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Abstract: The Special Issue “Plant Extracts Used to Control Microbial Growth: Efficacy, Stability
and Safety Issues for Food Applications” explored the potential of plant-based extracts as natural
antimicrobial agents in the food industry. Its purpose was to address the growing demand for
natural, safe, and effective food preservation methods. The contributions highlighted various
plant extracts” antimicrobial efficacy, including phenolic compounds, terpenes, and other bioactive
substances. Research papers and one review were submitted from countries, including Spain,
Portugal, Italy, Mexico, Turkey, India, USA, Romania, China, and Lithuania, showcasing a diverse
international collaboration. Key topics covered in this issue included the chemical characterization
of plant extracts, their stability under different processing and storage conditions, and their safety
assessments. Advances were reported in using plant extracts to inhibit spoilage microorganisms
and foodborne pathogens, enhance food safety, and extend shelf life. The published papers in the
Special Issue studied various food types, including yogurt, catfish fillets, edible Mushrooms, red
grapes, herring Fillets, and various food types covered in the review. This diversity demonstrates the
broad applicability of plant extracts across different food products. Notable findings included the
antimicrobial activities of fermented grapevine leaves, grapefruit seed extract, cinnamaldehyde, clove
oil, and other plant-based compounds. In conclusion, this Special Issue demonstrated significant
progress in applying plant extracts for food preservation, highlighting their potential to contribute to
safer and more sustainable food systems worldwide.

1. Utilizing the Power of Plant Antimicrobials for Food Safety

The use of natural preservatives with antimicrobial properties has gotten significant
interest in food and drug research due to the growing awareness of the negative impacts
associated with synthetic preservatives. These impacts include potential health risks to
consumers, the emergence of multidrug-resistant microorganisms, and the requirement for
alternatives to traditional thermal treatments [1-3]. Plant antimicrobials offer a promising
solution as they are rich sources of multiple bioactive compounds capable of reducing
contamination levels of pathogenic bacteria and inhibiting the growth of spoilage mi-
croorganisms in various foods. The compounds found in plant antimicrobials are diverse
and include polyphenols known for their antioxidant properties; polyphenols also ex-
hibit strong antimicrobial activity [4,5]. They can disrupt microbial cell membranes and
interfere with the functions of microbial enzymes and proteins [6,7]. Essential oils and
their constituents, such as carvacrol, thymol, and eugenol, possess great antimicrobial
properties [8-10]. Essential oils can penetrate microbial cell membranes, causing structural
and functional damage [11,12]. Glucosinolate derivatives found in cruciferous vegetables
have been shown to possess antimicrobial activity against a broad spectrum of microor-
ganisms [13]. They act by releasing isothiocyanates upon hydrolysis, which are toxic to
bacteria [14]. Alkaloids are nitrogen-containing compounds with antimicrobial properties
that can inhibit the growth of bacteria, fungi, and viruses [15]. Alkaloids can interfere
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with DNA replication and protein synthesis in microorganisms and can attenuate bacterial
pathogenesis [15,16]. Thiols are sulfur-containing compounds that exhibit strong antimi-
crobial activity [17]. They can disrupt microbial cell walls and membranes, leading to cell
lysis and death.

The objective of the Special Issue entitled “Plant Extracts Used to Control Microbial
Growth: Efficacy, Stability and Safety Issues for Food Applications” was to present the latest
advances in the use of plant antimicrobials to reduce spoilage microorganisms and ensure
food safety across different foodstuffs. The papers in this issue highlight the potential of
plant extracts as natural preservatives that can be integrated into various food systems to
enhance safety and extend shelf life.

2. Summary of Published Papers

The main studied sources of plant antimicrobials were the herbal plant Potentilla
kleiniana, cranberry pomace and grape seeds, essential oils and their compounds, bog
bilberry leaf extracts, spice extracts, grapefruit seed extract, and grapevine leaf extracts
(Table 1). Among the compounds in the used raw extracts were identified phenolic acids,
flavonoids, and terpenes from plant tissues.

Table 1. Plant antimicrobial compounds, sources, target food/microorganisms, and main results

were obtained in the published papers in this special issue.

Plant Antimicrobial
Compounds

Source

Target
Food/Microorganisms

Main Results

Contribution

Oxymorphone and rutin

Methanol-phase extract
from an edible herb
Potentilla kleiniana
Wight et Arn

More than
20 pathogenic bacteria

Inhibition rate of 68%, MIC
values of 1.56-50 mg mL~ 1,
putative mechanism of action

(1]

Polyphenols and
procyanidins

Cranberry pomace and
grape seed extracts

Herring/ Listeria
monocytogenes and
Pseudomonas aeruginosa

Film with grape seed extract
showed bacteriostatic
activity against
L. monocytogenes and reduced
the concentration of
histamine and cadaverine

(2]

Carvacrol, thymol,
geraniol, citral, L-menthol,
menthone, anisaldehyde,
linalool, citronellal,
trans-2-hexenal,
diallyl disulfide,
trans-caryophyllene,
piperone, eugenol,
and anethole

RON Reagent Shanghai
Yi En Chemical
Technology Co., Ltd.,
Shanghai, China

Red grape
fruit/ Alternaria alternata

Significant reduction of the
decay rate after
carvacrol treatment

(3]

Phenolic acids,
flavonols, flavanols

Leaf extracts of the
bog bilberry

Gram-positive and
Gram-negative
bacteria, yeasts

MIC values of 8.9 or
17.8 mg mL~!

[4]

Polyphenolic compounds

Sumac (Rhus coriaria L.),
cumin (Cuminum
cyminum L.), black
pepper (Piper nigrum),
and red pepper
(Capsicum annuum)
extracts

Gram-positive and
Gram-negative bacteria

Sumac extract reduced the
growth of foodborne
pathogens and the
production of
biogenic amines

[5]
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Table 1. Cont.

Plant Antimicrobial Source tl"arget . Main Results Contribution
Compounds Food/Microorganisms
MIC values from
Mushroom/Gram- 162.5 ug mL~ ! to
oy 71 .
Flavonoids Grapefruit seed extracts positive an.d 650 H& m'L , potential [6]
Gram-negative application to reduce
bacteria, yeast yellowing

on mushrooms

Sigma-Aldrich
(St. Louis, MO, USA)

Cinnamaldheydhe and and Piping Rock Health Catflsh' fillet/ Shewanella Reductlon_?f 3or
. baltica, Aeromonas 6 log cfu mL™" of total [7]
clove oil Products LLC . . ;
hydrophila, total bacteria bacteria on adsorbent pads
(Ronkonkoma,
NY, USA)

Fermented grapevine leaves
showed a preserving effect [8]
equal to potassium sorbate

Fermented grapevine  Total yeasts and bacteria

Polyphenols leaves of yogurt

Tang et al. evaluated the antibacterial activity of the methanol phase extract from
the edible herb Potentilla kleiniana against more than 20 pathogenic bacteria. MIC values
of Fragment 1 ranged from 6.25 to 50 mg/mL against Bacillus cereus, Shigella flexneri,
Staphylococcus aureus, and Vibrio parahemolyticus strains. Oxymorphone and rutin were
identified in Fragment 1, and a putative mechanism of action involving the inhibition
of energy supply and protein translation, the blocking of signal transduction, and the
repression of ABC transporters was proposed [Contribution 1]. An alginate/pectin film
containing grape seed extract showed bacteriostatic activity against L. monocytogenes on
herring, reducing its load by 3 log cfu/g compared to unpacked fillets stored for 18 days
at 4 °C. In addition, the accumulation of histamine, cadaverine, putrescine, and tyramine
was significantly reduced starting from 12 days of storage in fillets packed using the active
coating [Contribution 2].

Li et al. found that carvacrol displayed the lowest EC50 value against A. alternata,
significantly reducing the decay rate when applied to contaminated red grapes. Grapes
inoculated with A. alternata showed a decay rate higher than 60%, whereas contaminated
fruit treated with carvacrol showed a decay rate lower than 15% after 12 days at room
temperature [Contribution 3]. Bog bilberry leaf extracts obtained through ultrasound
(UAE) extraction showed the lowest MIC values against Candida parapsilosis and Salmonella
enterica; high-pressure (HPE) extracts showed the inhibition of S. aureus growth at sub-MIC
levels [Contribution 4]. Kuley et al. demonstrated that, among four spice extracts, sumac
(Rhus coriaria L.) extract reduced by 1-3 log cfu/mL the growth of Enterococcus faecalis,
Campylobacter jejuni, and Yersinia enterocolitica in tyrosine decarboxylase broth and the
production of histamine by E. faecalis and tyramine by C. jejuni [Contribution 5].

Grapefruit seed extract showed antibacterial action against S. aureus ATCC 6538,
P. aeruginosa ATCC 9027, P. fluorescens wild type, Escherichia coli ATCC 8739, with MIC values
ranging from 162.5 pg/mL to 650 pg/mL. Rutin, naringin, hesperidin, neohesperidin, and
naringenin were identified in the extract. A preliminary trial on mushrooms showed
that applying grapefruit seed extract can limit the development of yellowing on Pleurotus
eryngii caused by Pseudomonas spp. [Contribution 6]. Cinnamaldehyde and clove oil
showed in vitro antibacterial activity against S. baltica and A. hydrophila; their application
on adsorbent pads in contact with catfish fillets reduced the total bacteria on pads by 3 to
6 log cfu/mL [Contribution 7].

Freitas et al. found that fermented grapevine leaves using Saccharomyces cerevisiae,
in both solid and liquid media, preserved the microbiological quality of yogurt in the
same manner as potassium sorbate without affecting the viability of lactic acid bacteria.
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Further research is necessary to evaluate the antimicrobial effect of fermented grapevine
leaves against yogurt spoilage microorganisms [Contribution 8]. Finally, Pinto et al. sum-
marized recent findings on applying plant extracts and plant antimicrobial compounds
against spoilage and pathogenic microorganisms in different foods. Interesting results were
achieved by using combinations of plant antimicrobials, with synergistic or additive effects,
and by integrating plant extracts with food technologies, ensuring an improved hurdle
effect. The review highlighted the need for further research in fields such as the mode of
action of plant antimicrobials, optimization of delivery systems, sensory properties of food
including plant antimicrobial compounds, safety assessment of plant extracts, regulatory
aspects, eco-friendly production methods, and consumer education [18].

3. Key Advances and Findings

The papers published in this issue highlighted several key advances and findings,
demonstrating the potential of plant-based compounds to enhance food safety and quality.
The methanol-phase extract from Potentilla kleiniana exhibited a 68% inhibition against over
20 pathogenic bacteria, with MIC values ranging from 1.56 to 50 mg/mL. This study identi-
fied oxymorphone and rutin as active components and proposed mechanisms involving
inhibiting energy supply, protein translation, signal transduction, and repression of ABC
transporters. Alginate/pectin films containing cranberry pomace and grape seed extracts
showed bacteriostatic activity against Listeria monocytogenes on herring, significantly reduc-
ing the load of histamine and cadaverine during storage. Carvacrol was effective against
Alternaria alternata in red grapes, reducing the decay rate to less than 15% compared to
over 60% in untreated controls after 12 days at 25 °C. Bog bilberry leaf extracts obtained
through ultrasound extraction showed the lowest MIC values against Candida parapsilosis
and Salmonella enterica, with high-pressure extracts inhibiting Staphylococcus aureus at sub-
MIC levels. Sumac extract significantly reduced the growth of several foodborne pathogens,
including Enterococcus faecalis, Campylobacter jejuni, and Yersinia enterocolitica, and decreased
the production of biogenic amines.

Grapefruit Seed Extract demonstrated broad-spectrum antibacterial activity against
multiple strains, including S. aureus, P. aeruginosa, P. fluorescens, and E. coli, with MIC values
between 162.5 pg/mL and 650 pg/mL. Additionally, it showed potential in preventing
yellowing in mushrooms caused by Pseudomonas spp. Cinnamaldehyde and clove oil
applied on absorbent pads in contact with catfish fillets reduced total bacterial counts by
3 to 6 log cfu/mL. Fermented grapevine leaves used in yogurt maintained microbial quality
similar to potassium sorbate without compromising the viability of lactic acid bacteria.

Several studies focused on improving the stability of plant extracts under different
processing and storage conditions. Techniques such as encapsulation [19-21], inclusion in
biopolymers [22-24], and spray-drying [25-27] were explored to enhance the stability and
effectiveness of plant antimicrobials. The research covered a wide range of food products,
demonstrating the versatility of plant antimicrobials. These included yogurt, herring fillets,
red grapes, catfish fillets, and mushrooms. This diversity illustrates the broad applicability
of plant extracts across different food matrices, contributing to enhanced food safety and
shelf life. Combining different plant extracts often resulted in synergistic or additive
antimicrobial effects. This approach and integration into food technologies provided an
improved hurdle effect, enhancing overall food preservation outcomes.

4. Future Research Directions

The Special Issue highlighted the need for further research in several key areas. De-
tailed studies are necessary to understand how plant antimicrobials exert their effects,
focusing on their mode of action. Additionally, there is a need for the optimization of
delivery systems to develop effective methods that maximize the efficacy of plant extracts.
Investigating the impact of plant antimicrobials on the sensory attributes of food is cru-
cial to ensure that these natural preservatives do not negatively affect taste, texture, or
aroma. Comprehensive safety evaluations are required to ensure consumer health is not
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compromised. Addressing regulatory challenges will facilitate the commercial use of plant
antimicrobials, ensuring they meet all necessary standards and guidelines. Developing
sustainable production techniques for plant extracts is essential to promote eco-friendly
methods that align with environmental goals. Lastly, increasing awareness and acceptance
of natural food preservatives among consumers through effective education campaigns is
vital for broader adoption and understanding of these innovations.

5. Conclusions

This Special Issue has significantly contributed to the field of food microbiology by
advancing our knowledge of plant antimicrobials and their applications. The findings
emphasize the potential of these natural compounds to revolutionize food preservation,
paving the way for safer, more sustainable food systems that meet the growing demand for
natural and health-friendly food additives.

Author Contributions: Writing—original draft preparation, L.P,, ] FA.-Z.; writing—review and
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Abstract: The increasing demand for natural, safe, and sustainable food preservation methods drove
research towards the use of plant antimicrobials as an alternative to synthetic preservatives. This
review article comprehensively discussed the potential applications of plant extracts, essential oils,
and their compounds as antimicrobial agents in the food industry. The antimicrobial properties of
several plant-derived substances against foodborne pathogens and spoilage microorganisms, along
with their modes of action, factors affecting their efficacy, and potential negative sensory impacts,
were presented. The review highlighted the synergistic or additive effects displayed by combinations
of plant antimicrobials, as well as the successful integration of plant extracts with food technologies
ensuring an improved hurdle effect, which can enhance food safety and shelf life. The review likewise
emphasized the need for further research in fields such as mode of action, optimized formulations,
sensory properties, safety assessment, regulatory aspects, eco-friendly production methods, and
consumer education. By addressing these gaps, plant antimicrobials can pave the way for more
effective, safe, and sustainable food preservation strategies in the future.

Keywords: antimicrobial activity; essential oils; food preservation; foodborne pathogens; polyphenols

1. Introduction

The use of natural antimicrobials in the food industry is gaining attention due to
the consumers’ demand for environmentally friendly production systems and products
with clean labels, promoting the use of natural antimicrobial preservatives rather than
synthetic ones [1,2]. Indeed, synthetic food preservatives such as nitrates, benzoates,
sulfites, sorbates, and formaldehyde are known for allergic or carcinogenic effects [3].
Microbial food spoilage is responsible for about 25% of food losses [4]. According to the
Food and Agriculture Organization (FAO), wasted food costs approximately 680$ billion
in industrialized countries and 310$ billion in developing countries, with a high emission
footprint for meat products [5]. Moreover, the growing consumption of fresh, minimally
processed, and ready-to-eat foods increases the chance of microbial contamination by
spoilage and pathogenic microorganisms [1]. Therefore, natural antimicrobials should be
promoted to extend the shelf life of perishable foods, and to ensure the product’s microbial
food safety.

Plant antimicrobials represent the main group of natural preservatives, including sec-
ondary metabolites targeting microbial cells. Different parts of plants, such as seeds, fruit,
peels, leaves, and roots are rich in plant antimicrobials such as phenolic compounds (e.g.,
simple phenols, phenolic acids, anthocyanins, flavonoids, quinones), tannins, essential
oils and terpenoids, glucosinolates derivatives, alkaloids, and thiols [6,7]. Most of the
plant extracts are generally recognized as safe (GRAS) and were granted the qualified
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presumption of safety (QPS) status in the USA and EU, respectively [8]. Plant extracts,
such as moso bamboo (Takeguard™) with benzoquinone derivatives and tannin, or an
antifungal blend (Biovia™ YM10) with green tea (Camellia sinensis L.) extract and mustard
(Brassica nigra W.D.J. Koch) essential oil, are commercially available as alternatives to chem-
ical preservatives [1]. Moreover, the European Food Safety Authority (EFSA) authorized
rosemary (Rosmarinus officinalis L.) extract, endowed with antimicrobial activity, as a food
additive (E 392) [9,10].

Plant antimicrobials were proposed to control the growth of microbial spoilage popula-
tions and foodborne pathogens. As regards the control of spoilage microorganisms, several
applications were described in animal-based foods. In fish products, grape (Vitis vinifera L.)
seed extract, tea polyphenols, thyme essential oil, and rosemary extract delayed the growth
of lactic acid bacteria, Enterobacteriaceae, hydrogen sulfide-producing bacteria (HSPB), and
psychrotrophic bacteria, well known to produce off-flavours [11]. In meat products, tannic
acid or catechin showed good antimicrobial activity in camel sausages, whereas ethanolic
extracts of rosemary and clove (Syzygium aromaticum L.) reduced spoilage bacterial counts
in raw chicken meat. In beef sausages, the use of Ziziphus leaf extracts, rich in vanillic and
ellagic acids, inhibited the growth of spoilage bacteria during cold storage [12]. Among
essential oils, the application of Ziziphora clinopodioides Lam., rich in carvacrol, thymol,
p-cymene, and y-terpinene, showed the best antimicrobial activity against spoilage bacte-
ria in beef patties [13]. In plant-based foods, as reviewed by Patrignani et al. [14], citral,
hexanal, and 2-(E)-hexenal showed antimicrobial activity against yeasts responsible for
spoilage of fresh-cut fruits, soft drinks, and fruit-based salads, whereas citral-based films
or the application of oregano (Origanum vulgare L.) and thyme (Thymus vulgaris L.) oil
during the washing step reduced spoilage bacterial populations on salad. The antimicrobial
action of plant extracts against foodborne pathogens is well documented [1-3,7,15-17].
In particular, phenolic extracts and essential oils showed remarkable antibacterial action
against Gram-positive and Gram-negative bacteria, including spore-forming bacteria. In
addition to the effect against viable cells, plant antimicrobials inhibited the production of
microbial toxins [18,19] and biofilm formation [20-22].

