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a b s t r a c t

Background: Clostridioides difficile is the most common causative agent of antibiotic-acquired diarrhea in
hospitalized patients associated with substantial morbidity and mortality. The global epidemic of CDI
(Clostridioides difficile infection) began in the early 20th century with the emergence of the hypervirulent
and resistant ribotype 027 strains, and requires an urgent search for new therapeutic agents.
Objective: The aim of this study is to investigate the antibacterial activity of the three essential oils
isolated from spice herbs (wild oregano, garlic and black pepper) against C. difficile clinical isolates
belonging to 6 different PCR ribotypes and their potential inhibitory effect on the biofilm production in
in vitro conditions.
Results: Wild oregano essential oil showed strong inhibitory activity in concentrations 0.02e1.25 mg/mL
and bactericidal activity in concentrations from 0.08 to 10 mg/mL. Garlic essential oil was effective in the
concentration range of 0.02e40 mg/mL, and 0.16 - > 40 mg/mL. MIC and MBC for black pepper oil ranged
from 0.04 to 40 mg/mL, and 0.08 - > 40 mg/mL, respectively. All the tested oils reduced in vitro biofilm
production, with the best activity of oregano oil.
Conclusion: Essential oils of wild oregano, black pepper and garlic are candidates for adjunctive thera-
peutics in the treatment of CDI. Oregano oil should certainly be preferred due to the lack of selectivity of
action in relation to the ribotype, the strength of the produced biofilm and/or antibiotic-susceptibility
patterns.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Clostridioides difficile (C. difficile) is a spore-forming, Gram-pos-
itive, anaerobic bacillus responsible for the most common
antibiotic-associated nosocomial infections [1], related with sub-
stantial morbidity and mortality [2]. The main risk factors for
colonization and subsequent development of infections with toxi-
genic C. difficile strains are considered to be hospitalization, age
(>65 years) and prolonged treatment with wide-spectrum antibi-
otics. Increased prevalence and higher mortality rates are
s (Z. Stojanovi�c-Radi�c).
associated with an emergence of hypervirulent strains (NAP1/BI/
027), recognized as responsible for severe forms of Clostridioides
difficile infection (CDI), characterized by a high rate of recurrence
and resistance to conventional therapy [2,3]. CDI mainly occurs
after antimicrobial therapy applied for other infections. A rise of
multidrug-resistant (MDR) clinical isolates and their reduced sus-
ceptibility to the most commonly used antibiotics have made the
treatment of CDI more complicated, allowing the persistence of
C. difficile in the intestinal environment [4]. Metronidazole, fidax-
omicin and vancomycin are three recommended drugs for the
treatment of C. difficile infection (CDI) [5]. Treatment failure rates
have been reported when metronidazole is used for CDI therapy,
most likely in association with increased MIC values, e.g due to the
presence of plasmid mediated resistance or changes in the haem

mailto:zorica.stojanovic-radic@pmf.edu.rs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.anaerobe.2022.102604&domain=pdf
www.sciencedirect.com/science/journal/10759964
http://www.elsevier.com/locate/anaerobe
https://doi.org/10.1016/j.anaerobe.2022.102604
https://doi.org/10.1016/j.anaerobe.2022.102604


A. Aleksi�c, Z. Stojanovi�c-Radi�c, C. Harmanus et al. Anaerobe 76 (2022) 102604
responsive genes [6e8]. Higher MIC values both to metronidazole
and vancomycin have been found for hypervirulent PCR ribotype
(RT) 027 strains in Israel, known as cause of outbreaks and severe
infection [9]. The metronidazole resistance in C. difficile is a
multifactorial mechanism and one additional mechanism could be
protective barriers provided by biofilm that partially explain the
CDI treatment failures caused by strains with an in vitro susceptible
phenotype [10].

Several works reported ability of C. difficile to form a mono-
species in vivo biofilm [11] or biofilm associated with the host gut
mucosa microbial community [12,13]. In this form, due to the
compact nature and the surrounding extracellular matrix of bio-
films, permeation of antimicrobials into the biofilm could be
reduced, which affect their efficacy. Mixed biofilms formation in
the gut can act as a reservoir for C. difficile with the potential to
cause recurrent disease [14]. Biofilm related infections are hard to
treat due to 10- to 1000-fold higher antibiotic resistance in com-
parison to planktonic bacteria. C. difficile strains belonging to the
PCR ribotype (RT) 027 showed that biofilm-growing cells are more
resistant to high concentrations of vancomycin than planktonic
cells [15] and also could tolerate metronidazole concentrations 100
times higher (100 mg/mL) compared with liquid cultures of the
same strain, which were inhibited by antibiotic concentrations
above 1 mg/mL [16].

Prevention of resistance spreading and ensuring an effective
therapy against CDI are limited when conventional antibiotics are
in question. Therefore, the development of alternative therapeutic
approaches, including traditional plant-based treatments might be
helpful in control of CDI. The antibacterial activity based on
essential oils and their derivatives has been recognized for a long
time. In comparison with antibiotics, herbal extracts and essential
oils contain different antibacterial compounds that could employ a
number of inhibitory mechanisms, making it difficult for pathogens
to develop resistance [17]. A number of medicinal and spice plants
or their components could potentially find use in prevention and
combating CDI as an adjunctive therapeutic agent. Essential oils
(EOs) can interfere with the mechanisms of biofilm formation, thus
disrupting and controlling this process by inhibiting the EPSmatrix,
suppressing of the cell adhesion (by inhibiting flagella gene tran-
scription or disrupting bacterial motility), or by blocking the
quorum sensing system [18,19]. Comparison of the antibiofilm ac-
tivity of essential oils with the activity of its main components
demonstrated higher efficacy of the essential oils, which suggests
that minor compounds may have a synergistic effect with major
bioactive compounds [19].

Previous in vitro studies have shown efficacy of medium-chain
fatty acids derived from virgin coconut oil for the growth inhibi-
tion of C. difficile [20]. Pomegranate (Punica granatum L.) extract
inhibited toxigenic C. difficile strains in minimum inhibitory con-
centrations (MICs) from 12.5 to 25 mg/mL [21]. Aljarallah [22]
suggests that Nigella sativa seeds water extract and Commiphora
myrrha (Myrrh) oil might be considered as potential alternative and
adjuvant therapy options for the treatment of human CDI. These
natural preparations inhibited C. difficile growth in similar active
concentrations (2%) [22]. Antimicrobial activity of purified hop
(Humulus lupulus L.) constituents humulone, lupulone and xan-
thohumol against toxigenic and clinically relevant gut anaerobic
bacteria B. fragilis, C. perfringens and C. difficile was demonstrated,
and the strongest activity was observed for xanthohumol
(15e107 mg/mL), which is close to the active concentrations of
conventional antibiotics in the strains with increased antibiotic
resistance [23]. Efficacy of numerous natural raw and processed
products against C. difficile was demonstrated in the study of
2

Roshan et al. [24], with the highest activity of garlic juice, pepper-
mint oil and the four pure plant-derived compounds trans-cinna-
maldehyde, allicin, menthol and zingerone.

Essential oils as potential agents for control of CDI and C. difficile
biofilms have been poorly studied. In previous work of Justin &
Antony, antibacterial activity of the clove, nutmeg and ginger
essential oils against 40 isolates of C. difficile (20 toxigenic and 20
non toxigenic) were investigated in vitro, and the results signaled
for the first time essential oils as a new therapeutic option for
C. difficile [25]. Antibacterial and antibiofilm activity of plant-
derived compounds, e.g. asiatic acid [26], Manuka honey [27,28]
and berberine chloride [29] were investigated in the recently
published studies. Asiatic acid displayed an inhibitory effect on 19
C. difficile isolates collected from different sources, but did not
interfere with biofilm formation [26]. Manuka honey could inhibit
biofilm formation in vitro in clinically significant strains of
C. difficile, especially those belonging to PCR RT (ribotype) 027
[27,28]. Berberine chloride decreased the MIC of vancomycin
against the planktonic C. difficile growth, but decrease in biofilm
formation has been observed for only one strain treated with a sub-
inhibitory concentration of berberine chloride-vancomycin. In
contrast to this, some C. difficile strains demonstrated promoted
biofilm formation when sub-MIC of berberine chloride in combi-
nation with vancomycin was applied [29].

Oregano, garlic and black pepper are spice herbs known
worldwide by their culinary use and many biological activities
including antimicrobial action [30,31]. Among many other, these
plants are classified as Generally Recognized as Safe (GRAS) by FDA
standards [32].

Oregano contains carvacrol and thymol as the major com-
pounds, known as strong antimicrobials capable to interact with
cell membrane, owing to their lypophilic and amphipatic proper-
ties [33e36] and significantly inhibit the formation of biofilm
in vitro [37] most likely through inducing QS (Quorum sensing)
disorders in bacteria [38]. Garlic also represents very important
component of folk medicinal prescriptions. Among the antimicro-
bial organosulfur compounds allicin is the most representative one,
found to possess antimicrobial, antiviral, antioxidant and anti-
cancer effects [39e41]. Other compounds contained in garlic EO
[40,42,43] exhibits significant antimicrobial action as pure com-
pounds [44]. These organosulfur molecules react with bacterial
enzymes, inhibit DNA, RNA and proteins synthesis and also
compromise the integrity of the bacterial membrane and down
regulate QS and biofilm-associated genes [41,45]. Various extracts
and essential oil of black pepper and its active compounds exhibits
a wide spectrum of antimicrobial and antibiofilm actions [46e51]
in the similar principle as described above for garlic and oregano
EOs [52e55].

Since biofilms are difficult to control due to the enhanced
resistance of the bacteria within, preventive inhibition of their
formation seems a promising approach. This can be achieved by
inhibiting the initial colonization step of the biofilm lifecycle [14].

