-
rable to an eruption of a sleeping volcano. Currently, for every group of antibiotics, there
can be found strains of bacteria which are resistant. This ever-growing problem is due
to the intensive use of antibiotics in many areas including food production, veterinary
medicine and medicine. Their excessive administration during the COVID-19 pandemic,
the treatment of asymptomatic patients and the increasing use of broad-spectrum antibi-
otics (in the absence of narrow-spectrum ones) promotes this phenomenon and facilitates
its propagation [61–63]. This overuse leads to the development of multidrug-resistant
phenotypes: VRE (vancomycin-resistant Enterococcus), MRSA, ESBLs (extended-spectrum
beta-lactamases), KPC (Klebsiella pneumoniae carbapenemase) and NDM-1 (New Delhi
metallo-β-lactamase-1). Naringenin and its derivatives have antimicrobial properties, espe-
cially against Gram-positive bacteria, such as S. aureus, including antibiotic resistant strain
MRSA. At the moment, the results of clinical trials of this bioflavonoid as an antimicrobial
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agent are poor, and there are no registered clinical trials in the databases of both the U.S. and
E.U. However, its pharmacological safety was proven for doses as high as 900 mg (escalated
safe total dose) [64], so its usage as an antimicrobial drug can be explored in future.

5. Antimicrobial Activity against Gram-Positive Bacteria

Multidrug-resistant (MDR) strains of bacteria are increasingly being isolated mainly
in hospital treatment, but also in non-hospital treatment. The prevalence of CA-MRSA
(community-associated MRSA) strains is becoming particularly alarming. The Center for
Disease Control and Prevention (CDC) listed MRSA as a “serious threat”. This growing re-
sistance brings the need to search for new therapeutic options. Naringenin activity against
MRSA is confirmed by number of laboratory investigations and is probably stronger against
Gram-positive bacteria than Gram-negative, as shown in a study comparing naringenin
activity and mechanism of action against S. aureus and Escherichia coli. In both species,
maximum growth rate was decreasing with increasing concentration of naringenin. How-
ever, for S. aureus, the inhibition was much more significant, because for a concentration of
1.47 mM, an almost three-fold decrease in viability of this strain was shown. Also, time to
reach the stationary phase of growth for S. aureus was elongated by naringenin solution.
Complete growth inhibition of this strain was observed up to 14 h in the presence of this
bioflavonoid at a concentration of 2.20 mM. In the same study, membrane fluidity and fatty
acid profiles were investigated, showing that submission to naringenin altered membrane
composition in favor of anteiso-branched fatty acids, resulting in increased membrane
fluidity. This mechanism of action can suggest that difference in naringenin activity against
Gram-positive and Gram-negative bacteria can emerge from differences in their membrane
structure [65]. Also, Wang and co-workers, in their other studies, showed that naringenin
can interact with the bacterial cell in a variety of ways. This bioflavonoid has an effect on
both membrane fatty acids and proteins, and also can bind to the DNA of S. aureus [66].

A mechanism of action different than that of standard antibiotics can explain why
naringenin and its derivatives are active against antibiotic-resistant pathogens such as
MRSA. The results of research in this direction are very promising. In a study from 2013,
MIC of this bioflavonoid against MRSA (bovine isolate) was measured to be 20 mM, while
for its derivative, 7-O-butylnaringenin, it was only 0.625 mM [31]. In a more complex
study on human isolates, MIC of 12 various naringenin derivatives ranged between 4 and
64 µg/mL. The substances with the greatest potential against MRSA (clinical isolate from
blood infections) were: 7-O-butylonaringenin oxime and 7-O-hexylnaringenin oxime with
MIC value of 4 µg/mL; 7-O-butylnaringenin, 7-O-pentylnaringenin oxime and 7,4′-di-
O-isopropylnaringenin oxime with MIC value of 8 µg/mL; 7-O-ethylnaringenin oxime
and 7-O-isopropylnaringenin oxime with MIC value of 16 µg/mL. Of these compounds,
7-O-isopropylnaringenin oxime showed the lowest MBC value at 32 µg/mL. The same
study investigated interactions between the actions of bioflavonoid-based substances
and antibiotics against MRSA, showing a synergistic effect between particular naringenin
derivatives, such as 7-O-isopropylnaringenin oxime and 7-O-hexylnaringenin oxime, which
lowered MIC for gentamicin eight-fold, MIC for erythromycin (four-fold) and MIC for
gentamycin/erythromycin (eight-fold) for 1 and 2 derivative, respectively [67]. In another
study, the addition of naringenin and its fluorinated derivatives proved to decrease MIC of
ciprofloxacin for MRSA (hospital isolate) by up to 50-fold [68]. Scheme 1a,b show the results
of both authors discussed above. However, one study suggested antagonistic interaction
between β-lactam antibiotics and naringenin. In this study, bioflavonoid inhibited growth
of both MRSA and MSSA (methicillin-sensitive S. aureus), but the growth was visible
around penicillin and oxacillin discs and methicillin strips [69]. In contrary, another study
revealed synergistic interaction between naringenin and oxacillin against MRSA, resulting
in lesser cell growth measured as cell density [70].
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4—7,4′-di-O-methylnaringenin oxime; 5—7-O-ethylnaringenin; 6—7-O-ethylnaringenin oxime; 7—
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13—7-O-pentylnaringenin; 14—7-O-pentylnaringenin oxime; 15—7-O-hexylnaringenin; 16—7-O-
hexylnaringenin oxime; 17—7,4′-di-O-hexylnaringenin; 18—7,4′-di-O-hexylnaringenin oxime (based on
Duda-Madej et al. [67]). (b) NG—naringenin; 19—6-fluoronaringenin; 20—6-chloronaringenin; 21—6-
iodonaringenin; 22—6,8-difluoronaringenin; 23—6,8-dichloronaringenin; 24—6,8-diiodonaringenin (based
on Mohammed et al. [68]).

Since biofilm formation by pathogenic bacteria is considered a major virulence factor
(it protects against immune response mechanisms and the targeted action of antimicrobial
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agents), fighting is a key step in infection control. The useful property of naringenin in this
field is its ability to inhibit the formation of biofilm. Such action was proven in the case of
Streptococcus mutans. In this study, naringenin solution with a concentration of 200 µg/mL
almost totally inhibited the formation of biofilm, while 100 µg/mL had about 70% effect
and 50 µg/mL was effective at 50%, respectively. Not only growth of bacteria was inhibited,
but also their surface hydrophobicity was increased and aggregation reduced. The same
study used PCR to determine expression of genes related with biofilm formation: gtfB,
gtfC, comD, comE, and luxS. Those were proven to be suppressed by this bioflavonoid [71].
An analogical study was performed for MRSA and ∆agr mutant (mutation inserted in
the accessory gene regulator quorum sensing (QS) system), revealing lower expression of
icaAD gene and thus lower levels of biofilm formation after incubation in naringenin [70].

One more characteristic of naringenin is that it inhibits production of α-toxin, one of
the S. aureus cytotoxins. This property was confirmed for three different S. aureus strains
(ATCC 29213, ATCC 10832, and 8325-4) by measurement of haemolytic activity, which
decreased to 5.79%, 9.27% and 4.91% compared to the control group. The α-toxin-reduced
expression was confirmed using western blot analysis. Interestingly, for one of the tested
S. aureus strains, USA 300, no α-toxin antigen was detected after treatment with naringenin
solution at a dose as low as 2 µg/mL. Zhang and co-workers treated, with naringenin
solutions, both lung carcinoma epithelial cells (A549 cell line) and S. aureus co-culture
system, which simulated pneumonia. They showed that this bioflavonoid had the ability
to damage cancer cells, as well as cells changed by the disease process, at levels as high as
50%. They determined the cytotoxic dose for a concentration of 9.22 µg/mL of naringenin
by measuring lactate dehydrogenase (LDH) activity. Furthermore, the authors tested with
in vivo studies the effect of this bioflavonoid on mice infected with an S. aureus strain
that caused pneumonia. A dose of 100 mg/kg was administered, which corresponded to
26.04 µg/mL maximum plasma concentration. In histological analysis, the lungs of treated
mice had only few focal inflammation areas, while in the control group there were extreme
signs of injury [72]. Such effects of naringenin may be due to its effects on the immune
response and the levels of secreted cytokines, as evidenced by the research of Yao et al.
A study conducted on children with bronchial pneumonia showed that bioflavonoid
lowers plasma concentration of pro-inflammatory cytokines such as IL-6, IL-8 and TNF-
α and increases the level of anti-inflammatory IL-10, with even greater efficiency than
azithromycin [73]. Administration of naringenin turned out to be beneficial for children
due to reduction of inflammation, shortening disappearance time of clinical symptoms and
reducing complications after therapy. This gives positive insight on naringenin as a potent
drug for infections; however, no cultures were done, hence MIC/MBC were not measured.
Given these optimistic data, we cannot be sure whether the improvement of the patients is
a result of the antimicrobial or anti-inflammatory properties of naringenin.

Naringenin and naringin antimicrobial properties can be used in many ways. One
of the investigated areas is usage of naringin in orthopedy, as an element of titanium
implant coating. Controlled release of bioflavonoid from a metal-organic framework
allowed it to both induce osseointegration and prevent S. aureus infection [74]. Another
way to use naringin to treat infections caused by Gram-positive bacteria is in a complex
with gold nanoparticles stabilized by gum tragacanth. Naringenin encapsulated in a gold
nanoparticle showed an MIC of 21.98 µg/mL against Bacillus subtilis ATCC 11774. This
value is significantly lower (more than three-fold) than for the pure bioflavonoid, for which
the MIC was 68.43 µg/mL [75]. In the case of Micrococcus luteus ATCC 10240 MIC values
were similar for pure bioflavonoid and that complexed with gold nanoparticles (25 µg/mL),
but the IC50 (the concentration at which 50% growth inhibition was observed) was lower
for the complex, with values of 371.66 µg/mL and 253.93 µg/mL, respectively. Therefore,
flavonoids such as naringenin or naringin and their derivatives can be used in fighting
against infectious diseases not only by direct action but also using carriers such as the
described gold nanoparticles, or as a component of biomaterials.
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In conclusion, naringenin and its derivatives have the potential to be used against
Gram-positive bacteria due to number of different properties. They inhibit not only the
growth of pathogenic bacteria, including those resistant to classic antibiotics (MRSA), but
also reduce biofilm formation and toxin production. Therapeutic use must still be tested in
clinical trials, but taking into consideration all these properties, its pharmacological safety
and possible synergistic interaction with antibiotics, naringenin and its derivatives have
considerable potential to be used in therapy, especially in treatment of infections caused by
antibiotic-resistant pathogens such as MRSA.

6. Antimicrobial Activity against Gram-Negative Bacteria

Resistance among Gram-negative bacteria appears to be a bigger problem due to
easy spreading by plasmid transfer [76]. The second reason is lack of new antibiotics
targeting Gram-negative bacteria or the existing ones being very harmful for the patients.
Searching for compounds with promising MIC values is of primary interest to many
scientist; often they seek novelties among natural components. The activity of naturally
derived compounds against Gram-negative bacteria is usually lower, probably due to the
presence of negatively charged lipids in the outer layer of the membrane, which acts like
the lipid barrier [77,78]. Despite the fact that naringenin is not a new substance—it was
the object of research in the late 80s and early 90s—the compound has been undergoing a
renaissance in recent years [79]. Naringenin derivatives have become an object of particular
interest. There are many scientific studies describing the activity of plant extracts containing
naringenin, but there is not much research on the pure compound, which is the focus of this
review. The MIC of naringenin and naringin against Gram-negative bacteria were measured
by many authors and are summarized by us in the table below (Table 1). The most frequently
tested species were E. coli, H. pylori, Pseudomonas aeruginosa and K. pneumoniae. Authors
determined the antibacterial activity against different strains of these bacteria, which were
either purchased or isolated from patients. The MIC values of naringenin ranged from
0.5–1 up to 2000 µg/mL; however usually 1000 µg/mL was the highest concentration tested.
There were similarly good results for H. pylori, ranging from 40 µg/mL to 100 µg/mL. The
values for E. coli heavily differed (12.5–1000 µg/mL). Results of naringin were significantly
worse comparing to naringenin. Some close derivatives of naringenin tested by Murti et al.
and Duda-Madej et al. had surprisingly satisfying values (MIC ≤ 50 µg/mL) shown in the
Scheme 2a,b [67,80]. Beside in vitro measurements of MICs, there are a number of molecular
and biochemical studies demonstrating the effect of this bioflavonoid on the Gram-negative
bacterial cell. Indeed, it has been shown that naringenin could affect the expression of
genes involved in QS (e.g., lasI, lasR, rhlI, rhlR, lasA, lasB, phzA1 and rhlA), thus reducing
the production of pyocyanin and elastin of P. aeruginosa PAO1 [81]. It is also known that
naringenin exhibits 34% inhibition on the urease of H. pylori, although in concentration of
300 µg/mL, which is 3–7.5 times higher than its MIC against H. pylori strains [82].

Vikram and co-workers suggested that naringenin attenuates virulence and mobility
of Salmonella enterica subsp. enterica serovar Typhimurium owing to repressing 24 genes of
pathogenicity island 1 and down-regulating 17 genes of mobility [83]. The same research
team, in another of their studies, demonstrated the inhibitory effect of naringenin on biofilm
formation of Vibrio harveyi and E. coli O157:H7 strains. The bioflavonoid directly disrupted
the type III secretion system (T3SSs) of these strains [84]. Other researchers have shown
a direct effect of naringenin on the bacterial cell. In the presence of this compound some
spectacular changes occurred in the composition of the outer cell membrane of E. coli
strains. This was due to influence on the expression of fatty acid biosynthesis-associated
genes, including fabG, fabI, fabD, cfa (decrease), and fabA (up-regulates) [65]. Although
naringenin appears to be a promising substance in the fight against Gram-negative bacteria,
similar to current antibiotics it can be neutralized by microbes. Herbaspirillum seropedicae
has the ability to degrade naringenin, probably owing to SmR1 operon, whose expression
is induced by naringenin. Mutation of fdeA gene, belonging to SmR1 operon, results in a
decline of the ability to degrade naringenin [85]. Complementing the effective fight against
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Gram-negative bacteria is the search for different forms of naringenin delivery into the body.
It has been shown that only 15% of this bioflavonoid is absorbed after oral administration,
so treatment by this route is not very promising, and new solutions are required [8,73].
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Scheme 2. In vitro activity of naringenin derivatives against Gram-negative bacteria. (a) 1—7-O-
methylnaringenin; 2—7-O-methylnaringenin oxime; 3—7,4′-di-O-methylnaringenin; 4—7,4′-di-O-
methylnaringenin oxime; 5—7-O-ethylnaringenin; 6—7-O-ethylnaringenin oxime; 7—7-O-isopropylnaringenin;
8—7-O-isopropylnaringenin oxime; 9—7,4′-di-O-isopropylnaringenin; 10—7,4′-di-O-isopropylnaringenin
oxime; 11—7-O-butylnaringenin; 12—7-O-butylnaringenin oxime; 13—7-O-pentylnaringenin; 14—7-
O-pentylnaringenin oxime; 15—7-O-hexylnaringenin; 16—7-O-hexylnaringenin oxime; 17—7,4′-di-O-
hexylnaringenin; 18—7,4′-di-O-hexylnaringenin oxime (based on Duda-Madej et al. [67]). (b) based on
Murti et al. [80].
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Table 1. In vitro activity of naringenin and naringin against Gram-negative bacteria.

Strain Activity of Naringenin Reference

P. aeruginosa c.i. 128 µg/mL [86]

E. coli ATCC 8739 1000 µg/mL
[87]

E. coli ATCC 11775 1000 µg/mL

H. pylori ATCC43504 80 µg/mL

[82]

H. pylori NCTC11637 40 µg/mL

H. pylori NCTC11638 40 µg/mL

H. pylori 82516 c.i.g 40 µg/mL

H. pylori 82548 c.i.g 40 µg/mL

H. pylori 4 c.i.g 100 µg/mL

E. coli ATCC 25922 1000 µg/mL [65]

E. cloacae DMST 21394 >512 µg/mL

[88]
E. cloacae DMST 21549 >512 µg/mL

E. cloacae DMST 19719 >512 µg/mL

E. coli ATCC 25922 >512 µg/mL

K. pneumoniae ATCC 13883 0.5–1 µg/mL [89]

H. pylori ATCC 43504 100 µg/mL

[90]

H. pylori ATCC 51932 100 µg/mL

H. pylori OX.22 c.i. 100 µg/mL

H. pylori OX. 63 c.i. 100 µg/mL

H. pylori OX.64 c.i. 100 µg/mL

H. pylori OX.67 c.i. 100 µg/mL

H. pylori OX.83 c.i. 100 µg/mL

Bacteroides galacturonicus DSM 3978 250 µg/mL
[91]

Escherichia coli DSM 1116 >250 µg/mL

H. pylori ATCC 43 504 100 µg/mL [92]

E. coli ATCC 31030 550 µg/mL

[79]

P. mirabilis ATCC 25933 550 µg/mL

P. aeruginosa ATCC 10145 500 µg/mL

S. enterica subsp. enterica serovar Paratyphi B(S-3) 600 µg/mL

S. enterica subsp. enterica serovar Typhi D(S-58) 400 µg/mL

S. enterica subsp. enterica serovar Typhimurium
ATCC 14028 600 µg/mL

S. sonnei D1, L1, S2 ATCC 9290 450 µg/mL

S. marcescens ATCC 11105 500 µg/mL

S. boydii C2, L1, S2 ATCC 8700 100 µg/mL

S. marcescens ATCC 27117 400 µg/mL [93]

E. coli ATCC 25922 >2000 µg/mL

[94]

K. pneumoniae ATCC 13883 2000 µg/mL

P. mirabilis ATCC 43071 2000 µg/mL

P. aeruginosa ATCC 27857 >2000 µg/mL

S. enterica subsp. enterica serovar Typhimurium
ATCC 14028 >2000 µg/mL
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Table 1. Cont.

Strain Activity of Naringenin Reference

E. coli MTCC 1652 12.5 µg/mL
[95]

P. aeruginosa MTCC 424 23.5 µg/mL

E. coli K-12 MG1655 800 µg/mL

[96]
S. enterica subsp. enterica serovar

Typhimurium LT2 1000 µg/mL

P. putida ATCC 795 1000 µg/mL

S. enterica subsp. enterica serovar Typhimurium
ATCC 14028 250 µg/mL [97]

E. coli 916 c.i.g 125 µg/mL

[98]S. enterica subsp. enterica serovar
Typhimurium 450 c.i.g 125 µg/mL

E. coli ATCC 25922 400 µg/mL [99]

Strain Activity of Naringin Reference

P. aeruginosa ATCC 9027 1000 µg/mL [87]

H. pylori ATCC43504 >100 µg/mL

[82]

H. pylori NCTC11637 >100 µg/mL

H. pylori NCTC11638 >100 µg/mL

H. pylori 82516 c.i.g >100 µg/mL

H. pylori 82548 c.i.g >100 µg/mL

H. pylori 4 c.i.g >100 µg/mL

H. pylori ATCC 43 504 >100 µg/mL [92]

E. coli c.i. 500 µg/mL
[100]

P. aeruginosa c.i. 500 µg/mL

E. coli ATCC 31030 900 µg/mL

[93]

P. mirabilis ATCC 25933 700 µg/mL

P. aeruginosa ATCC 10145 600 µg/mL

S. enterica subsp. enterica serovar
Typhimurium ATCC 14028 800 µg/mL

S. marcescens ATCC 27117 600 µg/mL

E. coli ATCC 25922 >2000 µg/mL [101]

E. coli K-12 MG1655 >1000 µg/mL

[96]
S. enterica subsp. enterica serovar

Typhimurium LT2 >1000 µg/mL

P. putida ATCC 795 >1000 µg/mL
Legend: c.i.—clinical isolates; c.i.g—clinical isolates from gastroscopic samples; OX—clinical isolates obtained
from the Microbiology Lab at OUCRU (Oxford University Clinical Research Unit, Ho Chi Minh City, Vietnam)
from patients with duodenal and stomach ulcers.