Despite the antimicrobial action of plant antimicrobials, their use in the food industry is
hampered by chemical instability, limited dispersibility in food matrices, limited availability
of ready-to-use commercial formulations, or unacceptable flavour profiles [6]. For these
reasons, several stabilization techniques, such as nano-emulsions, encapsulation, and
inclusion in active packaging, were proposed [6,23,24]. Moreover, these stabilization
techniques ensure, in some cases, better antimicrobial activity of the bioactive compounds,
and a controlled release during food storage.

However, some challenges remain, including potential negative sensory impacts,
variations in antimicrobial effectiveness, and concerns about the possible development of
microbial resistance. To address these issues, researchers explored synergistic combina-
tions of plant antimicrobials and the application of hurdle technologies, which involve
the simultaneous or successive use of multiple preservation techniques. Although plant
extracts showed considerable potential in food preservation, limited information is avail-
able concerning their safety. In some instances, these extracts can be contaminated with
various hazardous substances, such as heavy metals [25], mycotoxins [26], or crop pro-
tection residues [27]. The levels of contamination in plant extracts are affected by several
factors, including the cultivation practices employed, the geographical location of the
cultivation site, and the application of crop protection products. Further research is needed
to establish proper guidelines and regulatory frameworks that can help minimize the risks
associated with contaminants in plant extracts, ultimately ensuring the safe application of
these natural preservatives in the food industry. Further research is also necessary to under-
stand the modes of action of plant antimicrobials alone or in combination to optimize their
formulation and the delivery of bioactive compounds. Addressing these gaps will help the
acceptance of plant extracts as food preservatives and their use in different food industries.
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This review aims to summarize the applications of plant antimicrobials in the food
sector. After that, an overview of different classes of plant antimicrobials, antimicrobial
activity against spoilage, and pathogenic microorganisms in different foods is described.
Then, the stabilization techniques of plant extracts are presented followed by their use in
different food matrices. This review also discusses the additive and synergistic effects of
various combinations of plant antimicrobials, as well as the integration of plant extracts into
different hurdle technologies, including mild or non-thermal treatments, to enhance food
preservation. Finally, safety aspects and regulation related to the use of plant extracts are
introduced. By providing a comprehensive overview of the current knowledge, this review
aims to contribute to the ongoing development and optimization of food preservation
techniques based on plant antimicrobials.

2. Classification and Antimicrobial Activity of Plant Antimicrobials

A great diversity of structures among plant secondary metabolites (PSMs) occurs in
nature (e.g., more than 12,000 known alkaloids, more than 10,000 phenolic compounds,
and over 25,000 different terpenoids) [1]. From a structural point of view, plant antimi-
crobials can be divided in two classes: PSMs with one or several nitrogen atoms into
their structures, such as alkaloids, glucosinolates, and PSMs without nitrogen, such as
terpenoids and phenolic substances. Alkaloids, glucosinolates, and phenolic substances
are water-soluble compounds, whereas terpenoids are lipophilic PSMs [28]. The following
sections summarize the different classes of plant antimicrobials and their antimicrobial
action against main food-related microorganisms.

2.1. Polyphenols

Polyphenols are PSMs produced by higher plants, sharing a common chemical struc-
ture characterized by at least one aromatic ring with one or more hydroxyl groups [29].
Polyphenols can be classified as flavonoids and nonflavonoids. The latter includes the
phenolic acids (e.g., derivatives of benzoic acid and cinnamic acid), stilbenes (e.g., resvera-
trol), tannins (e.g., proanthocyanidins, gallotannins, and ellagitannins), and lignins (e.g.,
secoisolariciresinol). Flavonoids can be divided into six subclasses: flavonols, flavones,
flavanones, flavanols, anthocyanins, and isoflavones [30].

2.1.1. Phenolic Acids

Phenolic acids are divided into hydroxybenzoic acids (e.g., vanillic, gallic, salicylic,
syringic, and protocatechuic acid) and hydroxycinnamic acids (ferulic, rosmarinic, p-
coumaric, chlorogenic, cinnamic, and caffeic acid) [31]. The main phenolic acids showing
antimicrobial action are gallic acid, ferulic acid, and p-coumaric acid [31]. A minimum
inhibitory concentration (MIC) of 1000-2000 ug mL~! was found for gallic acid and fer-
ulic acid against Escherichia coli, Staphylococcus aureus, and Listeria monocytogenes [32].
Ferulic acid and p-coumaric acid showed MIC values of 500-1000 pg mL~! against
Salmonella enteritidis [33]. Li et al. [34] recently found that p-coumaric acid controlled
the contamination of Alicyclobacillus acidoterrestris in apple juice. However, the antibacterial
action of phenolic acids can be enhanced considering their derivatives, as demonstrated
for alkyl ferulate and gallate esters against L. monocytogenes and E. coli, respectively [35,36].
Regarding the antifungal action, ferulic acid and p-coumaric acid showed antifungal activ-
ity against Botrytis cinerea and Alternaria alternata [37,38]. As reported for the antibacterial
action, ester derivatives of phenolic acids showed enhanced antifungal action compared
to phenolic acids. In particular, ethyl p-coumarate showed interesting antifungal activity
against Alt. alternata [39].

2.1.2. Stilbenes, Tannins, and Lignins

Other polyphenols endowed with antimicrobial activity are stilbenoids, tannins,
and lignins. Stilbenes such as resveratrol showed antibacterial action against foodborne
pathogens, with MIC values of 100-200 pg mL~! for S. aureus and Enterococcus faecalis, and
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>200 ug mL~1 for E. coli and Sal. enterica [40]. Cai et al. [41] found that pterostilbene had
higher antifungal activity against ochratoxin A (OTA)-producing Aspergillus carbonarius
than piceatannol and resveratrol. As regards tannins, they are classified into hydrolysable
and condensed tannins. Hydrolysable tannins such as ellagitannins showed antibacterial
action against S. aureus and E. coli. In particular, increased free galloyl groups enhanced
antibacterial action against S. aureus, while large molecular size positively affected the
antimicrobial effect against E. coli [42]. Condensed tannins such as proanthocyanidins from
persimmon [43] or chokeberry [44] showed MIC values of 0.7-5 mg mL~! against S. aureus.
Regarding the antibacterial activity of lignin, different sources and extraction processes
can result in different antibacterial performances. However, the ethanol fractionation of
bamboo kraft lignin enhanced the antibacterial activity compared to non-fractionated lignin,
and the ethanol fraction showed a MIC value of 2 mg mL~! against Bacillus subtilis and
S. aureus [45].

2.1.3. Flavonoids

Flavonoids are the main dietary polyphenols. They show a characteristic phenyl-
benzopyrone structure and can be classified into anthocyanidins, flavan-3-ols, flavones,
flavanones, flavonols, and isoflavonoids [29]. Among them, flavan-3-ols, flavonols, and
flavanones showed the highest antibacterial activity against foodborne pathogens [31].
In particular, flavan-3-ols such as epigallocatechin-3-gallate showed antibiofilm activity
against L. monocytogenes [46], and bactericidal effect against E. coli [47]. The main flavonol
endowed with antibacterial activity is resveratrol. Resveratrol showed a MIC value lower
than 10 mg mL~! against E. coli O157:H7 and Sal. enteritidis [48] and 300-600 pug mL~!
against methicillin-resistant S. aureus [49]. However, the presence of rhamnose and ad-
ditional hydroxyl groups in the flavonoids myricetin-3-O-rhamnoside and quercetin-3-
O-rhamnoside resulted in reduced antibacterial activity compared to quercetin [31]. As
regards the antifungal activity of flavonoids, quercetin at 0.25 mg mL~! inhibited mycelial
growth of Penicillium expansum [50] and showed a MIC value of 505 ug mL~! against
Aspergillus flavus [51]. Flavanones belong to a sub-class of flavonoids. The most in-
teresting antibacterial activity was found for sophoraflavanone G against methicillin-
resistant S. aureus, with MIC values ranging from 0.5 to 8 ug mL~1 [52]. Recently, other
flavonoids, such as the mono-prenylated isoflavonoids showed high antifungal activity
against Zygosaccharomyces parabailii, a spoilage yeast of acidic food products, with a mini-
mum fungicidal concentration (MFC) of 12.5 ug mL~! [53].

2.2. Terpenes and Essential Oils

Essential oils (EOs) are complex blends of aromatic metabolites extracted from differ-
ent plant parts, including leaves, bark, flowers, and roots, using solvents, distillation, or
microwaves [54]. Volatile compounds represent 90-95% of EOs, including monoterpenes,
sesquiterpene hydrocarbons and their oxygenated derivatives, aldehydes, alcohols, and es-
ters. The non-volatile portion (5-10% of the whole EO) comprises hydrocarbons, fatty acids,
sterols, carotenoids, waxes, cumarines, and flavonoids. The main antimicrobial compounds
present in EOs can be divided into different groups: terpenes (e.g., p-cymene, limonene),
terpenoids (e.g., thymol, carvacrol), and phenylpropenes (e.g., eugenol, vanillin) [30].

Rosemary EO, rich in the monoterpenes a-pinene, 1,8-cineol, and camphor, showed
antibacterial action against E. coli and S. aureus [55,56]. A recent study [57] showed that the
geographic origin of rosemary EOs affected their composition and antimicrobial activity.
EOs extracted from Salvia officinalis L., Lavandula dentata L., and Laurus nobilis L., rich in
1,8-cineol, inhibited the growth rate of A. carbonarius and the OTA production [58].

EOs with terpenoids such as thymol and carvacrol as main compounds paid great
attention due to their broad spectrum of antimicrobial activity and potential applica-
tion through direct contact and vapour phase. Oregano and thyme EOs showed an-
tibacterial activity by direct contact against drug-resistant Gram-positive pathogens such
as S. aureus and Enterococcus faecium, and Gram-negative pathogens such as E. coli and
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Sal. thyphimurium [59,60]. These EOs showed antimicrobial activity in vapour phase,
with MIC values of 0.16-4.00 pg mL~"! of air against E. coli and Penicillium expansum [61].
Moreover, oregano and thyme EOs vapours showed antifungal activity against different
species of the genera Aspergillus, with MIC values of 15.6-62.5 uL L~! of air [62]. Regard-
ing p-cymene, this monoterpene has low antibacterial activity, high MIC values, and no
antifungal action against Rhizopus oryzae and A. niger [63]. Similarly, in B. cinerea, P. italicum,
and Alt. alternata, p-cymene showed higher MIC values than other monoterpenes such as
thymol and y-terpinene [64].

Phenylpropanoids such as eugenol and isoeugenol, both present in clove EO, showed
antibacterial action against E. coli and L. monocytogenes with MIC values in the range
312.5-625 ug mL~1 [65]. Clove oil, with eugenol as the main compound, inhibited P. italicum
growth on citrus fruit when applied at concentrations ranging from 0.05% to 0.8% (v/v) [66].
Other phenylpropanoids, such as vanillin, showed a bacteriostatic effect against foodborne
pathogens, but MIC values were higher than that of pure compounds belonging to terpenes
or terpenoids [67].

Other bioactive compounds occurring in EOs are the aldehydes citral and cinnamalde-
hyde, found in lemongrass (Cymbopogon citratus Stapf) EO and cinnamon (Cinnamomum verum
Presl) bark EO, respectively. Free citral showed a MIC value of 0.8 mg mL ! against B. cereus
and 2 mg mL~! against E. coli and S. aureus [68]. However, the main application of citral is
its use as an antifungal agent, as demonstrated against different fungal strains [69-71]. As
regards cinnamaldehyde, it showed higher antibacterial activity than cinnamon oil against
Gram-positive bacteria [72]. Cinnamaldehyde at 150 g mL~! inhibited the spore produc-
tion and mycelial growth of A. niger [73] and showed antifungal activity and alternariol
reduction at 0.200 pL mL~! against Alt. alternata [74].

2.3. Glucosinolate Derivatives

Glucosinolates are the main bioactive compounds of Brassica plants. The breakdown
of glucosinolates releases nitriles, thiocyanates, and isothiocyanates. In particular, isoth-
iocyanates, largely occurring in cruciferous vegetables, are the most reactive compounds
endowed with antimicrobial activity. Allyl-, benzyl-, and 4-methylsulfinylbutyl isothio-
cyanates are the main compounds with antimicrobial activity against bacterial pathogens
and fungi [7]. Allyl-isothiocyanate at the concentration of 1 uL L~! reduced of 4 log cfu g~!
the Sal. thyphimurium load on lettuce [75], whereas at 0.1% v/w inhibited L. monocytogenes
growth in chickpea puree stored for 10 days at 4 °C [76]. Allyl-isothiocyanate showed
antifungal activity against A. flavus in maize and P. verrucosum in barley, reducing the
aflatoxin B1 and ochratoxin A accumulation, respectively [77,78]. Benzyl-isothiocyanate
showed MIC values ranging from 60 to 160 uM against enterotoxigenic E. coli [79], and
120 uM against L. monocytogenes [80]. Benzyl-isothiocyanate at 25 jtg mL~! inhibited the
growth of A. carbonarius and A. ochraceus, whereas A. niger was more resistant to both
allyl- and benzyl-isothiocyanates than other aspergilli [81]. Other bioactive isothiocyanates
are sulforaphane (4-methylsulfinylbutyl isothiocyanate) and phenethyl isothiocyanate.
Both compounds showed MIC values of 40-88 mg mL~! against S. aureus and E. coli [82].
However, their use for applications in the food sector is limited compared to allyl- and
benzyl-isothiocyanates. Other isothiocyanates demonstrated an interesting antifungal
activity. In particular, the volatile compound 2-phenylethyl isothiocyanate showed a MIC
value of 1.2 mM against Alt. alternata, and reduced the development of the black spot rot
on pear [83], whereas 2-(4-methoxyphenyl)ethyl isothiocyanate showed an ECsy value of
4.2 ng mL~! against A. niger, and inhibited the spore germination by 95% [84].

2.4. Alkaloids and Thiols

Several plant extracts include alkaloids and thiols as antimicrobial compounds. Alka-
loids are PSMs classified based on their chemical structure and natural origin. Although
more than 18.000 alkaloids are known, mainly represented by plant alkaloids [85], their use
in the food sector is limited due to their well-known toxic and neuroactive effects. Recently,
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berberine, an isoquinoline alkaloid found in roots and stem-bark of Berberis plants, was the
most studied alkaloid exploited for its antimicrobial activity against food-related microor-
ganisms and was proposed as a food preservative [86-88]. In particular, Berberis vulgaris
root and leaf extracts, rich in berberine, showed a MIC value of 150 ug mL~! against E. coli
and S. aureus, and 60-100 ug mL~! against different Aspergillus species [86]. Berberine at
1.6 mg mL~! inhibited mycelial growth and spore germination of P. italicum [88].

As regards thiols, the main antimicrobial compounds are allicin and its derivatives [29]. Al-
licin is a sulphur compound occurring in garlic, effective against spoilage yeasts, Gram-positive
and Gram-negative foodborne pathogens, with MIC values lower than 30 g mL~! [89]. The
main oxidation derivatives of allicin are diallyl disulphide and diallyl trisulfide. Diallyl disul-
phide showed antibacterial action against B. cereus and a MIC value of 120 ug mL~1! [90],
whereas diallyl trisulfide treatment reduced, by 1.5 log cfu g~!, the Campylobacter jejuni count
on chicken [91].

2.5. Modes of Action

PSMs described in the previous sections have multiple mechanisms of antimicrobial
action (Figure 1). In particular, different cell targets are affected by exposure to polyphenolic
substances, essential oil compounds, isothiocyanates, alkaloids, and thiols. As regards
polyphenols, the three main mechanisms of action are the modification of the membrane
permeability, the intracellular enzyme inactivation, and the modification of fungal morphol-
ogy. Additional mechanisms of antimicrobial action of polyphenols are the modification of
intracellular pH, the interference with the ATP-generating system, and the inhibition of
DNA synthesis [1].
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Figure 1. Mechanisms of action of plant antimicrobials against foodborne bacteria.

Different polyphenolic classes have specific mechanisms of action. Phenolic acids
mainly interact with the cell membrane intercalating the phospholipid layer, or cross-
ing the membrane, decreasing the intracellular pH, and/or interacting with cellular con-
stituents [92]. The antibacterial action of phenolic acids against L. monocytogenes depends
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on their dissociated /undissociated form. In particular, chlorogenic acid and gallic acid
reduced extracellular pH, caffeic acid, p-hydroxybenzoic acid, protocatechuic acid, and
vanillic acid were active in their undissociated form, and p-coumaric acid and ferulic
acid showed antibacterial action in both dissociated and undissociated form [92]. In
Sal. enteritidis, chlorogenic acid treatment damaged intracellular and outer membranes
and inactivated key enzymes of the tricarboxylic acid cycle (TCA) [93]. Phenolic acid
esters showed multiple mechanisms of antibacterial action, such as the damage of bacterial
membranes, changes in the conformation of protein membranes, formation of complexes
with bacterial DNA, and oxidative damage [35,36]. As regards the antifungal mechanism of
phenolic acids, it is well known that these compounds produce oxidative stress and disorga-
nization of the wall or membrane of the hyphae [94], but, as in the case of B. cinerea, they can
also affect the ATP synthesis and cellular metabolism acting as an uncoupler of oxidative
phosphorylation [95]. Resveratrol inhibits ATP synthesis, hydrolysis, and cell division in
E. coli [40]. Pterostilbene treatment induces incomplete sporangia, membrane rupture, and
downregulation of the biosynthetic genes of the OTA production in A. carbonarius [41]. The
disruption of cell membranes and functions is the primary mode of antibacterial action of
tannins. However, the inhibition of microbial enzymes, the deprivation of the nutrients
required for the microbial growth, and the inhibition of oxidative phosphorylation were
also suggested [42]. In P. digitatum, tannins disrupted the cell wall and caused the leakage
of intracellular content [96]. The antibacterial modes of action of lignin are the damage of
the cell membrane through its phenolic compounds, the decrease in intracellular pH, and
the increase in osmotic pressure [97]. Flavonoids have multiple modes of antimicrobial
action. Quercetin inhibited DNA gyrase, increased membrane permeability, and prevented
ATP synthesis in E. coli [29], whereas in S. aureus, it inhibited key enzymes necessary for the
protein synthesis [31]. Flavonols such as quercetin, rutin, morin, rhamnetin, and flavones
such as acacetin and apigenin have membrane-disrupting activity. Conversely, flavanones
naringenin and sophoraflavanone G reduce the fluidity in regions of both inner and outer
cellular membranes [18]. Catechins such as epigallocatechin gallate, at high concentration,
generated reactive oxygen species (ROS), causing membrane damage [18]. As regards the
antifungal mechanism of flavonoids, a recent study showed that quercetin downregulated
genes involved in the conidial and mycelial development, while reducing the production
of aflatoxin probably by lowering levels of ROS [51]. Flavonoids from the medicinal-edible
plant Sedum aizoon L. damaged the cell membrane and the cell wall, and interfered with
the mitochondprial respiratory metabolism, the protein biosynthesis, and the amino acid
metabolism in P. italicum [98].