To our knowledge, to date there is no research on the effect of
essential oils on the biofilm forming ability in clinically significant
C. difficile strains. In this study, we investigated the antibacterial
activity of the three spice herbs essential oils (oregano, garlic and
black pepper) against the C. difficile strains isolated from hospital-
ized patients with confirmed CDI and their potential inhibitory
effect on the biofilm production in in vitro conditions. The existence
of a relationship between the efficacy of essential oils and the
characteristics of isolates, such as the strength of the biofilm pro-
duced, the ribotype or the antibiotic sensitivity patterns was also
considered.
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2. Material and methods

2.1. Bacterial strains

A total of 42 toxigenic clinical isolates (designated as CD1 e

CD42) of C. difficile were isolated from stool specimens of hospi-
talized patients with diarrhea and CDI. Reference strains, C. difficile
ATCC 9689 (AþBþCDT�), C. difficile ATCC 43593 (A�B�CDT�) and
C. difficile ATCC-BAA 1870 (AþBþCDTþ) were used as control strains.

All strains were analyzed with multiplex PCR to determine
genes encoding C. difficile toxins (tcdA, tcdB, cdtA and cdtB), 16S
rDNA genes and GluD genes (GDH, glutamate dehydrogenase), ac-
cording to the previously described methodology [56]. Ribotyping
of selected toxigenic isolates was performed by capillary gel-based
electrophoresis (CE-ribotyping) according to methodology of Faw-
ley et al. [57]. Molecular analyses were done at the National
Reference Laboratory for Clostridioides difficile (Leiden University
Medical Centre, Leiden, Netherlands).

2.2. Essential oils

Wild oregano oil (Origanum minutiflorum O. Schwarz & P. H.
Davis) (Probotanic, Serbia), garlic oil (Allium sativum L.) (Zdrava
pri�ca, Serbia) and black pepper oil (Piper nigrum L.) (AlekPharm,
Serbia) were purchased at a local health food market.

2.3. Antibiotic susceptibility testing

The susceptibilities of the 42 toxigenic C. difficile clinical isolates
and the three reference strains to six antibiotics were determined
by the E-test gradient strips, according to manufacturer's in-
structions, for metronidazole (0.016e256 mg/mL), vancomycin
(0.016e256 mg/mL), tigecycline (0.016e256 mg/mL), fusidic acid
(0.016e256 mg/mL), rifampicin (0.002e32 mg/mL) andmoxifloxacin
(0.002e32 mg/mL) (LIOFILCHEM®, Italy). Applied breakpoints were
defined by European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines [58].

2.4. Determination of the minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) of essential oils for
C. difficile strains

The minimum inhibitory concentrations (MICs) of essential oils
were determined using the broth microdilution method in a 96-
well plate according to described methodology [29], with slight
modifications. Suspensions were made from the 24 h old C. difficile
culture on Columbia 5% Blood Agar and adjusted to 3 McFarland
turbidity by using a densitometer (DEN-1, BioSan). An initial stock
solution was prepared by dissolving essential oils in 50% dimethyl
sulfoxide (DMSO) in concentration of 200 mg/mL. Serial dilutions
were made in Brain Heart Infusion (BHI) broth (HiMedia, Mumbai,
India), with starting concentration of 40 mg/mL, which was serially
diluted (dilution factor 2) to the final concentration of 0.02 mg/mL.
Then, BHI broth (180 mL) containing the decreased concentrations
of essential oils was inoculated with suspension of the tested
C. difficile strains (20 mL, 3 McFarland turbidity, 10-fold dilution of
the 3 McFarland in each well) and incubated anaerobically at 37 �C
for 48 h. Inoculated BHI broth without essential oil was used as a
positive control, while the wells containing sterile BHI broth were
used as negative control. The DMSO was tested previously and
showed no effect toward the tested strains in used concentrations
(10% DMSO and lower concentrations). After incubation, the MICs
were determined visually as the lowest concentrations without
visible growth in the medium. The minimum bactericidal
3

concentration (MBC) was determined by transferring the suspen-
sion from thewells with no visible growth (containing essential oils
in MIC and higher concentrations) to 5% Columbia agar plates.
Plates inoculated in this waywere incubated at 37 �C for 48 h under
anaerobic conditions, and after this period the plates with the
lowest concentration of oil with no grown colonies were deter-
mined as MBCs.

2.5. Crystal-violet biofilm assays

2.5.1. Biofilm formation
The ability of toxigenic isolates C. dificile to produce in vitro

biofilm was tested with crystal violet (CV) biofilm assay, as previ-
ously described [28]. 180 mL of the BHI broth was pipetted into each
well of a 96-well flat-bottomed microplate (ThermoBioLite, USA).
The strains were incubated in a BHI medium supplemented with
0.5% yeast extract (Torlak, Serbia) and 1% glucose (Centrohem,
Serbia) for 24 h at 37 �C, and 20 mL was used as inoculum. Plates
were incubated at 37 �C for 72 h under anaerobic conditions for
biofilm formation.Wells with BHI brothwithout the inoculumwere
used as the controls. After 72 h, the supernatant was discarded and
the wells were washed twice with 1 x PBS (phosphate buffer saline,
pH 7.4) and air-dried at 37 �C for 15 min. Wells were then stained
with 1% crystal violet (Centrohem, Serbia) for 15 min. Following the
staining procedure, the well content was removed and the wells
were washed eight times with 0.85% NaCl. CV stain from the
attached cells within the formed biofilm was extracted with 96%
ethanol. After incubation time of 30min, ethanol was transferred to
new microtiter plates and the absorbance (OD) was measured at
595 nm using a MultiscanFC Microplate Photometer (Thermo-
Fisher, USA). Experiment was performed in triplicate and the
average values were calculated. For classification of strains as
positive biofilm producers (strong, moderate or weak) or negative
biofilm producers [58], the adherence index (AI) [59] was calcu-
lated based on our findings, according to the following formula:

ODcontrol ¼ ODcontrol þ 3 STDVcontrol
ODstrain ¼ ODstrain ðaverageÞ � ODcontrol

and the isolates were grouped as: strong (AI > 0.80), moderate (0.40
<AI � 0.80), weak (0.20 <AI � 0.40) and negative (AI <0.2).

2.5.2. Effect of (sub)inhibitory concentrations of essential oils on
biofilm production

Testing of the potential anti-biofilm producing activity of the
essential oils was performed similarly as for testing of the biofilm-
producing ability. Biofilm-positive strains were incubated in a BHI
medium containing three different inhibitory concentrations of
each essential oil (0.5 x MIC, MIC and 2 x MIC). The experiment was
performed in triplicate and the inhibition was observed as a
decreased absorbance at 595 nm compared to positive controls
(wells without essential oils). Differences in the biofilm formation
were calculated using two-way ANOVA and Tukey post-hoc anal-
ysis (GraphPad PRISM v.6.0.) and considered as statistically signif-
icant for p values < 0.05.

3. Results

3.1. Characteristics of the investigated bacterial strains

Based on molecular analysis results (multiplex PCR and CE-
ribotyping), among the 42 tested isolates, six different ribotypes
were detected and presence of the GluD and genes for C. difficile
toxins was confirmed. Toxin A and toxin B genes were detected in



A. Aleksi�c, Z. Stojanovi�c-Radi�c, C. Harmanus et al. Anaerobe 76 (2022) 102604
all strains, while binary toxin encoding genes were present only in
strains belonging to RT 027. The most prevalent ribotypes were RT
001 (20/42; 48%) and RT 027 (18/42; 43%), while RTs 012, 015, 020
and 205were represented by only one isolate (2.4%). Characteristics
of the tested strains are given in Table 1.

The MIC values of antibiotics commonly used for the treatment
of CDI were determined with E-test strips and calculatedMIC50 and
MIC90 values for individual ribotypes are presented in Table 2. The
MIC breakpoints for metronidazole (2 mg/mL), vancomycin (2 mg/
mL), moxifloxacin (4 mg/mL), fusidic acid (2 mg/mL), tigecycline
(0.25 mg/mL) and rifampicin (0.004 mg/mL) are based on the
epidemiological cut-off values (ECOFF) defined by EUCAST [57]. All
the tested isolates were sensitive to metronidazole, vancomycin
and tigecycline with MIC50 values of 0.25, 0.38, and 0.016 mg/mL,
respectively (Table 2). From 42 strains tested, 36 showed resistance
to moxifloxacin, with the same MIC50 and MIC90 of 32 mg/mL, and
average MIC of 24.49 mg/mL. In addition to moxifloxacin resistance,
two isolates (CD4 and CD13) were resistant to rifampicin (with
MICs 4 and 32 mg/mL, respectively) (data not presented).
Table 1
Characteristics of the tested C. difficile isolates.