7. Antifungal Activity

According to the CDC, in 2021 in the United Stated there were about 7000 deaths
from fungal diseases (CDC, n.d.). However, this is only an estimated number as many
infections were undiagnosed. Fungal diseases may be really serious and life-threatening,
especially in immunosuppressed patients, because they usually suffer from invasive fungal
infections (IFIs).
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The burden of fungal diseases is the trigger point for searching for new antifungal
agents. Many studies are focused on naringenin and its derivatives, as among many
properties, they exhibit antifungal effects. In the table below, there are gathered MICs of
naringenin and its derivatives that reflect their activity against selected fungi (Table 2).

Soberón and co-workers pointed out that Candida albicans is a pathogen that frequently
causes hospital infections and may be resistant to many antifungal agents. Inspired by
Argentinean folk medicine, the authors obtained naringenin from Tessaria dodoneifolia
ethanolic extract and examined its antifungal activity on two C. albicans strains: ATCC 10231
(sensitive to fluconazole) and 12–99 (resistant to fluconazole). Naringenin was active against
both tested strains, and—the main conclusion of the experiment—the results obtained
suggested that the combination of this bioflavonoid with fluconazole showed a synergistic
effect against resistant strains. Naringenin’s MIC value is marked as 40 µg/mL against
both C. albicans ATCC 10231 and 12–99 (Table 2) [102]. However, when naringenin was
used in concentration 83 µg/mL, it had no antifungal activity on C. albicans ATCC 10231 or
on Candida spp. [103].

Moreover, according to Rauha et al., naringenin fails to inhibit growth of C. albicans
ATCC 10231, Aspergillus niger ATCC 16404 and Saccharomyces cerevisiae FOMK [84]. Also,
naringin showed no antimicrobial activity against these fungi with its MIC value of
1250 µg/mL against C. albicans from clinical isolates (Table 2) [101].

Another group of compounds which possess antifungal properties are ether deriva-
tives of naringenin. O-Alkyl derivatives of naringenin and their oximes were tested for
activity against bacteria and fungi. It turns out that the strongest effect against Fusarium
linii KB-F1 showed not only naringenin, but also 7-O-dodecylnaringenin oxime, 7,4′-di-O-
dodecylnaringenin and its oxime. These compounds caused complete growth inhibition
of this fungal strain. The same effect was observed for naringenin oxime and 7,4′-di-O-
pentylnaringenin against A. niger DSM1957. Based on these results, elongation of the
O-alkyl chains attached at positions C-7 and C-4′ in naringenin increased the antimicro-
bial activity. In the case of C. albicans DSM1386, oximes of O-alkyl derivatives exhibited
a stronger effect than just O-alkyl derivatives. This is an important observation, which
suggest that introducing the oxime group amplified biological properties [30]. The enhanc-
ing of the antifungal properties of naringenin is caused also by introducing heterocyclic
nuclei. In the study of Murti Y., twelve naringenin derivatives, substituted at C-3 position,
were tested for activity against two fungal strains: A. niger MTCC 9687 and C. albicans
MTCC 183. All of these compounds had an antifungal effect, but the 4′-chlorophenyl-
substituted naringenin molecule at the C-3 position had the strongest antifungal activity,
and its MIC value was 16 µg/mL against both fungal strains (Table 2). Although all of
the derivatives showed antifungal activity, there are also moieties that may reduce it. The
methoxy-substituted phenyl ring decreased the antifungal effect of naringenin [80]. Accord-
ing to the above-mentioned studies, different naringenin derivatives also have significant
biological properties, some of them even greater than naringenin. This knowledge can
open up new possibilities in searching for new antifungal agents.

Flavonoids are also examined for their activity against major rice pathogens. The
main cause of much plantation damage and food losses are fungal diseases—the most
destructive fungus species appears to be Magnaporthe oryzae (Pyricularia oryzae). Rice is
a staple food for over 50% of the world’s population, so such crop damage may lead to
tragic consequences [104]. The influence of naringenin on this strain was associated with
an inhibitory effect on the spore germination with as low as 7 µg of this bioflavonoid [105].
What is more, rice plants actually use naringenin to produce sakuranetin, which have
better antifungal properties. On the other hand, M. oryzae metabolizes sakuranetin into
naringenin, so it lowers the resistance of rice plants [106]. Being aware of this process may
be a starting point for further examination of activity against rice pathogens of naringenin.
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Table 2. In vitro activity of naringenin and its derivatives against selected fungi strains.

Compound Strain Activity Reference
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8. The Mechanism of Action of Naringenin on Bacteria and Fungi

Naringenin, like all flavonoids, blocks the respiratory chain, fatty acid synthesis,
gyrase activity, QS molecules and increases membrane permeability [110].

Song and co-workers showed in their research that the presence of naringenin not
only influences the distribution of fatty acids in the bacterial cell, but also reduces the
expression of genes involved in biofilm formation. This situation contributes to a change in
the structure of the biofilm and an increase in the sensitivity of the S. aureus strain showing
MR resistance to antibiotics [70]. Other studies have also shown that naringenin is an
antagonist of cell-to-cell signaling, an important regulatory factor in biofilm production in
some bacteria [84]. The results obtained by Paczkowski et al. provide additional facts in
this regard. They showed that this bioflavonoid has the ability to simultaneously inhibit the
pairs LasI/R and RhlI/R, i.e., two synthetases with their receptors, which are responsible
for the synthesis of two autoinducers in QS in P. aeruginosa [111].

It is significant that flavonoids, including the naringenin discussed in this review, have
been shown to use different antimicrobial mechanisms than the antibiotics available on the
market [112]. Thus, they can play a huge role in amplifying the synergism of antimicrobial
therapy. The available literature data clearly indicate that naringenin interacting with
antibiotics enhanced both the synergistic and additive effect. Hyperadditional synergism
has been demonstrated in the interaction of this flavonoid with oxacillin, a β-lactam
antibiotic [70]. An additive and synergistic effect was also observed in the combination of O-
alkyl naringenin derivatives with antibiotics from the groups macrolides, fluoroquinolones,
nitroimidazoles, aminoglycosides, glycopeptides and polypeptides. Duda-Madej and co-
workers speculate that this phenomenon occurs most likely because naringenin and its
derivatives must act on the same target sites as the antibiotics used, namely the cell wall,
genetic material and/or protein synthesis [67]. Given the fact of the confirmed synergistic
effect of naringenin in combination with antibiotics and the ability of this bioflavonoid to
increase the activity of liver enzymes (ALT—alanine aminotransaminase; AST—aspartate
aminotransferase) [36,113], due caution should be exercised during antibiotic therapy,
remembering that these enzymes are responsible for metabolizing drugs. Therefore, the
administration of this bioflavonoid at the same time as an antibiotic may contribute to
a significant decrease or a dangerous increase (depending on the antibiotic used) in its
concentration in the body. Ultimately, this can result in the failure of the antimicrobial
therapy or the occurrence of various side effects.

Tsuchiya et al., conducting research on the MRSA strain, proved that the antimicrobial
effect of naringenin consists of reduced fluidity in the hydrophilic and hydrophobic regions
of both the inner and outer cell membranes [114]. The bacterial plasma membrane is
responsible for the processes of self-regulation, respiration, transport, biosynthesis and
cross-linking of peptidoglycan, as well as lipid biosynthesis. Thus, disruption of its integrity
may directly or indirectly affect metabolic processes and lead to the death of the bacterial
cell. Moreover, the ability of the bioflavonoid to block the synthesis of the cell envelope by
inhibiting the effect on 3-hydroxylacyl-ACP dehydratase in H. pylori and 3-ketoacyl-ACP
synthase in E. faecalis has been proven [115,116]. These enzymes are necessary for the
synthesis of, inter alia, lipoproteins, phospholipids and lipopolysaccharides, i.e., compo-
nents of the cell membrane. The inhibitory effect on these pathways disrupts the proper
functioning of the bacterial cell and represents the hook for disrupting their proliferation.
This ability of naringenin is very important as it is desirable in the development of new
antibacterial drugs.

Studies on the antimicrobial mechanism of naringenin indicate its active participation
in the inhibition of the efflux pumps, i.e., proteins involved in pumping out the antibiotic
from the bacterial cell [117]. This bioflavonoid ability has the potential to be developed in
the future as a phytobiotic in the fight against microbial resistance. Additionally, the studies
by Oh et al. confirm this fact, as they have shown that phenolic compounds (including
naringenin) reduce the expression level of CmeABC, a multi-drug efflux pump that is
important in antibiotic resistance in Campylobacter jejuni strains [118].
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9. Conclusions

Naringenin, commonly found in large amounts in citrus fruits, is known for many bio-
logical activities, e.g., the antioxidant, anti-inflammatory, anti-cancer, but also antimicrobial.
Naringenin itself is characterized by a much lower activity against Gram-negative bacteria,
in contrast to Gram-positive bacteria, where this activity is much more satisfactory. In
turn, its antifungal activity is at a moderate level against both filamentous and sporulation
fungi. Very promising results in antimicrobial activity are given by naringenin derivatives,
which emphatically improve the antimicrobial activity. The incorporation of the oxime
group in place of the carbonyl moiety at the C-4 position significantly increases the activity
against pathogenic microorganisms, both Gram-positive (e.g., S. aureus, E. faecalis) and
Gram-negative (e.g., H. pylori, E. coli, P. aeruginosa). A similar relationship was observed in
studies on antifungal activity. Pure naringenin showed even more than two times lower
activity than its derivatives (containing, among others: O-alkyl chains; 4′-hydroxyphenyl,
4′-nitrophenyl, 4′-chlorophenyl, thiophene, furfural or piperonal rings). The comprehen-
sive action of naringenin, which we focus on in this review, suggests the need for further
research on this bioflavonoid and its derivatives and their relationship with pathogenic
microorganisms and, consequently, their effects on the human body.
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Abstract: Fusarium graminearum is a globally important cereal pathogen, causing head blight in
wheat, resulting in yield losses and mycotoxin contamination. Currently, triazole fungicides are used
to suppress Fusarium graminearum, however, the declining effectiveness of triazoles and concerns
over the safety of pesticides have led to the pursuit of safe alternative crop protection strategies
such as biofumigation. In the present study, species belonging to Brassicaceae (Brassica juncea,
Raphanus sativus, Eruca sativa) were assessed for their biofumigation potential against F. graminearum
and the glucosinolate profile of the brassicas was determined. In Petri dishes, mycelial plugs of
Fusarium graminearum were exposed to frozen/defrosted leaf discs of brassicas collected at early-leaf,
stem-extension, and early-bud stages. Additionally, F. graminearum inoculum was incubated in soil
amended with chopped tissues of brassicas in a closed jar experiment. Glucosinolate analysis of the
leaf tissue of brassicas revealed that the total glucosinolate concentration of B. juncea ‘Brons’ increased
with advancing growth stage (24.5–51.9 µmol g−1). Brassica juncea leaf discs were effective against
mycelial growth, while the sinigrin content in the leaf tissue corresponded to the level of suppression.
At the stem-extension and early-bud stages, B. juncea ‘Brons’ showed 87–90% suppression with
four leaf discs, and 100% suppression with eight leaf discs. Brassica juncea ‘Caliente Rojo’ leaf discs
collected at the stem-extension stage showed 94% inhibition with eight discs. In the closed jar
experiment, each brassica species significantly suppressed F. graminearum inoculum by 41–55%. The
findings suggest that the brassica species investigated in the present study could be effective in
reducing the inoculum of F. graminearum in soil prior to cereal production.

Keywords: biofumigant; sinigrin; head blight; Brassica juncea; Eruca sativa; Raphanus sativus

1. Introduction

Fusarium graminearum, an ascomycete fungus, is the most prevalent and important
pathogen of head blight in wheat and has been reported in all continents except Antarc-
tica [1]. It is also an important causal agent of ear rot and stalk rot in maize [2]. Fusarium
head blight can result in yield losses as high as 50% in cereals [3,4], although >70% yield
losses were recorded in Argentina in 2012 [5]. In 2015/16, Fusarium head blight caused
yield losses valued at $1.176 billion in the U.S. [6]. Fusarium graminearum not only causes
yield losses but also economic and health losses due to mycotoxin production in cereals.
The major mycotoxins produced by F. graminearum are deoxynivalenol and zearalenone.
Deoxynivalenol induces vomiting, anorexia, reduces food intake, and causes hepatotoxic,
immunotoxic, and neurovirulent effects [7]. Zearalenone, a mycoestrogen, has adverse
effects on the reproductive system and is associated with the early onset of puberty in
young children [8,9]. Contamination with concentrations exceeding the EU legal limits of
100 µg kg−1 zearalenone and 1250 µg kg−1 deoxynivalenol in wheat for human consump-
tion were detected in 29% and 13% of wheat samples, respectively, in England in 2008 [10].
Moreover, 83% of durum wheat samples from Tunisia in 2007 [11] and 12.5% of maize
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samples from Serbia in 2011 [12] were found to be contaminated with deoxynivalenol at
concentrations higher than the EU legal limit of 1750 µg kg−1 for these foodstuffs.

The use of fungicides, particularly triazoles, has been the main method of F. gramin-
earum management. However, there are serious concerns due to their declining effectiveness
and the high selection pressure for fungicide resistance [13–15]. Thus, the use of triazole
fungicides may potentially be reduced due to a decrease in Fusarium sensitivity. Addi-
tionally, evidence concerning the endocrine-disrupting potential of triazoles [16,17] has
prompted the quest to find alternative safer management strategies. Currently, control
strategies such as biopesticides have been gaining interest due to their safer effect on the
environment and health. One such approach, “biofumigation”, which was first coined in
the 1990s, uses brassica crops such as mustard and radish, which are rich in glucosinolates
(GSLs). The method involves growing brassica crops between cash crops, followed by
shredding and incorporation into the soil. The tissue disruption allows for the physical
contact of GSL and myrosinase enzymes, which are present separately in intact cells [18].
Myrosinase enzymes are located primarily in specialised cells known as myrosin cells,
which are dispersed throughout the brassica tissues [19]. Within the myrosin cells, myrosi-
nase enzymes are present in protein containing vacuoles: the myrosin grains [20]. On the
other hand, GSLs are distributed throughout the plant organs and are located in translucent
vacuoles or moved for long-term storage in sulphur-rich cells called the S-cells [21,22].
Glucosinolates are non-toxic unless they are hydrolysed upon tissue disruption. The in-
teraction of GSL and myrosinases leads to the catalysis of GSL into a range of biologically
active substances including toxic isothiocyanates (ITC) [23,24]. These volatile substances
are known to have toxic effects on nematodes [25], weed [26], and fungi [27,28].

Although the term biofumigation was introduced in the 1990s, the suppression of
soil-borne pathogens by volatile organic compounds from brassica tissues was reported
in the 1970/80s. Lewis and Papavizas [29] reported the suppression of Rhizoctonia solani
using cabbage tissues in the laboratory experiments. Colonisation of buckwheat stem
segments in the R. solani-infested soil was reduced by 75% when exposed to vapours
from decomposing cabbage tissues. Since these initial studies, biofumigation has been
investigated for its suppressive effects against fungal pathogens, nematodes, and weeds. In
an in vitro study [30], leaf tissues of the Brassica species were tested against Pythium and
Rhizoctonia species. Radial growth of Pythium ultimum and Rhizoctonia solani in Petri dishes
were reduced by 100% and 73%, respectively, 48 h after being placed inverted over the
neck of a 500 mL jar containing 10 g of macerated leaves of B. juncea. In another study [31],
where freeze-dried, macerated shoot tissues of brassica cultivars were mixed with 200 g
of artificially infested sterile quartz sand (200 Verticillium dahliae microsclerotia g−1 sand)
in sealed flasks, B. juncea tissue (0.6 g) proved to be the most inhibitive with up to 80%
suppression. Handiseni et al. [32] also successfully demonstrated the suppressive effect of
brassica tissues against R. solani; in this study, macerated shoot tissue of B. juncea (3 g in
Petri dish) was found to be the most effective, causing >90% inhibition of mycelial growth.

Whilst biofumigation has attracted significant interest, research on its potential appli-
cation for reducing the inoculum of Fusarium species affecting cereals is scarce. Fusarium
graminearum produces ascospores (sexual spores) and conidia (asexual spores) and mainly
overwinters as mycelium in infected crop debris, which serves as the primary inoculum
for head blight disease in cereals [33]. Previously, ITC were tested against mycelial radial
growth and conidial germination of F. graminearum under in vitro conditions [34]. Among
the tested ITC, allyl and methyl ITC were overall more efficient, showing a lower effective
dose resulting in 50% inhibition (ED50) (35–150 mg L−1), suggesting volatiles released from
the damaged brassica tissues could have a suppressive effect on F. graminearum. Thus,
the present study was performed to investigate the potential of brassicas to suppress F.
graminearum. The aim of this study was to evaluate the effect of the leaf tissue of brassicas
on mycelial growth of F. graminearum in vitro and to investigate the effect of shredded
brassica tissues on the F. graminearum inoculum in a closed jar experiment.
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2. Results
2.1. Glucosinolate Content of Brassica Leaf Tissue

The concentrations of the GSLs occurring in the leaf tissue of the brassicas are shown in
Table 1. The GSL profile found in the leaves varied both qualitatively and quantitatively among
the cultivars. The predominant GSL of B. juncea was sinigrin (allyl ITC-precursor) and that of
Raphanus sativus was glucoraphanin (sulforaphane-precursor). The total GSL concentration of
B. juncea ‘Brons’ increased with advancing growth stage (24.5–51.9 µmol g−1). However, in
the other three brassicas tested, the total GSL concentrations in leaf tissue were lower at the
early-bud stage compared to stem-extension. Sinigrin comprised 91–94% of the total GSL
content of the leaf tissue of B. juncea ‘Caliente Rojo’, occurring in the highest concentration
(59.5 µmol g−1) at the stem-extension stage, while the total GSL concentration ranged from
25.0 to 63.5 µmol g−1. The total GSL concentration of Eruca sativa ‘Trio ’and R. sativus
‘Bokito’ ranged from 12.9 to 17.2 µmol g−1 and 8.7 to 39.6 µmol g−1, respectively.

Table 1. The type and concentration of glucosinolates in freeze-dried leaf tissue of brassica plants
used in the leaf disc assay to investigate the effect of volatiles released from defrosted leaf discs of
brassicas on the mycelial growth of Fusarium graminearum in vitro.