As regards the antibacterial mechanism of action of terpenoids and essential oils,
these compounds can disrupt cell walls and cytoplasmic membranes, increasing their
permeability. Essential oils can also solidify the cytoplasm, damage lipids and proteins
in the cell, and inhibit bacterial enzymes [29]. Specifically, terpenoids such as carvacrol
disrupted the cell membranes and inhibited the respiratory activity in L. monocytogenes [99],
while it increased the cell permeability and reduced the ATP levels in E. coli [100]. In
Sal. enteritidis, the antibacterial action of oregano essential oil was mainly attributed
to thymol rather than its isomer carvacrol, with changes in the protein regulation and
the DNA synthesis [101]. The antibacterial action of terpenes such as limonene was
associated with increased cell permeability, inhibition of the ATP synthesis, dysfunction of
the respiratory chain complex, and inhibition of the transcription of nucleic acids [102-104].
Phenylpropenes such as eugenol altered the membrane permeability in E. coli [105], whereas
they increased reactive oxygen species, depolarized the membrane potential, and decreased
the ATP content in Shigella flexneri [106].

The antifungal mechanisms of action of essential oil compounds such as thymol and
carvacrol are related to changes in the morphology of hyphae, the increase in membrane
permeability, and the reduction in total lipids and ergosterol content [107,108]. As regards
p-cymene, the antibacterial mode of action is related to the expansion of the cytoplasmic
membrane and a moderate generation of ROS [63]. Other essential oil compounds, such as
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citral and geraniol, showed distinctively antifungal mechanisms of action. In particular,
citral downregulated the sporulation- and growth-related genes in A. flavus and A. ochraceus,
whereas geraniol determined intracellular ROS accumulation in A. flavus and increased
cell membrane permeability in A. ochraceus [70]. Oxidative stress was partially responsible
for the antifungal action of cinnamaldehyde against A. niger, causing cell damage and
increasing membrane permeability [73]. Citral, limonene, and eugenol damaged the
cell membranes and destroyed the yeast proteins in Zygosaccharomyces rouxii [109]. In
A. carbonarius, eugenol determined the leakage of cytoplasmic contents, increased the lipid
peroxidation, decreased the ergosterol content, increased the membrane permeability, and
induced oxidative stress [110].

Luciano and Holley [111] demonstrated that allyl isothiocyanate inhibited thioredoxin
reductase and acetate kinase in E. coli O157:H7. The bacteriostatic/fungistatic effects of ben-
zyl isothiocyanate against E. coli, B. subtilis, Sal. enterica, S. aureus, A. niger, and P. citrinum
were associated with interferences with the ATP production, enzymes and coenzymes of
the energy metabolism [112]. Conversely, in B. cinerea, benzyl isothiocyanate disrupted the
plasma membrane integrity and induced ROS accumulation in the spores, inhibiting their
germination [113]. Other glucosinolate derivatives, such as sulforaphane and phenethyl
isothiocyanate, are effective against different pathogenic bacteria by inhibiting the synthesis
of nucleic acids or disrupting the membrane integrity depending on bacterial species [83].

The alkaloid berberine binds to the FtsZ protein, causing the inhibition of bacterial cell
division [114]. In Sal. typhimurium, it reduces the number of type I fimbriae and prevents
biofilm formation [115]. In fungi, berberine damages the plasma membrane integrity and
reduces the contents of soluble proteins and reducing sugars. In addition, a high H,O,
content was found in berberine-treated P. italicum mycelia [88]. Thiols such as allicin display
antimicrobial action due to the rapid reaction of thiosulfinates with thiol groups of key
enzymes [89].

3. Plant Antimicrobials for Food Quality and Safety

In the past, the use of plant material during traditional food processing was defined
empirically to improve the sensory characteristics of the food and the food safety and
quality levels. It should be considered that several spices, obtained from different plant
species, often include antimicrobial molecules and are usually supplemented to foods as
flavouring agents. For this reason, the use of plant compounds as food preservatives is
close to traditional recipes and, therefore, highly accepted by consumers. This section
presents the direct application of plant antimicrobials in different foods, highlighting the
antimicrobial action against spoilage and pathogenic microorganisms.

3.1. Plant Antimicrobials as Food Preservatives

Plant antimicrobials were exploited as preservatives in several foods to control the
microbial growth of food spoilage microorganisms or foodborne pathogens [116]. This
section summarizes recent published results, focusing on the direct application of plant
extracts or their bioactive compounds as preservatives in food products (Table 1).

3.1.1. Applications in Plant Foods

This section presents the applications of whole plant extracts or their antimicrobial
compounds against spoilage microorganisms of fresh fruit and vegetables, ready-to-eat
vegetables, and fruit juices.

With regard to the application of plant antimicrobials on fresh fruits and vegetables,
pomegranate (Punica granatum L.) peel extract (PPE), rich in polyphenols such as puni-
calagin and ellagic acid, reduced the growth of post-harvest fungi belonging to the genera
Penicillium, Botrytis, Monilinia, and Colletotrichum on various fruits including lemon, straw-
berry, grape, apple, grapefruit, orange, and capsicum. In addition, the PPE ethanolic or
aqueous extracts can preserve foods by dipping treatments or using edible coatings [117]. In
this context, the use of ethanolic pomegranate peel extract (PPE) was found to significantly
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(p < 0.05) reduce the lesion diameter and infection rate in mandarins contaminated with
P italicum and P. digitatum [118]. In addition, other plant-based extracts were also found
to be effective in controlling spoilage microorganisms. A mango kernel extract, rich in
mangiferin, chlorogenic acid, and myricetin, inhibited anthracnose development caused by
Colletotrichum brevisporum on mangoes [119]. A sweet orange (Citrus sinensis L.) peel extract,
rich in ferulic acid, showed antifungal activity against M. fructicola and Alt. alternata in a
peach-based medium [120].

Other plant antimicrobial extracts with antimicrobial activity against spoilage mi-
croorganisms on fresh fruit and vegetables are the essential oils or their main compounds.
Mint (Mentha x piperita L.), basil (Ocimum basilicum L.), lavender (Lavandula angustifolia
Mill.), and thyme EOs in the vapour phase were used for the post-harvest preservation
of strawberry, peach, orange, and lemon [121-124]. In particular, as recently reported by
Pinto et al. [123], the in-package application of red thyme oil vapours reduced the per-
centage of infected wounds, the mycelium development, and the production of spores
by Penicillium strains on oranges during 12 days of cold storage. Dipping in cinnamon
essential oil microemulsion at 0.3% v/v eradicated P. fluorescens from iceberg lettuce during
28 days of cold storage [124]. As regards other plant antimicrobials, methyl, allyl, and ethyl
isothiocyanate (8-12 uL L~!) completely inhibited citrus sour-rot caused by Geotrichum
citriaurantii [125], whereas berberine at 3 mg mL~! reduced the development of P. italicum
and natural decay on citrus fruit [88].

Plant antimicrobials were extensively used to control the spoilage microorganisms on
ready-to-eat fruits and vegetables [126]. Dipping of fresh-cut pineapple in Centella asiatica
extract, rich in quercetin and kaempferol, reduced the A. niger load during cold stor-
age [127]. In-package application of trans-anethole in ready-to-eat organic lettuce reduced
total coliforms during cold storage [128], whereas the addition of 3-caryophyllene-rich
pepper EOs in salad dressing decreased P. fluorescens development and spoilage activity
on fresh-cut lettuce [129]. Pomegranate arils coated with savoury essential oil-loaded
chitosan showed a reduction in total mesophilic bacteria and total yeasts and moulds of
1log CFU g~ ! after 18 days of storage [130]. Peppermint and tea tree (Melaleuca alternifolia
Cheel) oils controlled the growth of total aerobic bacteria, yeasts, and moulds on fresh-cut
green bean pods stored for 9 days at 5 °C [131].

Other applications of plant antimicrobials in plant-based foods concern fruit juices
and smoothies [132]. In this context, essential oils and their compounds are the most used
antimicrobials. Indeed, Mentha piperita L. EO inclusion (7.50 pL mL™1) in cashew and
guava juice caused >5 log reductions in counts of the spoilage yeast Pichia anomala [133].
Thymol in concentrated apple juice showed higher antimicrobial activity than carvacrol and
trans-cinnamaldehyde against Z. rouxii [134]. Lee et al. [135] found a synergism between
oregano and thyme EOs, at 0.156 pL. mL~!, in inhibiting Leuconostoc citreum in tomato
juice. As regards the applications of plant antimicrobials in smoothies, the addition of beet
(Beta vulgaris L.) leaf extract (30% w/v) in a vegetable smoothie reduced significantly
(p < 0.05) total mesophilic bacteria, enterobacteria, and total yeasts and moulds throughout
21 days of cold storage [136].

The use of plant antimicrobials in plant-based food products, specifically fruit juices
and fresh and ready-to-eat vegetables, effectively reduces spoilage and increases the shelf
life of these products. Essential oils and their bioactive compounds, such as Mentha piperita
L. EO, thymol, carvacrol, trans-cinnamaldehyde, oregano and thyme EOs, demonstrated
antimicrobial activity against different spoilage microorganisms. These findings suggest
that plant antimicrobials have the potential to play a crucial role in preserving the quality
of plant-based foods.

3.1.2. Applications in Animal-Based Foods

This section presents some applications of whole plant extracts or their antimicrobial
compounds against spoilage microorganisms contaminating animal-based foods (e.g., meat,
seafood, and dairy products). In this context, the addition of 200 mg kg ~! of tannic acid
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or catechin in camel meat decreased total mesophilic and psychrophilic bacterial counts
by one order of magnitude after 9 days of refrigeration [137], as well as Nowak et al. [138]
demonstrated that sour cherry (Prunus cerasus Scop.) leaf extract, rich in coumaric acid,
and blackcurrant (Ribes nigrum L.) leaf extract, rich in gallic acid and quercetin derivatives,
delayed the growth of Pseudomonas spp. in pork sausages, but not that of Brochothrix spp.
and Enterobacteriaceae. On the contrary, Casaburi et al. [139] reduced the growth of
Brochotrix spp. and Enterobacteriaceae, but not that of Pseudomonas spp., of grounded beef
meat during cold storage, adding 5% of a freeze-dried myrtle (Myrtus communis L.) extract,
rich in phenolic compounds. These results highlight that the effectiveness of pheno-
lics can vary depending on the specific bacterial species, the concentration of phenolics,
and other factors such as the food matrix, the presence of other preservatives, and the
storage conditions.

The addition of the ethanolic extract of cranberry (Vaccinium oxycoccos L.) pomace,
characterized by great amounts of anthocyanins, chlorogenic acid, and myricetin and
quercetin derivatives, inhibited the growth of Brochothrix thermospacta and P. putida on pork
burgers during the first days of cold storage [140]. As regards the application of essen-
tial oils or their compounds on meat products, ethanolic extracts of rosemary and clove
(1% v/w) reduced Pseudomonas spp. counts in raw chicken meat during cold storage [141].
The use of Ziziphora clinopodioides essential oil (0.2% v/w), rich in carvacrol and thymol,
reduced the Enterobacteriaceae and psychrotrophic bacteria loads of raw beef patties dur-
ing cold storage by 2-3 log cfu g~! [142]. Thymol or carvacrol at 0.4% w/w in mari-
nated beef significantly reduced the mesophilic total viable count, lactic acid bacteria,
Broch. thermosphacta, Pseudomonas spp., and total coliforms, extending the microbiological
shelf life by three days [143]. In this context, only some terpene compounds showed a broad
spectrum of activity against various bacterial species, making them effective preservatives
for meat products, independently of the source of plant origin, and able to extend the shelf
life of some meat products.

Likewise, the reduction in fish spoilage bacteria can be achieved using plant antimi-
crobials, specifically polyphenolic extracts and essential oils [11]. The use of ethanolic Noni
(Morinda citrifolia L.) leaf extract, rich in rutin and kaempferol derivatives, was shown to
extend the shelf life of striped catfish slices and maintain the acceptable levels of total
viable bacteria and psychrophilic bacteria during storage, with loads remaining below
6 log cfu g1 [144]. Similarly, the growth of Pseudomonas spp. in Pacific white shrimps was
delayed by adding ethanolic guava (Psidium gujava L.) leaf extracts, rich in phenolic com-
pounds such as piceatannol 4’-galloylglucoside, epicatechin, epigallocatechin, procyanidin
B2, ellagic acid, quercetin 3’-0-glucuronide, and quercetin 3-galactoside [145]. Grape seed
extract, containing high levels of phenolic acids, catechins, and proanthocyanidins, de-
creased the presence of Aeromonas spp. in snakehead fillets during cold storage. This
reduction limited the release of soluble peptides and biogenic amines and increased the
shelf life of snakehead fillets by three days [146]. The application of essential oils, such as
cinnamon, oregano, and thyme, as marinades was evaluated in salmon and scampi by Van
Haute et al. [147]. The immersion of these products in cinnamon essential oil at 1% w/w
inhibited the growth of yeasts and moulds. Similarly, cinnamon essential oil at 0.1% w/v
effectively inhibited Aeromonas spp. in vacuum-packed carp and extended its shelf life by
two days [148]. However, the direct application of essential oils in fish products can cause
bitterness, off-flavours, and yellowing of the tissue [11]. The inclusion of essential oils in
active packaging or nano-emulsions is recommended to mitigate these effects.

Building on the findings of previous studies on the application of plant antimicrobials
in meat and fish products, the use of plant polyphenols, essential oils, and other plant-
based compounds in milk and dairy products to control spoilage microorganisms and
extend their shelf life is also of interest. For instance, the addition of olive mill wastewater
in the governing liquid of “Fior di Latte” cheese (500 ug mL~! of phenols) resulted in a
four-day extension of shelf life due to the increase in the lag phase of P. fluorescens and
Enterobacteriaceae [149]. A recent study by Derbassi et al. [150] evaluated the preservative
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effect of Arbutus unedo L. leaf extracts on the microbiological characteristics of quark cheese
during storage. They found that incorporating the dry macerated leaf extract into the
cheese resulted in higher efficacy against aerobic mesophiles and yeasts than the use of
potassium sorbate after 8 days of storage. Milanovi¢ et al. [151] investigated the efficacy
of seven essential oils against 74 spoilage yeasts. In a yoghurt model, lemongrass and
cinnamon EOs demonstrated the highest antifungal activity in vitro. However, it should
be noted that cinnamon EO inhibited lactic acid bacteria, while lemongrass EO displayed
species-specific antifungal activity. These findings suggest that further research is needed
to fully understand the application of plant antimicrobials in the dairy sector to control
spoilage microorganisms.

The direct addition of natural plant antimicrobials in animal-based foods, such as
meat, fish, and dairy products, shows the potential to control spoilage microorganisms and
extend shelf life. Studies demonstrated the effectiveness of compounds such as phenolic

acids, catechins, proanthocyanidins, and EOs in inhibiting the growth of spoilage bacteria.

However, more research is necessary to fully understand the mode of action of these
natural compounds and optimize their application in animal-based foods. Additionally, it
is essential to consider the potential drawbacks, such as the development of off-flavours or
bitterness, and address them through alternative delivery methods, such as nano-emulsions
or active packaging.

Table 1. Applications of plant antimicrobials on plant-based and animal-based foods against spoilage
microorganisms.

Food Matrix

Plant Antimicrobial Concentration/Conditions Antimicrobial Effect

Data from Ref. *

Mandarins

Reduction of lesion
diameter and infection

e . 1
Dippingin25 gL ™" extract (80-90%) caused

Pomegranate peel

[118]

extract for 2 min by P, italicum and
P. digitatum
Reduction of
- -1 PR .
Fresh-cut lettuce Pepper EO 35 ul“aig;“ drjsiiitlon m P. fluorescens biomass [129]
& by 30-40%
.. MIC of 0.1-0.16 mM, Reduction of
Concentrated apple juice Thymol, carvacrol treatment time 9 days Z. rouxii load by 99% [134]
Bacteriostatic effect on
Pork burgers Ethanolic extract of 2% extract-16 days of B. the-rmospa.cta and [140]
cranberry pomace storage P. putida during cold
storage
Decrease of
Aeromonas spp.
1 abundance by 37% and
Snakehead fillets Grape seed extract 0-52mg GAE. mL~ for reduction of [146]
20 min 1
1log cfu g™" of total
viable counts during
cold storage
Reduction of total
Quark cheese Arbutus unedo L. 0.1g100 g™ " cheese, 8 days aerobic mesophilic [150]

leaf extracts

of cold storage

bacteria and yeasts by
2-3logcfug™!

* as cited in the text.