Strain PCR-RT Toxins BFC

1CDþ 001 Aþ Bþ CDT � STRONG
2CD- 060 Aþ Bþ CDT � NEGATIVE
3CD027 027 Aþ Bþ CDTþ NEGATIVE
CD1 027 Aþ Bþ CDTþ STRONG
CD2 027 Aþ Bþ CDTþ STRONG
CD3 027 Aþ Bþ CDTþ STRONG
CD4 027 Aþ Bþ CDTþ WEAK
CD5 001 Aþ Bþ CDT � MODERATE
CD6 027 Aþ Bþ CDTþ STRONG
CD7 001 Aþ Bþ CDT � STRONG
CD8 001 Aþ Bþ CDT � STRONG
CD9 001 Aþ Bþ CDT � STRONG
CD10 001 Aþ Bþ CDT � STRONG
CD11 001 Aþ Bþ CDT � STRONG
CD12 205 Aþ Bþ CDT � STRONG
CD13 001 Aþ Bþ CDT � MODERATE
CD14 001 Aþ Bþ CDT � WEAK
CD15 027 Aþ Bþ CDTþ WEAK
CD16 012 Aþ Bþ CDT � NEGATIVE
CD17 001 Aþ Bþ CDT � NEGATIVE
CD18 027 Aþ Bþ CDTþ NEGATIVE
CD19 001 Aþ Bþ CDT � NEGATIVE
CD20 027 Aþ Bþ CDTþ WEAK
CD21 027 Aþ Bþ CDTþ WEAK
CD22 001 Aþ Bþ CDT � WEAK
CD23 001 Aþ Bþ CDT � WEAK
CD24 027 Aþ Bþ CDTþ WEAK
CD25 001 Aþ Bþ CDT � NEGATIVE
CD26 001 Aþ Bþ CDT � NEGATIVE
CD27 027 Aþ Bþ CDTþ MODERATE
CD28 001 Aþ Bþ CDT � WEAK
CD29 027 Aþ Bþ CDTþ WEAK
CD30 027 Aþ Bþ CDTþ WEAK
CD31 027 Aþ Bþ CDTþ WEAK
CD32 027 Aþ Bþ CDTþ MODERATE
CD33 015 Aþ Bþ CDT � WEAK
CD34 001 Aþ Bþ CDT � WEAK
CD35 027 Aþ Bþ CDTþ WEAK
CD36 001 Aþ Bþ CDT � WEAK
CD37 001 Aþ Bþ CDT � WEAK
CD38 001 Aþ Bþ CDT � WEAK
CD39 001 Aþ Bþ CDT � WEAK
CD40 027 Aþ Bþ CDTþ WEAK
CD41 027 Aþ Bþ CDTþ WEAK
CD42 020 Aþ Bþ CDT � MODERATE

1C. difficile ATCC 9689; 2C. difficile ATCC 43593; 3C. dificile ATCC-BAA 1870.
EOs MICs/MBCs (Essential Oils Minimum Inhibitory/Bactericidal Concentrations) given in
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3.2. Essential oils antimicrobial susceptibility assay

Minimum inhibitory and minimum bactericidal concentrations
(MICs and MBCs) of the three essential oils were determined by
broth microdilution method and the results are presented in
Table 1. Oregano essential oil showed strong inhibitory activity in
concentrations from 0.02 to 1.25mg/mL, and bactericidal activity in
concentrations from 0.08 to 10 mg/mL. Garlic essential oil was
effective in concentration range of 0.02e40 mg/mL, and 0.16 - >
40 mg/mL. MIC and MBC for black pepper oil ranged from 0.04 to
40 mg/mL, and 0.08 - > 40 mg/mL, respectively.
3.3. Biofilm production assay

The ability of different C. difficile strains to produce in vitro
biofilm was tested by crystal violet biofilm assay [28] and the re-
sults were interpreted on the basis of calculated adherence index
(AI) [58,59]. Among the tested isolates, 82.2% (37/45) were biofilm
producers, where 29.73% were classified to be strong, 13.51% as
EOs MIC/MBC

Oregano Black pepper Garlic

0.04/0.32 10.00/40.00 2.50/10.00
0.04/0.16 0.63/0.63 1.25/1.25
0.08/0.08 0.63/0.63 0.32/1.25
1.25/1.25 40.00/>40.00 1.25/>40.00
0.63/0.63 40.00/40.00 40.00/>40.00
0.32/0.63 40.00/40.00 40.00/>40.00
0.63/0.63 20.00/40.00 40.00/40.00
0.16/5.00 10.00/20.00 2.50/5.00
0.08/5.00 20.00/>40.00 5.00/10.00
0.63/5.00 40.00/>40.00 5.00/10.00
0.08/5.00 10.00/20.00 0.60/10.00
0.63/2.50 20.00/>40.00 40.00/>40.00
0.63/2.50 20.00/>40.00 40.00/>40.00
0.16/1.25 40.00/>40.00 40.00/>40.00
0.08/1.25 5.00/20.00 0.60/5.00
0.63/10.00 10.00/10.00 2.50/5.00
0.32/5.00 1.25/5.00 0.63/1.25
0.32/2.50 2.50/10.00 2.50/5.00
0.08/0.63 5.00/10.00 0.32/0.63
0.08/5.00 5.00/10.00 0.63/1.25
0.08/2.50 1.25/2.50 1.25/2.50
0.08/5.00 1.25/5.00 0.63/1.25
0.08/5.00 1.25/5.00 0.63/1.25
0.04/0.08 0.08/0.32 0.08/0.32
0.16/0.32 2.50/5.00 0.63/1.25
0.08/0.08 2.5/500 2.5/500
0.08/0.16 0.04/0.16 0.16/0.32
0.16/0.16 0.32/0.63 0.63/1.25
0.63/1.25 0.63/0.63 0.32/0.32
0.16/0.16 0.32/0.32 0.32/0.63
0.08/0.08 0.16/0.16 0.32/0.63
0.32/0.32 0.16/1.25 0.32/0.32
0.08/0.08 0.32/0.63 0.16/0.16
0.02/0.63 0.63/0.63 0.02/0.16
0.16/0.16 0.08/0.08 0.32/0.32
0.16/0.63 0.16/0.63 0.63/5.00
0.16/0.63 0.16/2.50 0.16/0.16
0.63/1.25 0.63/1.25 0.63/1.25
0.16/0.32 0.16/0.32 0.32/0.63
0.16/0.32 1.25/2.50 0.63/1.25
0.16/0.32 0.32/0.63 0.63/1.25
0.16/0.32 0.63/1.25 0.32/1.25
0.63/0.63 0.63/1.25 0.63/2.50
0.16/0.32 0.63/2.50 0.08/0.32
0.16/0.32 0.63/1.25 1.25/5.00

mg/mL; PCR-RT-Polymerase Chain Reaction-Ribotype; BFC- Biofilm Category.



Table 2
MICs of tested antibiotics on Clostridium difficile isolates presented as MIC50, MIC90,
mean and geometricmean for all tested strains (n¼ 45) and separately for ribotypes.

Antibiotic MIC50 MIC90 Mean Geometric mean

All strains Metronidazole 0.25 0.50 0.28 0.24
Vancomycin 0.38 0.85 0.43 0.36
Moxifloxacin 32.00 32.00 24.49 15.88
Fusidic acid 0.38 1.00 0.49 0.39
Tigecycline 0.016 0.023 0.02 0.019
Rifampicin 0.002 0.012 0.80 0.003

RT 027 Metronidazole 0.25 0.50 0.26 0.23
Vancomycin 0.38 0.75 0.37 0.32
Moxifloxacin 32.00 32.00 27.05 20.66
Fusidic acid 0.25 1.00 0.38 0.32
Tigecycline 0.016 0.023 0.019 0.018
Rifampicin 0.002 0.003 0.21 0.003

RT 001 Metronidazole 0.25 0.70 0.31 0.26
Vancomycin 0.38 0.95 0.49 0.39
Moxifloxacin 32.00 32.00 26.15 19.08
Fusidic acid 0.38 1.00 0.50 0.39
Tigecycline 0.016 0.02 0.02 0.019
Rifampicin 0.002 0.015 1.53 0.004

Other RTs Metronidazole 0.19 0.50 0.23 0.19
Vancomycin 0.25 1.00 0.43 0.36
Moxifloxacin 2.00 32.00 7.75 2.70
Fusidic acid 1.00 1.50 0.89 0.73
Tigecycline 0.016 0.05 0.02 0.021
Rifampicin 0.002 0.002 0.002 0.002

MIC50/MIC90. minimum inhibitory concentration at which 50%/90% of isolates are
inhibited given in mg/mL.
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moderate, while 56.75% produced weak form of biofilm. The
remaining isolates (17.8%, 8/45) showed no biofilm producing
ability. Weak correlation between isolates belonging to different
ribotypes and produced biofilm biomass was observed (Spearman
r ¼ 0.046; p ¼ 0.765). Average OD595nm for strong, moderate and
weak biofilm producers belonging to the ribotypes 001 and 027 are
shown in Fig. 1. The difference in the biomass of the produced
biofilm between the tested ribotypes (RT 001 vs. RT 027) for weak
and moderate producers is not evident, while for strong biofilm
producers this difference is notable (OD595 for RT 027¼ 1.97 and for
RT 001 ¼1.39). Statistical test showed no significant differences for
any biofilm category tested (Fig. 1.).
Fig. 1. Ability of C difficile ribotypes 001 and 027 to form in vitro biofilm presented as
average OD595 values for the three defined categories of biofilm formed (strong, weak
and moderate). The bars show the average values. The error bars show the standard
deviations. Differences in biofilm formation were assessed using the ManneWhitney U
test.
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3.4. Effect of essential oils on biofilm formation

Oregano essential oil reduced biofilm production in 100% of the
tested toxigenic C. difficile strains in all tested concentrations
(Fig. 2). Black pepper and garlic essential oil exhibited weaker anti-
biofilm producing activity (Figs. 3 and 4). If we compare produced
control biofilm and biofilm produced under the EOs treatment, for
oregano EOwe could observe reduced biofilm biomass for all tested
ribotypes and all tested concentrations, and this non-selective ef-
fect highlights oregano in comparison to garlic and black pepper
essential oils. Percentages of biofilm biomass produced under the
treatment with 0.5 x MIC of oregano is in range 12.4e97.2% for
RT001, 26e82.5% for RT 027 and 29e90% for other tested RTs.
Following the treatment with oregano MICs RT001 isolates pro-
duced 11e81.7%, RT 027 14.6e79.6%, and other RTs 31.7e69.8% of
control biofilm. In 2 x MIC concentrations of oregano EO, biofilm
production was 11e92%, 5.5e68% and 25e77%, for RT001, RT027
and other RTs, respectively.

When treated with garlic EO, strains belonging to RT001 pro-
duced 12.42e172.2%, 16.8e200.4% and 14e184.7% of biofilm, while
RT027 strains produced 15.9e104.5%, 20e154.5% and 15.6e90.2%,
and other RTs 41e56.3%, 16.1e99.6% and 17.8e56.7%, in 0.5 x MIC,
MIC and 2 x MIC, respectively. In strains stimulated to produce
stronger biofilms than in control, higher increases have been
observed for RT001 in comparison to RT027.