Glucosinolate
Brassica juncea

Brons
Brassica juncea
Caliente Rojo

Raphanus sativus
Bokito

Eruca sativa
Trio

I a II b III c I II III I II III I II III

Glucoberin 2.47
(0.6) d

3.15
(0.49)

2.01
(0.41)

1.29
(0.2)

1.81
(0.3)

1.33
(0.37)

2.28
(0.4)

1.16
(0.18)

2.15
(0.6)

2.54
(0.6)

2.55
(0.33)

2.37
(0.75)

Progoitrin 0.38
(0.1)

0.34
(0.02)

0.30
(0.10)

0.25
(0.04)

0.23
(0.11)

0.26
(0.09)

0.35
(0.08)

0.37
(0.12)

0.46
(0.08)

0.30
(0.1) 0.00 0.00

Sinigrin 21.44
(1.7)

24.02
(2.94)

48.52
(3.03)

22.72
(1.88)

59.54
(2.32)

50.9
(3.8) - - - - - -

Gluconapin 0.00 0.00 0.35
(0.09)

0.27
(0.07)

0.35
(0.03)

0.25
(0.09) - - - - - -

Glucobrassicin 0.14
(0.04)

0.03
(0.01)

0.11
(0.02)

0.11
(0.02)

0.14
(0.02)

0.23
(0.12)

1.62
(0.26)

3.87
(1.9)

2.62
(0.6)

0.22
(0.03)

0.54
(0.08)

0.58
(0.08)

Gluconasturtiin 0.11
(0.01)

0.39
(0.05)

0.58
(0.08)

0.24
(0.08)

0.97
(0.19)

0.76
(0.12)

0.32
(0.13)

1.13
(0.2)

0.96
(0.2)

0.77
(0.12)

0.42
(0.15)

0.24
(0.10)

Neoglucobrassicin 0.00 0.00 0.00 0.05
(0.01)

0.04
(0.01)

0.01
(0.007) 0.00 0.00 0.00 0.00 0.06

(0.02) 0.00

Glucoraphanin - - - - - - 2.90
(0.5)

23.56
(3.2)

7.29
(2.1)

2.42
(0.51)

2.84
(0.64)

2.75
(0.6)

Glucoraphenin - - - - - - 0.18
(0.05)

1.34
(0.4)

0.44
(0.07) - - -

4 hydroxy
glucobrassicin - - - 0.05

(0.01)
0.37
(0.1)

0.4
(0.15) 0.00 0.04

(0.01)
0.03

(0.01) - - -

Glucoraphasatin - - - - - - 1.02
(0.03)

8.10
(1.1)

11.09
(3.1) - - -

Glucoalyssin - - - - - - - - - 0.86
(0.18)

0.51
(0.2)

0.45
(0.14)

Glucoerucin - - - - - - - - - 0.57
(0.14)

1.20
(0.01)

1.50
(0.28)

4-mercaptobutyl - - - - - - - - - 3.58
(0.72)

5.70
(0.44)

3.21
(0.58)

unknown - - - - - - - - - 0.61
(0.2)

0.83
(0.23)

0.69
(0.19)

unknown - - - - - - - - - 1.04
(0.12)

2.59
(0.66)

2.83
(0.74)

Total glucosinolates 24.54
(2.26)

27.94
(4.18)

51.87
(3.34)

24.98
(4.59)

63.45
(3.46)

54.15
(2.94)

8.67
(2.33)

39.56
(1.25)

25.05
(3.69)

12.90
(1.20)

17.23
(2.47)

14.63
(2.57)

a I = early-leaf growth stage (4 to 5 true leaves unfolded); b II = stem-extension stage; c III = early-bud stage;
d GSL conc. µmol g−1 freeze-dried leaf tissue, mean (SE) values from two replicates.
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2.2. Effect of Brassica Leaf Discs on Fusarium graminearum

The effect of B. juncea ‘Brons’ on F. graminearum varied slightly between the first
experiment (with three brassicas; Supplementary Table S1) and the second experiment (with
four brassicas). For example, F. graminearum, when exposed to two leaf discs collected at
the stem-extension stage of B. juncea ‘Brons’, showed a 9% reduction in the first experiment
in contrast to the 60% reduction in the second experiment. Raphanus sativus ‘Bokito’ and E.
sativa ‘Trio’ showed similar effects in both experiments. Results of the second experiment
are presented here.

Different responses of F. graminearum were observed according to the brassica species,
dosage of leaf discs, and growth stage (Figures 1 and 2). The interaction between the
brassica growth stage, brassica species, and number of leaf discs was very highly significant
(p < 0.001). The fungal growth measured five days after exposure to the B. juncea leaf
discs indicated a decline in the mycelial growth of F. graminearum. At the early-leaf stage
experiment, the highest dosage of B. juncea ‘Brons’ (eight leaf discs) inhibited the radial
growth by 41%. At the stem-extension and early-bud stages, the efficacy of B. juncea ‘Brons’
showed 87–90% suppression with four leaf discs, and complete suppression with eight leaf
discs. The suppressive effect of all doses at the early-bud stage of B. juncea ‘Brons’ was
significantly higher (p < 0.05) than the control (untreated). Brassica juncea ‘Caliente Rojo’
leaf discs collected at the stem-extension stage showed 20% inhibition with the lowest dose
(one disc) and 94% inhibition with eight discs. When compared to the untreated control, no
significant difference in the radial growth of F. graminearum was observed when exposed
to leaf discs of R. sativus ‘Bokito’ collected at each of the growth stages. In the case of E.
sativa ‘Trio’ (early-bud stage), the radial growth with one, two, and eight leaf discs was
almost similar to that of the untreated, whereas the radial growth with four leaf discs was
15% higher than that of the untreated. At the stem-extension stage, the radial growth with
two, four, and eight leaf discs (~20% higher than the untreated) was greater than the radial
growth with one leaf disc (15% higher than the untreated). However, the differences in all
treatments for E. sativa ‘Trio’ were insignificant.
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Figure 1. The mycelial colony growth of Fusarium graminearum FG2502 in Petri dishes after 5 days
untreated and exposed to 1, 2, 4, 8 leaf discs collected at three growth stages of Brassica juncea ‘Brons’,
B. juncea ‘Caliente Rojo’, Raphanus sativus ‘Bokito’, and Eruca sativa ‘Trio’. Different letters indicate
significant differences according to the post hoc Tukey’s test (p = 0.05, CV% = 10, SED = 4.276).
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2.3. Biofumigation Effect of Brassicas in Closed Jar Experiment

Data on the three brassica species (B. juncea ‘Brons’, R. sativus ‘Bokito’, E. sativa ‘Trio’)
was consistent between the first (Supplementary Table S2) and second experiments and the
results of the second experiment are presented here.

There was no significant interaction between the brassica species, biomass quantity,
or inoculum type. The suppressive effect of the chopped shoots of brassicas on the F.
graminearum inoculum was very highly significant (p < 0.001) (Figure 3). On average,
inhibition efficiency between 41 and 55% was determined for the brassica treatments tested.
The effect of biomass quantity at the two doses (15 g and 65 g) was not significant.
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3. Discussion

Variation in the efficacy of Brassicaceae plants in inhibiting F. graminearum mycelium
in the leaf disc assay could be associated with the respective GSL profile. Results highlight
that the defrosted leaves of Brassica juncea ‘Brons’, collected at the three development stages,
caused significant inhibition of the mycelial growth of F. graminearum. Meanwhile, the
results of the GSL analysis indicate that sinigrin content increases with advanced stages
in this cultivar. This could be related to the inhibition of F. graminearum, as the level of
suppression increased with the advancing growth stage of B. juncea ‘Brons’. Similarly, the
effect of B. juncea ‘Caliente Rojo’ could be related to the sinigrin content detected in the
leaf tissue, with the greatest suppression of F. graminearum observed with leaves collected
at the stem-extension stage. Hence, the effective inhibition of F. graminearum mycelium
by B. juncea leaf discs could be attributed to high levels of sinigrin. Sinigrin is the parent-
GSL of allyl ITC and this GSL comprises about 98–99% of the total GSL content of some
Brassica species such as B. juncea and B. nigra [35,36]. Allyl ITC has been found to be the
predominating compound (>90%) in volatiles released from the macerated leaves of B.
juncea [30]. Correlations of mycelial inhibition with the release of allyl ITC from brassica
leaf tissues have been observed [37]. In a previous study [38], B. juncea was found to
be the most effective in inhibiting Sclerotinia sclerotiorum radial growth by 74–90% when
agar plugs were exposed to the fresh macerated tissues of B. juncea, B. campestris, and B.
napus. An in vitro assay [39] showed that macerated leaf tissues of B. juncea resulted in
73% and 100% inhibition of F. oxysporum and Rhizoctonia solani, respectively. Conversely,
Kirkegaard et al. [40] reported up to 50% suppression of F. graminearum mycelial growth
by ground freeze-dried tissue of the B. juncea shoots (10–500 mg per Petri dish). However,
in this study, intact plants were initially frozen at −20 ◦C before separating into roots
and shoots followed by freeze-drying. Hence, the comparatively lower suppression of F.
graminearum may have resulted from the loss of volatiles by GSL hydrolysis during storage
at −20 ◦C and the processing of samples, in contrast to the present study where leaf discs
were immediately flash frozen in liquid nitrogen and stored at −80 ◦C. Nevertheless, the two
studies cannot be directly compared due to the difference in the type of tissue material used.

If we assume a sinigrin content of 48.5 µmol g−1 leaf tissue (Table 1) and an ITC release
efficiency of 1% [41], eight leaf discs would yield allyl ITC concentrations of 49 mg kg−1,
suggesting that this concentration is sufficient to completely inhibit F. graminearum mycelial
growth as shown by the B. juncea ‘Brons’ leaves from the early-bud stage. Morra and
Kirkegaard [41] recorded 14–26% efficiency of ITC release from B. juncea leaf discs frozen at
−19 ◦C prior to incubation with the soil in bottles, whereas a <1% release efficiency was
noticed using fresh leaf discs. The higher efficiency was attributed to extreme membrane
disruption due to the freezing and thawing of tissues, allowing for greater contact between
GSL and myrosinase. Hence, the allyl ITC release efficiency from the frozen leaf discs in
the present assay might be higher than 1% due to a greater GSL/ITC conversion. Previous
in vitro work has shown the suppressive effect of allyl ITC on F. graminearum at ED50
concentrations of 62–135 mg L−1 [34]. Studies on Alternaria spp. suggest that ITC promotes
the production of reactive oxygen species and disrupts mitochondrial function [42] and
the plasma membrane [43,44] in fungal cells. In our previous study [34], the sensitivity of
five strains of F. graminearum (FG2556, FG2498, FG2560, FG2502, FG2481—from UK wheat
isolated in 2016) to ITC associated with these brassicas was found to be broadly similar.
Therefore, in the present study, one strain, FG2502, was assessed.

In the leaf disc assay, F. graminearum mycelial plugs, which were completely inhibited
by B. juncea ‘Brons’ treatments, showed no subsequent growth when transferred to fresh
potato dextrose agar (PDA) media, indicating that the effect was fungicidal rather than
fungistatic (data not shown). This is consistent with Charron and Sams [30], who reported
a fungicidal effect of B. juncea macerated leaves on the radial growth of Pythium ultimum.
The radial growth of P. ultimum exposed to macerated leaves was completely inhibited after
48 h, and the P. ultimum plugs, when transferred to fresh PDA, did not grow. The lowest
dose (one leaf disc) of B. juncea showed a slight stimulation in colony growth, although this
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was not significantly different to the control. Raphanus sativus ‘Bokito’ and E. sativa ‘Trio’
also appeared to insignificantly stimulate colony growth. Such stimulation is consistent
with a previous report by Kirkegaard et al. [40] where the colony growth of Bipolaris
sorokiniana was stimulated when exposed to lower quantities of B. juncea and B. napus
tissues. A slightly higher inhibition in the B. juncea ‘Brons’ treatment was seen in the second
experiment in comparison to the first leaf disc assay, as above-mentioned. This could be due
to plants grown at different times of the year (experiment 1: October–January; experiment
2: September–November). Slightly longer daylight hours and higher temperatures during
the time period of the second experiment may have resulted in higher GSL concentrations,
as these factors are known to increase the production of GSL in brassica tissues [45].

The two cultivars of B. juncea were effective in both the leaf disc and closed jar
experiments, however, R. sativus and E. sativa, despite being ineffective in the leaf disc
assay, showed significant suppression in the closed jar experiment. In addition to ITC,
other less toxic compounds such as nitriles and thiocyanates are also produced as a result
of GSL hydrolysis, and these compounds are known to have biocidal properties [46,47].
Moreover, other toxic compounds such as dimethyl disulphide and carbon disulphide are
released during the decomposition of plant material, which may also contribute to the
biofumigation effect [48,49]. These factors may have contributed to the suppressive activity
seen by R. sativus and E. sativa in the present closed jar study.

In the closed jar experiment, the two quantities of the chopped tissue added, 65 g
and 15 g, were calculated as equivalent to 50 t fresh wt. ha−1 and 12 t fresh wt. ha−1,
respectively. The rationale behind these rates was to mimic the biofumigation potential of
brassica plants with an achievable high biomass (50 t fresh wt. ha−1) in the field [50] and a
relatively low biomass (25% of a high yield). Previously, Handiseni et al. [32] exposed R.
solani mycelial plugs to B. juncea-amended soil in sealed bags. A dose dependent response
was reported with inhibition ranging from <5% inhibition at a 0.4% (wt/wt) incorporation
rate to approximately 50% inhibition at the 3.2% (wt/wt) incorporation rate. This was in
contrast to findings from the closed jar experiment where the dose effect was not significant.
As the present experiment was carried out in airtight jars, volatiles released from even
the lower dose (15 g) were sufficient to effectively suppress F. graminearum. However, in
agreement with the present findings, Mayton et al. [37] reported a >50% radial growth
inhibition of F. sambucinum in Petri dishes inverted onto jars containing the macerated leaf
tissue of B. nigra and B. juncea, which was not affected by the quantity of tissue (10–40 g).

Using a cut-and-carry approach, brassica mulch was applied to F. graminearum infected
wheat plots in field experiments performed over two years [51]. Fusarium head blight
incidence was significantly reduced by 58% in the first year by Sinapis alba and 18% by B.
juncea in the second year. The two types of mulch also reduced deoxynivalenol content in
the wheat grain by 40–50%. Crop debris, particularly that of maize, is a primary source of
inoculum for Fusarium head blight in wheat [52,53]. Crop debris is present in all shapes and
sizes, and to reduce the variability within an experimental system, it is beneficial to have
an artificial crop debris model system. Two types of substrates were used in the present
study, chaff represented natural crop residue and blind oat spikes represented an artificial
crop debris that is uniform in size and nutritional status, and were uniformly infected with
F. graminearum. The volatiles from the chopped brassica tissue appeared to have inhibited F.
graminearum inoculum, irrespective of the inoculum type. This suggests that biofumigation
could prove to be effective in reducing the F. graminearum inoculum present in a variety of
crop residues such as chaff, seed, and straw under field conditions. However, it would be
useful to identify whether biofumigation is equally effective against inoculum of various
sizes, as F. graminearum within larger pieces of inoculum may be protected from contact
with the inhibitory compounds released during the process.

Brassica juncea ‘Caliente Rojo’, which is a fairly new cultivar, was not available at the
time period of the first experiments. The suppressive effect of B. juncea ‘Caliente Rojo’
seen in the present study suggests that this cultivar could be a promising biofumigant for
managing F. graminearum in the field. The cultivar could be sown following the harvest of
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wheat in summer, and incorporated in autumn followed by subsequent cereal production.
Glucosinolate analysis of this cultivar showed that concentrations of the dominant GSL,
sinigrin, were highest at the stem-extension stage compared to the other two stages. A
balance between the biomass and GSL concentration could be achieved by identifying an
appropriate growth stage between stem-extension and flowering to maximize the GSL con-
tent for incorporation. The biofumigant, when chopped and incorporated, is then likely to
produce ITC at sufficiently effective concentrations. Glucosinolate concentrations recorded
in the present study could be achievable in field situations. Total GSL concentrations of
up to 50, 69, and 61 µmol g−1 biomass have been detected in B. juncea, R. sativus, and
E. sativa, respectively under field conditions [54]. Biofumigation, if applied in a cereal
rotation, may therefore be useful in the reduction of F. graminearum inoculum in the field,
thus suppressing infection in the subsequent cereal crop. However, it should be considered
that the present experiments were carried out under controlled conditions. In the field,
various factors such as soil pH, temperature, moisture, and organic content as well as the
biofumigant crop establishment and growth should be considered, as these factors can
affect the outcome of biofumigation. Moreover, weather conditions such as temperature,
daylight hours, and rainfall also influence the efficacy of biofumigation.

4. Materials and Methods
4.1. Brassicas and Fungal Culture

Seeds of B. juncea ‘Brons’ (Indian mustard), R. sativus ‘Bokito’ (oilseed radish), and
E. sativa ‘Trio’ (rocket) were supplied by RAGT Seeds (Essex, UK) and B. juncea ‘Caliente
Rojo’ (Indian mustard) by Tozer Seeds (Surrey, UK). The four cultivars were grown in a
glasshouse in 10 cm pots with mean temperatures of 12 ◦C (night) and 17 ◦C (day). For
first experiment, plants were grown between October 2019–January 2020 and for second
experiment, plants were grown between September–November 2020. Fusarium graminearum
strain FG2502 from UK wheat isolated in 2016 was provided by Fera Science Ltd. (York,
UK). The strain was confirmed as F. graminearum by species-specific PCR using a previously
published assay [55].

4.2. Leaf Disc Assay

Leaves of three cultivars (B. juncea ‘Brons’, R. sativus ‘Bokito’, E. sativa ‘Trio’) were
sampled at the early-leaf stage (4–5 true leaves unfolded). Using a 15 mm (diameter)
cork borer, 45 discs were cut from the leaves of each cultivar. The leaf discs, separated by
Miracloth (EMD Millipore Corp., Billerica, MA, USA) in stacks of fives and held together
by a paper clip, were immediately flash frozen in liquid nitrogen and stored at −80 ◦C until
required for the assay. Agar plugs with a 7 mm diameter were cut from the outer margin of
actively growing F. graminearum (FG2502) on PDA (Merck, KGaA, Darmstadt, Germany)
media. These were transferred to the centre of 9 cm Petri dishes containing PDA with the
mycelium facedown. The frozen leaf discs were transferred in dry ice from the freezer to
the work-station to prevent the discs from defrosting prematurely. Leaf discs at doses of
one, two, four, and eight discs were placed with forceps onto the upturned lids of the Petri
dishes while the inverted bottom containing the fungal plug was held aside. The plates
in the inverted position were immediately sealed with parafilm. The control plates did
not contain leaf discs. Three replicates were used per treatment. The plates were incubated
at room temperature (ca. 20 ◦C) and radial colony growth was measured after 5–6 days, just
before the untreated mycelia had reached the edge of the plates. Experiments to investigate the
effect of brassica leaves at the stem-extension and early-bud stages were performed as above.

The assay was repeated independently using B. juncea ‘Caliente Rojo’, in addition to
the other brassica species tested in the first experiment.
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4.3. Closed Jar Experiment
4.3.1. Preparation of Inoculum Bags

Conidial suspensions were prepared following a previous method [56] with some
modifications. Fusarium graminearum (FG2502) was sub-cultured on PDA using 20 plates
and incubated at room temperature (ca. 20 ◦C). After 14 days, conidia were harvested by the
addition of 20–25 mL sterile distilled water to each plate and conidia were dislodged using
a sterile spreader. The suspension was filtered through Miracloth to remove the mycelium.
The filtrate was centrifuged at 3000× g for 10 min. The supernatant was removed and
conidia re-suspended in 15 mL sterile distilled water and centrifuged at 3000× g for 10 min.
Conidia were washed twice and re-suspended in 15 mL sterile distilled water. Conidia were
counted using an Improved Neubauer counting chamber (Weber 99, Scientific International,
Teddington, UK) and the concentration adjusted to 3 × 104 spores mL−1.