3.2. Use of Plant Antimicrobials for Food Safety

The use of natural compounds derived from plants has numerous benefits, including

the potential to provide safer, more sustainable and practical solutions for preserving
food safety [152]. These plant-derived compounds showed high antimicrobial activity,
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making them ideal candidates as natural food preservatives. In particular, the correct
use of these natural antimicrobials can fight emerging problems such as the spread of
multidrug-resistant pathogens, biofilm-producing strains, and microbial toxins through
the food chain.

3.2.1. Effect on Viability of Foodborne Pathogens

Foodborne bacteria are a significant public health concern since they can cause gas-
trointestinal illness, food poisoning, chronic diseases, economic losses, and the spread of
antibiotic-resistant bacteria. Multiple foodborne illnesses were caused by various pathogens
such as Sal. enteritidis, L. monocytogenes, E. coli toxigenic strains, Cam. jejuni, Cronobacter
sakazakii, and S. aureus. Foodborne outbreaks underline the need for more efficient methods
to control foodborne pathogens. Symptoms of foodborne illness can range from mild to
severe, including nausea, vomiting, diarrhoea, abdominal cramps, and fever [153]. The
outbreak of foodborne illnesses can have significant economic consequences, including
loss of income for food producers, increased healthcare costs, and decreased consumer
confidence in the food industry. Addressing the issue of foodborne bacteria is crucial to
ensure the safety and quality of the food supply, protect public health, and minimize the
economic impact of foodborne illnesses.

Several phytochemicals showed antibacterial activity against various foodborne pathogens.
For example, studies demonstrated that plant compounds such as carvacrol and thymol,
found in essential oils extracted from herbs and spices, have high antibacterial activity
against Sal. enteritidis, E. coli, and L. monocytogenes [154]. Similarly, compounds such as
cinnamaldehyde and eugenol, present in cinnamon EO and clove EQ, respectively, inhibited
the growth of foodborne pathogens such as L. monocytogenes and S. aureus [155,156]. These
findings provide evidence of the potential of plant-based antimicrobials in controlling
foodborne pathogens and improving food safety.

Specific applications of EOs or their compounds were described in plant and animal-
based foods to ensure food safety. As regards animal-based foods, cinnamaldehyde inacti-
vated L. monocytogenes at 4 °C in ground pork, reducing its viability by 4 log cfu g~ ! in 5
days [155]. Similarly, thymol reduced, by 3 log cfu g~ !, the load of S. aureus, E. coli, and C.
perfringens on a sausage product during 4 weeks of storage [157]. In dairy products, myrtle
EO (31.25 uL mL~!) reduced, by 1-2 log cfu g, the load of L. monocytogenes ATCC 679
on sheep cheese during ripening [158], whereas ginger (Zingiber officinale R.) and thyme
EOs totally inactivated S. aureus (6 log cfu g~!) on a fresh soft cheese after two weeks
of storage [159]. In plant foods, EOs or their compounds were proposed as sanitizers
of fresh-cut vegetables and natural preservatives of fruit juices. Rossi et al. [160] treated
fresh-cut lettuce contaminated with a cocktail of Salmonella spp. strains, with 5 pL. mL~!
of cinnamon EO, reducing the attached cells by 0.6-0.8 log cfu cm 2. Cinnamon EO was
also successfully used to control Sal. typhimurium and L. monocytogenes on celery, with a
reduction of 2—4 orders of magnitude after 7 days at 4 °C depending on the initial con-
tamination level [161]. As regards the application of EOs in fruit juices, Litsea cubeba Pers.
EO reduced 3-4 log cfu mL~! of the load of E. coli O157:H7 in four vegetable juices after
4 days of storage, and inhibited the respiratory metabolism, the topoisomerase activity,
the transcription of virulence genes, and the nucleic acid replication [162]. In watermelon
juice, Melissa officinalis L. EO reduced the viability of L. monocytogenes from 2 to 7 days of
storage [163]. In some cases, plant antimicrobials can induce tolerance to environmental
stresses in bacteria, and cross-resistance to common antibiotics. The use of Melissa officinalis
L. EO at subinhibitory levels (0.125 pL mL~!) did not induce high tolerance to stresses
(such as high temperature, low pH, osmotic stress, and desiccation) or cross-resistance with
antibiotics in L. monocytogenes [163].

Plant phenolic compounds are naturally occurring compounds found in plants used
as food preservatives due to their high antimicrobial activity against foodborne pathogenic
bacteria [92]. Some of the most commonly used plant phenolic compounds in food in-
clude quercetin, and derivatives of cinnamic acid and gallic acid. Grape skin pomace
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extracts from different cultivars, rich in phenolic acids and flavonoids, showed higher
antibacterial activity against Gram-positive strains than Gram-negative ones [164]. The
addition of cranberry pomace extracts, rich in quinic and chlorogenic acids, procyanidin
B3, myricetin and quercetin derivatives, delayed the growth of L. monocytogenes in cooked
ham during cold storage [144]. Yersinia enterocolitica load was reduced by two logarithmic
cycles in pork meat containing 5 mg g~ ! of gallic acid [165]. Phuong et al. [166] evalu-
ated the antibacterial activity of rambutan (Nephelium lappaceum L.) peel extracts, rich in
geraniin, ellagic acid, rutin, quercetin, and corilagin as main phenolic compounds. The
phenolic extract inhibited the growth of Sal. Enteritidis in raw chicken and that of Vibrio
parahaemolyticus in fish during cold storage. The application of polyphenolic extracts or
single polyphenols reduced the growth of foodborne pathogens in fresh-cut fruits, as
demonstrated by using pomegranate peel extract or ferulic acid against L. monocytogenes on
fresh-cut pear, apple, and melon [167,168]. The dipping of fresh-cut potatoes and fresh-cut
lettuce in Centella asiatica L. extract significantly reduced the load of B. cereus and E. coli
O157:H7 [131]. The glabridin, a prenylated isoflavonoid, reduced, by at least 1 log cfu g,
the load of L. monocytogenes on fresh-cut cantaloupe during 4 days of cold storage [169].

As regards the application of the glucosinolate derivatives against food pathogens,
the (4-[(4'-O-acetyl-o-L-rthamnosyloxy)benzyl] isothiocyanate) from Moringa oleifera seeds
reduced the viable load of Cro. sakazakii and B. cereus in goat milk by three orders of
magnitude [170].

In addition to the effect on cell viability, plant antimicrobials improved the thermal
sensitivity of foodborne pathogens in the food matrix. In particular, the use of oregano EO
in combination with citric acid enhanced the thermal inactivation of L. monocytogenes in
sous-vide salmon cooked at 60 °C [171], whereas vanillin and emulsified citral improved
the heat-sensitization of E. coli at 58 °C in a blended carrot-orange juice [172]. However,
in certain conditions, plant antimicrobials can induce a viable but not culturable (VBNC)
state in foodborne pathogens, as demonstrated for the application of citral and trans-
cinnamaldehyde in a meat-based broth against S. aureus [173].

In contrast with many of the above-reported papers, the methanolic extract of spices
mixtures employed to confer typical pungency and a hot taste to ‘Nduja, a traditional
Calabrian sausage produced with about 20% of different spices, showed a limited inhibitory
spectrum against ten common foodborne bacteria. Authors concluded that these spice
mixtures, rich in hundreds of potentially antimicrobial compounds, can not exert an
antimicrobial effect under normal processing conditions, due to the limited release of the
bioactive compounds from the plant tissue [174]. In conclusion, the inclusion of plant
antimicrobials in real food model systems can control the growth of foodborne pathogens,
representing a valuable option to replace synthetic preservatives, even though their efficacy
needs to be carefully evaluated under real production conditions.

3.2.2. Effect on Biofilm-Producing Strains

Bacterial biofilms are communities of microorganisms encased in a self-produced
extracellular matrix and attached to a surface [22]. Biofilms are prevalent in many natural
and artificial environments, including food processing facilities and equipment. Bacterial
biofilms can cause serious problems in the food industry by contaminating food prod-
ucts, leading to foodborne illness and decreasing the product’s quality [115]. Biofilms
can harbour pathogenic bacteria and provide a protective environment for these microor-
ganisms, making them resistant to cleaning and disinfection procedures. This can result
in a persistent contamination and the spread of foodborne illnesses. In addition, biofilm
growing on the equipment surfaces can cause clogging, formation of corrosion, and degra-
dation of the equipment surfaces, leading to increased maintenance costs and decreased
productivity [175]. Bacterial biofilms are a significant concern in the food industry due
to their impact on food safety and quality and the performance and efficiency of food
processing equipment. The food industry needs to implement effective strategies to pre-
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vent and control the formation of bacterial biofilms to maintain a safe and efficient food
processing environment.

The use of plant-derived antimicrobial compounds in food preservation gained at-
tention due to their efficacy against foodborne biofilm-producing strains of bacteria [176].
These compounds act through various mechanisms, such as interference with metabolic
processes, oxidative stress, and membrane disruption, and can also exert positive effects in
inhibiting the growth and replication of biofilm-producing bacteria. The first anti-biofilm
mechanism of action is the inhibition of the bacteria’s attachment to the surfaces. Phenolic
compounds, such as phenolic acids, catechins, and quercetin, were found to reduce the
adhesion of bacteria affecting flagellum, fimbria, and adhesins, delaying the formation of
biofilms [12]. Red Globe and Carignan grape stem extracts, rich in caffeic, ferulic and gallic
acids, catechin and rutin, inhibited the adhesion of L. monocytogenes to stainless steel and
polypropylene surfaces by inhibiting motility and reducing the adhesion potential [177],
as well as quercetin inhibited the early attachment of L. monocytogenes on stainless steel
surface by increasing the cell permeability and reducing the superficial cell charge [178,179].
Quercetin also reduced the swimming and swarming motility of Sal. enterica at sub-MIC
levels [180].

EOs or their compounds inhibit biofilm formation by different mechanisms. Cinnamon
EO inhibited the adhesion of L. monocytogenes on polystyrene, but its efficacy was low
on pre-formed biofilm [22]. Additionally, some terpenes, such as eugenol, carvacrol,
and thymol, were demonstrated to suppress the production of exopolysaccharides in
Salmonella spp., which are key components of bacterial biofilms [175], whereas citral and
geraniol decreased the glucan production in E. coli O157:H7 [181]. Eugenol showed similar
effectiveness against sessile and planktonic cells of S. aureus, showing a lower resistance
coefficient, the ratio of concentrations required to achieve the same log reductions in
both populations (Cpiofiim/ Cplanktonic), a8 compared to conventional disinfectants [182].
Carvacrol and oregano EO effectively inhibited biofilm formation by S. aureus on stainless
steel surfaces, but the long-term exposure to a sub-MIC concentration of the oregano
EO showed an inductive biofilm formation effect [183]. Another mode of action of plant
antimicrobials against foodborne biofilm-producing bacteria is destabilizing the biofilm
matrix. Compounds such as sulphides, including allicin and diallyl sulfide, and sulfites
were shown to penetrate the biofilm and disrupt its stability, causing the release of bacteria
from the biofilm [184], as demonstrated in uropathogenic E. coli [185].

On the other hand, plant-derived antimicrobial agents were shown to possess anti-
biofilm activity by disrupting the quorum sensing process [186]. Quorum sensing is a
communication mechanism that bacteria utilize to coordinate the expression of certain
genes, including those involved in biofilm formation. Phytochemicals such as flavonoids
(quercetin and kaempferol) and terpenoids (carvacrol and thymol) were demonstrated
to interfere with the quorum-sensing by inhibiting the production and the activity of au-
toinducers (e.g., acyl-homoserine lactone), which play a key role in the quorum-sensing
process [187,188]. Lippia origanoides K. EO (thymol-carvacrol chemotype) inhibited the
expression of the sdiA, [uxS, and luxR genes, which were implicated in the quorum-sensing
of Sal. enteritidis. This effect could be related to the inhibition of the biosynthesis of
autoinducers or the interference with the reception of acyl-homoserine lactone [189]. Aque-
ous pomegranate extract showed anti-quorum sensing activity, reducing the violacein
production, the quorum-sensing system’s product, in Chromobacterium violaceum [186].
Curcuma longa L. extract, with curcumin and curcumin derivatives as main compounds,
showed anti-quorum sensing activity inhibiting the violacein production in C. violaceum,
probably disrupting the signal reception or the absorption of the acyl-homoserine lactone.
However, this extract showed lower anti-biofilm activity against food pathogens than
Camellia sinensis L. extract, rich in epigallocatechin and epicatechin [190].

The use of plant antimicrobials as a strategy to control the biofilm formation in
foodborne pathogens gained increasing attention in recent years. Phytochemicals such as
phenolic acids, tannins, sulphur compounds, and terpenoids (Figure 2) showed anti-biofilm
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activity by interfering with the quorum-sensing process of bacteria [191]. Despite these
promising results, further research is needed to fully understand how these compounds ex-
hibit antibacterial and anti-biofilm activity and to develop effective strategies for controlling
biofilm formation during food processing.

Carvacrol Foodborne bacteria

£
W

Quorum sensing interruption

Enzymatic Biofilm Motility
activity development

Figure 2. Anti-quorum sensing potential of carvacrol in foodborne bacteria.

3.2.3. Effect on Microbial Toxins

Microbial toxins (e.g., bacterial toxins and mycotoxins) harm human health. Plant
antimicrobials were evaluated to reduce toxin production by foodborne bacteria and
mycotoxins by filamentous fungi.

Bacterial exotoxins are proteins that damage host cells and are important for the patho-
genesis of many bacterial pathogens, such as Clostridium spp., E. coli, L. monocytogenes,
and S. aureus [192]. The use of plant antimicrobials can attenuate the virulence of these
foodborne pathogens. In particular, different flavonoids suppressed the toxin produc-
tion in different foodborne pathogens. Genistein inhibited the exotoxin produced by
S. aureus, kaempferol, kaempferol-3-O-rutinoside, quercetin glycoside inhibited the neu-
rotoxin production from CI. botulinum, and green tea catechins inhibited the release of
verotoxin from enterohemorrhagic E. coli [16]. Recent findings showed that the water-
soluble fraction of the Eucalyptus camaldulensis Dehnh. leaf extract significantly reduced
the listeriolysin O-induced haemolysis in L. monocytogenes at sub-inhibitory concentra-
tions [193]. A witch-hazel extract, with hamamelitannin as the main phenolic compound,
inhibited the production of the staphylococcal enterotoxin A in S. aureus at non-inhibitory
concentrations for microbial cells [194]. As regards the EO and their compounds, sub-
inhibitory concentrations of tea tree EO downregulated the transcription of genes encoding
a-hemolysin, staphylococcal enterotoxin A, and staphylococcal enterotoxin B in S. aureus,
inhibited their production, and the hemolytic activity [195]. Zhang et al. demonstrated that
citronellal significantly reduced the production of enterotoxins in S. aureus-contaminated
pork meat without reducing the viable cell load [196]. Other EO compounds, such as
carvacrol and trans-cinnamaldehyde, reduced the production of TedA and TedB toxins
produced by CI. difficile in in vitro conditions [197]. Organic sulphur compounds such
as the diallyl disulphide, at sub-inhibitory concentrations, reduced the production of the
B. cereus enterotoxins Nhe and Hbl [91].
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Plant antimicrobials also showed the ability to control the mycotoxin production
by filamentous fungi. The mechanisms of action are the inhibition of the fungal growth
and the induction of xenobiotic detoxification and/or the activation of biotransformation
pathways [19]. In the first case, turmeric, rosemary and clove EOs demonstrated great
efficacy in controlling the growth of mycotoxigenic A. flavus through the inhibition of
ergosterol biosynthesis, the disruption of the fungal cell membrane, and the production
of reactive oxygen species (ROS). In some cases, essential oils showed anti-aflatoxigenic
activity at concentrations inhibiting or completely suppressing fungal growth. In contrast,
in other cases, the anti-aflatoxigenic activity was detected at non-inhibiting concentrations.
However, in a few cases, plant antimicrobials stimulated the production of secondary
metabolites, including mycotoxins, in Aspergillus species [19]. Natural flavonoids such
as baicalein, flavone, hispidulin, kaempferol, and liquiritigenin reduced the aflatoxin
production in maize kernels contaminated with A. flavus by 50-67% [198], whereas a ternary
mixture of naringin, neohesperidin, and quercetin reduced the aflatoxin accumulation in
maize contaminated with A. parasiticus by more than 85% [199]. In sausages, the combined
application of Salvia farinacea Benth. and Azadirachta indica A.Juss. extract at 2 mg mL~!
suppressed the production of ochratoxin A and aflatoxin B1 produced by A. ochraceous
and A. parasiticus, respectively [200]. The degradation of aflatoxin Bl treated with the leaf
extract from rosemary reached 60% after 48 h of incubation. Araga (Psidium cattleianum S.)
and oregano extracts produce less degradation than rosemary extract. Substances such as
alkaloids and enzymes occurring in the plant extract might be involved in the structural
modification of aflatoxin B1 [201]. Although the effect of plant antimicrobials on mycotoxin
accumulation in food products is promising, more in-depth information regarding the
toxicity of the resulting compounds from the degradation activity is required.

In conclusion, plant antimicrobials can reduce or suppress the production of bacterial
and fungal toxins by reducing microbial growth or downregulating toxin gene expression.
Further research is necessary to understand the modes of action of different plant extracts
and their bioactive compounds on toxin production to exploit their potential to improve
food safety under real contamination conditions.

4. Stabilization Techniques

Plant antimicrobials can have limited stability under processing or storage conditions
of foods. The efficacy of plant antimicrobials is affected by several factors such as pH, the
temperature, and the concentration. Caffeic, chlorogenic, and gallic acids are not stable
at high pH values, whereas chlorogenic acid is stable at low pH values and heat [202].
Some phenolic compounds and EOs, and their compounds, are thermolabile. Achillea sp.,
rosemary, sage (Salvia officinalis L.), and thyme EOs were more effective at low pH and
low temperature against pathogenic bacteria [203], whereas carvacrol and cymene showed
higher antibacterial activity in carrot juice at 25 °C than at 4 °C and 15 °C [204]. Several
plant antimicrobials show a dose-dependent effect against spoilage and pathogenic mi-
croorganisms. The stabilization techniques described in this section can help to protect
plant antimicrobials and, in some cases, reduce the concentration necessary to exert their
antimicrobial activity. The direct addition of plant extracts or their bioactive compounds
in foods is the most common method of food preservation. However, the direct addition
of plant extracts is often responsible for changes in sensory properties such as flavour
and texture. In addition, the bioavailability of these compounds and their effectiveness
in improving food safety can be affected by the interaction with the macronutrients and
ingredients. For these reasons, several stabilization techniques were proposed to enhance
stability, drive the release of bioactive compounds during storage, and reduce the negative
effects of plant extracts on the sensory characteristics of foods.