When treated with black pepper EO in 0.5 x MIC, MIC and 2 x
MIC, in comparison with untreated control, RT 001 isolates pro-
duced 15.3e238.01%, 12.55e192.55% and 12.88e153.8% of biofilm,
RT027 14.1e108.7%,12.9e91.8% and 11.32e58% of biofilm, and other
RTs 15.9e52.1%, 15e44.4% and 10.52e28.5%, respectively. Stronger
promotional effect could be observed for RT001 in comparison to
RT027. Other RTs biofilms were inhibited with black pepper EO in
all tested concentrations. More detailed information about precise
absorbances obtained in anti-biofilm producing experiments is
provided in Supplementary Table 1.

4. Discussion

Clostridioides difficile is the most common causative agent of
antibiotic-acquired diarrhea in hospitalized patients. A reason for
high concern is the limited number of antibiotics for the CDI
therapy and frequent post-treatment recurrences. For this purpose,
three conventional antimicrobial agents, metronidazole, vanco-
mycin and fidaxomicin are recommended. Tigecycline and rifax-
imin are effective in the treatment of a severe CDI forms or in
prevention of CDI relapse [60]. Many clinical isolates, including
those belonging to PCR RTs 001, 012, 017, 018, 027 or 078, are
considered to be multi-drug resistant, mostly to the MLSB (mac-
rolide-lincosamide-streptogramin B) antibiotics family, recognized
as high-risk agents for the development of CDI. Resistance to
metronidazole and vancomycin is reported rarely, but decreased
sensitivity to multiple antibiotics occurs more frequently among
epidemic and emergent C. difficile strains [3,8,61e63]. Moxifloxacin
is not an option for antibiotic treatment of CDI, but moxifloxacin
resistance is an important marker for the spread of C. difficile in the
hospital settings. Reduced susceptibility to moxifloxacin in
C. difficile isolates was identified as a risk factor for fatal outcome of
the patients, so it can be considered as a factor of pathogenicity per
se and as an important marker in surveillance of CDI [64]. In
addition, fluoroquinolones resistance caused by Thr82Ile, the most
prevalent mutation, plays a significant role in the global spread of
RT 027 [65]. According to the recent published data, moxifloxacin
resistance among C. difficile strains was 49% based on the of EUCAST
breakpoints [63].



Fig. 2. Biofilm formation by the tested C difficile strains treated with 0.5 x MIC, MIC and 2xMIC of oregano essential oil for the three defined categories of biofilm formed (strong.
weak and moderate). The bars show the average values from the three measurements. The error bars show the standard deviations. An asterisks shows a statistically significant
differences (*p < 0.05; **p < 0.01; ***p < 0.001; p < 0.0001) in the average OD595 values when the same strain was grown in presence or absence of the essential oils; p < 005).C RT
001; , RT 027; BRT 205; - RT 015; DRT 020.
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In the present study, out of the 42 clinical isolates tested, 86%
(36/42) showed resistance to moxifloxacin (Table 2). Proportion of
resistant isolates for RT 027, RT 001 and other tested ribotypes were
94%, 90% and 25%, respectively, indicating higher resistance rate
among epidemic strains (RT 027 and RT 001). The other tested
antibiotics did not exhibit notable differences in mean MIC values
between the different ribotypes. However, in the study of Isidro
et al. [61], decreased sensitivity to metronidazole has been
observed in some of the most common C. difficile RTs, including RT
027, RT 001, and RT 010. Decreased susceptibility to vancomycin
was also observed in two RTs (RT 018 and RT 356) and in the
epidemic RT027. Rifampicin resistance is mainly associated with
frequent RTs (027, 018 and 356). Strains with reduced susceptibility
could be a potentially serious problem for the first treatment of CDI
in the future [3,61,66].

The paradox related to CDIs is the fact that the main risk factor is
at the same time the most common treatment for these infections,
which is antibiotic-based therapy [67]. The increasing frequency of
highly virulent C. difficile strains, hospital outbreaks, patients with
severe complications, high recurrence rates and reports of reduced
susceptibility to antibiotics [63,68] among the epidemic ribotypes
highlighted need for new agents [68,69]. Plant-derived compounds
are considered as a safer, less toxic and more environment-friendly
option compared to conventional therapies [68]. Antimicrobial
properties of spice plants oregano, black pepper and garlic are well
investigated [24,50,52,70e73]. Wild oregano is a well-known folk
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remedy with confirmed antimicrobial properties but to date, there
is no scientific data on the efficacy of oregano oil against clinically
relevant isolates C. difficile. Due to the high content of carvacrol,
oregano essential oil is considered to be one of the strongest natural
antiseptics, with no documented evidence of resistance develop-
ment in the presence of its sublethal doses [73]. In this study, the
most of the isolates were inhibited at oregano oil concentration of
0.16 mg/mL (67%), and no selectivity was observed against specific
ribotype or antibiotic sensitivity patterns. Two-antibiotic resistant
strains (CD4 and CD13) were inhibited with oil concentration of
0.63 mg/mL (both MIC/MBC) and 0.63/10 mg/mL (MIC/MBC),
respectively. Earlier studies have shown that carvacrol substantially
reduced C. difficile toxin production, sporulation and cytotoxicity on
Vero cells and significantly down-regulated toxin production genes
[74], as well as critical genes involved in spore production [75]. It
can be concluded that the oregano essential oil and its compounds
(primarily carvacrol) may be useful as an alternative or comple-
mentary treatment for CDI. It has been effective against all
C. difficile pathogenicity aspects without negative impact on normal
intestinal microflora [75]. In the future, it is necessary to examine
in vivo toxicity and possible side effects of the oil and its
compounds.

Allicin (present in the garlic cloves) and piperine (bioactive
alkaloid in the black pepper fruit) exhibits broad spectrum anti-
microbial activity [32,50]. So far, only one study investigated the
effect of garlic raw preparations against C. difficile, while black



Fig. 3. Biofilm formation by the tested C difficile strains treated with 0.5 x MIC, MIC and 2xMIC of black pepper essential oil for the three defined categories of biofilm formed
(strong. weak and moderate). The bars show the average values from the three measurements. The error bars show the standard deviations. An asterisks shows a statistically
significant differences (*p < 0.05; **p < 0.01; ***p < 0.001; p < 0.0001) in the average OD595 values when the same strain was grown in presence or absence of the essential oils; p <
005). C RT 001; , RT 027; BRT 205; - RT 015; DRT 020.
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pepper was not studied at all. Antimicrobial potential of numerous
natural (raw and processed) products, including garlic juice and
garlic tablets against four C. difficile strains were investigated in the
study Roshan et al. [24]. Among the raw products, garlic juice and
powder showed the highest inhibitory activity, while bactericidal
effect was not observed. Allicin inhibited growth of C. difficile in
concentrations from 2.3 to 4.7 mg/mL, while microbicidal action
was not observed in the tested range (up to 37.5 mg/mL) for all
tested strains [24]. In the present study, essential oils of garlic and
black pepper exhibited good anti-clostridial activity, with higher
MIC90 and MBC values, compared to oregano essential oil. For both
oils, the ribotype-dependent selectivity of action is evident with
significantly higher MIC90 values for RT 027 and RT 001 in com-
parison to other RTs (Table 3). The observed difference among garlic
tablets and juice, allicin and the herein tested garlic essential oil
activities might be a consequence of the presence of allicin in the
mentioned raw products, which is not present as a compound in
essential oil (due to degradation during distillation procedure).

Persistence of bacterial cells and enhanced protectionwithin the
biofilm in the human intestine during infections could have an
important clinical relevance in the treatment failure and recurrence
of CDI [10]. While relatively well investigated for aerobic medically
important bacteria, in the case of anaerobic pathogens such as
C. dificile, biofilm production as well as the potential of various
plants products to reduce the biofilm production has been poorly
studied [28]. Earlier studies [28,76] demonstrated the biofilm
7

producing ability of toxigenic C. difficile isolates. Clostridioides
difficile strains belonging to RT 027 showed the highest potential to
form biofilms, but these studies were performed on only three
strains (ATCC 9689, RT 027 and RT 106) [76] and 20 clinical isolates
belonging to four different ribotypes (017, 023, 027 and 046) [28]. In
our research, the ability to produce biofilm in a large number of
isolates (82.2%; 37/45) has been proven, which can be related to
problems that occurs in CDI therapy as well as to frequent re-
currences of the disease. The difference in the biomass of the
produced biofilm between the ribotypes 001 and 027 for strong,
weak and moderate producers is presented on Fig. 1.

Our results indicate that the tested oils revealed high efficacy in
reducing the biofilm production. Certain dependence between
biofilm production ability and antimicrobial action of the black
pepper and garlic essential oil was observed. In isolates CD1, CD2,
CD3, CD7 and CD11, the minimum inhibitory concentration of black
pepper essential oil is very high (40 mg/mL), while garlic essential
oil had a weaker effect on isolates CD2, CD3, CD4, CD9, CD10 and
CD11, which are all (except CD4) strong biofilm producers (Table 1).
Oregano essential oil showed non-selective (in regard to RT,
antibiotic-susceptibility patterns or biofilm producing ability)
strong inhibitory, bactericidal and anti-biofilm producing activity
against all tested strains, which certainly highlights the advantage
of this essential oil compared to the others tested. It has been
shown that sub-inhibitory concentrations of antimicrobial agents
might promote biofilm production. In the study of Vuotto et al.



Fig. 4. Biofilm formation by the tested C difficile strains treated with 0.5 x MIC, MIC and 2xMIC of garlic essential oil for the three defined categories of biofilm formed (strong. weak
and moderate). The bars show the average values from the three measurements. The error bars show the standard deviations. An asterisks shows a statistically significant dif-
ferences (*p < 0.05; **p < 0.01; ***p < 0.001; p < 0.0001) in the average OD595 values when the same strain was grown in presence or absence of the essential oils; p < 005).C RT
001; , RT 027; BRT 205; - RT 015; DRT 020.

Table 3
MICs of tested essential oils on Clostridium difficile isolates presented as MIC50.
MIC90. mean and geometric mean for all tested strains (n ¼ 45) and separately for
ribotypes.