A kilogram of oat screenings (Morning Foods, Crewe, UK), which were predominantly
blind oat spikes, were soaked in distilled water for 12 h before autoclaving for 15 min in
a 78 cm × 40 cm autoclavable bag [VWR (129–0581), UK]. The oats were re-autoclaved
for 15 min after 24 h and allowed to cool. A total of 100 mL (3 ×106 spores) of the above
prepared spore suspension was added to the bag, mixed well, and incubated for 10–12 days
in the dark at ca. 18 ◦C. Five pieces of inoculum (blind oat spikes) were added to perforated
nylon sachets (7 cm × 5.5 cm) and sealed with a plastic bag sealing machine (Impulse
heat sealer, 200 mm). Additionally, wheat chaff was randomly collected post-harvest
from a F. graminearum-inoculated wheat experiment at the research facilities of Harper
Adams University, Newport, Shropshire, UK. Five pieces of chaff were added to nylon bags
and sealed as described above. Both types of inoculum (Figure 4a) were confirmed for F.
graminearum infection on PDA prior to use in the experiment.
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4.3.2. Evaluating Effect of Biofumigants on Inoculum

Two litre glass jars with rubber seal clips (22 cm × 12 cm × 12 cm) were filled with John
Innes No. 2 loam-based compost [composition: loam, peat, coarse sand, hoof and horn meal,
superphosphate, potassium sulphate, calcium carbonate; pH: 5.5–6 (provided by supplier);
46% moisture] to a depth of 10 cm. At the early-bud stage, shoots of B. juncea ‘Brons’, R.
sativus ‘Bokito’, and E. sativa ‘Trio’ were harvested and chopped in a food processer for 15 s.
Chopped tissue (Figure 4b) at two quantities, 65 g and 15 g, were added to soil-filled jars and
mixed well. Jars without brassica amendments served as the controls. One inoculum bag
(blind oat spikes) was buried in each jar and the lid closed hermetically. Five replicates were
used per treatment and the jars were incubated in a glasshouse with mean temperatures of
12 ◦C (night) and 17 ◦C (day) (Figure 4c). After eight weeks, the bags were extracted, and
the inoculum substrates were tested for F. graminearum growth on Petri dishes containing
modified Czapek Dox iprodione agar media [57]. Briefly, the selective media were prepared
by adding dichloran solution (0.2% in ethanol), chloramphenicol solution (5% in ethanol),
and trace metal solution (1% ZnSO4·7H2O + 0.5% CuSO4·5H2O) each 1 mL L−1 of Czapek
Dox agar (Sigma-Aldrich, Switzerland) media. Once autoclaved and cooled down to
55 ◦C, 10 mL of chlortetracycline solution (0.5%) and 1 mL of Bumper® suspension (0.3%)
containing 750 µg propiconazole were added per L of media before pouring into plates. The
five inoculum pieces were removed from each bag, placed on a media plate, and incubated
at room temperature (ca. 20 ◦C) for 12–15 days. Fusarium graminearum incidence in the
inoculum pieces was recorded as the presence of F. graminearum colony growth based on
the characteristic reddish pigmentation. For confirmation, the assumed F. graminearum
colonies were sub-cultured on PDA and incubated at room temperature (ca. 20 ◦C) for
14 days. The conidia were harvested as described above and identified according to the
morphological characteristics [58].

The experiment was independently repeated using B. juncea ‘Caliente Rojo’, in addition
to the other brassicas tested in the first experiment. Additionally, a bag of the chaff inoculum
(five pieces per bag) was also buried in each jar.

4.4. Glucosinolate Analysis

Approximately 10 g of leaf tissue of the brassica plants was collected at the three
developmental stages (early-leaf, stem-extension, early-bud), flash frozen in liquid nitro-
gen, and stored at −80 ◦C until freeze dried. Freeze-dried (GVD6/13 MKI freeze dryer;
GIROVAC Ltd., North Walsham, UK) samples were milled (IKA®M 20 Universal Mill,
Staufen, Germany) and stored at −18 ◦C before sending to the NIAB Labtest, Cambridge,
UK, where the samples were analysed following the ISO 9167 “Rapeseed and rapeseed
meals—Determination of glucosinolates content—Method using HPLC” [59].

4.5. Statistical Analysis

Data were subjected to general analysis of variance using Genstat® (20th edition)
statistical software. The closed jar experiments were arranged in the glasshouse in a
completely randomised design. In the leaf disc assay, there were three factors—brassica
species, brassica growth stage, number of leaf discs. In the closed jar experiment, the three
factors were brassica species, biomass quantity, and inoculum type. Where necessary, data
were angular transformed to improve the normality of the residuals. Significant differences
between treatments were determined using the post hoc Tukey test (p = 0.05).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics11091249/s1, Table S1. Mycelial colony growth (mm) of Fusarium graminearum
FG2502 in Petri dishes after 5 days untreated and exposed to 1, 2, 4, 8 leaf discs collected at three
growth stages of Brassica juncea ‘Brons’, Raphanus sativus ‘Bokito’, and Eruca sativa ‘Trio’ in the leaf disc
assay (first experiment). Table S2: Percentage incidence of Fusarium graminearum FG2502 recovered in
inoculum (mean values) incubated for 8 weeks in jars filled with chopped brassica shoots and soil in
the closed jar assay (first experiment).
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Abstract: Campylobacter jejuni is a major foodborne pathogen and the leading cause of bacterial
gastroenteritis, i.e., campylobacteriosis. Besides searching for novel antimicrobials, identification of
new targets for their action is becoming increasingly important. Rhodiola rosea has long been used in
traditional medicine. Ethanolic extracts from the roots and rhizomes of the plant contain a wide range
of bioactive compounds with various pharmacological activities. In this study, cultivated plant mate-
rials have been used, i.e., “Mattmark” and “Rosavine”. Through optimized protocols, we obtained
fractions of the initial ethanolic extracts rich in most important bioactive compounds from R. rosea,
including salidroside, rosavins, proanthocyanidins (PACs), and flavonoids. The antimicrobial activ-
ity in relation to the chemical composition of the extracts and their fractions was studied with an
emphasis on C. jejuni AI-2-mediated intercellular signaling. At concentration 15.625 mg/L, biolumi-
nescence reduction rates varied from 27% to 72%, and the membrane remained intact. Fractions rich
in PACs had the strongest antimicrobial effect against C. jejuni, with the lowest minimal inhibitory
concentrations (MICs) (M F3 40%: 62.5 mg/L; R F3 40%: 250 mg/L) and the highest intercellular
signaling reduction rates (M F3 40%: 72%; R F3 40%: 65%). On the other hand, fractions without
PACs were less effective (MICs: M F5 PVP: 250 mg/L; R F5 PVP: 1000 mg/L and bioluminescence
reduction rates: M F5 PVP: 27%; R F5 PVP: 43%). Additionally, fractions rich in flavonoids had
strong antimicrobial activity (MICs: M F4 70%: 125 mg/L; R F4 70%: 250 mg/L and bioluminescence
reduction rates: M F4 70%: 68%; R F4 70%: 50%). We conclude that PACs and flavonoids are crucial
compound groups responsible for the antimicrobial activity of R. rosea roots and rhizomes in C. jejuni.

Keywords: Rhodiola rosea; proanthocyanidins; flavonoids; Campylobacter jejuni; LuxS; intercellular signaling

1. Introduction

Overuse of antibiotics in veterinary and human medicine is responsible for the de-
velopment of antibiotic-resistant strains. Due to increased antimicrobial resistance, the
search for novel antimicrobial agents and their potential targets is of utmost importance.
Antibiotic resistance has also been recorded for Campylobacter jejuni, a major foodborne
pathogen and the leading cause of bacterial gastroenteritis, also known as campylobacteriosis.
This infection occurs very commonly in European countries. With over 120,000 confirmed
human cases of illness in 2020, it has been the most commonly reported zoonosis, repre-
senting over 60% of all reported cases in 2020 [1].

There are different potential targets that can be affected by antimicrobials. Among them
are bacterial intercellular communication systems, collectively termed quorum sensing
(QS) [2]. QS is a bacterial cell-to-cell communication and it refers to the ability of bacteria to
sense information from other cells in the population [3]. Bacteria communicate through
small molecules also known as autoinducers (AIs) [4]. The autoinducer-2 (AI-2) signaling
molecule regulates interspecies communication as it is present in both Gram-positive and
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Gram-negative bacteria [5,6]. Elvers and Park [7] described the role of the luxS gene in the
production of the AI-2 signal and AI-2-mediated signaling in C. jejuni. The LuxS enzyme
has a central role as a metabolic enzyme in the methyl cycle, responsible for the generation
of S-adenosyl-L-methionine (SAM). The enzyme has its role in the two-step reaction of ho-
mocysteine formation, where AI-2 is formed as a by-product [8]. As LuxS-deficient C. jejuni
shows critical differences in colonization and virulence [9], AI-2-mediated signaling can be
considered as a potential target for the control of that pathogen.

Natural compounds with anti-QS potential can be found in medicinal plants and their
extracts [10]. Various phytochemicals inhibit C. jejuni intercellular signaling. Examples of this
include citrus ethanolic extracts [11], epigallocatechin gallate (EGCG) [12], resveratrol inclusion
complexes [13], coriander essential oil, linalool [14], Euodia ruticarpa ethanolic extract [15],
carvacrol [16], curcumin, allyl sulfide, garlic oil, and ginger oil [17]. Šimunović et al. [9] in-
vestigated the correlation of QS inhibition with changes in C. jejuni motility, adhesion to
polystyrene surfaces, and adhesion to and invasion of INT407 cells. A positive correlation
was reported between C. jejuni QS reduction and reduced motility, adhesion to polystyrene
surfaces, and invasion. In their screening, among 20 natural extracts, essential oils, and
pure compounds, Rhodiola rosea ethanolic extract showed the best overall antimicrobial
activity against C. jejuni.

Rhodiola rosea L. (Sedum roseum (L.) Scop.) is an herbaceous plant belonging to the
family Crassulaceae. Vernacular names by which we can recognize the plant include roseroot,
golden root, and arctic root [18]. The plant grows up to 70 cm in height and has fleshy,
succulent leaves. The flowers form a compact whorled inflorescence on top of the halms.
The root system forms thick rhizomes [19].

R. rosea has long been used in traditional medicine. A key factor determining the
quality of its formulations is the quantification of salidroside, rosavin, and rosarin [20].
In Northern Europe, Russia, and North America, R. rosea extracts are standardized to
contain at least 3% rosavins and from 0.8% to 1% salidroside [21,22]. The majority of these
extracts are derived from wild plants harvested in Russia and Mongolia, which threatens the
long-term conservation of natural populations. In addition, fraudulent material containing
non-R. rosea plant material is suspected to be on the market. In order to preserve the
natural sources of R. rosea plant material (the collection of which is prohibited in many
countries), and to ensure the quality and authenticity of the plant material, domestication
and cultivation of the plant seems to be the most appropriate solution [23].

Extracts of the plant’s underground organs contain various compounds, includ-
ing monoterpene alcohols and their glycosides, cyanogenic glycosides, aryl glycosides,
phenylethanoids (salidroside, p-tyrosol), phenylpropanoids and their glycosides (rosavins),
flavonoids, flavonolignans, proanthocyanidins (PACs), and gallic acid derivatives [24].
According to Ma et al. [25], salidroside, p-tyrosol, rosarin, rosavin, rosin, and rosiridin are
responsible for the biological activity of R. rosea. Besides being used in pharmaceutical
preparations, the plant is popular as a food additive and dietary supplement. The plant’s
underground organs can be used as a crude drug (dried and powdered) or as an extract [26].

Due to its wide range of biologically active compounds, the plant has various phar-
macological activities. Among them are antioxidative, anti-inflammatory, anti-fatigue,
anti-depressive, anxiolytic, anti-tumor, antimicrobial, neuroprotective, cardioprotective,
and normalizing endocrine and immune activities [24,27–29].

In the present study, ethanolic extracts were prepared from R. rosea cultivated plant
material, i.e., “Mattmark” and “Rosavine”, of which “Mattmark” is the first synthetic
R. rosea cultivar [23]. For the first time, biologically active compounds or compound groups
from R. rosea were separated into different fractions, and antimicrobial activity, with an
emphasis on AI-2-mediated intercellular signaling in relation to the chemical composition
of the extracts and their fractions, was studied. Due to great antimicrobial activity having
been previously reported for the ethanolic extract from R. rosea in C. jejuni, the aim of the study
was to evaluate whether certain compounds or compound groups are crucial for this activity.
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2. Material and Methods
2.1. Bacterial Strains and Growth Conditions

C. jejuni NCTC 11168, C. jejuni 11168∆luxS, and Vibrio harveyi MM30 are part of Chair of
Biotechnology, Microbiology and Food Safety (Biotechnical Faculty, University of Ljubljana,
Ljubljana, Slovenia) strain collection and were stored at −80 ◦C. C. jejuni strains were
stored in a 20% glycerol (Kemika, Zagreb, Croatia) and an 80% Muller-Hinton broth (MHB)
(Oxoid, Hampshire, UK) solution. V. harveyi MM30 was stored in a 20% glycerol and an
80% AI bioassay (AB) liquid medium solution (composed as described in [9]). A reference
strain, C. jejuni NCTC 11168, was revitalized by cultivating on Karmali selective media
(Oxoid, Hampshire, UK), followed by cultivating on Mueller–Hinton agar (MHA) (Oxoid,
Hampshire, UK) at 42 ◦C in microaerophilic conditions (85% N2, 10% CO2 and 5% O2).
A mutant strain, C. jejuni 11168∆luxS, which does not produce the AI-2 signal [2], was
cultivated on MHA with the addition of 30 mg/L kanamycin (Merck, Darmstadt, Germany).
A reporter strain, V. harveyi MM30, with eliminated AI-2 production [30], was used for AI-2
bioassays and was directly inoculated into 5 mL of AB liquid medium and incubated at
30 ◦C in aerobic conditions.

2.2. Plant Material

R. rosea roots and rhizomes from cultivated plant material were provided by Dr. Christoph
Carlen and Mr. Claude-Alain Carron (Agroscope, Conthey, Switzerland). Two types of
plant material were used: “Mattmark”, harvested in April 2017 in Conthey at an altitude
of 460 m, and “Rosavine”, harvested in June 2012 in Bruson at an altitude of 1050 m.
Voucher specimens were kept at the Institute of Pharmaceutical Sciences, Department of
Pharmacognosy, University of Graz.

2.3. Extracts Preparation

Ethanolic extracts were prepared from the roots and rhizomes of the plant. Sliced
dried plant material was ground and about 50 g was used for the extraction. The lipophilic
compounds were removed by pre-extraction with hexane (Carl Roth, Karlsruhe, Germany).
Ethanolic extraction with 96% ethanol (Carl Roth, Karlsruhe, Germany) took place in an
ultrasonic bath (Elma, Singen, Germany) for 10 min at room temperature, followed by
centrifugation at 4000 RPM for 10 min. Ethanolic extraction was repeated three times,
the supernatants were collected, and the solvent was evaporated using a rotary evapora-
tor (Heidolph, Schwabach, Germany), followed by freeze drying using a VirTis Sentury
freeze dryer (SP Scientific, Buena, CA, USA) resulting in 28.52% (“Mattmark”) and 32.47%
(“Rosavine”) extraction yields. The ethanolic extracts, designated as M/R 96% EtOH, were
stored in dark glass flasks in a fridge at 4 ◦C.

2.4. Fractionation of the Extracts: Fractions Preparation

Five fractions, enriched with different compounds or compound groups, were obtained
from each crude ethanolic extract. Fractionation was performed on DIAION HP-20 adsor-
bent resin (Sigma-Aldrich, Steinheim, Germany) or using Polyclar AT (polyvinylpyrroli-
done, or PVP) (Serva, Heidelberg, Germany). For the elution of compounds from the
column, we used micropure water (MW; Barnstead Easypure RF) and different concentra-
tions of methanol (Carl Roth, Karlsruhe, Germany).

The separation protocol described by Sun et al. [31] for the purification of salidro-
side and p-tyrosol was modified to obtain fractions of the ethanolic extracts as follows.
DIAION HP-20 adsorbent resin was pre-treated by soaking it in 70% methanol/MW so-
lution at 4 ◦C overnight, followed by washing with MW in a Buchner funnel until no
alcohol remained. Then, 100 mg of crude ethanolic extract was dissolved in 10 mL of MW
and centrifuged at 4000 RPM for 10 min at room temperature. The dissolved extract was
mixed with 15 g of pre-treated DIAION HP-20 adsorbent resin. After full adsorption of
substances to the adsorbent, it was loaded into a glass column and the bed volume (BV) was
determined as 24 mL. Subsequently, the column was eluted with two BV of MW and two
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BV of a 20%, 40%, and 70% methanol/MW solution. The eluents were collected and their
composition was determined directly by UHPLC-PDA-ESI-MS analysis. The optimized
elution protocol was scaled up by a factor of 12 in order to obtain enough material for
further microbiological analysis, resulting in fractions of M/R F1 0%, M/R F2 20%, M/R
F3 40%, and M/R F4 70%.

The fifth fraction of each crude ethanolic extract was prepared using PVP, which mainly
binds compounds with phenolic OH groups, e.g., tannins, PACs, and many flavonoids.
Therefore, 50 mg of crude ethanolic extract was dissolved in 15 mL of 50% methanol/MW so-
lution, followed by centrifugation at 4000 RPM for 10 min at room temperature.
The supernatant was added to 1.25 g of PVP, mixed, and again centrifuged at 4000 RPM
for 10 min at room temperature. The supernatant was filtered through a filter paper
(Carl Roth, Karlsruhe, Germany) and the solvent was evaporated using a rotary evapo-
rator, followed by freeze drying. In this case, the optimized protocol was scaled up by
a factor of 20 to obtain enough material for further microbiological analysis, resulting in
fractions M/R F5 PVP.