4.1. Nano-Emulsions

The encapsulation of plant antimicrobials into edible colloidal delivery systems is
a promising method to enhance the efficacy of these substances and reduce the nega-
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tive effects due to the interaction with food ingredients. In particular, encapsulation in
small particles increases water dispersibility and resistance to environmental conditions
enhancing plant antimicrobials” efficacy [6]. Oil-in-water nano-emulsions containing lipid
nanoparticles dispersed in water are currently the most common delivery system for plant
antimicrobials. These nano-emulsions can be manufactured from food-grade ingredi-
ents, such as plant-based emulsifiers and different stabilizers, using common processing
methods, such as mixing (low-energy emulsification), sonication, and homogenization
(high-energy emulsification) [6].

Different studies investigated the efficacy of nano-emulsions against foodborne pathogens.
The plant antimicrobials most used to prepare nano-emulsions are the EOs and their
compounds. Lemongrass, clove, thyme, or palmarosa (Cymbopogon martini Will. Watson)-
loaded EOs nano-emulsions, prepared after micro fluidization of the primary emulsion,
inactivated E. coli by 3-4 log cfu mL~!. The use of alginate in the aqueous phase is useful
for applying these nano-emulsions in the coating material of fruits and vegetables [205].
Anise (Pimpinella anisum L.) oil nano-emulsions showed the same MIC (1% v/v) of the bulk
EO and coarse emulsion against L. monocytogenes and E. coli O157:H7. However, the anise
oil nano-emulsion displayed the highest physical stability and antibacterial efficacy [206].
More recently, other plant antimicrobials were used to prepare nano-emulsions to control
the growth of bacterial pathogens. Anise seed extract, with anethole, naringenin, and
taxifolin as main compounds, was used to develop an antibacterial nano-emulsion using
the ultrasound emulsification method. The nano-emulsion was active against E. coli and
Sal. thyphimurium, whose growth was not affected by the bulk extract [207]. Ghazy et al. [208]
evaluated the antimicrobial action of henna (Lawsonia inermis L.) extract as a nano-emulsion
against seven pathogenic bacteria. The nano-emulsion, rich in catechin, methyl gallate,
ellagic acid, and coumaric acid, displayed higher antimicrobial activity against E. coli, and
B. cereus, than the course emulsion. Regarding the application of nano-emulsions, including
plant essential oils, to control pathogens in plant foods, oregano oil nano-emulsion at 0.1%
reduced the load of L. monocytogenes, Sal. typhimurium, and E. coli O157:H7 on lettuce
by 3 log cfu g~! [209]. Cinnamon oil nano-emulsion at 0.5% determined more than five
log reductions in L. monocytogenes and Salmonella spp. on melon [210]. Lemongrass and
mandarin (Citrus reticulata Blanco) EO nano-emulsions inactivated E. coli in apple juice, but
when the nano-emulsions were prepared directly in the apple medium as a continuous
phase, the antibacterial efficacy was reduced in comparison to the use of water [211]. Citral
nano-emulsions at 0.15 pL. mL~! inactivated L. monocytogenes (5 log cfu g ! reduction) on
fresh-cut melon and papaya during cold storage [212].

Regarding the efficacy of nano-emulsions including plant antimicrobials against
spoilage microorganisms, thyme EO nano-emulsion showed lower efficacy than bulk EO
against fish spoilage bacteria, except for Serratia liquefascens [213]. For this spoilage bacteria,
laurel (Laurus nobilis L.) and grapefruit (Citrus paradisi Macfad.) EO nano-emulsions showed
lower MIC values than the corresponding EOs [214,215]. Ginger EO nano-emulsion, pre-
pared with zein and sodium caseinate as co-emulsifiers, showed higher bactericidal activity
against total viable counts of chicken breasts than the bulk EO, extending the shelf life
of the product by 6 days [216]. As regards the antifungal activity of plant antimicrobial
nano-emulsions, cinnamaldehyde, eugenol, and carvacrol nano-emulsion showed a dose-
dependent effect against the spore germination and mycelial growth of P. digitatum, with
a MIC value of 0.125 mg mL~! [217]. Gundewadi et al. [218] found that basil EO nano-
emulsion displayed lower lethal concentration values (LCsp) than course emulsion against
P. chrysogenum and A. flavus during 8 days of incubation. Oregano and clove EOs nano-
emulsions, at 1.95 mg g~ !, showed fungicidal activity against Z. bailii in a salad dressing
after 4 days of storage [219]. EOs nano-emulsions also showed anti-mycotoxigenic activity.
Indeed, lemongrass EO nano-emulsion reduced by 99.5% the deoxynivalenol content in rice
contaminated with F. graminearum. The lemongrass EO nano-emulsion showed better anti-
mycotoxigenic activity than the bulk EO, but the efficacy was strain-specific [220]. Oregano
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EO encapsulated into chitosan nano-emulsion suppressed the production of aflatoxin B1
by A. flavus in maize [221].

Given these results, the antimicrobial action of plant antimicrobial nano-emulsions
depends on the chemical composition of the plant extract, the emulsion droplet size, and
the target microbial species. In addition, many studies demonstrated higher efficacy of
nano-emulsion than course emulsion and bulk plant extract.

4.2. Spray-Drying and Encapsulation

Spray-drying and encapsulation are techniques commonly used to improve the stabil-
ity and functionality of plant antimicrobials in food products. Spray-drying is a process in
which a liquid solution or suspension is atomized into a hot air stream, causing the rapid
evaporation of droplets, resulting in a dry powder. This process can produce dry powders
of plant antimicrobials that are more stable and easier to handle than the liquid form. Spray-
drying can also encapsulate the plant antimicrobials in a protective matrix, improving their
stability and functionality. Encapsulation is a process in which a natural antimicrobial is
surrounded by a protective matrix, such as a polymer or lipid, to improve its stability and
functionality. Encapsulation can enhance the natural antimicrobials’ shelf life and protect
them from degradation induced by light, heat, or moisture. Additionally, encapsulation
can improve the solubility and dispersibility of natural antimicrobials, making them easier
to incorporate into foods. These techniques can help to preserve the antimicrobial activity
of the natural antimicrobials and improve their effectiveness in controlling the growth of
spoilage and pathogenic microorganisms.

4.2.1. Spray-Drying Process

Spray-drying and encapsulation techniques provides numerous benefits in handling,
storage, and transportation of plant antimicrobials. Powdered antimicrobials are more
suitable for various applications within the food industry [222]. Powdered antimicrobials
minimize the risk of spillage and waste during handling and processing, as they can be
easily measured and transferred without causing mess or loss of material. This ensures
a more efficient use of resources and reduced operational costs. In some cases, the spray-
drying process conditions can have pros and cons related to the stability and functionality
of plant extracts, as briefly pointed out in Table 2.

Table 2. Advantages and disadvantages of the spray-drying process for producing stable and
functional plant antimicrobial powders.

Plant Spray Drying Inlet Protective Microbial . Data from
Antimicrobial Temperature (°C) Matrix Targets Advantages Disadvantages Ref.
. Good dispersion
E. coli O157:H7 :
E 1 and . . ! t d
u*;g}?;;o?n 105 Zein/casein L. m%iitz)ctyttjoigenes ;c:c‘)fiasgb?ﬂty not reported [223]
during storage
Chitosan inclusion
Hich negatively affects
Whey protein/ & thermal stability,
S encapsulation .
ugeno maltodextrin . coli, L. innocua - releasing an
Eugenol 180 Itodextrin/  E. coli, L 1 g and [224]
: efficiency and .. .
chitosan th | stabilit antimicrobial
ermaz stabrity properties of
the powder
High inlet
. . temperature
Carvacrol 100-190 Pecgln /irslfaxt:lemm E. coli K12 Bet;z;btﬂirmal affects dissolution [225]
8 y time and
hygroscopicity
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Table 2. Cont.

Plant Spray Drying Inlet Protective Microbial . Data from
Antimicrobial Temperature (°C) Matrix Targets Advantages Disadvantages Ref.
) Low residence Lom;)t(l;;‘ggg(li\put,
Oregano EO 100 Whey protein/ E. coli, S. aureus time, high yield, processing hours, [226]
maltodextrin low inlet hioh producti
temperature 1gh production
cost
High thermal
Green tea . stability and
extract 150 Maltodextrin - reduced weight not reported [227]
loss

In the study of Chen et al. [223], eugenol and thymol were co-encapsulated into zein-
casein nano-capsules through spray-drying. The resulting powders showed good water
hydration, stability during storage, controlled release during 24 h, and bactericidal and
bacteriostatic effects against E. coli O157:H7 and L. monocytogenes in milk whey, respec-
tively. Thyme EO encapsulated by spray-drying, with casein and maltodextrin as wall
materials, showed antibacterial action against thermotolerant coliforms and E. coli in meat
burgers [228]. The wall material employed to protect plant antimicrobials can affect their
antibacterial action. Indeed, the inclusion of chitosan in a whey protein/maltodextrin
blend reduced the antibacterial action of eugenol against E. coli and L. innocua. A low
inlet temperature used in the spray-drying of pectin/sodium alginate capsules including
carvacrol, increased the antibacterial activity against E. coli K12 (Table 2). The use of nano
spray-drying, a novel process to produce plant antimicrobial powders, was evaluated to
obtain whey protein/maltodextrin capsules, including oregano EO. The capsules showed
enhanced antibacterial action against E. coli and S. aureus compared to pure EO. How-
ever, this process has drawbacks such as high production costs, high processing time, and
reduced spraying effectiveness of viscous solutions [226]. These examples illustrate the po-
tential benefits and drawbacks of the spray-drying technique to produce plant antimicrobial
powders. The specific advantages and disadvantages observed depend on the antimicrobial
compound, the spray-drying conditions, and the choice of the protective matrix.

The increased stability of powdered antimicrobials extends their shelf life, as demon-
strated for the encapsulated peanut (Arachis hypogaea L.) skin extracts [229]. It maintains
the efficacy of plant antimicrobials throughout storage, reducing the need for frequent
replacements and ensuring consistent antimicrobial action.

Powdered antimicrobials generally have lower storage requirements than their liquid
counterparts, as they do not require refrigeration or specific storage conditions to maintain
their stability. This reduces energy consumption and storage costs for food manufacturers.
Additionally, the nature, weight, and form of powdered antimicrobials facilitates more
efficient transportation and shipping, as they occupy less space and require less protective
packaging than liquid antimicrobials [222]. Powdered antimicrobials can be more easily
integrated into various food matrices, as their fine and uniform particles allow a more
homogeneous distribution throughout the product. This ensures consistent antimicrobial
protection across the whole food matrix, enhancing food safety and quality.

4.2.2. Other Encapsulation Techniques of Plant Antimicrobials

Encapsulation of plant antimicrobials, a method of entrapment of a core material
within another solid or liquid immiscible substance, allows the production of capsules
or spheres in micrometre to millimetre in size [230]. Encapsulation can involve various
types of protective matrices that impact the stability and functionality of the antimicrobial
agents. Some common matrices for encapsulation include polysaccharides, lipids, and
proteins. Polysaccharides such as alginate, chitosan, and maltodextrin are widely used as
encapsulating agents due to their biocompatibility, non-toxicity, and excellent film-forming
properties. A study by de Aradjo et al. [231] demonstrated that using maltodextrin/gelatine
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mixtures as a protective matrix for encapsulating the sweet orange EO positively affected
the thermo-oxidative stability of bioactive compounds and maintained its antibacterial
properties. The encapsulation of plant antimicrobials can be obtained through the formation
of inclusion complexes using the 3-cyclodextrins, cyclic oligosaccharides with amphipathic
properties. These complexes can stabilize the guest molecule against the degradation,
mask off-flavours, and control the release of the encapsulated compounds [232]. Thyme
EO microcapsules exerted a bacteriostatic effect over Enterobacteriaceae, mesophilic bac-
teria, and psychrotrophic bacteria on lettuce [232], whereas inclusion complexes with
rosemary EO showed better antimicrobial activity against Saccharomyces pastorianus than
free EO in pasteurised tomato juice [233]. Coriander (Coriandrum sativum L.) EO encapsu-
lated in 3-cyclodextrin nano-sponge showed bactericidal activity against L. monocytogenes,
Y. enterocolitica, and Cam. jejuni in aqueous media [234]. Black pepper (Piper nigrum L.)
oleoresin was stabilized in 3-cyclodextrins using the kneading method, a method in
which the B-cyclodextrins and the guest compound are mixed with small amounts of
ethanol or water using a kneader for a specific time, showing antimicrobial activity against
L. monocytogenes and improved thermal stability [235].

Lipid-based encapsulation systems, such as solid lipid nanoparticles, the use of nanos-
tructured lipid carriers, and liposomes, are also employed for encapsulating plant-derived
antimicrobials. These systems can improve the stability of the encapsulated compounds,
their bioavailability, and ensure a controlled release. The study by Lin et al. [236] reported
that encapsulating chrysanthemum (Chrysanthemum flosculosum L.) EO in triple-layer lipo-
somes led to long-term antimicrobial activity against Cam. jejuni in chicken.

Protein-based matrices, such as gelatine, soy protein, and whey protein, can also
encapsulate plant-derived antimicrobials. These matrices offer advantages in biodegrad-
ability, biocompatibility, and the ability to form stable complexes with antimicrobial agents.
Recently, the microencapsulation of cinnamon EO using chitosan and whey protein isolate
showed enhanced thermal stability and long-term antimicrobial effect against S. aureus,
E. coli, P. fragi, and Shewanella putrefaciens [237]. The selection of the most suitable matrix
depends on the specific antimicrobial compound, the target application, and the desired
release characteristics.

4.2.3. Challenges Associated with Spray-Drying and Encapsulation Techniques

Although spray-drying and encapsulation techniques offer various advantages for
the stabilization and incorporation of plant-derived antimicrobials into food systems, there
are challenges associated with these processes that require further research. One of the
issues associated with spray-drying is the potential degradation or loss of activity of heat-
sensitive plant compounds during the drying process, as high temperatures are often
involved [222]. This can lead to reduced antimicrobial efficacy or the modification of
sensory properties. Additional and specific research studies need to be carried out to
explore alternative drying techniques, such as freeze-drying or nano spray-drying, that
might better preserve heat-sensitive compounds. Another challenge is the selection of
the most appropriate encapsulation matrix to ensure optimal protection, release, and
stability of the encapsulated antimicrobial compound. The choice of the encapsulation
material can greatly affect the effectiveness and shelf life of the antimicrobial agent for
food applications [238]. Further research is needed to understand the interactions between
various wall materials and plant-derived antimicrobials, and to optimize the encapsulation
processes for specific food systems. Additionally, scaling up from lab-scale to industrial-
scale production of encapsulated plant-derived antimicrobials poses challenges related to
the encapsulation efficiency, the product stability, and the process economics [239]. More
research is also required to develop cost-effective and efficient methods for large-scale
production, maintaining the quality and functionality of the encapsulated antimicrobials.
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4.3. Active Packaging

Active packaging involves the deliberate inclusion of subsidiary constituents in or
on either the packaging material or the package headspace to enhance the performance of
the package system. Active packaging can preserve the food quality and can extend the
product’s shelf life through the direct interaction between the food and bioactive substances
intentionally incorporated into the package [240]. Antimicrobial packaging is one type of
active packaging, in which the antimicrobial activity strongly depends on the migration
rate of the biologically active molecule incorporated into the polymer matrix [240]. Recently,
the market was oriented to replace packaging produced with fossil fuels with more sus-
tainable materials such as biopolymers. In this context, the use of biopolymers, including
plant antimicrobials, is very attractive to develop active films or coatings, to overcome
the thermal/oxidative instability of these compounds during the manufacturing of the
polymers or storage of the final product, and to mask undesirable sensorial aspects of some
plant extracts. In addition, biopolymers have a lower environmental impact compared to
standard food packaging polymers such as polyethylene or polypropylene. Plant antimi-
crobials can be added directly into the biopolymer or loaded into clays or nanocarriers,
as demonstrated for EO compounds [241,242] and polyphenols [243,244]. This strategy
ensures, in most cases, their controlled release and, in some cases, an improvement in the
mechanical and physical properties of the film.

The most used biopolymers for including plant antimicrobials are chitosan, starch,
carrageenan, cellulose, and alginate. However, other polymers used for this purpose are
polyvinyl alcohol (PVA), poly lactic acid (PLA), poly butylene-succinate-co-adipate (PBSA),
poly butylene-adipate-co-terephthalate (PBAT), poly(hydroxybutyrate)s (PHBs), and poly
(e-caprolactone) (PCL).