Essential oil MIC50 MIC90 Mean Geometric mean

All strains Oregano 0.16 0.63 0.26 0.17
Black pepper 1.25 40.00 7.92 1.64
Garlic 0.63 40.00 6.20 1.00

RT 027 Oregano 0.16 0.63 0.30 0.18
Black pepper 0.63 40.00 8.90 1.22
Garlic 0.63 40.00 7.04 0.79

RT 001 Oregano 0.16 0.63 0.25 0.18
Black pepper 2.50 36.00 8.39 2.36
Garlic 0.63 40.00 6.74 1.34

Other RTs Oregano 0.16 0.63 0.23 0.16
Black pepper 0.63 5.00 1.55 0.86
Garlic 0.63 1.25 0.74 0.58

MIC50/MIC90. minimum inhibitory concentration at which 50%/90% of isolates are
inhibited given in mg/mL.
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(2016), increased biofilm production was reported among
metronidazole-sensitive isolates C. difficile when metronidazole
was applied in sub-inhibitory concentrations [10]. Oregano oil
showed no promotional effect even at these concentrations, which
makes it a principal candidate for future studies of clostridial bio-
films inhibition. The future studies should also be focused on the
8

principal compounds carvacrol and thymol alone or in combination
with antibiotics used for therapy of CDI, which would be tested
against mature biofilms in vitro and also on in vivo models.
5. Conclusion

The global epidemic of nosocomial diarrhea caused by C. difficile
and the increasing frequency of highly virulent strains with
reduced susceptibility to multiple antibiotics highlighted need for
new agents against CDI. In the present study, the antimicrobial and
anti-biofilm producing activity of the three essential oils isolated
from oregano, black pepper and garlic showed potent anti-
clostridial and anti-biofilm producing activity against the tested
toxigenic C. difficile isolates. The highest activity was observed for
oregano oil, which makes it a principal candidate for future studies
of clostridial biofilms inhibition. The in vivo efficacy of these
essential oils, their major compounds and their effect on the other
CDI pathogenesis factors, such as toxin production and sporulation,
should certainly be examined in the future.
Declaration of competing Interest

The authors declare no conflict of interest.



A. Aleksi�c, Z. Stojanovi�c-Radi�c, C. Harmanus et al. Anaerobe 76 (2022) 102604
Acknowledgments

This study was supported by the Faculty of Medicine, University
of Ni�s, Serbia [Projects ИНТ-МФН No 65; Prevalence And Incidence
Of Hypervirulent Clostridium Difficile Strains In Serbia] and by the
Ministry of Education, Science and Technological Development of
Serbia (Grant No: 451-03-68/2022-14/200124).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.anaerobe.2022.102604.

References

[1] S. Di Bella, P. Ascenzi, S. Siarakas, N. Petrosillo, A. di Masi, Clostridium difficile
toxins A and B: insights into pathogenic properties and extraintestinal effects,
Toxins 8 (5) (2016) 1e25, https://doi.org/10.3390/toxins8050134.

[2] M. Kora�c, M. Rupnik, N. Nikoli�c, M. Jovanovi�c, T. To�si�c, J. Malini�c, N. Mitrovi�c,
M. Markovi�c, A. Vujovi�c, S. Peruni�ci�c, K. Bojovi�c, V. Djordjevi�c, A. Bara�c,
I. Milo�sevi�c, et al., Clostridioides difficile ribotype distribution in a large
teaching hospital in Serbia, Gut Pathog. 12 (26) (2020) 1e6, https://doi.org/
10.1186/s13099-020-00364-7.

[3] P. Spigaglia, P. Mastrantonio, F. Barbanti, Antibiotic resistances of Clostridium
difficile, Adv. Exp. Med. Biol. 1050 (2018) 137e159, https://doi.org/10.1007/
978-3-319-72799-8_9.

[4] W.C. Mutai, M.W. Mureithi, O. Anzala, G. Revathi, B. Kullin, M. Burugu,
C. Kyany’a, E. Odoyo, P. Otieno, L. Musila, et al., High prevalence of multidrug-
resistant Clostridioides difficile following extensive use of antimicrobials in
hospitalized patients in Kenya,, Front. Cell. Infect. Microbiol. 10 (2021) 1e11,
https://doi.org/10.3389/fcimb.2020.604986.

[5] J. van Prehn, E. Reigadas, E.H. Vogelzang, E. Bouza, A. Hristea, B. Guery,
M. Krutova, T. Nor�en, F. Allerberger, J.E. Coia, A. Goorhuis, T.M. van Rossen,
R.E. Ooijevaar, K. Burns, B.R. Scharvik Olesen, S. Tschudin-Sutter, M.H. Wilcox,
et al., European Society of Clinical Microbiology and Infectious Diseases: 2021
update on the treatment guidance document for Clostridioides difficile infec-
tion in adults, Clin. Microbiol. Infect. 27 (Suppl 2) (2021) S1eS21, https://
doi.org/10.1016/j.cmi.2021.09.038.

[6] I.M. Boekhoud, I. Sidorov, S. Nooij, C. Harmanus, I.M.J.G. Bos-Sanders,
V. Viprey, W. Spittal, E. Clark, K. Davies, J. Freeman, E.J. Kuijper, W.K. Smits, et
al., COMBACTE-CDI Consortium, Haem is crucial for medium-dependent
metronidazole resistance in clinical isolates of Clostridioides difficile,
J. Antimicrob. Chemother. 76 (7) (2021) 1731e1740, https://doi.org/10.1093/
jac/dkab097.

[7] X. Wu, W-J. Shen, A. Deshpande, A.O. Olaitan, K.L. Palmer, K.W. Garey,
J.G. Hurdle, et al., The integrity of heme is essential for reproducible detection
of metronidazole-resistant Clostridioides difficile by agar dilution susceptibility
tests, J. Clin. Microbiol. 59 (9) (2021), e0058521, https://doi.org/10.1128/
JCM.00585-21.

[8] I.M. Boekhoud, B.V.H. Hornung, E. Sevilla, C. Harmanus, I.M.J.G. Bos-Sanders,
E.M. Terveer, R. Bolea, J. Corver, E.J. Kuijper, W. Klaas Smits, et al., Plasmid-
mediated metronidazole resistance in Clostridioides difficile, Nat. Commun. 11
(1) (2020) 1e12, https://doi.org/10.1038/s41467-020-14382-1.

[9] A. Adler, T. Miller-Roll, R. Bradenstein, C. Block, B. Mendelson, M. Parizade,
Y. Paitan, D. Schwartz, N. Peled, Y. Carmeli, M.J. Schwaber, et al., A national
survey of the molecular epidemiology of Clostridium difficile in Israel: the
dissemination of the ribotype 027 strain with reduced susceptibility to van-
comycin and metronidazole, Diagn. Microbiol. Infect. Dis. 83 (1) (2015) 21e24,
https://doi.org/10.1016/j.diagmicrobio.2015.05.015.

[10] C. Vuotto, I. Moura, F. Barbanti, G. Donelli, P. Spigaglia, Subinhibitory con-
centrations of metronidazole increase biofilm formation in Clostridium difficile
strains, July 2015, FEMS Pathog. Dis. 74 (2016) 1e7, https://doi.org/10.1093/
femspd/ftv114.

[11] A.P. Soavelomandroso, F. Gaudin, S. Hoys, V. Nicolas, G. Vedantam, C. Janoir,
S. Bouttier, et al., Biofilm structures in a mono-associated mouse model of
Clostridium difficile infection, Front. Microbiol. 8 (OCT) (2017) 1e10, https://
doi.org/10.3389/fmicb.2017.02086.

[12] J. Spencer, R. Leuzzi, A. Buckley, J. Irvine, D. Candlish, M. Scarselli, G.R. Douce,
et al., Vaccination against Clostridium difficile using toxin fragments: obser-
vations and analysis in animal models, Gut Microb. 5 (2) (2014) 225e232,
https://doi.org/10.4161/gmic.27712.

[13] E.G. Semenyuk, V.A. Poroyko, P.F. Johnston, S.E. Jones, K.L. Knight,
D.N. Gerding, A. Driks, et al., Analysis of bacterial communities during Clos-
tridium difficile infection in the mouse, Infect. Immun. 83 (11) (2015)
4383e4391, https://doi.org/10.1128/IAI.00145-15.

[14] C. Normington, I.B. Moura, J.A. Bryant, D.J. Ewin, E.V. Clark, M.J. Kettle,
H.C. Harris, W. Spittal, G. Davis, M.R. Henn, C.B. Ford, M.H. Wilcox,
A.M. Buckley, et al., Biofilms harbour Clostridioides difficile, serving as a
reservoir for recurrent infection, Biofilms Microbiomes 7 (1) (2021), https://
doi.org/10.1038/s41522-021-00184-w.
9

[15] T. Ðapa, R. Leuzzi, J.K. Ng, S.T. Baban, R. Adamo, S.A. Kuehne, M. Scarselli,
N.P. Minton, D. Serruto, M. Unnikrishnan, et al., Multiple factors modulate
biofilm formation by the anaerobic pathogen Clostridium difficile, J. Bacteriol.
195 (3) (2013) 545e555, https://doi.org/10.1128/JB.01980-12.

[16] E.G. Semenyuk, M.L. Laning, J. Foley, P.F. Johnston, K.L. Knight, D.N. Gerding,
A. Driks, et al., Spore formation and toxin production in Clostridium difficile
biofilms, PLoS One 9 (1) (2014), https://doi.org/10.1371/
journal.pone.0087757.

[17] K.M. Aljarallah, Conventional and alternative treatment approaches for Clos-
tridium difficile infection, Int. J. Health Sci. 11 (1) (2017) 50e59.

[18] A. Algburi, N. Comito, D. Kashtanov, L.M.T. Dicks, M.L. Chikindas, et al., Control
of biofilm formation: antibiotics and beyond, Appl. Environ. Microbiol. 83 (3)
(2017), https://doi.org/10.1089/jmf.2012.0303 e02508-16.