2.5. Chemical Characterization (UHPLC-PDA-ESI-MS Analysis)

Analysis of crude extracts and their fractions was carried out on two Dionex UltiMate
3000 UHPLC systems (Thermo Fisher Scientific, Waltham, CA, USA). The first system was
coupled to a linear ion-trap mass spectrometer (MS), LTQ XL, equipped with an electro-
spray ionization (ESI) ion source (Thermo Fisher Scientific, Waltham, California, USA).
Both systems were equipped with a photodiode array detector (PDA) (Thermo Fisher
Scientific, Waltham, California, USA). Separation was undertaken on a Zorbax SB-C18
rapid resolution HD column (Agilent, Santa Clara, California, USA), 100 × 2.1 mm, 1.8 µm
particle size. The mobile phase consisted of MW + 0.1% formic acid (A) (Honeywell Fluka,
Seelze, Germany) and acetonitrile (VWR International, Rosny-sous-Bois-cedex, France) +
0.1% formic acid (B). A gradient elution was performed, starting with 2% B, increasing
to 22% B at 13.33 min, 70% B at 22.22 min, then dropping back to 2% B at 22.67 min and
keeping this composition until the end (28 min). The column temperature was set to 40 ◦C.
Flow rate was set to 0.450 mL/min. Injection volume was 2 µL. Samples of crude ethanolic
extracts were prepared using 20% ethanol/MW (2:8) in a concentration of 5 mg/mL and
centrifuged at 13,000 RPM for 10 min at room temperature before analysis. Fractions
were prepared using MW and different concentrations of ethanol/MW or methanol/MW.
Therefore, we analyzed the fractions directly, after centrifugation at 13,000 RPM for 10 min at
room temperature. PDA detection was performed in the 190 nm to 500 nm wavelength range.
The mass spectra were recorded in negative and positive ion mode in the m/z range of
50 to 2000 amu. Mass spectral conditions were set as follows: source voltage 5.0 kV (ESI
positive), 3.5 kV (ESI negative); capillary temperature 350 ◦C; source temperature 300 ◦C;
sheath gas flow 40 arb, auxiliary gas flow 10 arb.

2.6. Determination of Minimal Inhibitory Concentrations (MICs)

The MICs of preparations against C. jejuni NCTC 11168 and C. jejuni 11168∆luxS were
determined by the broth microdilution method previously described [32] with
some modifications. Stock solutions were prepared in dimethyl sulfoxide (DMSO)
(Merck, Germany) and later diluted in MHB to a final concentration of 1000 mg/L and
2.5% of DMSO. The bacterial inoculum contained approximately 5 × 105 colony-forming
units (CFU)/mL. Cell viability was determined using resazurin fluorescent dye solution,
prepared as previously described [9]. The fluorescence intensity was measured using the
microplate reader Varioskan LUX (Thermo Fischer Scientific, Waltham, CA, USA) at an
excitation wavelength of 560 nm and an emission wavelength of 590 nm. The MIC repre-
sents the lowest concentration where fluorescence, expressed in relative fluorescence units
(RFU), reached the value of the negative control. The MICs were determined in triplicate.
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2.7. AI-2 Bioassay

AI-2 bioassays were performed to evaluate the influence of the preparations on C. jejuni
AI-2-mediated intercellular signaling. The cell-free spent media (SMs) were prepared
and AI-2 bioassays were performed as described in [9]. Briefly, C. jejuni NCTC 11168
(C. j. 11168-Tr.) and C. jejuni 11168∆luxS (C. j. 11168∆luxS-Tr.) cultures with approximately
5 × 105 CFU/mL were treated separately with sub-inhibitory concentrations of prepara-
tions (i.e., 0.25× MIC or lower). Stock solutions were prepared in DMSO and were further
diluted in MHB to a final 1% of DMSO. After 24 h incubation, SMs were prepared by
filter-sterilization through 0.2 µm syringe filters (Sartorius, Göttingen, Germany). The SMs
were stored in a freezer at −20 ◦C.

For AI-2 bioassays, V. harveyi MM30 was used as a reporter strain because it does
not produce the AI-2 signal itself [30,33]. The bacterial culture was prepared with ap-
proximately 5 × 103 CFU/mL. Bioluminescence was measured using a microplate reader
(Varioskan LUX) at 30 min intervals over 22.5 h. An impact of preparations in sub-inhibitory
concentrations on C. jejuni intercellular signaling was determined indirectly from the re-
ported bioluminescence of V. harveyi MM30 expressed in relative light units (RLU) and
compared with the non-treated control (C. j. 11168-C+). To confirm that LuxS-deficient
C. jejuni does not produce an AI-2 signal, we added V. harveyi MM30 culture to 5% of
C. jejuni 11168∆luxS (C. j. 11168∆luxS-C+) SM and measured the bioluminescence of the
reporter strain. By measuring the bioluminescence of V. harveyi MM30 without the ad-
dition of C. jejuni SM, we proved that the strain does not produce the AI-2 signal itself.
Bioluminescence reduction rates (%) were calculated using equation 1. They indicate how
C. jejuni AI-2-mediated intercellular signaling is reduced due to the exposure of bacteria to
the preparations in comparison with the non-treated control.

Bioluminescence reduction rate [%] = 100 −
((

(C. j. 11168 − Tr. − C. j. 11168∆luxS − Tr.)
(C. j. 11168 − C +−C. j. 11168∆luxS − C+)

)
× 100

)
(1)

To examine whether compounds of the most active fractions (i.e., PACs from Fractions 3)
bind to AI-2 signal molecule, additional AI-2 bioassays were performed. In this case, we
added preparations in sub-inhibitory concentrations to the initial SMs, and after 1 h incu-
bation we measured bioluminescence of the V. harveyi MM30 reporter strain. The signals
were compared with the ones from the original SMs, and bioluminescence reduction rates
were calculated again. All the experiments were carried out in triplicate.

2.8. Membrane Integrity

The influence of preparations on C. jejuni membrane integrity was determined using a
LIVE/DEAD BacLight Bacterial Viability kit (L-7012; Molecular Probes, Eugene, CA, USA).

The membrane disruption assays were performed according to Kovač et al. [34].
A mixture of green fluorescent dye SYTO 9 and propidium iodide (PI) was prepared ac-
cording to the manufacturer instructions. Stock solutions of the extracts and their fractions
were prepared in DMSO at 100-fold higher concentrations and were further diluted in
MHB to the final 1% of DMSO. The dye mixture was added to 100 µL of the treated or
non-treated C. jejune cultures with approximately 5 × 105 CFU/mL (1:1, v/v). The kinetics
of PI intracellular penetration was measured in RFU by a microplate reader (Varioskan LUX)
in terms of the SYTO 9 fluorescence at an excitation wavelength of 481 nm and an emission
wavelength of 510 nm. Kinetic measurements over the last 10 min of the assays were used to
calculate the membrane disruption (%). The experiment was carried out in triplicate.

2.9. Statistical Analysis

Before statistical tests, normality was tested for all the data using Shapiro–Wilk and
Kolmogorov–Smirnov tests. Based on the normality test, we determined statistical sig-
nificance between treatments and control using the Mann–Whitney U test in the case of
non-normal distribution of the data, and using one-way ANOVA in case the data were
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normally distributed. At a 95% confidence interval, the results were statistically significant
at value p < 0.05. The analyses were performed using IBM SPSS Statistics software, version
23 (IBM Corp., Armonk, CA, USA).

3. Results
3.1. Chemical Characterization of the Extracts and Fractions

The composition of the ethanolic extracts was qualitatively analyzed by comparing the
retention time, mass spectrometric fragmentation, and UV spectra from UHPLC-PDA-ESI-
MS data analysis with data from the literature [35–39]. Eighteen compounds were identified
in the “Mattmark” ethanolic extract (Table S1, Figure S1) and seventeen in the “Rosavine”
ethanolic extract (Table S2, Figure S1). Aside from typical salidroside (phenylethanoid) and
rosavins (cinnamyl alcohol glycosides), chromatograms recorded at UV 270 nm indicated
significant amounts of PACs as a complex mixture, of which only a few compounds could
be assigned to epigallocatechin-3-O-gallate (EGCG), and two dimers containing EGCG
and epigallocatechin (EGC), respectively. Two flavonoid glycosides could be assigned
to the herbacetin-7-O-glycosides rhodiosin and rhodionin. The main difference between
the “Mattmark” and “Rosavine” plant material is in the quantity of certain compounds
or compound groups. Thus, “Mattmark” (Figure S2) contains more PACs, rosavins, and
flavonoids than “Rosavine”. On the other hand, “Rosavine” (Figure S2) has higher amounts
of salidroside, based on peak area comparison in UV chromatograms.

Five fractions were prepared from each crude ethanolic extract of the plant material. The
main compounds or compound groups of each fraction are listed in Table 1. The composition
of each fraction obtained from the “Mattmark” ethanolic extract is shown on Figure 1,
and a comparison of peak areas of selected compounds is presented in Figure S3. By the
adsorption of the crude ethanolic extracts to DIAION HP-20 adsorbent resin and the
stepwise elution of compounds by increasing methanol concentrations, the separation of
compound groups could be obtained, although salidroside could be found in Fractions F2
and Fractions F3, and rosavins could be found in Fractions F2 (trace amounts), Fractions F3,
and Fractions F4. After adsorption of the crude ethanolic extracts to PVP, UHPLC analysis
indicated that PACs and flavonoids, as well as gallic acid, were almost quantitatively
removed from the extracts (Fractions F5).

Table 1. Fractions obtained from “Mattmark” and “Rosavine” ethanolic extracts and their
main compounds.

No. Label Solvent Main Compounds/Compound Groups

1 M/R F1 0% MW, 0%
methanol Rich in gallic acid (Figure 1A)

2 M/R F2 20% 20%
methanol Rich in salidroside (Figure 1B)

3 M/R F3 40% 40%
methanol Rich in salidroside, rosavins, and PACs (Figure 1C)

4 M/R F4 70% 70%
methanol Rich in rosavins and flavonoids (Figure 1D)

5 M/R F5 PVP 50%
methanol

Rich in salidroside and rosavins (contains almost no PACs or flavonoids)
(Figure 1E)
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Figure 1. UV chromatograms at 270 nm of “Mattmark” fractions (A): Fraction 1 (M F1 0%);
(B): Fraction 2 (M F2 20%); (C): Fraction 3 (M F3 40%); (D): Fraction 4 (M F4 70%); (E): Fraction
5 (M F5 PVP)). Compounds: 1 = gallic acid, 2 = salidroside, 3 = EGC-EGCG dimer, 4 = EGCG-EGCG
dimer, 5 = EGCG, 6 = rosarin, 7 = rosavin, 8 = rhodiosin, 9 = rhodionin; for details see Table S1.

3.2. Determination of MICs

The MICs were determined by the broth microdilution method for the reference strain
C. jejuni NCTC 11168 and for the mutant strain C. jejuni 11168∆luxS (Table 2). Preparations
with MICs under 1000 mg/L were tested further in sub-inhibitory concentrations, i.e.,
0.25× MICs or lower, to avoid an impact on cell growth.

For C. jejuni NCTC 11168, the MIC of the “Mattmark” ethanolic extract was 125 mg/L,
while the MICs of its fractions varied from 62.5 to 500 mg/L. The MIC of the “Rosavine’
ethanolic extract was 500 mg/L, while the MICs of its fractions varied from over 1000 to
250 mg/L. In general, Fractions 3 and Fractions 4 showed better or the same antimicrobial
activity than the ethanolic extracts, while Fractions 1, Fractions 2, and Fractions 5 were less
or equally effective. The MICs of the “Mattmark” ethanolic extract and its fractions were
lower compared with the MICs of the “Rosavine” ethanolic extract and its fractions.

Table 2. Determined MICs of ethanolic extracts and their fractions for C. jejuni NCTC 11168; C. jejuni
11168∆luxS.

Extracts/Fractions C. jejuni NCTC 11168 C. jejuni 11168∆luxS

MIC (mg/L)

“Mattmark” Plant Material

M 96% EtOH 125 125
M F1 0% 250 250

M F2 20% 125 125
M F3 40% 62.5 62.5
M F4 70% 125 125
M F5 PVP 250 250

“Rosavine” Plant Material

R 96% EtOH 500 250
R F1 0% >1000 1000

R F2 20% >1000 500
R F3 40% 250 62.5
R F4 70% 250 125
R F5 PVP 1000 500
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3.3. Inhibition of Intercellular Signaling

AI-2 bioassays were performed to evaluate whether the ethanolic extracts and their frac-
tions, in sub-inhibitory concentrations, affected C. jejuni AI-2-mediated intercellular signaling.

First, the impact of the ethanolic extracts and their fractions on AI-2 production in
C. jejuni was tested in sub-inhibitory concentrations of 0.25× MICs. In this case, all the
preparations significantly inhibited C. jejuni signaling (p < 0.05), with bioluminescence
reduction rates from 54% to 91% (Figure 2A). The “Mattmark” ethanolic extract and its
fractions were more effective in intercellular signaling reduction, although they were
tested in lower concentrations than the “Rosavine” ethanolic extract and its fractions.
Overall, R. rosea preparations showed a high impact on C. jejuni signaling but, due to the
variation in tested concentrations, it was not possible to assign specific compounds or
compound groups to the observed effect.

Consequently, the reduction in C. jejuni AI-2-mediated intercellular signaling by
the preparations was tested at the same concentration, i.e., 15.625 mg/L, which corre-
sponds to 0.25× MIC of “Mattmark” Fraction 3. By testing preparations at the same
concentration, we aimed to find out if some extracts/fractions were more effective in
reducing intercellular signaling. Both ethanolic extracts, as well as almost all their frac-
tions, significantly affected C. jejuni signaling, even if present at such a low concentra-
tion (p < 0.05). Only “Mattmark” Fraction 5 did not have a significant impact (p > 0.05).
Bioluminescence reduction rates varied from 27% to 72% (Figure 2B). Both Fractions 3 most
effectively reduced C. jejuni signaling when tested at the same concentration.
Additionally, Fractions 4 had a great impact. On the other hand, Fractions 5, which were
devoid of PACs and flavonoids, were less effective (Figure 2B).
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Figure 2. Bioluminescence reported after the addition of V. harveyi MM30 to 5% of SM obtained
from non-treated control (C+) or to 5% of SMs obtained after treating C. jejuni NCTC 11168
with different preparations in sub-inhibitory concentrations ((A): 0.25× MIC; (B): 15.625 mg/L).
Average bioluminescence in RLU with deducted background and normalized to OD600 are presented
± standard deviations. In addition, the bioluminescence reduction rate is presented in brackets.
* represents statistically significant values.
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3.4. Disruption of Membrane Integrity

Membrane integrity assays were performed to determine if the disruption of C. jejuni
membrane is also involved in the antimicrobial activity of R. rosea preparations. As in
previous experiments, preparations were first tested at sub-inhibitory concentrations of
0.25× MICs, followed by testing at the same concentration, i.e., 15.625 mg/L.

At 0.25× MICs, the disruptive impact on membrane integrity varied from 3% to 31%
(Figure 3(A1,A2)). In this case, the disruption of membrane integrity is likely to contribute
to the antimicrobial activity of at least some of the preparations. On the other hand, when
tested at the same concentration of 15.625 mg/L, the disruptive impact on membrane
integrity was very low and varied from 2% to 6% (Figure 3(B1,B2)). We assume that such
an effect does not contribute to the antimicrobial activity of the preparations.
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Figure 3. Influence of the extracts and their fractions on C. jejuni NCTC 11168 membrane integrity
((A1/A2): preparations tested at 0.25× MICs; (B1/B2): preparations tested in the same concentration,
i.e., 15.625 mg/L). An impact on membrane integrity in RFU is presented ± standard deviations.
In addition, the decrease in membrane integrity is presented in brackets. * represents statistically
significant values.
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4. Discussion

QS represents an important mechanism for modulating C. jejuni behavior within
its population [40]. In the present study, ethanolic extracts of cultivated plant material,
i.e., “Mattmark” and “Rosavine”, were prepared and fractionated by optimized protocols
in order to obtain five fractions rich in salidroside, rosavins, PACs, and/or flavonoids.
The fifth fractions, with almost no gallic acid, PACs, or flavonoids, were prepared from the
initial ethanolic extracts to determine whether this group of compounds could play the
most important role in the antimicrobial activity of R. rosea ethanolic extract.

According to the MICs, Fractions 1—rich in mainly simple gallic acid (M/R F1 0%)—
and Fractions 5—without gallic acid, PACs, or flavonoids (M/R F5 PVP)—have lower
antimicrobial activity, corresponding to higher MICs than the ethanolic extracts (R/M 96%
EtOH). Moreover, Fractions 5 have lower antimicrobial activity than Fractions 3 (M/R F3
40%), which are rich in PACs. This indicates that PACs, including the monomeric EGCG,
could be one of the crucial compound groups responsible for the antimicrobial activity
of R. rosea ethanolic extract. Furthermore, flavonoids (herbacetin glycosides) might also
contribute to anti-Campylobacter activity when comparing Fractions 4 and Fractions 5.

AI-2 bioassays were performed to determine the effect of the ethanolic extracts and
their fractions on C. jejuni AI-2-mediated signaling. At concentrations of 0.25× MICs, both
ethanolic extracts and their fractions showed a statistically significant impact (p < 0.05),
with bioluminescence reduction rates ranging from 54 to 91%. Due to the variation in tested
concentrations of the preparations, it was not possible to refer to the compounds or groups
of compounds that play the most important role in this. Therefore, the preparations were
tested at the same concentration, i.e., 15.625 mg/L, which also represents the 0.25× MIC
of M F3 40%. All preparations, except R F5 PVP, significantly affected C. jejuni signaling
(p < 0.05), even at such a low concentration. Here, it is important to note that M F3 40%
showed a greater reduction in intercellular signaling than R F3 40%. Besides this, M F5
PVP showed much lower impact than R F5 PVP. It is also important that “Mattmark” plant
material contained a higher amount of PACs and flavonoid than “Rosavine” plant material.
In addition, Fractions 3 were enriched in PACs, including EGCG, while Fractions 5 had the
PACs removed. These results suggest that PACs may be one of the crucial compounds in
R. rosea with the potential to reduce C. jejuni signaling. High bioluminescence reduction
rates (from 65% to 72%) were achieved in the case of treating C. jejuni with a sub-inhibitory
concentration of Fractions 3, compared with lower impact (from 27% to 43%) when C. jejuni
was treated with sub-inhibitory concentration of Fractions 5. Because M F3 40% contains
more PACs than R F3 40%, a greater loss of activity was observed for “Mattmark” when
we removed those compounds, as we did in Fractions 5. Similarly to MIC determination,
the herbacetin glycosides rhodionin and rhodiosin could also be relevant for intercellular
signaling reduction. This can be deduced from the significant reduction in bioluminescence
by Fractions 4 (which were rich in these flavonoids) and the decrease in the respective effects
in Fractions 5 (which were also devoid of flavonoid glycosides). The stronger intercellular
signaling reduction by M F4 70% compared with R F4 70%, showing a lower concentration
of flavonoids, supports the assumption that the herbacetin glycosides contribute to the
observed intercellular signaling reduction of the crude extract. A high QS reduction
rate (>90%) had previously been reported when C. jejuni was treated with sub-inhibitory
concentrations of, e.g., C. limon [11] and R. rosea [9] ethanolic extracts. Strong anti-QS
activity of EGCG from green tea against C. jejuni NCTC 11168 was previously reported
by the authors of [12]. In their case, EGCG decreased the bioluminescence reported for
V. harveyi BB152 of 96% when tested at a sub-inhibitory concentration of 0.75× MBC or
65.25 mg/L. Our study supports the conclusion of Šimunović et al. [9] that QS or AI-2-
mediated intercellular signaling is a potential target in the control of C. jejuni and that
various natural plant-based preparations act as true intercellular signaling modulators.
As an upgrade to their research, we can see from our results that PACs, including EGCG
and the herbacetin glycosides, are the most important compound groups of R. rosea crude
ethanolic extract responsible for AI-2-mediated signaling reduction in C. jejuni.
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This study also demonstrated that the antimicrobial activity of the extracts and their
fractions was due to the reduction in C. jejuni signaling without affecting the membrane
integrity. Even though preparations at 0.25× MICs did not affect cell growth, the membrane
integrity was significantly disrupted (p > 0.05) by “Rosavine” ethanolic extract and its
Fractions 3 and Fractions 4. Nevertheless, no significant effect (p < 0.05) on membrane
integrity was observed compared with the non-treated control when the extracts and their
fractions were tested at a concentration of 15.625 mg/L. The study also excluded that PACs
affect C. jejuni signaling by binding to the AI-2 signaling molecule which was released to
the growth medium. The AI-2 bioassays have shown that the reported bioluminescence
of the reporter strain V. harveyi MM30 did not vary significantly (p < 0.05) between the
initial SMs and the SMs to which we once again added Fractions 3, rich in PACs, at a
concentration of 15.625 mg/L. For example, the bioluminescence reduction rates varied
from 1% to 2% between the initial SMs obtained after treating C. jejuni with sub-inhibitory
concentrations of Fractions 3 and the same SMs to which preparations were again added in
sub-inhibitory concentrations (data not shown).