Regarding active chitosan films, the inclusion of apple peel polyphenols (1%) into chi-
tosan film enhanced the antibacterial activity against B. cereus, E. coli, Sal. typhimurium, and
S. aureus [245]. A composite film based on grapefruit seed extract-loaded poly(e-caprolactone)/
chitosan reduced the E. coli population on salmon by more than 2 log cfu g~ ! after 6 days
at 4 °C compared to the packaging into polyethylene or poly(e-caprolactone)/chitosan
films, and suppressed mould development on bread stored for 7 days at 24 °C [246].
Surendhiran et al. [247] developed active nanofibers based on chitosan/Poly (ethylene ox-
ide) loaded with pomegranate peel extract. The nanofibers reduced by 3 log cfu g~ ! the
E. coli O157:H7 population in raw beef stored at 4 °C for 10 days. The coating of fresh
cucumber with chitosan loaded with oregano EO reduced the viability of total mesophilic
bacteria and total yeasts and moulds during storage at 10 °C for 15 days [248]. Starch
films were also enriched with plant antimicrobials as demonstrated by Saberi et al. [249]
that developed pea starch-guar gum films including epigallocatechin-3-gallate and blue-
berry ash fruit (Elaeocarpus reticulatus Sm.) and macadamia (Macadamia tetraphylla) skin
extracts. Active films showed antimicrobial activity against spoilage bacteria and fungi, and
pathogenic bacteria, with a reduction in microbial load in the range of 40-80% for the films
loaded with epigallocatechin-3-gallate and blueberry ash fruit skin extracts at the MIC level
(ranging from 93 to 1500 g mL~1). A bio-composite film made with cassava starch and
whey protein loaded with rambutan peel extract and clove oil slightly inhibited B. cereus,
E. coli, and S. aureus in in vitro conditions, and reduced total viable count of salami stored for
10 days [250]. A sweet potato starch-based film activated with montmorillonite nano-clay
and thyme EO reduced the load of E. coli and S. thypimurium on fresh spinach leaves during
8 days of cold storage [251]. Other biopolymers used to manufacture active films/coatings
with plant antimicrobials are alginate and carrageenan. A sodium alginate film loaded
with the gallnut extract (Quercus infectoria Oliv.), rich in gallotannins, ellagic acid, and
gallic acid, showed antibacterial activity against S. aureus and E. coli [252], whereas the
coating of apples and pears with alginate loaded with cinnamon EO at 0.9% v /v inhibited
the A. carbonarius growth and the OTA production [253]. Compared with the control film,
a carrageenan film containing 3% rosemary extract displayed >99% inhibition against
B. cereus, E. coli, P. aeruginosa, and S. aureus, reducing by 2—4 orders of magnitude the micro-
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bial load [254]. He and Wang [255] recently demonstrated that a K-carrageenan coating
enriched with cinnamon EO delayed the growth of total viable count, lactic acid bacteria,
and HyS-producing bacteria in pork meat. Active films incorporating plant antimicrobials
can be also produced using proteins. Indeed, zein nanofibers loaded with 1,8-cineol rich
extracts reduced the load of L. monocytogenes and S. aureus on cheese slices by two orders of
magnitude during 28 days of cold storage [256].

Other active films, including plant antimicrobials, can be manufactured using PLA
and PHBs. A PLA/PBAT composite film including 7% w/w of grapefruit seed extract
showed bactericidal activity against L. monocytogenes and a bacteriostatic effect against
E. coli [257]. Additionally, a PLA/PBSA blend including 6% w/w thymol delayed the
mould development on bread compared to polypropylene or neat PLA [258]. PHBYV films
loaded with eugenol and carvacrol showed antibacterial action against E. coli in cheese
and pumpkin but not in melon, where the highest release of the active compounds from
the films was observed [259]. This result highlights that the interaction of antimicrobial
compounds with the food components and their diffusion within the food matrix play an
important role in the antimicrobial activity of active films including plant antimicrobials.

Plant antimicrobials can be incorporated into active packaging using encapsulated
extracts or nano-emulsions. Pabast et al. [260] developed a chitosan film in which the
EO extracted from Satureja khuzestanica J. was encapsulated into nanoliposomes. The film
delayed the growth of total mesophilic bacteria, Pseudomonas spp., and lactic acid bacteria
of lamb meat stored for 20 days at 4 °C. Interestingly, the antimicrobial effect was higher
than that displayed by the film including free Satureja khuzestanica J. EO [260]. Chitosan
film loaded with microcapsules, including basil EO, slightly reduces total mesophilic
bacteria, enterobacteria, and lactic acid bacteria on cooked ham during storage [261].
A PVA loaded with cinnamon EO encapsulated in 3-cyclodextrin showed a bacterio-
static effect against S. aureus and E. coli [262]. In addition, a PVA /starch film including
-cyclodextrin inclusion complex embedding lemongrass EO showed antibacterial action
against She. putrefaciens [263]. Nano-emulsions of essential oils were used for the inclu-
sion in active packaging. Lee et al. [264] developed hydroxypropyl methylcellulose-based
films incorporating oregano EO nano-emulsions. The active film showed inhibition zones
against Sal. thyphimurium, E. coli, L. monocytogenes, B. cereus, and S. aureus. Chitosan-
Ferulago angulata essential oil nano-emulsion showed lower MIC and MBC values against
the fish-spoilage bacteria P. fluorescens and She. putrefaciens than the corresponding coating
emulsions. Moreover, the coatings, including the nano-emulsion, reduced the total viable
and psychrotrophic counts of rainbow trout fillets by 3 log cfu g~ ! after 16 days of storage
at 4 °C [265]. The incorporation of Zataria multiflora Boiss. EO and cinnamaldehyde in
the form of nano-emulsions into starch coatings reduced the growth of L. monocytogenes,
psychrotrophic bacteria, and Enterobacteriaceae in chicken during cold storage [266].

5. Combining Effects and Hurdle Technologies

In this section, the more recent studies demonstrating the possible improvement in
food safety and shelf life by combination of bioactive compounds from different plant-
based extracts or by their combination with non-thermal or mild food technologies are
briefly reported.

5.1. Additive or Synergistic Effects

The use of combinations of antimicrobial plant extracts and their compounds showed
additive or synergistic effects against spoilage and pathogenic microorganisms. This
approach is cost-efficient for the food industry and adheres to the hurdle technology in
inhibiting the proliferation of undesirable microorganisms, improving the preservative
effects of plant antimicrobials and reducing the negative sensory effects of single plant
extracts [2].

Additive or synergistic effects are found in combinations of plant extracts and their
compounds, reducing the MIC of the plant antimicrobials. As regards the additive effects,
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cinnamon EO with clove EO showed an additive effect against L. monocytogenes [67],
whereas the combination of cinnamaldehyde with 2-hydroxycinnamic acid showed additive
effects against L. monocytogenes and Sal. enteritidis under in vitro conditions, but it was
not effective in contaminated cooked ham [267]. Regarding the synergism among plant
antimicrobials, thyme EO with cinnamon EO (0.312 g L !), cinnamon EO (0.156 g L1
with rosemary EO (0.625 g L~!) and thyme EO (0.078 g L~!) showed synergistic effects
in inhibiting Alt. alternata and P. expansum on jujube fruit [268]. Cinnamon EO with
clove EO showed synergistic antibacterial activity against S. aureus, L. monocytogenes, and
Sal. typhimurium [269], and against L. monocytogenes when vanillin was combined with
both EOs [67]. Synergistic effects were found using combinations of EOs compounds or
isothiocyanates with phenolic acids against bacterial pathogens. The combination of thymol
with gallic acid determined a synergistic effect at sub-inhibitory concentrations against
E. coli O157:H7 and S. aureus on fresh-cut tomatoes [270]. Allyl isothiocyanate with o-
coumaric acid showed synergism, obtaining 2 log reduction in E. coli O157:H7 in a dry-
fermented sausage when the antimicrobial compounds were added at the concentration of
6.25 pL and 750 mg per 100 g fresh weight, respectively [271].

As regards the antifungal interactive effect of plant antimicrobials, a triple combina-
tion of thyme EO, cinnamon EO, and rosemary EO showed a synergistic antifungal effect
against B. cinerea and P. expansum, reducing their development on pear [272]. Pinto et al. [64]
demonstrated a synergistic effect in the vapour phase between thymol and y-terpinene in
binary combinations and between p-cymene, y-terpinene, and thymol in ternary combi-
nations against the strain P. digitatum ITEM 9569, which is resistant to single thyme EO
exposure. The use of combinations of plant antimicrobials to control the development of
spoilage and pathogenic microorganisms in foods is a research area showing rapid devel-
opment. The use of combinations of plant antimicrobials can reduce the concentration of
plant antimicrobials added in foods, minimizing the negative impact of these compounds
on the sensory properties of foods as previously demonstrated [269,270]. Studies related
to this topic are expected to increase in the future, paying attention to the effect of the
combination of plant antimicrobial compounds in real food matrices, and the elucidation
of the modes of action.

5.2. Hurdle Technologies

The “hurdle approach” in the food sector refers to the successive or simultaneous
application of two or more food preservation techniques for enhancing food safety and
quality using lower individual treatment intensities and for achieving multi-target, mild,
and reliable preservation effects [273]. This approach was followed to reduce the dose of
chemical preservatives used to control the development of spoilage microorganisms in
foods [274]. Recently, several studies investigated the application of mild or non-thermal
technologies in combination with the use of plant antimicrobials to control the growth of
spoilage and pathogenic bacteria in food and to extend the shelf life.

The combined application of high-pressure homogenization (HPH) and nano-emulsions
of hexanal and trans-2-hexanal inactivated S. cerevisiae in apple juice up to 22 days of storage,
with better performance as compared to individual treatments [275]. Citral (1% w/w)
combined with high-pressure processing reduced the viability of a cocktail of E. coli STEC
in ground beef by 4-7 log cfu g~ !, depending on the pressure level applied [276]. The
treatment of ground chicken meat with 320 MPa for 23 min at 4 °C with allyl isothiocyanate
and acetic acid at ca. 0.2% w/w achieved a 5-log reduction in E. coli O157:H7, with a
better inactivation compared to single treatments [277]. As regards the application of cold
plasma technology with plant antimicrobials, Gonzalez-Gonzalez et al. [278] found that the
combined application of cold plasma and linalool nano-emulsion reduced by 3 log cfu g~ !
the load of E. coli O157:H7 and Sal. enterica in chicken meat, while individual treatments
showed limited efficacy. The effect of plant antimicrobials combined with food technologies
against E. coli O157:H7 on chicken meat is depicted in Figure 3.
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Figure 3. Hurdle effect of plant bioactive compounds against E. coli O157:H7 contaminating chicken
meat when combined with high pressure or cold plasma treatments. The picture was made by
drawing the main results from references [277,278].

Sea bass slices packed under modified atmosphere packaging and pre-treated with
cold plasma and a liposomal ethanolic coconut husk extract showed the lowest increase in
Pseudomonas spp. and Enterobacteriaceae during 18 days at 4 °C in comparison to cold plasma
treatment alone or the application of the liposomal ethanolic coconut husk extract [279].
On the contrary, the combined use of cinnamon EO and modified atmosphere packaging
showed limited efficacy against spoilage bacteria of lean pork meat or salmon during cold
storage [280]. The pulsed electric field pre-treatment of Pacific white shrimp, followed by
the soaking in 1% of Chamuang (Garcinia cowa Roxb.) leaf extract, showed a lower increase
in mesophilic, psychrophilic, Pseudomonas spp., Enterobacteriaceae, and H,S producing
bacterial counts in comparison to individual treatments and the application of sodium
metabisulfite during cold storage [281]. A synergistic effect in reducing the microbial
load of E. coli O157:H7 was found between thyme EO nano-emulsion treatment and the
sonoporation induced by ultrasounds [282]. Microwave heating at 915 MHz with carvacrol
showed a synergistic effect against E. coli O157:H7, Sal. typhimurium and L. monocytogenes
in buffered peptone water but not in hot chilli sauce [283].

Light technologies were also combined with the use of plant antimicrobials to control
the contamination by foodborne pathogens. In reconstituted powdered infant formula, the
load of Cro. sakazakii was reduced by 6.5 log cfu mL~! following the combined 405 nm
light-emitting diode and 9 pL. mL ! citral treatment for 90 min compared with untreated
samples [284]. Silva-Espinosa et al. [285] found that the combined application of UV-
C light and clove EO on stainless steel surface achieved a complete bacterial reduction
(6.8 log cm~2) on biofilms of Sal. thyphimurium.
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The use of chemical compounds was associated with plant extracts and their com-
pounds. The nano-emulsion of thyme EO enhanced the antimicrobial effect of slightly
acidic electrolyzed water against foodborne pathogens, suggesting the formation of com-
plexes probably through hydrophobic interactions [286]. Based on total viable counts, a
shelf-life extension of 7 days was observed in fresh fish fillets treated with gaseous ozone
and coated with alginate, including different EOs and citrus extract, as compared to single
treatments [287].

The combination of mild or non-thermal technologies with plant antimicrobials is a
recent research trend. Many of these studies showed synergistic effects in reducing the
microbial load of spoilage and pathogenic microorganisms on foods. These effects can
be explained by the exposure of target microorganisms to multiple hurdles and stresses.
Even though more studies are necessary to understand the modes of action of these
combined approaches, the enhanced antimicrobial activity of plant extracts and their
compounds, when coupled with innovative technologies, allows to reduce their concen-
tration in different foods, mitigating some of their drawbacks such as the modification of
sensory characteristics.

6. Regulation and Safety Issues of Plant Extracts

Plant extracts can be contaminated by different dangerous compounds, such as heavy
metals, crop-protection residues, and mycotoxins. The concentration of these compounds
depends on the cultivation practices employed, the geographical location of the cultivation
site, the application of crop protection products, and the extraction method. In this section,
data related to the contamination levels of plant extracts employed for the production of
plant antimicrobials for food purposes are reported.

6.1. Heavy Metals and Crop-Protection Residues

Heavy metals can contaminate plant extracts. In plants that produce EOs, the uptake
of metals is associated with soil contamination, and their transfer to EOs depends on the
extraction technology. Moreover, the storage of EOs in metallic containers can promote
the transfer of metals into the oil. As, Cd, Pb, and Hg cause toxic effects at relatively low
levels. For Cd, Hg, and Pb, recommendations for safety limits in medicinal plants are
imposed by European Pharmacopoeia, FAO, and the World Health Organization (WHO).
Iordache et al. [25] evaluated the heavy metal content of EOs from different sites. High
levels of Hg, Cr, Pb, Cu contamination were found in Mentha x pipperita L. EO. However,
the authors concluded that the analyzed EOs could be safely consumed in the doses
recommended by the manufacturers, and the content of heavy metals does not pose a
significant risk to the consumer’s health. High levels of Cr, Cd, and Pb in thyme and
oregano plant samples were found by Reinholds et al. [288].

Regarding the contamination levels of crop-protection residues in EOs, they depended
on the agricultural practices. Conventional orange EOs contained 17 pesticides and a total
concentration of 5.1 mg L.~!, whereas organic orange EOs contained only 4 pesticides
and a total concentration of 0.087 mg L~! [27]. Organophosphorus and organochlorine
pesticide residues were found in citrus EOs, especially those produced by cold-pressing
and conventional agriculture practice, albeit with a concentration lower than 1 mg L.
Tebuconazole and propiconazole co-distillated in peppermint EO with a different degree
depending on the vapour pressure [289]. Cymoxanyl, dimethoate, and tebuconazole
residues exceeded the maximum residue level set by the European Union in thyme samples
from Poland [288]. In conventional grape skin extracts, Boscalid, Fludioxinil, Mycobutanil,
and Pyraclostrobin levels exceeded the maximum residue level. However, the concentration
of these crop-protection products was lower than the detection limit or the maximum
residue level in organic grape skin extracts [290].
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6.2. Mycotoxins

Mycotoxins can contaminate plant extracts. Different studies evaluated the mycotoxin
contamination of plants such as Mentha sp. and Zingiber officinale R., which are generally
used to produce EOs. Although the plant material showed levels of mycotoxins within
the EU regulation limits, in some cases, the aflatoxin concentration exceeded acceptable
standards [26]. In addition, the fungal contamination and mycotoxin accumulation in
Z. officinale R. decreased the bioactive compounds of ginger [291]. Dried thyme herbs
from Lebanon showed 75% of samples exceeding the limit of aflatoxin B1 for spices ac-
cording to the European regulation. Similarly, the OTA level exceeded the maximum
limits for Lebanese thyme and thyme mixes in 13% of the samples [292]. Zearalenone and
deoxynivalenol contamination (range 10-209 pg kg~!) was detected in thyme samples
from Poland [288]. Additional data are required to monitor the mycotoxin contamination
of plant extracts (e.g., essential oils, phenolic extracts) and to establish regulatory limits.

6.3. Regulation

Comprehensive toxicological studies are necessary to obtain the approval of plant
antimicrobials as food preservatives by the European Food Safety Authority (EFSA), the
Food and Drug Administration (FDA), and the China Food Additives Association (CFAA).
Many plant antimicrobials have the GRAS status for specific food applications, but their use
in other food applications is not expressly approved. Indeed, plant phenolics are actually
absent in the positive list of food preservatives. Regulatory authorities” approval of plant
extracts as food additives is essential to ensure consumer safety and confidence. Such
authorization must be based on comprehensive safety assessments, including toxicological
studies, exposure assessments, and evaluations of factors such as purity, stability, and
potential allergenicity. Regulatory approval helps to guarantee that these plant extracts
are safe for human consumption and meet specific quality standards. However, there can
be challenges and barriers in the regulatory approval process. The complexity of plant
antimicrobial mixtures and the need for extensive safety data may lead to time-consuming
and costly approval processes. Global policy inequities significantly impact the approval of
plant extracts as food additives. Addressing these inequities requires international coopera-
tion, knowledge sharing, and capacity building to develop robust regulatory frameworks,
protect and promote traditional knowledge, enhance research capacity in developing
countries, and ensure fair and equitable access to the global market for plant-derived
products. In order to improve and expedite the approval of plant extracts as food additives
by authorities, several actions could be taken: encourage international collaboration and
communication to harmonize regulations, establishing consistent guidelines and standards,
increase investment in research and development to generate robust scientific data on
plant extracts’ safety, efficacy, and potential applications, strengthen developing countries’
research and regulatory capacities through training, resources, and technical assistance,
facilitate knowledge sharing and collaboration among various stakeholders, including
researchers, industry professionals, and regulatory authorities, and employ advanced
technologies such as data science for data-driven decision-making in the approval process.
In turn, this will ensure consumer safety, promote the sustainable use of plant resources,
and contribute to the growth of the global market for plant-derived products.

7. Conclusions and Future Directions

Plant antimicrobials gained considerable attention as promising alternatives to syn-
thetic preservatives in the food industry, offering numerous benefits such as enhanced
safety, extended shelf life, and increased consumer acceptance. The observed additive or
synergistic effects between plant extracts, essential oils, and their compounds, and the
successful integration of hurdle technologies, contributed to the scouting of novel and
mild food preservation methods. Despite the significant progress made in the field, several
research areas warrant further investigation. A deeper understanding of modes of action
of plant antimicrobials and their combinations, including their effects at molecular and
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cellular levels on target microorganisms, is crucial for optimizing their application and
enhancing their efficacy. The development of optimized formulations and delivery systems,
such as nano-emulsions, encapsulation, or edible coatings, will improve stability, bioavail-
ability, and targeted delivery of plant antimicrobials and, as a consequence, will increase
their use in various food systems. A thorough examination of the impact of plant antimi-
crobials on the sensory properties of food is important to ensure consumer acceptance,
focusing on minimizing adverse effects on taste, aroma, and texture while maintaining
antimicrobial effectiveness.