[19] C. Rossi, C. Chaves-L�opez, A. Serio, M. Casaccia, F. Maggio, A. Paparella,
Effectiveness and mechanisms of essential oils for biofilm control on food-
contact surfaces: an updated review, Crit. Rev. Food Sci. Nutr. 62 (8) (2022)
2172e2191, https://doi.org/10.1080/10408398.2020.1851169.

[20] M. Shilling, L. Matt, E. Rubin, M.P. Visitacion, N.A. Haller, S.F. Grey,
C.J. Woolverton, et al., in: Antimicrobial effects of virgin coconut oil and its
medium-chain fatty acids on Clostridium difficile 16(12), 2013, pp. 1079e1085.

[21] S.M. Finegold, H. Summanen, Karen Corbett, J. Downes, S. Henning, Z. Li,
Pomegranate extract exhibits in vitro activity against Clostridium difficile,
Nutrition 30 (10) (2014) 1210e1212, https://doi.org/10.1016/
j.nut.2014.02.029.

[22] K.M. Aljarallah, Inhibition of Clostridium difficile by natural herbal extracts,
J. Taibah Univ. Med. Sci. 11 (5) (2016) 427e431, https://doi.org/10.1016/
j.jtumed.2016.05.006.

[23] P. Cermak, J. Olsovska, A. Mikyska, M. Dusek, Z. Kadleckova, J. Vanicek, O. Nyc,
K. Sigler, V. Bostikova, P. Bostik, et al., Strong antimicrobial activity of xan-
thohumol and other derivatives from hops (Humulus lupulus L .) on gut
anaerobic bacteria, APMIS 125 (11) (2017) 1033e1038.

[24] N. Roshan, T.V. Riley, K.A. Hammer, Antimicrobial activity of natural products
against Clostridium difficile in vitro, J. Appl. Microbiol. 123 (2017) 92e103,
https://doi.org/10.1111/jam.13486.

[25] S. Justin, B. Antony, Antibacterial activity of the essential oils of Syzygium
aromaticum (L .) Merr . Perry (Clove), Myristica fragrans Houtt . (Nutmeg) and
Zingiber officinale Roscoe (Ginger) against clinical isolates of Clostridium
difficile: an in vitro study, Int. J. Contemp. Med. Res. ISSN 3 (4) (2016)
1085e1089.

[26] P. Harnvoravongchai, S. Chankhamhaengdecha, P. Ounjai, S. Singhakaew,
K. Boonthaworn, T. Janvilisri, Antimicrobial effect of asiatic acid against
Clostridium difficile is associated with disruption of membrane permeability,
Front. Micribiology 9 (2018) 2125, https://doi.org/10.3389/fmicb.2018.02125.

[27] E.N. Hammond, E.S. Donkor, Antibacterial effect of Manuka honey on Clos-
tridium difficile, BMC Res. Notes 6 (1) (2013) 188e193, https://doi.org/
10.1186/1756-0500-6-188.

[28] M. Piotrowski, P. Karpi�nski, H. Pituch, A. van Belkum, P. Obuch-Woszcza-
ty�nski, Antimicrobial effects of Manuka honey on in vitro biofilm formation by
Clostridium difficile, Eur. J. Clin. Microbiol. Infect. Dis. 36 (9) (2017)
1661e1664, https://doi.org/10.1007/s10096-017-2980-1.

[29] D. Wulta�nska, M. Piotrowski, H. Pituch, The effect of berberine chloride and/or
its combination with vancomycin on the growth, biofilm formation, and
motility of Clostridioides difficile, Eur. J. Clin. Microbiol. Infect. Dis. 39 (7)
(2020) 1391e1399, https://doi.org/10.1007/s10096-020-03857-0.

[30] S. Parham, A.Z. Kharazi, H.R. Bakhsheshi-Rad, H. Nur, A.F. Ismail, S. Sharif,
S. RamaKrishna, F. Berto, et al., Antioxidant, antimicrobial and antiviral
properties of herbal materials, Antioxidants 9 (12) (2020) 1309., https://
doi.org/10.3390/antiox9121309.

[31] H. Takooree, M.Z. Aumeeruddy, K.R.R. Rengasamy, K.N. Venugopala,
R. Jeewon, G. Zengin, M.F. Mahomoodally, et al., A systematic review on black
pepper (Piper nigrum L.): from folk uses to pharmacological applications, Crit.
Rev. Food Sci. Nutr. 59 (2019) S210eS243, https://doi.org/10.1080/
10408398.2019.1565489.

[32] https://libertynatural.com/info/eoinfo/FDA_EO_GRAS.htm.
[33] J. Reiter, A.M. Hübbers, F. Albrecht, L.I.O. Leichert, A.J. Slusarenko, Allicin, a

natural antimicrobial defence substance from garlic, inhibits DNA gyrase ac-
tivity in bacteria, Int. J. Med. Microbiol. 310 (1) (2020), 151359, https://
doi.org/10.1016/j.ijmm.2019.151359.

[34] M. Cristani, M. D’Arrigo, G. Mandalari, F. Castelli, M.G. Sarpietro, D. Micieli,
V. Venuti, G. Bisignano, A. Saija, D. Trombetta, et al., Interaction of four
monoterpenes contained in essential oils with model membranes: implica-
tions for their antibacterial activity, J. Agric. Food Chem. 55 (15) (2007)
6300e6308, https://doi.org/10.1021/jf070094x.

[35] I. Rodriguez-Garcia, B.A. Silva-Espinoza, L.A. Ortega-Ramirez, J.M. Leyva,
M.W. Siddiqui, M.R. Cruz-Valenzuela, G.A. Gonzalez-Aguilar, J.F. Ayala-Zavala,
et al., Oregano Essential Oil as an Antimicrobial and Antioxidant Additive in
Food Products, Crit. Rev. Food Sci. Nutr. 56 (10) (2016) 1717e1727, https://
doi.org/10.1080/10408398.2013.800832.

[36] A. Guarda, J.F. Rubilar, J. Miltz, M.J. Galotto, et al., The antimicrobial activity of
microencapsulated thymol and carvacrol, Int. J. Food Microbiol. 146 (2) (2011)
144e150, https://doi.org/10.1016/j.ijfoodmicro.2011.02.011.

[37] A. Ben Arfa, S. Combes, L. Preziosi-Belloy, N. Gontard, P. Chalier, Antimicrobial
activity of carvacrol related to its chemical structure, Lett. Appl. Microbiol. 43
(2) (2006) 149e154, https://doi.org/10.1111/j.1472-765X.2006.01938.x.

https://doi.org/10.1016/j.anaerobe.2022.102604
https://doi.org/10.3390/toxins8050134
https://doi.org/10.1186/s13099-020-00364-7
https://doi.org/10.1186/s13099-020-00364-7
https://doi.org/10.1007/978-3-319-72799-8_9
https://doi.org/10.1007/978-3-319-72799-8_9
https://doi.org/10.3389/fcimb.2020.604986
https://doi.org/10.1016/j.cmi.2021.09.038
https://doi.org/10.1016/j.cmi.2021.09.038
https://doi.org/10.1093/jac/dkab097
https://doi.org/10.1093/jac/dkab097
https://doi.org/10.1128/JCM.00585-21
https://doi.org/10.1128/JCM.00585-21
https://doi.org/10.1038/s41467-020-14382-1
https://doi.org/10.1016/j.diagmicrobio.2015.05.015
https://doi.org/10.1093/femspd/ftv114
https://doi.org/10.1093/femspd/ftv114
https://doi.org/10.3389/fmicb.2017.02086
https://doi.org/10.3389/fmicb.2017.02086
https://doi.org/10.4161/gmic.27712
https://doi.org/10.1128/IAI.00145-15
https://doi.org/10.1038/s41522-021-00184-w
https://doi.org/10.1038/s41522-021-00184-w
https://doi.org/10.1128/JB.01980-12
https://doi.org/10.1371/journal.pone.0087757
https://doi.org/10.1371/journal.pone.0087757
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref17
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref17
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref17
https://doi.org/10.1089/jmf.2012.0303
https://doi.org/10.1080/10408398.2020.1851169
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref20
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref20
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref20
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref20
https://doi.org/10.1016/j.nut.2014.02.029
https://doi.org/10.1016/j.nut.2014.02.029
https://doi.org/10.1016/j.jtumed.2016.05.006
https://doi.org/10.1016/j.jtumed.2016.05.006
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref23
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref23
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref23
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref23
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref23
https://doi.org/10.1111/jam.13486
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref25
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref25
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref25
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref25
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref25
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref25
https://doi.org/10.3389/fmicb.2018.02125
https://doi.org/10.1186/1756-0500-6-188
https://doi.org/10.1186/1756-0500-6-188
https://doi.org/10.1007/s10096-017-2980-1
https://doi.org/10.1007/s10096-020-03857-0
https://doi.org/10.3390/antiox9121309
https://doi.org/10.3390/antiox9121309
https://doi.org/10.1080/10408398.2019.1565489
https://doi.org/10.1080/10408398.2019.1565489
https://libertynatural.com/info/eoinfo/FDA_EO_GRAS.htm
https://doi.org/10.1016/j.ijmm.2019.151359
https://doi.org/10.1016/j.ijmm.2019.151359
https://doi.org/10.1021/jf070094x
https://doi.org/10.1080/10408398.2013.800832
https://doi.org/10.1080/10408398.2013.800832
https://doi.org/10.1016/j.ijfoodmicro.2011.02.011
https://doi.org/10.1111/j.1472-765X.2006.01938.x


A. Aleksi�c, Z. Stojanovi�c-Radi�c, C. Harmanus et al. Anaerobe 76 (2022) 102604
[38] J.H. Lee, Y.G. Kim, J. Lee, Carvacrol-rich oregano oil and thymol-rich thyme red
oil inhibit biofilm formation and the virulence of uropathogenic Escherichia
coli, J. Appl. Microbiol. 123 (6) (2017) 1420e1428, https://doi.org/10.1111/
jam.13602.