PACs are the most abundant plant-derived polyphenols belonging to one of the
tannin groups (condensed tannins). They are among the most commonly consumed
dietary polyphenols. Condensed tannins are able to form insoluble complexes with car-
bohydrates and proteins [41]. Studies have shown that mucosal immunity to pathogen
infection can be enhanced by PACs [42]. In addition, our study supports the fact that PACs,
in this case from R. rosea underground organs, represent natural compounds with the ability
to reduce intercellular signaling in order to fight C. jejuni. This is in agreement with a recent
publication of Hao et al. [43]: this confirmed EGCG with significant inhibitory effects on
the development of biofilm, protease, elastase activity, swimming, and swarming motility,
which were also positively related to the production of C4-AHL signaling molecules in
Pseudomonas aeruginosa. In addition, herbacetin glycosides of R. rosea might also contribute
to C. jejuni signaling reduction. Interestingly, a study by the authors of [44] showed that
herbacetin has a high affinity to LuxR-type protein Shewanella baltica in a virtual screening.

5. Conclusions

In this study, we provided a protocol for the separation of bioactive compounds
or compound groups from R. rosea roots and rhizomes. Our results suggest PACs and
flavonoids are the most important compound groups from R. rosea, with great potential for
C. jejuni AI-2-mediated signaling reduction. Nevertheless, it is still unclear whether AI-2 in
C. jejuni represents a true QS signaling molecule or whether it is a metabolic by-product
of a crucial central metabolic methyl cycle pathway [45]. To date, AI-2 receptors have still
not been identified [46], and mechanisms by which bioactive compounds affect C. jejuni
signaling should be further investigated.
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//www.mdpi.com/article/10.3390/antibiotics11091220/s1: Table S1. Identified compounds in the
ethanolic extract are from R. rosea “Mattmark”; Table S2. Identified compounds in the ethanolic
extract are from R. rosea “Rosavine”; Figure S1. The base peak (A: “Mattmark”; B: “Rosavine”) and UV
chromatograms (A1; B1: total scan; A2; B2: 276 nm; A3; B3: 360 nm) are from UHPLC-PDA-ESI-MS
analysis of R. rosea ethanolic extracts; Figure S2. Comparison of peak areas at UV 270 nm of the
crude ethanolic extracts of R. rosea roots “Mattmark” and “Rosavine”. Samples were analyzed at a
concentration of 5 mg/mL; Figure S3. Comparison of peak areas at UV 270 nm of fractions F1 to F5 of
“Mattmark” (M) and “Rosavine” (R). Samples were analyzed at a concentration of 5 mg/mL.
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Abstract: The food industry is constantly struggling with one of the most prevalent biofilm-forming
and food-borne pathogenic bacteria, Campylobacter jejuni. Different approaches are used to control
biofilms in the food production chain, but none is fully effective. In this study, we aim to produce and
determine the chemical profile of essential oils (EOs), ethanolic extracts of flowers prior to distillation
(EFs), and ethanolic extracts of post-distillation waste material (EWMs) from Lavandula × intermedia
‘Bila’, ‘Budrovka’ St Nicholas and ‘Budrovka’, which were further used to reduce C. jejuni intercellular
signaling, adhesion, and biofilm formation, as well as to test their antioxidant activity. Glycosides
of hydroxycinnamic acids were the major constituents of both types of lavandin ethanolic extract,
while linalool, linalyl acetate, 1,8-cineol, and camphor were the major compounds found in lavandin
EOs. Tested EOs showed the best antibacterial activity with a minimal inhibitory concentration of
0.25 mg/mL. Lavandin EFs proved more effective in reducing C. jejuni intercellular signaling and
adhesion compared to lavandin EOs and EWMs, while lavandin EOs showed a slightly better effect
against biofilm formation. Interestingly, the best antioxidant activity was determined for lavandin
EWMs. A positive and moderate correlation was found between the reduction of C. jejuni intercellular
signaling and adhesion, as well as between adhesion and biofilm formation. These findings mean
novel bacterial targets are of interest for biofilm control with alternative natural agents throughout
the whole food production chain.

Keywords: Campylobacter jejuni; biofilm; adhesion; intercellular signaling; lavandin formulations

1. Introduction

Microbial biofilms are the predominant form of bacterial lifestyle in industrial environ-
ments and protect bacteria from physical trauma, desiccation, and antimicrobial agents [1].
Numerous reports have found that food-borne pathogens persist on food contact surfaces
(e.g., plastic, steel, glass, rubber, and wood) in the form of biofilms and affect the quality,
quantity, and safety of food products. Moreover, their control is a serious challenge in
the food production chain because they cause huge economic and energy losses, damage
surfaces and equipment, and lead to continuous contamination of food, posing a major
ongoing public health risk [2].

Pathogenic bacteria Campylobacter jejuni are one of the most common bacterial agents
of self-limiting gastrointestinal diseases in humans, but they can also cause more serious
neurological disorders, such as Guillain–Barré syndrome [3]. Contaminated surfaces and
undercooked poultry meat are the most common vectors of pathogen transmission to
humans. Campylobacters represent a severe public health burden in the European Union,
where they caused approximately 121.000 intestinal infections in 2020, leading to huge
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economic losses [4]. A global concern is also the increasing prevalence of antibiotic-resistant
and biocide-resistant strains of C. jejuni, isolated mainly from poultry [5,6].

Although Campylobacters are considered susceptible bacteria, they survive in environ-
ments outside their natural habitat, i.e., intestines. Properties such as intercellular signaling
with AI-2 signaling molecule, motility, and chemotaxis allow them to form biofilms or
colonize existing biofilms on abiotic surfaces such as polystyrene, glass, and stainless
steel. Within biofilms, Campylobacters are protected from antimicrobial agents that pen-
etrate the biofilm matrix slowly and poorly [7]. Various approaches are used to control
Campylobacters in the food production chain, but none is fully effective [8]. Therefore,
the right approach is needed to control Campylobacters and their biofilm formation in
the food production chain at all stages, from primary production to slaughter, processing,
and sale of meat. With increasing concerns about antibiotic resistance and environmental
impacts, conventional antibiotics, biocides, and preservation methods are being replaced
with naturally occurring alternatives that are recognized as safe (GRAS) and have a broad
spectrum of antimicrobial activity, including prevention of intercellular signaling, adhesion,
and biofilm formation (interrelated bacterial characteristics that are necessary for biofilm
establishment) [9–12].

The plants from the Lamiaceae family, genus Lavandula, are an inexhaustible source
of biologically active phytochemicals with great antimicrobial, anti-biofilm, and antioxi-
dant properties. The genus Lavandula includes 39 species, numerous hybrids, and about
400 registered cultivars grown generally in the Mediterranean region [13]. Three Lavandula
species are used for commercial essential oil (EO) production: Lavandula angustifolia Mill.
(true lavender), Lavandula × intermedia Emeric ex Loisel syn. L. hybrida L. (lavandin) and
Lavandula latifolia Medicus (spike lavender) [14]. Nowadays, the cultivation of lavandin, a
natural sterile hybrid derived from a cross between L. angustifolia and L. latifolia, has become
increasingly popular because of higher EO yields in comparison to true lavender (120 kg/ha
compared to 40 kg/ha). It is preferred for personal care and hygiene products, industrial
and household cleaners, as well as for antiseptics, antifungals, and insecticides [15,16]. In
this study, flowers of indigenous Croatian cultivars Lavandula× intermedia ‘Bila’, ‘Budrovka’
St Nicholas (SN), and ‘Budrovka’ were used for the first time to prepare EOs and ethanolic
extracts in order to test their anti-biofilm and antioxidant activity, features important for
ensuring food safety and quality.

Higher production of EO consequently resulted in increased accumulation of by-
products, i.e., waste materials and hydrolates gained after EO distillation [17,18]. These
by-products remain a potentially important source of potent phytochemicals, as shown
by the results for spike lavender (which have great antioxidant properties) and lavender
hydrolates (which have antifungal and antibacterial properties) [19,20]. The reuse of such
natural waste material is environmentally friendly, which makes it more popular than
synthetic disinfectants that are often used in the food industry and can lead to additional
unnecessary chemicals in the environment [21]. Our previous study has shown that
L. angustifolia waste material had a promising anti-biofilm effect against pre-established
C. jejuni biofilms [22], but in this study, lavandin waste materials were used to target
C. jejuni properties, i.e., intercellular signaling, adhesion, and biofilm formation to prevent
C. jejuni biofilm establishment.

The aim of this study was to find potential antimicrobials that will be able to prevent
or reduce C. jejuni National Collection of Type Culture (NCTC) 11168 biofilm formation
on an abiotic surface. For that purpose, dried flowers of Lavandula × intermedia ‘Bila’,
‘Budrovka’ SN, and ‘Budrovka’ were used to produce EOs, ethanolic extracts of flowers
prior to distillation (EFs), and ethanolic extracts of post-distillation waste material (EWMs).
Afterward, their chemical characterization was performed. C. jejuni intercellular signaling
and adhesion were used as targets to prevent or reduce biofilm formation in its early
stages. Further, C. jejuni biofilm formation, with the addition of lavandin formulations at
subinhibitory concentration, was monitored in order to determine how preventive measures
affect C. jejuni biofilm establishment. A correlation between intercellular signaling, adhesion
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and biofilm formation was determined. Finally, the antioxidant activity of L. × intermedia
formulations was also explored.

2. Results
2.1. Chemical Composition of Lavandin Ethanolic Extracts and EOs

The lavandin ethanolic extracts (EFs and EWMs) were analyzed for their phenolic
compounds using LC-PDA-ESI-MS analysis. Glycosides of hydroxycinnamic acids were the
major constituents of both types of lavandin ethanolic extract. Rosmarinic acid was found
in both types of ethanolic extracts; salvianolic A and 3-(3,4-dihydroxyphenyl) lactic acid
were only detected in the EWMs. The latter can be easily derived from rosmarinic acid by
ester hydrolysis. In addition, flavones apigenin-7-O-glucoside and ladanein were detected.
Flavonoids only had a minor role in the composition of the lavandin ethanolic extracts (EFs
and EWMs). Table 1 summarizes the peaks that were identified for both types of lavandin
ethanolic extract. It is interesting to note that the yield of ethanol extraction was higher for
waste materials (EWMs) than for dried flowers (EFs) (Figure S1). Supplementary Figures S2
and S3 illustrate representative UV chromatograms for EFs and EWMs, respectively. To see
the difference in composition between both types of extracts, EF and EWM, a comparison
of peak areas of individual compounds, i.e., quantification of their relative amounts, is
presented in Supplementary Figure S4.

Table 1. Identification of the main common phenolic compounds in the lavandin ethanolic extract
(EF) and lavandin (EWM).

No. Rt Compound Identified Full Scan MS (m/z) Fragment Ions (MS2;
m/z)

UV Maximum
(nm)

1 4.97 3-(3,4-Dihydroxyphenyl)lactic acid * 395 [M+HCOOH-H]−,
197 [M-H]− 197 (100) 225 sh, 281

2 8.34 Coumaric acid hexoside I 325 [M-H]− 163 (100), 119 (25) 263, 290 sh
3 10.23 Ferulic acid hexoside I 355 [M-H]− 193 (100), 149 (20) 302
4 10.23 Caffeic acid hexoside 387 [M+HCOOH-H]− 341 (100), 207 (25) 302

5 12.13 Coumaric acid hexoside II 371 [M+HCOOH-H]-,
325 [M-H]− 325 (100) 277, 290 sh

6 14.21 Ferulic acid hexoside II 401 [M+HCOOH-H]−,
355 [M-H]− 355 (100) 295, 319

7 18.87 Apigenin-7-O-glucoside 431 [M-H]− 269 (100) 268, 334

8 19.60 Rosmarinic acid 359 [M-H]− 161 (100), 179 (30),
223 (10) 292 sh, 328

9 23.96 Salvianolic acid A * 493 [M-H]− 295 (100), 313 (10) 287, 340 sh

10 30.24 Ladanein (5,6-di-OH-7,4’-dimethoxy
flavone) 315 [M-H]− 300 (100) 284, 333

* Not detected in lavandin ethanolic extract (EF).

According to the gas chromatography–mass spectrometry (GC–MS) analysis, used
lavandin EOs belong to Lavandula × intermedia ‘Bila’, L. × intermedia ‘Budrovka’ SN,
and L. × intermedia ‘Budrovka’ (Table 2). Linalool was the most represented terpene
alcohol in the chemical composition of tested EOs, where lavandin EO ‘Bila’ contained
40.4%, lavandin EO ‘Budrovka’ SN 43.1%, and lavandin EO ‘Budrovka’ 47.2% linalool.
Major differences were observed in the content of linalyl acetate, where lavandin EO
‘Bila’ contained 6.6%, lavandin EO ‘Budrovka’ SN 5.3%, and lavandin EO ‘Budrovka’
26.7% linalyl acetate. Interestingly, lavandin EO ‘Bila’ and lavandin EO ‘Budrovka’ SN
were comparable in composition, whereas lavandin EO ‘Budrovka’ showed remarkable
differences, aside from its higher linalyl acetate content and its low content of lavandulol,
endo-borneol, (Z)-β-ocimene, camphor, terpinene-4-ol and (E)-β-farnesene. In contrast, the
content of 1,8-cineol was similar in all EOs (Table 2).
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Table 2. Identification of the main components of the lavandin EOs.

Quantification of Total c

Retention
Time

Retention
Index a Compound b Lavandula ×

Intermedia ‘Bila’
Lavandula × Intermedia

‘Budrovka’ SN
Lavandula ×

Intermedia ‘Budrovka’

5.126 926 α-Thujene 0.086 0.139 0.012
5.301 932 α-Pinene 0.635 0.813 0.317
5.680 946 Camphene 0.248 0.33 0.031
6.349 973 Sabinene 0.173 0.196 0.178
6.442 975 β-Pinene 0.882 0.98 0.685
6.710 979 3-Octanon tr tr 0.601
6.851 991 Myrcen 0.27 0.311 0.343
7.449 1010 ∆3-Carene 0.235 0.222 tr
7.925 1023 p-Cymene 0.275 0.263 0.132
8.126 1030 1,8-Cineol 14.091 12.585 14.211
8.378 1037 (Z)-β-Ocimene 2.565 4.047 0.44
8.754 1047 (E)-β-Ocimene 0.128 0.27 0.046
9.115 1058 γ-Terpinene 0.104 0.165 tr
9.392 1065 cis-Sabinenhydrate 0.059 0.088 0.025

9.595 1071 cis-Linalool oxide
(furanoid) tr 0.027 0.116

10.187 1087 trans-Linalool oxide
(furanoid) tr tr 0.097

10.198 1088 Terpinolene * 0.14 0.22 n.d.
10.662 1100 Linalool 40.412 43.058 47.206
11.141 1112 Octen-3-yl-1-acetate 0.05 0.024 0.235
12.323 1142 Camphor 2.998 1.371 0.383

12.616 1150 Hexyl-2-
methylpropanoate 0.099 0.087 0.135

13.209 1163 endo-Borneol +
Lavandulol 13.946 14.053 0.121

13.706 1175 Terpinen-4-ol 8.37 8.813 0.962
14.271 1190 α-Terpineol 1.159 0.827 1.106
14.418 1192 Hexylbutanoate 0.753 0.739 0.628
15.793 1227 endo-Bornylformiate * 0.23 0.171 n.d.
16.290 1237 Hexyl-2-methylbutanoate 0.206 0.194 0.276
16.497 1242 Hexylisovalerate 0.058 0.047 0.128
17.069 1256 Linalylacetate 6.645 5.264 26.709
18.577 1291 Lavandulylacetate 0.879 0.693 0.105

22.607/22.676 1387/1390 Hexylhexanoate +
7-epi-Sesquiphellandrene 0.148 0.118 0.069

23.773 1419 trans-Caryophyllene 0.663 0.625 1.704
25.423 1457 (E)-β-Farnesene 2.611 2.151 0.123
25.782 1466 Lavandulyl-butanoate * 0.102 0.051 n.d.
26.265 1480 Germacrene D 0.357 0.431 0.162
27.549 1510 Lavandulyl-isovalerate * 0.309 0.219 n.d.
30.174 1579 trans-Caryophyllenoxide tr 0.018 0.341
34.016 1682 α-Bisabolol tr 0.033 0.89

a Linear Retention Index relative to n-alkanes on HP-5-MS column; b Compounds identified by mass spectral
libraries [23,24]; c Quantification by normalization (area percent method) without considering calibration factors.
tr—in traces; n.d.—not determined; * not determined in Lavandula × Intermedia ‘Budrovka’.

2.2. Anti-Campylobacter Activity of Lavandin Formulations

In order to evaluate the anti-Campylobacter activities of the lavandin EOs and ethano-
lic extracts (EFs and EWMs), their minimal inhibitory concentration (MIC) against C. jejuni
NCTC 11,168 and C. jejuni 11168∆luxS were determined (Table 3). The lavandin formula-
tions showed antimicrobial efficacy against C. jejuni NCTC 11168 at a concentration ranging
between 0.25–1 mg/mL. The most favorable effect was shown by samples from the group
of EOs: the MICs for all EOs were 0.25 mg/mL. Slightly weaker antimicrobial activity was
shown by a group of samples of ethanolic extracts, where lavandin EFs showed better
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performance compared to lavandin EWMs (Table 3). The same MIC values were also deter-
mined against C. jejuni 11168∆luxS, where concentration ranged between 0.25–1 mg/mL.
Here, samples of EOs showed the best antimicrobial activity, while lavandin EWM proved
to be less effective (Table 3).

Table 3. Minimal inhibitory and subinhibitory concentration determined against C. jejuni NCTC
11168 and C. jejuni 11168∆luxS for the lavandin formulations (EOs, EFs and EWMs).

C. jejuni NCTC 11168 C. jejuni 11168∆luxS

Sample MIC (mg/mL) 0.25 ×MIC (mg/mL) MIC (mg/mL) 0.25 ×MIC (mg/mL)

EO ‘Bila’ 0.25 0.062 0.25 0.062
EO ‘Budrovka’ SN 0.25 0.062 0.25 0.062

EO ‘Budrovka’ 0.25 0.062 0.25 0.062
EF ‘Bila’ 0.5 0.125 0.25 0.062

EF ‘Budrovka’ SN 1 0.25 0.5 0.125
EF ‘Budrovka’ 0.5 0.125 0.5 0.125

EWM ‘Bila’ 1 0.25 1 0.25
EWM ‘Budrovka’ SN 1 0.25 1 0.25

EWM ‘Budrovka’ 1 0.25 1 0.25

Determining the antibacterial activity of the lavandin formulations was crucial for
further experiments. Based on the determined MIC values, a subinhibitory concentration
(0.25 ×MIC) was calculated to avoid the effect of the lavandin formulations on bacterial
growth during the experiments (Table 3) [25]. Thus, the focus of this study was to monitor
potential changes in C. jejuni properties that are important for biofilm establishment,
i.e., intercellular signaling, adhesion, and biofilm formation, while exposed to lavandin
formulations at subinhibitory concentration.