Conducting comprehensive toxicological studies on plant antimicrobials, their deriva-
tives, and combinations is essential to establish safe consumption levels and guarantee
consumer safety. Additionally, addressing the challenges and barriers to regulatory ap-
proval for plant antimicrobials as food additives will accelerate their broader application in
the food industry. The development of sustainable and environmentally friendly methods
for extracting and producing plant antimicrobials aligns with the overall sustainability
goals of the food industry. Given the knowledge on the chemical composition of plant
extracts and the antimicrobial activity of plant compounds, plant antimicrobials could
be recovered from agri-food by-products or from food waste, creating new value chains.
Moreover, since non-edible wild plant species are often a good source of plant antimicrobial
compounds, these species could be cultivated in marginal areas, promoting new cultivation
practices in depressed rural territories, and also increasing the sustainable production of
plant additives for the food industry. Increasing consumer awareness of plant antimicro-
bials’ benefits and their role in food safety and preservation will enhance market acceptance
and drive demand for such products.

The description of the results allows us to decontextualize results reported in single
studies for a wider comprehension. The analysis of studies suggests that the application
of plant antimicrobials, also when combined with other technologies, still needs to over-
come some critical aspects. As with all reviews, this study reported a selection of case
studies among many others and some of the drawbacks highlighted herein are actually
under examination.

In conclusion, we believe that this review provided useful updated information pro-
moting a scientific evidence-based approach for researchers, aimed to understand if the
use of plant antimicrobials can be scaled up from laboratory trials towards industrial appli-
cations. Further research and development efforts in these areas will help to overcome the
current challenges and pave the way towards a widespread adoption of plant antimicrobials
in the food industry, contributing to safer, more sustainable, and consumer-friendly foods.
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Abstract: In this study, we monitored the fermentative process of Vitis vinifera L. leaves (grapevine),
spontaneously or promoted by Saccharomyces cerevisiae, in both solid and liquid media. We also aimed
to evaluate the effect on the bioactivity and shelf life of yogurt incorporating fermented and non-
fermented grapevine leaves compared to yogurt produced with the preservative potassium sorbate.
The results revealed that fermented grapevine leaf extracts increased their bioactive compounds
and antioxidant activity, particularly in fermentations in a solid medium. In yogurt samples with
incorporation extract from solid spontaneous fermentation and extract from solid yeast fermentation,
even in small quantities, they exhibited higher levels of total phenols (1.94 and 2.16 mg GAE/g of
yogurt, respectively) and antioxidant activity (5.30 and 5.77 mg TroloxE/g of yogurt; and 1.33 and
1.34 mg Fe(II)E/ g of yogurt, respectively) compared to control yogurt (1.44 mg GAE/g of yogurt,
4.00 mg TroloxE/g of yogurt, and 1.01 mg Fe(II)E/g of yogurt). Additionally, yogurts supplemented
with fermented grapevine leaves demonstrated the potential to inhibit microbial growth without
impairing the multiplication of lactic acid bacteria.

Keywords: Vitis vinifera; fermentation; yogurt; preserving; Saccharomyces cerevisiae

1. Introduction

Yogurt is a fermented milk product that has become popular over the years for its
nutritional profile, stability, natural characteristics and status as a healthy food. Yogurt,
as well as other fermented dairy products, is obtained through fermentation by lactic
acid bacteria, which are mainly responsible for the product’s characteristics, such as its
taste, aroma, and texture. This technology consists of inoculating pasteurized milk with
lactic acid bacteria, Streptococcus thermophilus and Lactobacillus bulgaricus. Fermentation
begins with the production of lactic acid by S. thermophilus and then, L. bulgaricus is used
to provide the characteristic flavor of yogurt. Studies show that the use of these bacteria
has health benefits due to the fact that they stimulate the immune system and regulate the
gastrointestinal system [1,2].

During the fermentation process, due to the enzymatic action of lactic acid bacteria,
biochemical reactions take place that are responsible for converting organic substances into
smaller compounds [3].

Yogurt is a product in which functional additives or those with greater nutritional
value can be incorporated to enrich the food and, consequently, have beneficial effects on
consumer health. In the case of extending the shelf life of food, additives are used that are
able to preserve the food by inhibiting the multiplication of microflora, thus preventing it
from deteriorating [4,5].
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Sorbic acid is an additive widely used as a preservative in the food industry, as it
is mainly capable of inhibiting the growth of molds and yeasts [6]. However, the use of
these additives should be moderated as they can pose a risk to consumer health [4]. The
maximum limit of potassium sorbate allowed by Regulation (EU) n° 1129/2011 on food
additives in yogurt is 1000 mg/kg [7].

In recent years, the demand for healthier foods with fewer chemical additives and
preservatives and with functional properties capable of promoting health benefits has
increased considerably, as is the case with probiotic foods and natural additives [3,8]. In
this context, a recently studied alternative is the use of vine leaves, which are an abundant
source of vitamins and phenolic compounds [8].

V. vinifera L., native to Western Asia and Europe, produces fruit that is widely used for
both culinary and beverage purposes [9]. Beyond the primary yield of grapes, V. vinifera L.
offers an array of ancillary products and by-products, such as grape leaves and pomace [10].
Grape leaves, in particular, are rich in phenolic compounds that are known for their power-
ful antioxidant and anti-inflammatory properties. These bioactive constituents, including
polyphenols, resveratrol, quercetin, anthocyanins, flavanols, vitamins, and minerals, of-
fer significant health benefits and can significantly enhance the functional properties of
foods [11]. The biological properties of grapevine leaves have been widely recognized,
mainly due to their rich phenolic compounds, including phenolic acids, flavonols, tannins,
and anthocyanins. These compounds, predominantly found in the leaves, provide liver
protection and exhibit a range of beneficial effects, such as their antibacterial, antifungal, an-
tiviral, anti-inflammatory, and antioxidant activities. The use of grape leaves, a by-product
of viticulture, promotes sustainability and adds value to agricultural waste, supporting the
principles of a circular economy. The extraction of bioactive compounds from Vitis leaves
represents a promising solution for the management of ecotoxic waste. It also facilitates the
development of innovative and valuable natural products with multiple applications in dif-
ferent industries by exploiting their bioactive properties [9]. A major advantage of yogurt is
that it can be used as a natural additive to food products. Yogurt, a widely consumed and
globally accepted dairy product, offers an ideal medium for introducing new functional
ingredients without changing consumers’ eating habits. Its matrix is particularly suitable
for incorporating bioactive compounds, ensuring controlled release, and improving the
bioavailability of these phenolic compounds [12].

Fermentation by yeasts is a processing technique widely used in the food industry
as it is responsible for transforming starch and sugars into alcohol and CO;, resulting in
products such as beer, wine, and bread. This process has the advantage of low energy costs
and allows enzymes such as lipase, amylase, glucoamylase, and protease to synthesize
bioactive compounds present in the substrate [13].

Yeasts are also used for their functional capacity as stabilizers and thickeners. The
most commercially used genera are Saccharomyces and Candida. Each strain requires specific
medium, temperature, and aeration conditions for growth [14,15]. Fermentation can cause
biological changes in the substrates, producing biologically active secondary metabolites
and increasing their antioxidant activity. In previous studies, researchers have observed
that fermentation in solid media can increase the antioxidant content and nutritional profile
of cereals and legumes [16,17].

The study carried out by Dhull et al. [16] indicated that fermentation conducted by
Aspergillus awamori in a solid state is an efficient, economical, and reliable method, as
it promotes an increase in total phenolic content and condensed tannin content. Garcia
and Bianchi [18] indicated that solid-medium fermentation with the fungus Penicillium
purpurogenum was able to increase the content of phenolic compounds in extracts obtained
from coffee husks. According to Kosar et al. [19], the content of total flavonoids, such as
quercetin, can be increased by fermenting the leaves.

In view of the above, no studies have been found in the literature regarding the
introduction of fermented vine leaf extract for enrichment or as a natural additive in foods.
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This work focused on two main objectives. First, it focused on evaluating the ability of
vine leaf extracts fermented in solid or liquid media to fully or partially replace potassium
sorbate, the conventional preservative of yogurt. Secondly, we investigated whether yogurt
enriched with fermented leaf extracts could provide additional health benefits due to their
high levels of bioactive compounds. Given the high concentration of bio-active compounds
in leaves, it was also investigated whether incorporating leaf extracts into yogurt could
enhance its health benefits.

2. Materials and Methods
2.1. Sampling

The leaves of V. vinifera L. were harvested at the Agrarian School (ESA) of the Poly-
technic Institute of Braganga, Portugal, in June 2020. The leaves were harvested during the
vegetative cycle of the vine, when the plant has little water availability. Under these condi-
tions, the plant becomes water stressed and concentrates on the production of high-quality
and concentrated by-products, such as the 3-O-glycosides of campherol and quercetin [9].

Undamaged leaves were selected, weighed, and dried in a forced-air oven (VWR®
VENTI-Line®, Carnaxide, Portugal; 0.1 °C) at 40 °C for approximately 72 h to a constant
weight. The dried leaves were ground in an IKA TUBE-MILL (Deutschland, Germany) mill
until a powder was obtained (grain size 250-800 mesh).

2.2. Reagents

The Saccharomyces cerevisiae culture belonged to the microorganism collection of the
Escola Superior de Agraria de Braganca, Portugal (ESA).

Yeast extract was obtained from HiMedia Laboratories (Modautal, Germany), bacteri-
ological peptone and glucose were obtained from OXOID LTD (Basingstoke, Hampshire,
UK), and glucose (dextrose) monohydrate was obtained from CeaMed, Lda CEIM (Funchal,
Portugal). Rose Bengal CAF agar culture medium was supplied by Liofilchem (Roseto degli
Abruzzi, Italy), and Man, Rogosa and Sharpe (MRS) agar culture medium was supplied
by HiMedia (Mumbeai, India). Modified iron sulfite agar culture medium was supplied
by HiMedia Laboratories (Modautal, Germany). The SimPlate for Total Plate Count (TPC)
kit was provided by Biocontrol® (Bellevue, WA, USA). Baird-Parker medium (BP) was
provided by HiMedia Laboratories (Modautal, Germany). Nutrients were provided by
Enovit® of the AEB Group (Viseu, Portugal).

Ethanol, 99.8% pure, was obtained from Carlo Erba Reagents (Chaussee du Vexin,
France). Folin—Ciocalteau, DPPH, aluminum chloride, sodium carbonate, quercetin, gallic
acid, Trolox, FRAP, acetic acid, TPTZ, FeCl3, FeSO,4.7H,0O, potassium sorbate, ammonium
nitrate (NH4NO3), sulfur dioxide, and the other reagents were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Sulfuric acid (H»SO,), sodium hydroxide (NaOH), and
copper sulfate (CuSOy) were obtained from Merck KGaA (Darmstadt, Germany); mercury
sulfate (HgSOy), hydrochloric acid (HCI), and potassium sulfate (K,SO4) were obtained
from Scharlau (Barcelona, Espafia). Sodium chloride (NaCl) was provided by Pronalab
(Lisbon, Portugal). Light petroleum was supplied by Chem-LAB (Zedelgem, Belgium).

2.3. Fermentations

Liquid medium fermentation: A liquid spontaneous control fermentation (LSF) of the
leaves was conducted alongside another liquid fermentation inoculated with Saccharomyces
cerevisiae yeast (LYF), following the methodology reported by Ferreira et al. [20]. In the
initial experiment, 10% and 30% glucose/g of leaves were utilized. Based on the results
obtained from the first fermentation, the subsequent experiment proceeded with 15% and
20% glucose/g of sample to optimize the conditions of the fermentation process. The
liquid medium fermentation involved preparing a medium of 90.00 mL of saline solution
(0.85%), 0.60 g/L of commercial nutrients (Enovit—AEB Group), and 10.00 mL of distilled
water. To achieve a sterile medium, autoclaving was performed (121 °C for 60 min). After
cooling, 3 g of the leaf sample was introduced, followed by immersion in a water bath
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(80 °C for 5 min) and a thermal shock in ice. Finally, 125 uL of 6% sulfur dioxide per 100 g of
sample and Saccharomyces cerevisiae yeast (1 x 10° CFU/g) was added from the collection of
microorganisms belonging to ESA. In the case of LSE, neither pasteurization nor inoculum
addition was carried out. The experiment was conducted for 14 days at 25 °C. To monitor
the fermentations, the following parameters were evaluated every 24 h: flask weight, Brix
degree, and assessment of colony number/mL on YPD solid medium. In the latter case, the
results were expressed in natural logarithm colony-forming units per milliliter of sample
(In CFU/mL).

Solid medium fermentation: To assess the behavior of Saccharomyces cerevisiae in
solid-state medium, two fermentations were conducted, one spontaneous (SSF) and one in-
oculated (SYF), using the methodology described by Dulf et al. [21] with slight adaptations.
The medium was prepared using a 0.003% saline solution, 2.0 g of glucose, and 2.0 g of
NH4NOj3. The solution was autoclaved (121 °C for 60 min), and after cooling, 30.0 g of leaf
sample was introduced. It underwent pasteurization and thermal shock, and finally, the
inoculum was introduced (1 x 10° CFU/g of leaves). Fermentation took place for 9 days
at 25 °C. Microbiological control was also assessed by plating on YPD medium at days 1,
3, and 9. From the plate counts on YPD solid medium, the number of natural logarithm
colony-forming units per gram of sample (In CFU/g) was determined. A linear regression
analysis was performed using Microsoft Corporation’s Excel program (2016) with the
natural logarithm values of CFU/g (In CFU/g) versus time, which are not presented in
this work. From the exponential growth phase, the log phase, the equation of the line
was obtained to determine the specific growth rate () for each of the fermentations. The
doubling time (DT) was calculated by dividing In2 by the specific growth rate ().

2.4. Extract Procedure

To prepare the extract from liquid medium fermentation, the fermented products were
first placed in sterile tubes and centrifuged (5810 R, New York, NY, USA) to separate the
solid part. The supernatant was then evaporated to remove part of the alcohol obtained
in the fermentation process and subsequently lyophilized (Labconco, Freezone 4.5 model,
Kansas City, MO, USA). The extracts were obtained by double hydroalcoholic extraction
with 80% ethanol, as described by Paula [22] followed by drying in a rotary evaporator
(IKA RVS, Deutschland, Germany) at 40 °C. For sample preparation, 0.1 g of extract
(4 mg/mL) was added to a 25 mL volumetric flask with 80% ethanol.

2.5. Yogurt Production

For yogurt production, natural yogurt (Continente) was used as an inoculum at a
ratio of 120 g/L of milk (12.0%, w/v). The natural yogurt used as the inoculum contained
a concentration of lactic acid starter cultures (live bacterial cultures) of approximately
108 CFU/g. These starter cultures consist of L. bulgaricus and S. thermophilus bacteria. They
are essential for fermenting milk and converting lactose into lactic acid, which gives yogurt
its characteristic texture and flavor. In fact, Celik and Temiz [23] report that wild strains are
able to produce quantitatively and/or qualitatively different flavor compounds that give
yogurt its own desirable characteristics. Initially, 1 L of ultra-high temperature processing
(UHT; Continente) whole milk (3.6% fat) was boiled along with sugar (12.6%, w/v) and
powdered milk (1.0% fat; 1.0%, w/v). We used UHT milk because this type of milk is the
most available in our country and has been used in several prior studies focused on yogurt
production [24].

To inoculate the yogurt, the sample needed to be cooled to 42 & 2 °C. The sample
was then conditioned in a hermetic container in a thermostat bath for 8 h at 42 4+ 2 °C (to
reach the pH 4.6, which is required for the product to curdle) [25], followed by placement
in a refrigerator (4 £ 2 °C) for 48 h. After this period, the coagulum was broken with a
sterile glass rod, and pasteurized strawberry pulp (10.0%, w/v) was added. The process
of obtaining strawberry pulp involved cooking only sanitized and frozen strawberries
over medium heat until they reached a gelatinous texture, followed by storage in a sterile
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container. The extracts that were added to the yogurt were prepared as described in
Section 2.4. The yogurts were filled in a bio safety cabinet (Microflow Class 2, Gravesend,
UK) packaged in sterile Schott bottles with lids as follows: control yogurt (Cy) with
potassium sorbate (0.1%, w/v); yogurt SSFy with extract from spontaneous solid-state
fermentation (0.1%, w/v); yogurt SYFy with extract from yeast solid-state fermentation
(0.1%, w/v); and yogurt LYFy with extract from liquid-state yeast fermentation (0.1%, w/v).
A different yogurt was used for each analysis timepoint: one (1 day), second (7 days),
and third (12 days). Each sample preparation was performed with 80 g in triplicate and
refrigerated (4 £ 2 °C) for subsequent analysis.

2.6. Physicochemical Properties

The physicochemical composition, including the ash and lipid content of grapevine
leaves and fermentations, was evaluated. The ash content was determined in triplicate by
incinerating samples in a muffle furnace at 550 °C (Lindberg, model 51894, Atlanta, GA, USA;
+1.5 °C). The quantification of mineral residue was calculated by the difference between the
mass sample and the mass of the ash. Total lipid content was determined using the continuous
extraction method using a Soxhlet apparatus (Behrotest, Labor-Technik, Diisseldorf, Germany).
All of the analyses were conducted in accordance with AOAC [26] guidelines.

For yogurt samples, analyses of proteins, ash, lipids, pH, and titratable acidity were
performed at days 1, 7, and 12. Ash and lipid analyses were performed as described above.
The pH of the yogurt samples was measured using a Potentiometric (Mettler Toledo Model,
Mumbeai, India) with a combined pH electrode. The percentage of lactic acid in yogurt was
quantified using titration with NaOH (0.08 N), with phenolphthalein as the indicator. The
Kjeldahl method was used for protein quantification and total nitrogen content [26].

2.7. Bioactive Compounds and Antioxidant Activity

The analysis of bioactive compounds and antioxidant activity was carried out both for
the leaves and their fermented products and for the yogurts enriched with the extracts. The
leaf extracts and their fermentations were prepared according to Section 2.4. Yogurt samples
also underwent the drying and concentration process in a lyophilizer for subsequent
extraction, according to Section 2.4.