[39] S.A. Burt, V.T.A. Ojo-Fakunle, J. Woertman, E.J.A. Veldhuizen, The natural
antimicrobial carvacrol inhibits quorum sensing in Chromobacterium viola-
ceum and reduces bacterial biofilm formation at sub-lethal concentrations,
PLoS One 9 (4) (2014) e93414., https://doi.org/10.1371/journal.pone.0093414.

[40] H.S. El-Sayed, R. Chizzola, A.A. Ramadan, A.E. Edris, Chemical composition and
antimicrobial activity of garlic essential oils evaluated in organic solvent,
emulsifying, and self-microemulsifying water based delivery systems, Food
Chem. 221 (2017) 196e204, https://doi.org/10.1016/j.foodchem.2016.10.052.

[41] B.T.P. Thuy, T. My, N. Hai, L.T. Hieu, T.T. Hoa, H. Thi Phuong Loan, N.T. Triet,
T. Anh, P.T. Quy, P.V. Tat, N.V. Hue, D.T. Quang, N.T. Trung, V.T. Tung,
L.K. Huynh, N. Nhung, et al., Investigation into SARS-CoV-2 resistance of
compounds in garlic essential oil, ACS Omega 5 (14) (2020) 8312e8320,
https://doi.org/10.1021/acsomega.0c00772.

[42] S.B. Bhatwalkar, R. Mondal, S.B.N. Krishna, J.K. Adam, P. Govender, R. Anupam,
Antibacterial Properties of Organosulfur Compounds of Garlic (Allium sat-
ivum), July, Front. Microbiol. 12 (2021) 613077., https://doi.org/10.3389/
fmicb.2021.613077.

[43] R. Li, W.C. Chen, W.P. Wang, W.Y. Tian, X.G. Zhang, Extraction of essential oils
from garlic (Allium sativum) using ligarine as solvent and its immunity activity
in gastric cancer rat, Med. Chem. Res. 19 (2010) 1092e1105, https://doi.org/
10.1007/s00044-009-9255-z.

[44] S. Dziri, H. Casabianca, B. Hanchi, K. Hosni, Composition of garlic essential oil
(Allium sativum L.) as influenced by drying method, J. Essent. Oil Res. 26 (2)
(2014) 91e96, https://doi.org/10.1080/10412905.2013.868329.

[45] P. Rattanachaikunsopon, P. Phumkhachorn, Antimicrobial activity of elephant
garlic oil against Vibrio cholerae in vitro and in a food model, Biosci. Bio-
technol. Biochem. 73 (7) (2009) 1623e1627, https://doi.org/10.1271/
bbb.90128.

[46] M. Nakamoto, K. Kunimura, J.I. Suzuki, Y. Kodera, Antimicrobial properties of
hydrophobic compounds in garlic: allicin, vinyldithiin, ajoene and diallyl
polysulfides (Review), Exp. Ther. Med. 19 (2) (2020) 1550e1553, https://
doi.org/10.3892/etm.2019.8388.

[47] P.V. Karsha, O.B. Lakshmi, Antibacterial activity of black pepper (Piper nigrum
Linn.) with special reference to its mode of action on bacteria, Indian J. Nat.
Prod. Resour. 1 (2) (2010) 213e215.

[48] M. Nikoli�c, D. Stojkovi�c, J. Glamo�clija, A. �Ciri�c, T. Markovi�c, M. Smiljkovi�c,
M. Sokovi�c, et al., Could essential oils of green and black pepper be used as
food preservatives? J. Food Sci. Technol. 52 (10) (2015) 6565e6573, https://
doi.org/10.1007/s13197-015-1792-5.

[49] L. Zou, Y.Y. Hu, W.X. Chen, Antibacterial mechanism and activities of black
pepper chloroform extract, J. Food Sci. Technol. 52 (12) (2015) 8196e8203,
https://doi.org/10.1007/s13197-015-1914-0.

[50] N.F.S. Morsy, E.A. Abd El-Salam, Antimicrobial and antiproliferative activities
of black pepper (Piper nigrum L.) essential oil and oleoresin, J. Essent. Oil-
Bearing Plants 20 (3) (2017) 779e790, https://doi.org/10.1080/
0972060X.2017.1341342.

[51] D.M. Hikal, Antibacterial activity of piperine and black pepper oil, Biosci.
Biotechnol. Res. Asia 15 (4) (2018) 877e880, https://doi.org/10.13005/bbra/
2697.

[52] H. Zengin, A.H. Baysal, Antibacterial and antioxidant activity of essential oil
terpenes against pathogenic and spoilage-forming bacteria and cell structure-
activity relationships evaluated by SEM microscopy, Molecules 19 (11) (2014)
17773e17798, https://doi.org/10.3390/molecules191117773.

[53] J. Zhang, K. Ye, X. Zhang, D. Pan, Y. Sun, J.-X. Cao, Antibacterial activity and
mechanism of action of black pepper essential oil on meat-borne Escherichia
coli, Front. Micribiology 7 (2017) 2094., https://doi.org/10.3389/
fmicb.2016.02094.

[54] K. Lee, J.H. Lee, S.I. Kim, M.H. Cho, J. Lee, Anti-biofilm, anti-hemolysis, and anti-
virulence activities of black pepper, cananga, myrrh oils, and nerolidol against
Staphylococcus aureus, Appl. Microbiol. Biotechnol. 98 (22) (2014) 9447e9457,
https://doi.org/10.1007/s00253-014-5903-4.

[55] D.H. Dusane, Z. Hosseinidoust, B. Asadishad, N. Tufenkji, Alkaloids modulate
motility, biofilm formation and antibiotic susceptibility of uropathogenic
Escherichia coli, PLoS One 9 (11) (2014) e112093., https://doi.org/10.1371/
journal.pone.0112093.

[56] S. Persson, M. Torpdahl, K.E.P. Olsen, New multiplex PCR method for the
detection of Clostridium difficile toxin A (tcdA) and toxin B (tcdB) and the
binary toxin (cdtA/cdtB) genes applied to a Danish strain collection, Clin.
Microbiol. Infect. 14 (11) (2008) 1057e1064, https://doi.org/10.1111/j.1469-
0691.2008.02092.x.

[57] W.N. Fawley, C.W. Knetsch, D.R. MacCannell, C. Harmanus, T. Du, M.R. Mulvey,
A. Paulick, L. Anderson, E.J. Kuijper, M.H. Wilcox, et al., Development and
validation of an internationally-standardized, high-resolution capillary gel-
based electrophoresis PCR-ribotyping protocol for Clostridium difficile, PLoS
One 10 (2) (2015) e0118150., https://doi.org/10.1371/journal.pone.0118150.

[58] European Committee on Antimicrobial Susceptibility Testing (EUCAST),
Antimicrobial susceptibility testing EUCAST disk diffusion method Version 8.0
January, January, Eur. Soc. Clin. Microbiol. Infect. Deseases (2020) 1e21
10
[Online]. Available: http://www.eucast.org/fileadmin/src/media/PDFs/
EUCAST_files/Disk_test_documents/2020_manuals/Manual_v_8.0_EUCAST_
Disk_Test_2020.pdf.

[59] S. Stepanovi�c, D. Vukovi�c, V. Hola, G. Di Bonaventura, S. Djuki�c, I. Cirkovi�c,
F. Ruzicka, et al., Quantification of biofilm in microtiter plates: overview of
testing conditions and practical recommendations for assessment of biofilm
production by staphylococci, Apmis 115 (8) (2007) 891e899, https://doi.org/
10.1111/j.1600-0463.2007.apm_630.x.

[60] L. Tijerina-Rodríguez, L. Villarreal-Trevi~no, S.D. Baines, R. Morfín-Otero,
A. Camacho-Ortíz, S. Flores-Trevi~no, H. Maldonado-Garza, E. Rodríguez-Nor-
iega, E. Garza-Gonz�alez, et al., High sporulation and overexpression of viru-
lence factors in biofilms and reduced susceptibility to vancomycin and
linezolid in recurrent Clostridium [Clostridioides] difficile infection isolates,
PLoS One 14 (7) (2019) e0220671, https://doi.org/10.1371/
journal.pone.0220671.

[61] Z. Peng, A. Addisu, S. Alrabaa, X. Sun, Antibiotic resistance and toxin pro-
duction of Clostridium difficile isolates from the hospitalized patients in a large
hospital in Florida, Front. Microbiol. 8 (2017) 2584., https://doi.org/10.3389/
fmicb.2017.02584.

[62] J. Isidro, A.L. Mendes, M. Serrano, A.O. Henriques, M. Oleastro, Chapter 2:
Overview of Clostridium difficile infection: life cycle, epidemiology, antimi-
crobial resistance and treatment, Clostridium Difficile - A Compr. Overv.
(2017), https://doi.org/10.5772/intechopen.69053.

[63] I.S. Macovei, D. Lemeni, R. Șerban, A. Niculcea, G.A. Popescu, M. Nica, A. Petrini,
G Mih�aescu, et al., Antibiotic susceptibility and resistance profiles of Roma-
nian Clostridioides difficile isolates, Rev. Rom. Med. Lab. 26 (2) (2018)
189e200, https://doi.org/10.2478/rrlm-2018-0007.

[64] M. Sholeh, M. Krutova, M. Forouzesh, S. Mironov, N. Sadeghifard,
L. Molaeipour, A. Maleki, E. Kouhsari, et al., Antimicrobial resistance in Clos-
tridioides (Clostridium) difficile derived from humans: a systematic review and
meta-analysis, Antimicrob. Resist. Infect. Control 9 (158) (2020) 1e11, https://
doi.org/10.1186/s13756-020-00815-5.