2.3. Modulation of Campylobacter Intercellular Signaling by Lavandin Formulations

The effect of lavandin formulations on the intercellular signaling of C. jejuni was
verified indirectly by measuring the emitted bioluminescence of the biosensor strain Vibrio
harveyi MM30. This biosensor was chosen because of its mutation in the luxS gene, which
consequently does not synthesize AI-2 signaling molecules but can detect external AI-2
released into the growth medium by C. jejuni [26,27]. The intensity of the bioluminescence
signal is proportional to the signal concentration in the tested spent medium (SM) [27].

C. jejuni NCTC 11168 and C. jejuni 11168∆luxS were cultivated without or with the
addition of the lavandin EOs and ethanolic extracts (EFs and EWMs) at a subinhibitory
concentration (0.25 ×MIC). Before determining the effect of lavandin formulations on the
intercellular signaling of C. jejuni, the colony-forming units (CFUs) were determined to
verify the effect on bacterial growth. Indeed, the used formulations did not significantly
affect the growth of C. jejuni NCTC 11168 and C. jejuni 11168∆luxS at a concentration
of 0.25 × MIC (p > 0.05) (Supplementary Table S1). SMs of C. jejuni NCTC 11168 and
C. jejuni 11168∆luxS were further analyzed with the biosensor V. harveyi MM30, and
emitted bioluminescence was measured for 15 h. The reduction of bioluminescence was
calculated using Equation (1). This was the indirect measure for the reduction of C. jejuni
intercellular signaling.

All lavandin EFs significantly reduced C. jejuni intercellular signaling (p < 0.05)
(Figure 1). Lavandin EWM ‘Bila’ and EWM ‘Budrovka’ SN were also successful in re-
ducing C. jejuni intercellular signaling (p < 0.05), while lavandin EOs did not have a
significant effect on C. jejuni intercellular signaling (p > 0.05) (Figure 1). Lavandin EFs
‘Bila’ and ‘Budrovka’ and lavandin EWM ‘Bila’ reduced C. jejuni intercellular signaling by
approximately 95% (Supplementary Table S2).
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Figure 1. Effect of different lavandin formulations (EOs, EFs and EWMs) at subinhibitory concentra-
tion (0.25 ×MIC) on the intercellular signaling of C. jejuni NCTC 11168. C. jejuni NCTC 11168 was
cultivated for 24 h without or with the addition of lavandin formulations at subinhibitory concen-
tration. Afterwards, SMs were prepared and added to V. harveyi MM30 biosensor strain. V. harveyi
MM30 bioluminescence response was the indirect measure for C. jejuni intercellular signaling. Log10

average values ± SD are shown. * p < 0.05, vs. control. (EO, essential oil; EF, ethanolic extract prior to
distillation; EWM, ethanolic extract of post-distillation waste material).

2.4. Modulation of Campylobacter Adhesion by Lavandin Formulations

Lavandin EOs, EFs, and EWMs were used at a subinhibitory concentration (0.25 ×MIC)
in order to prevent the adhesion of C. jejuni to a polystyrene surface. Results are shown in
Figure 2. The adhesion of C. jejuni to a polystyrene surface was significantly reduced by all
lavandin EOs and ethanolic extracts (EFs and EWMs), with the exception of lavandin EWM
‘Budrovka’ SN (p < 0.05). Within the exact group of lavandin formulations, EOs, EFs and
EWMs had a similar effect on C. jejuni adhesion (Figure 2).
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Figure 2. Effect of different lavandin formulations (EOs, EFs and EWMs) at subinhibitory concen-
tration (0.25 × MIC) on the adhesion of C. jejuni NCTC 11168 to a polystyrene surface. C. jejuni
NCTC 11168 was cultivated in a polystyrene microtiter plate without or with the addition of lavandin
formulations at subinhibitory concentration in a micro-aerobic atmosphere at 42 ◦C for 24 h. Attached
cells were suspended by sonication and their concentration was determined by plate counting. Log10

average values ± SD are shown. * p < 0.05, vs. control. (EO, essential oil; EF, ethanolic extract prior to
distillation; EWM, ethanolic extract of post-distillation waste material).

Lavandin EF ‘Bila’ and ‘Budrovka’ proved slightly more effective, with an almost 99%
reduction of adhesion (i.e., a reduction of 2 log10). Lavandin EF ‘Bila’ was more effective on
C. jejuni adhesion compared to EO and EWM ‘Bila’ (p < 0.05). There were no significant
differences in the effects of EO and EWM ‘Bila’ (p > 0.05). Lavandin EO ‘Budrovka’ SN
and ‘Budrovka’ were more effective than the lavandin EWMs (p < 0.05), but there were
significant differences compared to EFs ‘Budrovka’ SN and ‘Budrovka’ (p > 0.05). All
lavandin EFs were more effective in reducing C. jejuni adhesion to the polystyrene surface
compared to the lavandin EWMs (p < 0.05).

2.5. Modulation of Campylobacter Biofilm Formation by Lavandin Formulations

The biofilm formation of C. jejuni was observed on a glass surface, which presented
the model of an abiotic surface. Lavandin formulations at subinhibitory concentration
were used in order to prevent biofilm formation. Coverage of the glass surface with
C. jejuni NCTC 11,168 biofilm at air/liquid interface was determined after 72 h of exposure
to lavandin formulations. Every 24 h, the SM was replaced with a fresh one, where
lavandin formulations at subinhibitory concentration were added. This step was important
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because, in this way, C. jejuni was constantly exposed to the same concentration and form
of lavandin formulations.

All lavandin EOs and ethanolic extracts (EFs) significantly reduced the biofilm forma-
tion of C. jejuni on the glass surface (p < 0.05) (Figure 3). Among the lavandin EWMs, only
lavandin EWM ‘Bila’ significantly reduced biofilm formation (p < 0.05). Once again, it is
obvious that, within the exact group of lavandin formulations, EOs, EFs and EWMs had a
similar effect on C. jejuni biofilm formation.
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Figure 3. Effect of different lavandin formulations (EOs, EFs and EWMs) at subinhibitory concen-
tration (0.25 × MIC) on biofilm formation of C. jejuni NCTC 11168. C. jejuni NCTC 11,168 was
cultivated on a glass surface without or with the addition of lavandin formulations at subinhibitory
concentration in a micro-aerobic atmosphere at 42 ◦C for 72 h. Every 24 h, the SM was replaced
with a fresh Muller–Hinton (MH) broth, where lavandin formulations at subinhibitory concentration
were added. After 72 h of incubation, microscopic slides were rinsed and stained with 1% [v/v]
crystal violet. Biofilms were examined at air/liquid interface and surface coverage was measured.
Average values ± SD are shown. * p < 0.05, vs. control. (EO, essential oil; EF, ethanolic extract prior
to distillation; EWM, ethanolic extract of post-distillation waste material).

Lavandin EOs proved most effective against C. jejuni biofilm formation, where la-
vandin EO ‘Budrovka’ SN and ‘Budrovka’ reduced the biofilm formation by approximately
85%. Interestingly, lavandin EO ‘Bila’ reduced biofilm formation by approximately 67%,
and its effect was not significantly different from the effect of lavandin EF ‘Bila’ and EWM
‘Bila’ (p > 0.05).
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Lavandin ethanolic extracts (EFs and EWMs) had a weaker effect on C. jejuni biofilm
formation. Among the ethanolic extracts, the most effective was lavandin EWM ‘Bila’,
with a biofilm reduction of approximately 44%. The effect of lavandin EWM ‘Bila’ was not
significantly different from the effect of lavandin EF ‘Bila’.

2.6. Correlation between MIC and C. jejuni Intercellular Signaling, Adhesion and
Biofilm Formation

In order to test whether the measured parameter MIC and C. jejuni properties—i.e.,
intercellular signaling, adhesion, and biofilm formation—were in correlation, Pearson’s
correlation test was used (Figure 4). There was a weak and negative correlation (p < 0.01)
between MIC and C. jejuni intercellular signaling (Figure 4), meaning that the increment of
MIC leads to the reduction of intercellular signaling. A medium and positive correlation
(p < 0.01) was found between C. jejuni intercellular signaling and adhesion (Figure 4),
meaning that the reduction of intercellular signaling leads to the reduction of adhesion. A
medium and positive correlation (p < 0.01) was also observed for C. jejuni adhesion and
biofilm formation (Figure 4), meaning that the reduction of adhesion leads to the reduction
of biofilm formation.

Antibiotics 2022, 11, 854 9 of 18 
 

 

2.6. Correlation between MIC and C. jejuni Intercellular Signaling, Adhesion and Biofilm 

Formation 

In order to test whether the measured parameter MIC and C. jejuni properties—i.e., 

intercellular signaling, adhesion, and biofilm formation—were in correlation, Pearson’s 

correlation test was used (Figure 4). There was a weak and negative correlation (p < 0.01) 

between MIC and C. jejuni intercellular signaling (Figure 4), meaning that the increment 

of MIC leads to the reduction of intercellular signaling. A medium and positive correlation 

(p < 0.01) was found between C. jejuni intercellular signaling and adhesion (Figure 4), 

meaning that the reduction of intercellular signaling leads to the reduction of adhesion. A 

medium and positive correlation (p < 0.01) was also observed for C. jejuni adhesion and 

biofilm formation (Figure 4), meaning that the reduction of adhesion leads to the reduc-

tion of biofilm formation. 

 

Figure 4. Correlation between MIC of lavandin formulations, C. jejuni intercellular signaling, adhe-

sion and biofilm formation. Pearson’s correlation test was used in order to determine the correlation 

among variables. For the Pearson correlation, an absolute value of 1 indicates a perfect linear rela-

tionship. A correlation close to 0 indicates no linear relationship between the variables. The sign of 

the coefficient indicates the direction of the relationship. Correlation was significant at the level < 

0.01. 

2.7. Antioxidant Activity of Lavandin Formulations 

The antioxidant activity of the lavandin formulations was determined using the 

DPPH radical scavenging assay. Lavandin EOs were tested at a concentration of 40 

mg/mL. Lavandin EO ‘Bila’ and ‘Budrovka’ showed similar results, with lavandin EO 

‘Bila’ having a scavenging activity of 75.03 ± 11.33% and lavandin EO ‘Budrovka’ having 

Figure 4. Correlation between MIC of lavandin formulations, C. jejuni intercellular signaling, adhesion
and biofilm formation. Pearson’s correlation test was used in order to determine the correlation
among variables. For the Pearson correlation, an absolute value of 1 indicates a perfect linear
relationship. A correlation close to 0 indicates no linear relationship between the variables. The
sign of the coefficient indicates the direction of the relationship. Correlation was significant at the
level < 0.01.
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2.7. Antioxidant Activity of Lavandin Formulations

The antioxidant activity of the lavandin formulations was determined using the DPPH
radical scavenging assay. Lavandin EOs were tested at a concentration of 40 mg/mL.
Lavandin EO ‘Bila’ and ‘Budrovka’ showed similar results, with lavandin EO ‘Bila’ having
a scavenging activity of 75.03 ± 11.33% and lavandin EO ‘Budrovka’ having a scavenging
activity of 70.85 ± 2.80%. Lavandin EO ‘Budrovka’ SN had better antioxidant activity, with
90.17% ± 0.45% scavenging activity.

The lavandin ethanolic extracts (EFs and EWMs) were tested for antioxidant activity
at a much lower concentration compared to the lavandin EOs. EFs were tested at a
concentration of 2.5 mg/mL, while EWMs were tested at a concentration of 1 mg/mL. EF
‘Bila’ and ‘Budrovka’ SN had similar results, with EF ‘Bila’ having a scavenging activity
of 86.73 ± 2.81% and EF ‘Budrovka’ SN of 83.54 ± 4.58%. EF ‘Budrovka’ had the best
antioxidant activity among the lavandin EFs, with a scavenging activity of 93.87 ± 0.67%.

All three EWMs had a similar scavenging activity, with lavandin EWM ‘Bila’ having
a scavenging activity of 92.16 ± 1.73, EWM ‘Budrovka’ SN of 94.38 ± 1.19, and EWM
‘Budrovka’ of 92.94 ± 0.38%.

3. Discussion

Current measures that are used to combat the persistence of C. jejuni in the food
production chain are not fully effective, so there is a need for new approaches to control
C. jejuni across the whole food production chain from farm to fork. In order to find potential
antimicrobials that will be able to prevent or reduce C. jejuni biofilm establishment on abiotic
surfaces, dried flowers of Lavandula × intermedia ‘Bila’, ‘Budrovka SN, and ‘Budrovka’ were
used to prepare EOs, ethanolic extracts of lavandin flowers prior to distillation (EFs) and
ethanolic extracts of lavandin post-distillation waste material (EWMs). Prepared lavandin
formulations were used to target C. jejuni intercellular signaling, adhesion, and biofilm
formation in order to combat biofilm establishment. Subinhibitory concentration was used
to avoid effects on C. jejuni growth.

Prior to the experiments at the biological level, the chemical composition of lavandin
EOs, EFs and EWMs was investigated to gain insight into the chemical profile of pre-
pared lavandin formulations. EFs and EWMs had a similar chemical composition, where
phenols were the major compounds detected. However, it is important to note that the
extraction yield was higher for waste material compared to flowers prior to the distilla-
tion (Supplementary Figure S1). This can be due to better accessibility of waste material
to the solvent, as by hydrodistillation, the plant material was cooked for the time of hy-
drodistillation. Therefore, the plant cellular matrix was better solubilized, and extractive
compounds were more easily available. Moreover, 3-(3,4-dihydroxyphenyl)lactic acid, the
hydrolysis product of rosmarinic acid, as well as salvianolic acid A, could only be detected
in the extract from waste materials after hydrodistillation, indicating that artifact formation
during hydrodistillation has to be taken into account. In addition, the flavones apigenin-
7-O-glucoside and ladanein were detected. A comparable composition was reported for
L. × intermedia waste material, where chlorogenic acid and a number of flavone glycosides
were also found [18]. A similar composition for Lavandula ethanolic extracts was also
reported in our previous study [22]. Mass spectrometry and UV-VIS data were used for the
identification of phenols, so the sugar moieties were only designated as hexosides; however,
according to other reports for Lavandula spp., glucosidation is most likely to occur [18,28].

The complete chemical profile was determined for all three lavandin EOs. Linalool,
linalyl acetate, 1,8-cineol, and camphor were the major compounds found in tested EOs.
This confirms that tested EOs belonged to the genus Lavandula, more specifically to the
hybrid L. × intermedia [29,30]. The EO of L. × intermedia ‘Budrovka’ contained the highest
percentage of linalool (47.2%) and linlyl acetate (26.7%) compared to the percentage of
linalool and linalyl acetate found in L. × intermedia ‘Bila’ and ‘Budrovka’ SN (40.4–43.1%
and 5.3–6.6%, respectively). This is especially interesting because L. × intermedia ‘Budrovka’
and ‘Budrovka’ SN were cultivated at the same geographic location but in different fields,
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which indicates that ontogenetic and morphogenetic factors can also influence the chemical
variability, either to a quantitative or qualitative extent [31].

Among tested lavandin formulations, all three lavandin EOs were shown to possess
the best antibacterial activity, with MIC values of 0.25 mg/mL. The antibacterial activity of
L. × intermedia ‘Budrovka’ and L. angustifolia EOs were observed against different Gram-
positive and Gram-negative bacteria [29]. In our previous study [22], the same MIC was
determined for L. angustifolia EO against C. jejuni. Regarding the information provided,
C. jejuni seems most sensitive to Lavandula formulations among all tested bacteria. This
could be due to the type of microorganism, the inoculum volumes, and the culture medium
used, together with the pH, temperature, and incubation time. Type and storage, as well as
the method for plant formulation preparation, can also influence antimicrobial activity [32].

EFs and EWMs had a moderate but comparable effect against C. jejuni, although
weaker than EOs. It is most likely that this can be explained by the glycosidic nature of the
major constituents of the ethanolic extracts resulting in decreased cell wall permeability.
Nevertheless, EFs and EWMs still contain a diverse pool of bioactive compounds and are
effective antibacterial agents. This is in agreement with previous studies on post-distillation
thyme waste, pinot noir grape skins and seeds, juniper fruit waste, and Lavandula waste
material, which also showed great antimicrobial activity [22,33,34].

In further experiments, lavandin formulations were used at a subinhibitory concentra-
tion as a novel approach to control biofilm development, focusing on C. jejuni properties:
intercellular signaling and adhesion. All lavandin EFs and lavandin EWMs ‘Bila’ and
‘Budrovka’ SN significantly reduced C. jejuni intercellular signaling, proving to be more
effective than the lavandin EOs. It is hypothesized that the signaling molecules were bound
to the solid aggregates of the precipitate in the samples of the ethanolic extracts, which
became apparent during the preparation of the SMs and were removed along with the
bacteria during filtration. Moreover, the process of intercellular signaling can be disrupted
by different mechanisms: reducing the activity of receptor protein or synthase; inhibiting
the production of signaling molecules; degrading the signaling molecules; mimicking the
signaling molecules primarily by using the analogs of signal molecules (e.g., secondary
metabolites of natural formulations) [35]. A comparable result was reported for L. hybrida
EO at subinhibitory concentration, which inhibited the intercellular signaling of C. jejuni by
approximately 66% [25]. Similarly, a strong effect on the inhibition of C. jejuni intercellular
signaling was also found for the ethanolic fruit extract Euodia ruticarpa, which showed a
reduction of more than 90% [36].

Adhesion is a bacterial feature affected by intercellular signaling. It is crucial for the
development of C. jejuni biofilm, so it is necessary to inhibit it in order to prevent biofilm
establishment [9]. A statistically significant effect on the reduction of C. jejuni adhesion to a
polystyrene surface was confirmed for all tested lavandin preparations, with the exception
of the lavandin EWM ‘Budrovka’ SN. There were no statistically significant differences
between the anti-adhesion effect of lavandin EOs and EFs. Moreover, a slightly better
effect could be observed for lavandin EF ‘Bila’ and ‘Budrovka’ compared to their EOs,
where lavandin EF ‘Budrovka’ reduced adhesion by >99%. This is comparable with the
results gained for thyme ethanolic extracts [33]. An excellent anti-adhesion effect was also
observed for the L. hybrida EO, which reduced the adhesion of C. jejuni to the polystyrene
surface by 96% [25]. This is comparable to the observed results for the lavandin EOs.
Similar results for lavender formulations were shown in our previous study [22], where
it was confirmed that lavender EOs were able to affect the expression of genes carrying
the transcript for the outer membrane proteins involved in the initial adhesion of C. jejuni
to contact surfaces. Moreover, a moderate and positive correlation was found between
intercellular signaling and adhesion, indicating that a decrease in intercellular signaling
leads to a decrease in the adhesion of bacterial cells to abiotic surfaces. These results are
supported by the research by [25], who also found a correlation between the reduction of
intercellular signaling and the reduction of adhesion. Altogether, these findings confirm
that formulations from the genus Lavandula have great anti-adhesion potential against
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C. jejuni and that intercellular signaling is an important target of Lavandula preparations to
combat the adhesion of C. jejuni.