[65] M. Krutova, V. Capek, E. Nycova, S. Vojackova, M. Balejova, L. Geigerova,
L. Tejkalova, L. Havlinova, I. Vagnerova, P. Cermak, L. Ryskova, P. Jezek,
D. Zamazalova, D. Vesela, A. Kucharova, D. Nemcova, M. Curdova, O. Nyc,
P. Drevinek, et al., The association of a reduced susceptibility to moxifloxacin
in causative Clostridium (Clostridioides) difficile strain with the clinical
outcome of patients, Antimicrob. Resist. Infect. Control 9 (1) (2020) 1e7,
https://doi.org/10.1186/s13756-020-00765-y.

[66] M. He, F. Miyajima, P. Roberts, L. Ellison, D.J. Pickard, M.J. Martin, T.R. Connor,
S.R. Harris, D. Fairley, K.B. Bamford, S. D’Arc, J. Brazier, D. Brown, J.E. Coia,
G. Douce, D. Gerding, H.J. Kim, T.H. Koh, H. Kato, M. Senoh, T. Louie, S. Michell,
E. Butt, S.J. Peacock, N.M. Brown, T. Riley, G. Songer, M. Wilcox,
M. Pirmohamed, E. Kuijper, P. Hawkey, B.W. Wren, G. Dougan, J. Parkhill,
T.D. Lawley, et al., Emergence and global spread of epidemic healthcare-
associated Clostridium difficile, Nat. Genet. 45 (1) (2013) 109e113, https://
doi.org/10.1038/ng.2478.

[67] J. Freeman, J. Vernon, K. Morris, S. Nicholson, S. Todhunter, C. Longshaw,
M.H. Wilcox, et al., Pan-European Longitudinal Surveillance of Antibiotic
Resistance among Prevalent Clostridium difficile Ribotypes’ Study Group, Pan-
European longitudinal surveillance of antibiotic resistance among prevalent
Clostridium difficile ribotypes, Clin. Microbiol. Infect. : Off. Publ. Eur. Soc. Clin.
Microbiol. Infect. Dis. 21 (3) (2015) 248.e9e248.e16, https://doi.org/10.1016/
j.cmi.2014.09.017.

[68] N. Roshan, K.A. Hammer, T.V. Riley, Non-conventional antimicrobial and
alternative therapies for the treatment of Clostridium difficile infection,
Anaerobe 49 (2018) 103e111, https://doi.org/10.1016/
j.anaerobe.2018.01.003.

[69] J. Freeman, j. Vernon, S. Pilling, K. Morris, S. Nicolson, S. Shearman, E. Clark,
J.A. Palacios-Fabrega, M. Wilcox, et al., Pan-European Longitudinal Surveil-
lance of Antibiotic Resistance among Prevalent Clostridium difficile Ribotypes’
Study Group, Five-year Pan-European, longitudinal surveillance of Clostridium
difficile ribotype prevalence and antimicrobial resistance: the extended ClosER
study, Eur. J. Clin. Microbiol. Infect. Dis. 39 (1) (2020) 169e177, https://
doi.org/10.1007/s10096-019-03708-7.

[70] N. Roshan, T.V. Riley, D.R. Knight, K.A. Hammer, Effect of natural products on
the production and activity of Clostridium difficile toxins in vitro, Sci. Rep. 8
(2018), 15735, https://doi.org/10.1038/s41598-018-33954-2.

[71] V. Manohar, C. Ingram, J. Gray, N.A. Talpur, B.W. Echard, D. Bagchi, H.G. Preuss,
et al., Antifungal activities of origanum oil against Candida albicans, Mol. Cell.
Biochem. 228 (1e2) (2001) 111e117, https://doi.org/10.1023/a:
1013311632207.

[72] I. Dadalioglu, A. Evrendilek, Chemical compositions and antibacterial effects of
essential oils of Turkish oregano (Origanum minutiflorum), bay laurel (Laurus
nobilis), Spanish lavender (Lavandula stoechas L.), and fennel (Foeniculum
vulgare) on common foodborne pathogens, J. Agric. Food Chem. 52 (26) (2004)
8255e8260, https://doi.org/10.1021/jf049033e.

[73] S.D. Koci�c-Tanackov, G.R. Dimi�c, I.J. Tanackov, D.J. Pejin, LJ.V. Mojovi�c,
J.D. Pejin, Antifungal activity of oregano (Origanum vulgare L.) extract on the
growth of Fusarium and Penicillium species isolated from food, Hem. Ind. 66
(1) (2012) 33e41, https://doi.org/10.2298/HEMIND110614073K.

https://doi.org/10.1111/jam.13602
https://doi.org/10.1111/jam.13602
https://doi.org/10.1371/journal.pone.0093414
https://doi.org/10.1016/j.foodchem.2016.10.052
https://doi.org/10.1021/acsomega.0c00772
https://doi.org/10.3389/fmicb.2021.613077
https://doi.org/10.3389/fmicb.2021.613077
https://doi.org/10.1007/s00044-009-9255-z
https://doi.org/10.1007/s00044-009-9255-z
https://doi.org/10.1080/10412905.2013.868329
https://doi.org/10.1271/bbb.90128
https://doi.org/10.1271/bbb.90128
https://doi.org/10.3892/etm.2019.8388
https://doi.org/10.3892/etm.2019.8388
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref47
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref47
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref47
http://refhub.elsevier.com/S1075-9964(22)00095-6/sref47
https://doi.org/10.1007/s13197-015-1792-5
https://doi.org/10.1007/s13197-015-1792-5
https://doi.org/10.1007/s13197-015-1914-0
https://doi.org/10.1080/0972060X.2017.1341342
https://doi.org/10.1080/0972060X.2017.1341342
https://doi.org/10.13005/bbra/2697
https://doi.org/10.13005/bbra/2697
https://doi.org/10.3390/molecules191117773
https://doi.org/10.3389/fmicb.2016.02094
https://doi.org/10.3389/fmicb.2016.02094
https://doi.org/10.1007/s00253-014-5903-4
https://doi.org/10.1371/journal.pone.0112093
https://doi.org/10.1371/journal.pone.0112093
https://doi.org/10.1111/j.1469-0691.2008.02092.x
https://doi.org/10.1111/j.1469-0691.2008.02092.x
https://doi.org/10.1371/journal.pone.0118150
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Disk_test_documents/2020_manuals/Manual_v_8.0_EUCAST_Disk_Test_2020.pdf
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Disk_test_documents/2020_manuals/Manual_v_8.0_EUCAST_Disk_Test_2020.pdf
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Disk_test_documents/2020_manuals/Manual_v_8.0_EUCAST_Disk_Test_2020.pdf
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x
https://doi.org/10.1371/journal.pone.0220671
https://doi.org/10.1371/journal.pone.0220671
https://doi.org/10.3389/fmicb.2017.02584
https://doi.org/10.3389/fmicb.2017.02584
https://doi.org/10.5772/intechopen.69053
https://doi.org/10.2478/rrlm-2018-0007
https://doi.org/10.1186/s13756-020-00815-5
https://doi.org/10.1186/s13756-020-00815-5
https://doi.org/10.1186/s13756-020-00765-y
https://doi.org/10.1038/ng.2478
https://doi.org/10.1038/ng.2478
https://doi.org/10.1016/j.cmi.2014.09.017
https://doi.org/10.1016/j.cmi.2014.09.017
https://doi.org/10.1016/j.anaerobe.2018.01.003
https://doi.org/10.1016/j.anaerobe.2018.01.003
https://doi.org/10.1007/s10096-019-03708-7
https://doi.org/10.1007/s10096-019-03708-7
https://doi.org/10.1038/s41598-018-33954-2
https://doi.org/10.1023/a:1013311632207
https://doi.org/10.1023/a:1013311632207
https://doi.org/10.1021/jf049033e
https://doi.org/10.2298/HEMIND110614073K


A. Aleksi�c, Z. Stojanovi�c-Radi�c, C. Harmanus et al. Anaerobe 76 (2022) 102604
[74] M. Lu, T. Dai, C.K. Murray, M.X. Wu, Bactericidal property of oregano oil
against multidrug-resistant clinical isolates, Front. Micribiology 9 (2018)
1e14, https://doi.org/10.3389/fmicb.2018.02329, 2329.

[75] S. Mooyottu, A. Kollanoor-Johny, G. Flock, L. Bouillaut, A. Upadhyay,
A.L. Sonenshein, K. Venkitanarayanan, et al., Carvacrol and trans-cinna-
maldehyde reduce Clostridium difficile toxin production and cytotoxicity
11
in vitro, Int. J. Mol. Sci. 15 (3) (2014) 4415e4430, https://doi.org/10.3390/
ijms15034415.

[76] S. Mooyottu, G. Flock, A. Upadhyay, I. Upadhyaya, K. Maas,
K. Venkitanarayanan, Protective effect of carvacrol against gut dysbiosis and
Clostridium difficile associated disease in a mouse model, Front. Microbiol. 8
(2017), 625., https://doi.org/10.3389/fmicb.2017.00625.

https://doi.org/10.3389/fmicb.2018.02329
https://doi.org/10.3390/ijms15034415
https://doi.org/10.3390/ijms15034415
https://doi.org/10.3389/fmicb.2017.00625

	In vitro anti-clostridial action and potential of the spice herbs essential oils to prevent biofilm formation of hypervirul ...
	1. Introduction
	2. Material and methods
	2.1. Bacterial strains
	2.2. Essential oils
	2.3. Antibiotic susceptibility testing
	2.4. Determination of the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of essential oils  ...
	2.5. Crystal-violet biofilm assays
	2.5.1. Biofilm formation
	2.5.2. Effect of (sub)inhibitory concentrations of essential oils on biofilm production


	3. Results
	3.1. Characteristics of the investigated bacterial strains
	3.2. Essential oils antimicrobial susceptibility assay
	3.3. Biofilm production assay
	3.4. Effect of essential oils on biofilm formation

	4. Discussion
	5. Conclusion
	Declaration of competing Interest
	Acknowledgments
	Appendix A. Supplementary data
	References