It is clear that the lavandin formulations successfully reduced C. jejuni adhesion, but
the most important question was whether the lavandin formulations could reduce biofilm
development even after 72 h of incubation. Indeed, all lavandin EOs and EFs, as well
as lavandin EWM ‘Bila’, significantly reduced the biofilm development of C. jejuni on a
glass surface even after 72 h of incubation (p < 0.05). A moderate and positive correlation
was found between reducing adhesion and biofilm formation, confirming that reducing
adhesion is a crucial step in combating bacterial biofilm, but a correlation between reducing
intercellular signaling and biofilm was not found, which was expected, as biofilm formation
is a multifactorial event and does not only depend on intercellular signaling. If we consider
all the facts together, it is evident that intercellular signaling is the primary mechanism that
needs to be reduced in order to reduce adhesion and, consequently, biofilm establishment.
The lavandin EOs had the most favorable inhibitory effect against biofilm establishment.
The latter can be attributed to the higher content of bioactive secondary metabolites in EO.
It is interesting that there were no significant differences between the effects of lavandin
EO, EF, and EWM ‘Bila’, indicating that waste material can match EO in its effects. Studies
have also shown the anti-biofilm activity of linalool against different bacteria [9,29], but not
as good as for EO. Naturally, linalool is one of the major compounds found in the tested
EOs, but it is important to emphasize that the action of EO comes from the action of all the
bioactive compounds found in EO [22].

Finally, the antioxidant activity of prepared lavandin formulations was tested. The
antioxidant activity of natural compounds is important because it can reduce the oxidation
of food products that come to consumers, thus improving food quality [37]. Among all the
lavandin formulations, lavandin EWM had the best antioxidant activity and scavenging
activity of more than 90% at a concentration of 1 mg/mL. In order to gain a similar
effect with lavandin EFs and EOs, a concentration 2.5 times or 40 times higher had to be
used. Similar results were found for the ethanolic extract Ocimum basilicum, which had
better antioxidant activity than the EO of O. basilicum [38]. The better antioxidant activity
of lavandin ethanolic extract formulations can be attributed to their strongly different
chemical composition compared to EOs. For example, ladanein, which was found in the
tested ethanolic extracts, is known to be a good antioxidant agent [39]. Moreover, lavandin
EWMs had a relatively higher concentration of some identified compounds than EFs
(concluded from the mass spectrometry and UV-VIS data), which can explain their better
antioxidant activity. Similar results were found for lavandin ‘Budrovka’ EO, which had an
IC50 value of 21.6 mg/mL [29]. By comparing our results with the research carried out on
lavandin ‘Sumiens’, ‘Super A’ and ‘Grosso’, it was recognized that tested cultivars ‘Bila’,
‘Budrovka’ SN, and ‘Budrovka’ had an antioxidant activity that was twice as good [40].
Such an effect is probably the result of synergistic interactions between EOs constituents,
as linalool and linlyl acetate had much higher IC50 values (218.6 mg/mL or 157.1 mg/mL,
respectively) than lavandin EO [29].

4. Material and Methods
4.1. Chemicals

The MH agar was from BioMéroeux (Marcy-l’Étoile, France), the MH broth was from
Oxoid (Hampshire, UK) and the Karmali agar was from Biolife (Milan, Italy). The glycerol
solution was from Kemika (Zagreb, Croatia), the phosphate-buffered saline (PBS) was
from Oxoid, and the kanamycin, dimethylsulphoxide (DMSO), resazurin, menadione, and
Folin–Ciocalteu reagent were from Sigma Aldrich (Steinheim, Germany). The sodium
chloride, magnesium sulfate heptahydrate, L-arginine, and 96% ethanol were from Merck
(Darmstadt, Germany). The casamino acid was from Thermo Fisher Scientific (Carlsbad,
CA, USA).
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4.2. Lavandin Formulations

Three Lavandula × intermedia cultivars (‘Bila’, ‘Budrovka’ SN and ‘Budrovka’) were
used in this study. Lavandula × intermedia ‘Bila’ was cultivated in Spodnje Pitve, Hvar,
Croatia (43◦09′06” N, 16◦40′35” E), while L. × intermedia ‘Budrovka’ SN and L. × intermedia
‘Budrovka’ were cultivated in Jelsa, Hvar, Croatia (43◦09′23” N, 16◦41′04” E). The samples
were collected in the afternoon hours during July 2019. Dried flowers were used to prepare
the lavandin EOs and ethanolic extracts (EFs).

The EOs were prepared by hydrodistillation [41], with about 200 g of flowers distilled
in two liters of water in a Clevenger-type apparatus for three to four hours and then stored
at 4 ◦C. The waste material obtained after the hydrodistillation of the lavandin flowers was
also used for the preparation of the ethanolic extracts (EWMs).

The ethanolic extracts from the lavandin dried flowers (EFs) and waste material
(EWMs) gained after the hydrodistillation process were prepared by a four-to-six-hour
ethanol extraction (Soxhlet extraction) of 20 g dried flowers in 150 mL 96% ethanol. These
were then concentrated in a rotary evaporator (Laborota 4000; Heidolph Instruments,
Germany) at 40 ◦C and 175 mbar pressure and stored at 4 ◦C.

4.3. Phytochemical Analysis of Lavandin Ethanolic Extracts

The identification of the phenolic compounds in lavandin ethanolic extracts (EFs and
EWMs) was carried out using liquid chromatography—photo diode array—electrospray
ionization mass spectrometry (LC-MS) following the protocol described in [22] (for details,
see Supplementary Methods, LC-MS Conditions). The compounds eluted were determined
by their UV-VIS and mass spectra, in comparison with the literature [18,42–46].

4.4. GC–MS Analysis of Lavandin EOs

The identification of the main compounds in lavandin EOs was carried out by GC–MS
following the protocol described in [19] (for details, see Supplementary Methods, GC–MS
Conditions). The compounds were identified by their retention indices according to [44]
and by comparing their mass spectra with spectral data libraries [23,24,47] and with the
laboratory’s own database.

4.5. Bacterial Strains and Growth Conditions

C. jejuni NCTC 11168 and C. jejuni 11168∆luxS [48] were used in this study. The strains
were stored at −80 ◦C in a 20% glycerol and 80% MH broth. Prior to the experiments,
C. jejuni NCTC 11168 was subcultivated on Karmali agar, and C. jejuni 11168∆luxS on an
MH agar supplemented with 30 mg/L kanamycin for 24 h at 42 ◦C under micro-aerobic
conditions (85% N2, 5% O2, 10% CO2). The strains were further subcultured in an MH
broth under the same conditions, and bacterial OD was determined by spectrophotometric
measurements of absorbance at 600 nm after the incubation. The inoculum was prepared
in an MH broth at 105 CFU/mL for determination of the MICs and assays that targeted
C. jejuni intercellular signaling and adhesion. For counting, strains were plated on an MH
agar under conditions described above in this section, and the colonies were counted and
expressed as CFU/mL.

For the autoinducer-2 bioassay, the biosensor strain V. harveyi MM30 [22] was used. The
strain was stored at −80 ◦C in a 20% glycerol and 80% autoinducer bioassay (AB) medium
composed of NaCl [0.02 g/L], MgSO4 + 7 H2O [0.01 g/L], casamino acid [0.002 g/L], PBS
[1 M], L-arginine [0.1 M] and glycerol [50% (v/v)] [49]. Prior to the experiments, strains
were subcultured for 16 h aerobically at 30 ◦C in an AB liquid medium.

4.6. Antimicrobial Potential of Lavandin Formulations

The MICs against C. jejuni NCTC 11168 and C. jejuni 11168∆luxS were determined by
the broth microdilution method, as previously described [50]. Stock solutions of lavandin
EOs and ethanolic extracts (EFs and EWMs) were prepared in DMSO at 40 mg/mL. Serial
dilutions of stock solutions were performed in an MH broth in a 96-well microtiter plate
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(NUNC 266 120 polystyrene plates; Nunc, Denmark), after which bacterial inoculum was
added, prepared as described in Section 2.5. During experiments, the DMSO in the MH
broth did not exceed a concentration of 1% [v/v], which did not influence the growth
of bacteria [25]. In further experiments, a concentration of 0.25 ×MIC was used, as this
concentration was the first concentration that did not influence the growth of C. jejuni [25].

4.7. Targeting Intercellular Signaling of C. jejuni

Overnight cultures of C. jejuni NCTC 11168 and C. jejuni 11168∆luxS were inoculated
in an MH broth until OD600 0.1 (107 CFU/mL). For further experiments, the cultures
were diluted 100-fold in an MH broth, and an MH broth supplemented with lavandin
formulations (EOs and ethanolic extracts [EFs and EWMs]) at subinhibitory concentration
(0.25 ×MIC). The cultures were further incubated for 24 h at 42 ◦C under micro-aerobic
conditions. After the incubation, bacterial growth was determined using the plate counting
method as described previously (Section 2.5), and cultures were further filtrated through
0.2 µm syringe filters to gain an SM where no bacteria were present. SMs were stored at
−80 ◦C until further experiments.

V. harveyi MM30 was used for the biosensor assay in order to test the effect of lavandin
formulations on C. jejuni intercellular signaling. An overnight culture of V. harveyi MM30
was diluted 5000-fold in an AB liquid medium to contain approximately 103 CFU/mL and
was used in further experiment. C. jejuni NCTC 11168 SM (CJ–SM) and C. jejuni 11168∆luxS
SM (LUXS–SM), untreated or treated with lavandin formulations at subinhibitory concen-
tration, were added to the suspension of the biosensor to a final concentration of 5% (v/v)
of each (i.e., 10 µL of CJ–SM, 10 µL of LUXS–SM and 180 µL of the biosensor strain) in
96-well white microtiter plates with a transparent bottom (Greiner Bio-One, Kremsmünster,
Austria). LUXS–SM, untreated or treated with lavandin formulations at subinhibitory
concentration, was used as the blank [5% (v/v) LUXS–SM, 95% (v/v) AB medium], while
the negative control was a 5% (v/v) LUXS–SM and 95% (v/v) V. harveyi suspension. The
relative luminescence signals, expressed as relative luminescence units (RLU), and a growth
of V. harveyi MM30, expressed as OD600, after the addition of CJ–SM (treated or untreated),
LUXS–SM (treated or untreated), and MH broth, were measured with a microplate reader
(Varioskan Lux, Thermo Scientific, Waltham, MA, USA) at 30 min intervals over 15 h at
30 ◦C.

The measured values (RLU and OD600) of LUXS–SM (treated or untreated), used as
blank, were deducted from the values (RLU and OD600) gained for the bioluminescence
response and the growth of the V. harveyi MM30 biosensor after the addition of CJ–SM and
LUXS–SM (both treated or untreated). Results from the bioluminescence response were
normalized with OD600. The reduction of bioluminescence was calculated by Equation (1):

% bioluminescence reduction = 100−
(

11168T − luxST
11168C− luxSC

)
× 100%, (1)

where 11168T is the normalized bioluminescence response of V. harveyi MM30 after the
addition of CJ–SM treated with lavandin formulations at subinhibitory concentration,
luxST is the normalized bioluminescence response of V. harveyi MM30 after the addition of
LUXS–SM treated with lavandin formulations at subinhibitory concentration, 11168C is the
normalized bioluminescence response of V. harveyi MM30 after the addition of untreated
CJ–SM and luxSC is the normalized bioluminescence response of V. harveyi MM30 after the
addition of untreated LUXS–SM.

4.8. Anti-Adhesion Potential of Lavandin Formulations

The adhesion of C. jejuni NCTC 11168 was investigated under treatments with la-
vandin formulations at subinhibitory concentration. Inoculum was prepared as described
in Section 2.5 and treated with lavandin EOs, and ethanolic extracts (EFs and EWMs) at
0.25 ×MIC Polystyrene microtiter plates with 96 wells (Nunc 266 120 polystyrene plates;
Nunc, Denmark) were prepared as described in [22] and were incubated for 24 h. The ad-
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hesion of cells was determined as CFU/mL, as previously described [22,33]. The untreated
culture was used as a negative control.

4.9. Anti-Biofilm Potential of Lavandin Formulations

The anti-biofilm potential of lavandin EOs and ethanolic extracts (EFs and EWMs)
was evaluated according to the previously reported method [22]. Briefly, in a 50 mL
centrifuge tube (Sarstedt, Nümbrecht, Germany), 20 mL of MH broth supplemented with
lavandin formulations at subinhibitory concentration (0.25 ×MIC) were added and were
inoculated with 5% [v/v] inoculum of C. jejuni overnight culture (108 CFU/mL). Autoclaved
microscope slides (26 × 76 mm; Deltalab, Barcelona, Spain) were used as a model for a
glass surface and were vertically inserted into the centrifuge tube after inoculation of the
medium. The cultures were incubated without shaking in a micro-aerobic atmosphere for
72 h at 42 ◦C, in a damp environment. After 24 h, microscopic slides were transferred to new
centrifuge tube where 20 mL of fresh MH broth, supplemented with lavandin formulations
at subinhibitory concentration (0.25 ×MIC), were added. The same was repeated after an
additional 24 h of incubation. Untreated cultures were used as negative controls. After
72 h of incubation, the microscopic slides were rinsed three times with PBS to remove
weakly adhered cells and stained with a 1% [v/v] crystal violet stain. The biofilms on the
air/liquid interface were investigated with a light microscope (DM750, Leica, Germany)
equipped with a camera (ICC50 W, Leica, Germany) under a 400× g magnification. For
each sample, five technical replicates of vertically connected images of biofilm at the
air/liquid interface were captured (5 × 1 mosaic images; total analyzed surface per image,
1600 µm × 1200 µm). The images were processed using the Fiji program [51] as described
in [22], with minor modifications. Based on the image processing, the surface coverage in
percent was determined.

4.10. Free Radical Scavenging Activity Assay (DPPH Assay)

The free radical scavenging activities of the lavandin EOs and ethanolic extracts (EFs
and EWMs) were evaluated using the stable DPPH radicals as previously described [29].
Briefly, the DPPH was prepared at a concentration of 0.2 mg/mL in 96% ethanol. The
lavandin EOs were assayed at a concentration of 40 mg/mL in 96% ethanol, lavandin
ethanolic extracts (EFs) at a concentration of 2.5 mg/mL in 96% ethanol and lavandin
ethanol extracts (EWMs) at a concentration of 1 mg/mL in 96% ethanol. We added 20 µL
of DPPH to 60 µL of the lavandin samples (EOs, EFs, and EWMs) in a non-sterile 96-well
polystyrene microtiter plate (Brand, Wertheim, Germany). For blank, 20 µL of 96% ethanol
was added to 60 µL of the lavandin samples (EOs, EFs, EWMs), and for a negative control,
20 µL of DPPH solution was added to 60 µL of the 96% ethanol. The microtiter plate was
shaken for 1 min at 600 rpm in a microplate shaker (Eppendorf, Hamburg, Germany) and
incubated for 30 min in the dark at room temperature. After incubation, the absorbance
was measured at 517 nm on the microplate reader. The scavenging activity was calculated
using the following Equation (2):

% SA =

(
1−

(
A (sample)− (A(blank)

A(neg.control)

))
× 100 (2)

4.11. Statistical Analysis

All the experiments were carried out in triplicate as three or more independent ex-
periments. The data are expressed as means ± standard deviation, with analysis using
Origin 2018 (OriginLab, Northampton, MA, USA). Statistical analysis was performed using
IBM SPSS Statistics 23 (Statsoft Inc., Tulsa, OK, USA). In order to determine the distribu-
tion and homogeneity of the data, the Kolmogorov–Smirnov test of normality and the
homogeneity of variances test were performed. The data were normally distributed and
variances were equal across groups. Statistical significances were determined using the
One-Way ANOVA test. Data were accepted as significant at p < 0.05. Pearson’s correlation
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test was used to determine the correlation between MIC and C. jejuni intercellular signaling,
adhesion, and biofilm formation. The correlation was significant at the level p < 0.01.

5. Conclusions

This comparative study aimed to find antimicrobials that were potentially able to
reduce C. jejuni biofilm establishment on abiotic surfaces. Prepared EOs, EFs, and EWMs of
Lavandula × intermedia ‘Bila’, ‘Budrovka’ SN, and ‘Budrovka’ showed great antibacterial ac-
tivity against one of the major food-borne pathogens, C. jejuni. Their effect against C. jejuni
intercellular signaling, adhesion, and biofilm formation at subinhibitory concentration
was confirmed, making lavandin formulations antimicrobial agents that can be used as an
innovative approach to control C. jejuni biofilm development. Moreover, a correlation was
confirmed between the reduction of C. jejuni intercellular signaling and the reduction of
C. jejuni adhesion, two interrelated properties that can be easily controlled simultaneously.
It is important to emphasize that lavandin ethanolic extracts showed better activity against
C. jejuni intercellular signaling and adhesion, as well as better antioxidant activity, which
makes them competitive with EOs. These findings mean that novel bacterial targets are
of interest for biofilm control with alternative natural agents throughout the whole food
production chain.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/antibiotics11070854/s1: Method S1. LC-MS Conditions; Method S2. GC–MS
Conditions; Table S1. Growth of C. jejuni NCTC 11168 and C. jejuni 11168∆luxS in MH broth without
or with the addition of lavandin formulations (EOs, EFs and EWMs) at subinhibitory concentration
(0.25×MIC) after 24 h of incubation in a micro-aerobic atmosphere. Average values of CFU/mL are
shown ± SD; Table S2. Reduction of C. jejuni NCTC 11168 intercellular signaling after the addition of
lavandin formulations (EOs, EFs and EWMs) at subinhibitory concentration (0.25×MIC). Average values
in % are shown± SD; Figure S1. Yield of ethanol extraction for lavandin ethanolic extracts, i.e., lavandin
EFs and lavandin EWMs. Figure S2. HPLC chromatogram (UV 310 nm) of the ethanolic extract of lavandin
flowers prior to distillation [EFs]. * not identified (no significant ionization in ESI positive and negative
mode); compound 1 was not detected; for identity of compounds 2–10, please refer to Table 1. Figure S3.
HPLC chromatogram (UV 320 nm) of the ethanolic extract of lavandin postdistillation waste materials
(EWMs). * not identified (no significant ionization in ESI positive and negative mode); compound 1
(3-(3,4-OH-phenyl)lactic acid was not detectable at 310 nm, but was detected in the ESI-MS base peak
chromatogram; for identity of compounds 2–10, please refer to Table 1. Figure S4. Comparison of peak
areas of compounds 2–10 in EF and EWM samples. Peak areas were calculated from UV chromatograms
at 310 nm.
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27. Ramić, D.; Klančnik, A.; Smole Možina, S.; Dogša, I. Elucidation of the AI-2 communication system in the food-borne pathogen
Campylobacter jejuni by whole-cell-based biosensor quantification. Biosens. Bioelectron. 2022, 212, 114439. [CrossRef]

28. Areias, F.M.; Valentão, P.; Andrade, P.B.; Moreira, M.M.; Amaral, J.; Seabra, R.M. HPLC/DAD analysis of phenolic compounds
from Lavender and its application to quality control. J. Liq. Chromatogr. Relat. Technol. 2000, 23, 2563–2572. [CrossRef]
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