To determine the total phenolic content, the methodology adapted from Singleton,
Orthofer, and Lamuela-Raventos [27] was applied, using gallic acid equivalents (GAEs)
as the standard. The results were expressed as the mg of GAE/g of a sample, as obtained
from the calibration curve (y = 0.0098x + 0.0081; R? =0.999).

The flavonoid content was determined according to the methodology reported by Savi
et al. [28], using quercetin (QE) as the standard. Results were expressed as mg of QE/g of
sample, as obtained from the calibration curve (y = 0.027x — 0.082; R? = 0.996).

The ferric-reducing ability (FRAP) was quantified following the methodology employed
by Santos et al. [29], where ferrous sulfate served as the standard. The results were expressed
in mg Fe(IE/g of sample, as obtained from the calibration curve (y = 0.0026x — 0.05591;
RZ =0.999).

The DPPH assay was performed based on the work of Paula [22], using Trolox as
the standard. Results were expressed as mg TroloxE/g of sample, as obtained from the
calibration curve (y = 1.307x — 2.829; R? =0.997). The concentration of DPPH was calculated
based on its blocking effect using the following equation:

% inhibition = [(Abs pppg — Abs g)/Abs pppy] x 100 1)

where % inhibition = percentage of antioxidant activity; Abs pppy = solution absorbance
with the sample and the free radical DPPH; Abs g = absorbance of the solution with sample
without the free radical DPPH.
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2.8. Microbiological Analysis

To determine microbiological quality, the resulting products from fermentations were
evaluated on days 1, 3, and 9, and yogurt samples were assessed at days 1, 7, and 12.
Sample preparation involved adding 1 g of sample with buffered water (0.1%) to a sterile
tube, resulting in a concentration of 10~! g/mL. Successive dilutions were then made as
necessary to obtain the result for each analysis.

The quantification of molds and yeasts was performed using Rose Bengal CAF Agar
medium, Liofilchem, Italy [30], following the manufacturer’s instructions. Growth was
observed from the second day until day 7 of incubation at 25 °C.

The methodology for lactobacilli counting involved immersing the sample in a double
layer of MRS Agar (Man, Rogosa, and Sharpe), as described by Ferreira et al. [20]. Plates
were covered with Parafilm and incubated at 30 °C for 72 h.

The analysis for the detection of sulfite-reducing clostridia spores was based on the
AOAC manual [26]. Using aseptic conditions, the samples were immersed in a double layer
of Modified Iron Sulphite Agar (HIMEDIA) in test tubes to ensure anaerobiosis. These
tubes were covered with Parafilm and incubated at 37 °C for 5 days.

The SimPlate kit (Biocontrol®) was used for the determination of coliforms at 37 °C
and Escherichia coli according to the manufacturer’s specifications. Total coliform presence
was quantified by color change from blue to pink, and E. coli detection and quantification
were conducted by counting wells exhibiting fluorescence under exposure to ultraviolet
(UV) light at 365 nm.

Following the methodology used by Santos et al. [29], coagulase-positive staphylococci
counting was performed on Baird-Parker medium (BP-HIMEDIA) supplemented with potas-
sium tellurite and egg yolk saline solution. Incubation was carried out for 48 h at 37 °C.

Overall, microorganism counts were expressed as colony-forming units (CFUs) per
gram or milliliter of sample. Only the result for sulfite-reducing Clostridium was indicated
by presence or absence.

2.9. Statistical Analysis

Overall, the assumptions for each ANOVA analysis confirmed that the data showed
homogeneity of variances (Levene’s test p-value > 0.05) and normality (Shapiro-Wilk test
p-value > 0.05). To compare the samples, the results underwent one-way ANOVA (analysis
of variance) followed by Tukey’s test (5.0%), utilizing SPSS software (version 20.0).

3. Results and Discussion
3.1. Fermentations
3.1.1. Liquid Media Fermentation

In this study, it was found that Saccharomyces cerevisiae grown in a culture medium
containing grapevine leaves (1 x 10° CFU/g of leaves) and 10% glucose was identical to
that observed in a medium in which the glucose concentration was increased to 30%, as
can be seen in Figure 1.

It can be seen in Figure 1 that, in both cases, fermentation terminus occurred at 48 h. To
increase the duration of the fermentation process, other concentrations of glucose were tested.

This study revealed that no microbial growth occurred during the 48 h of spontaneous
fermentation. This suggests that the result obtained was likely due to a lack of nutrients
(carbon source). In this circumstance, glucose was added in subsequent experiments.
Based on these results, it was decided to use 15% and 20% glucose/g of sample in both
yeast-inoculated (S. cerevisiae) and spontaneous fermentation.

The weight and °Brix (%) of the samples were also monitored to follow the perfor-
mance of the fermentations (shown in Figures S1 and S2 of the Supplementary Materials,
respectively).
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Figure 1. Fermentation with 10% and 30% glucose. LSF = liquid spontaneous fermentation; LYF10% =
liquid yeast fermentation with 10% of glucose; LYF30% = liquid yeast fermentation with 30% of glucose.

It was observed that the weight of the flasks decreased over time as a consequence of
substrate (glucose) consumption during fermentation. However, spontaneous fermentation
with 20% glucose/g sample (LSF20%) exhibited less weight loss, and the °Brix (%) showed
no variation, indicating that even with 20% substrate, spontaneous fermentation of the
leaves practically did not occur.

From the analysis of the figure, it is noted that the other fermentations (LSF15%,
spontaneous fermentation with 15% of glucose, LYF15%, yeast fermentation with 15% of
glucose, and LYF20%, yeast fermentation with 20% of glucose) exhibited a similar behavior
regarding the reduction in flask weight and °Brix (%) throughout the fermentation process,
suggesting substrate consumption by S. cerevisiae.

Figure 2 illustrates the variation in the In of colony-forming units (CFUs) as a function
of time in the various experimental conditions over the fermentation time. The results
indicate that in fermentations containing 15% glucose (LSF15% and LYF15%), yeast growth
was higher than in fermentations containing 20% glucose (LSF20% and LYF20%); therefore,
in subsequent studies, only 15% glucose/g sample was used.

15]
o
D 10
S8
Q
£

5]

0]

o 5 2 2 g a
Time, h

-*- LSF15% -+ LSF20% -+ LYF15% - LYF20%

Figure 2. Variation of the natural logarithm of CFUs over time for Saccharomyces cerevisiae grown in
liquid medium with 15% and 20% glucose. LSF15% = liquid spontaneous fermentation with 15%
of glucose; LSF20% = liquid spontaneous fermentation with 20% of glucose; LYF15% = liquid yeast
fermentation with 15% of glucose; LYF20% = liquid yeast fermentation with 20% of glucose.
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The results obtained in the analysis of °Brix (%) and, consequently, the consumption of
sugars using 15% glucose in all the fermentations are shown (see Figure 53, Supplementary
Materials). These figures demonstrate that both fermentations started 24 h after inoculation,
as there was a reduction in °Brix (%) and an increase in final biomass over time. Figure 3
shows that in spontaneous fermentation (LSF), the final biomass obtained at 216 h of
fermentation was 17.69 In CFU/mL. This growth was due to the microbiota present on the
leaf. Meanwhile, in S. cerevisiae fermentation, the final biomass was 19.76 In CFU/mL, and
fermentation ended 72 h after inoculation. After, the °Brix (%) remained constant.
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Figure 3. Variation in the In of the CFU related with time of S. cerevisize grown in liquid media with
15% of glucose. LSF15% = liquid spontaneous fermentation with 15% of glucose; LYF15% = liquid
yeast fermentation with 15% of glucose.

From the results obtained for the variation in CFU, the speed (rate) of growth of S.
cerevisiae was calculated under all the experimental conditions. Table 1 shows the values
obtained for the Lag phase (h), the specific growth rate (jic in h™1), the doubling time (DT
in h), and the final biomass (FB in CFU/mL).

Table 1. Growth parameters of S. cerevisiae across the various study conditions in liquid media.

Liquid Medium Fermentation

Sample Lag Phase (h) pe (1) DT (h) FB (CFU/mL)

LSF15% 24 0.095 7.27 4.80 x 107 + 0.00
LYF10% 0 0.097 7.18 3.40 x 107 £ 0.04
LYF15% 0 0.130 5.32 3.80 x 108 £ 0.04
LYF20% 0 0.133 5.21 3.40 x 107 £ 0.05
LYF30% 0 0.096 7.23 2.70 x 107 £+ 0.32

LSF15% = Liquid spontaneous fermentation with 15% glucose; LYF10%: = liquid yeast fermentation with 10%
glucose; LYF15% = liquid yeast fermentation with 15% glucose; LYF20% = liquid yeast fermentation with 20%
glucose; LYF30% = liquid yeast fermentation with 30% glucose; Lag phase = adaptation time (h); p. = specific rate
of growth (h™'); DT = duplication time (h); FB = final biomass (CFU/mL).

Table 1 shows that the duration of the Lag phase (adaptation phase of the microor-
ganism to the culture medium) in the spontaneous fermentation (LSF15%) conducted in
medium with 15% glucose was high (24 h); in all the inoculated fermentations, the duration
of this growth parameter was 0 h.

The LSF15% growth rate (0.095 h~!) was identical to that obtained in the medium
with 10% glucose (0.097 h~1). In the LYF15% and LYF20% tests, the specific growth rates
were similar and higher than the others (0.130 and 0.133 h~!, respectively). The results
suggest that these sugar concentrations stimulated growth. However, the use of 30%
glucose inhibited the specific growth rate (0.096 h~!). This is in line with reports in the
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literature that S. cerevisae is a Crabtree-negative yeast (repression of respiratory metabolism
by glucose) [31]. The doubling times (DT) for LYF15% and LYF20% were shorter (5.32 and
5.21 h), as expected, because DT is inversely proportional to p.

3.1.2. Solid Media Fermentation

To study solid-medium fermentation, ammonium nitrate (NH4NO3) was incorporated
into the yeast growth medium with the aim of providing better growth conditions for the
yeast [21]. Indeed, nitrogen (N) is an essential nutrient for yeast growth and metabolism,
and it is fundamental for good fermentative performance [32]. According to Dulf et al. [21],
it was possible to increase the antioxidant power and the content of total phenols in
fermentations of plum grains in solid medium with the addition of NH;NO3.

In Figure 4, the results of microbial growth in In CFU/g over time (9 days) of solid
spontaneous fermentation (SSF) and solid yeast fermentation (SYF) are shown. From the
analysis of the results, it can be observed that after 50 h of incubation, the microorganisms
entered the stationary phase. The specific growth rate (1. in h™'), doubling time (DT in
h), and final biomass (FB in CFU/mL) were also determined (shown in Table S1, Supple-
mentary Materials). The results suggest that in the fermentations conducted in solid media,
the duration of the latency phase (Lag) was the same in SSF and SYF. The SYF conducted
using S. cerevisiae obtained a final biomass of 18.32 In CFU/g, while in the case of solid
spontaneous fermentation (SSF), the maximum growth was 7.43 In CFU/g. The growth
rates and, consequently, doubling times were identical in both cases (Figure 4). In fact, as
described in the literature, adequate supplementation of nitrogen sources such as ammonia
and amino acids can improve the fermentation process, as it is essential for yeast growth
and metabolism, influencing the production of bioactive compounds. In addition, nitrogen
affects fermentation kinetics and cell productivity, making it essential for the quality and
yield of fermentation processes [33,34]. Ruiz et al. [35] reported that nitrogen is an essen-
tial nutrient during wine fermentation because its deficiency causes sullage and tarring
in fermentations.
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Figure 4. Fermentation results in solid media in In CFU/g for 9 days. SSF = spontaneous fermentation
in solid media; SYF = solid media yeast fermentation.

3.2. Characterization of V. vinifera L. Leaves and Fermentation Products
3.2.1. Physicochemical Properties

The grapevine leaves were dried, resulting in a loss of 69.90% of water and a color
change to dark green. Reduced humidity in relation to grapevine leaves leads to increased
quality and stability, thus reducing the rate of microbial deterioration [36]. The analysis
of ash, resulting from the complete incineration of plant material found in vine leaves,
averaged 3.90%, a value higher than that found by Lima [9] in leaves of the Touriga Franca
grape varieties in natura (2.13%). The percentage of fat found in the leaves was 3.30%, close
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to the values found by Lima [9] in leaves of the Malvasia Fina grape varieties in natura
(4.59%) and after bleaching (4.54%). The values obtained in the other samples analyzed by
this researcher were higher than 5.00%.

Table 2 shows the results obtained from the physicochemical analyses (ash and fat
content) of the leaves of V. vinifera “in natura” and the products resulting from the various
fermentation processes.

Table 2. Results of the physicochemical analysis (ash and fat content) of the leaves of V. vinifera “in
natura” and after the various fermentation processes.

Assay Ash (%) Fat (%)
Leaf 5.86 + 0.69 2 3.30 £+ 0.03 2
SSF 1.21 +£0.83° 0.85+0.15"
SYF 222 4+033b 0.80 £0.26 P
LYF 37.19 £1.01°¢ 0.48 +£0.28P

Means followed by qual letters are not statistically different among themselves by Tukey test at 5% probability.
SSF = solid spontaneous fermentation; SYF = solid yeast fermentation; LYF = liquid yeast fermentation. In each
variable, different letters indicate significant mean differences (a—c).

Table 2 shows that the percentage of ash in the solid fermented products, SSF and SYF,
was lower than the ash content found in the leaves not subject to fermentation (5.86%).
This decrease in the percentage of ash may be related to the use of some substrates during
fermentation by the microorganisms that conducted it. However, the content of completely
incinerated material of plant origin observed in fermentation in liquid medium (LYF) was
higher (37.19%), probably since the speed of growth and the final biomass of the yeasts
were higher when growth took place in liquid medium.

The analysis of total lipids showed a high percentage of fats in the vine leaf sample (3.30%)
compared to the content found in the fermented leaves (0.48-0.85%) and this difference was
significant (p < 0.05). However, the fermentations (SSF, SYF, and LYF) showed no significant
difference. The decrease in lipid content in the yeast-inoculated trials is probably related to
yeast growth; in fact, the lack of long-chain fatty acids and sterols is one of the main causes of
difficult fermentations and increased volatile acidity in fermented products.

3.2.2. Chemical Properties

According to the literature, vine leaf extracts contain a promising phenolic content and
antioxidant capacity [37]. The extraction yield of V. vinifera leaves with 80% ethanol was
24.52%, and the extract was analyzed to determine the total phenols and flavonoid content
and the antioxidant activity. The analytical results obtained are presented in Table 3. The
results show a total phenol content of 32.32 + 3.64 mg gallic acid equivalent (GAE)/g of
sample. According to the literature, the value of total phenols found in fresh grapevine
leaves by Lima [9] was between 139.0 and 170.0 mg GAE/g of extract. The divergence
found in this research may have been influenced by the post-harvest processing conditions,
namely the drying process to which the leaves were subjected, as well as the time of harvest,
climate, and soil, which directly interfere with the composition and quantity of bioactive
compounds in the leaves [38].

Table 3. Total phenol and flavonoid contents and antioxidant activity (DPPH and FRAP) of the
grapevine leaves.

Total Phenols Total Flavonoids DPPH FRAP
mg GAE/g mg QFE/g mg TroloxE/g mg Fe(IDE/g
Leaves of 3232 + 3.64 17.41 + 2.68 37.65 + 2.18 79.34 + 6.74
V. vinifera

Results expressed in mean of analysis & standard deviation. GAE: gallic acid equivalent; QE: quercetin equivalent;
DPPH: 2,2-Diphenyl-1-picrylhydrazyl; FRAP: ferric-reducing antioxidant power.
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The flavonoid content observed in this study was 17.41 £ 2.68 mg QE/g, equivalent to
that reported by Loizzo et al. [38], which ranged from 2.20-26.2 mg QE/g. This variation can
be explained by the fact that environmental factors, genotypes, and post-harvest processing
directly influence the content of bioactive compounds present in the vine. This finding
corroborates the study by Dhull et al. [16], which demonstrates that solid-state fermentation
conducted by Aspergillus awamori is a process capable of significantly increasing the total
phenolic content and the condensed tannin content.

The result of the analysis of this capacity evaluated by the DPPH method was
37.65 £ 2.18) mg TroloxE/g (51.27%). Our results were identical to those reported by
Katalinic et al. [39] and Loizzo et al. [38]. These researchers obtained inhibition values
of 34.6-75.4% and 7.19-30.28%, respectively, in different varieties of V. vinifera. The re-
sult obtained when determining the antioxidant activity using the FRAP method was
79.34 £ 6.74 mg Fe(II)E/g; this value corroborates those found by Loizzo et al. [38], who
obtained values of 67.06-100.41 mg Fe(I)E/g.

The results of the total phenolic content of the vine leaves and fermentation products
(SSE, SYF, and LYF) are shown in Table 4.

Table 4. Total phenol content of the leaves of V. vinifera and of the leaf fermentations.

Total Phenol Content

Assay mg GAE/g
Leaf 32.32 + 3.642
SSF 41.62 + 057"
SYF 52.58 + 0.35 ¢
LYF 39.23 +£1.85°

Results expressed in mean = standard deviation. Means followed by the same letters are not statistically different
using the Tukey test at 5% probability. GAE: gallic acid equivalent; SSF: spontaneous fermentation in solid
media; SYF: yeast fermentation in solid media; LYF: yeast fermentation in liquid media. Different letters indicate
significant mean differences (a—c).

Analyzing the evaluation results of total phenols, fermentation caused the phenolic
content of the samples to increase. All the fermentations had a higher phenolic content
than the leaves as they were. The spontaneous fermentation showed a phenolic content of
41.62 (£0.57) mg GAE/g, while the fermentations inoculated with S. cerevisize showed a
content of 52.58 (£0.35) and 39.23 (+1.85) mg GAE/g in the solid and liquid fermentations,
respectively. All fermentations showed significant differences compared to the raw leaf
sample. However, the total phenolic contents of SSF and SYF were similar (p > 0.05).
SYF had the highest phenolic content. These results only prove what has already been
mentioned by Dhull et al. [16] and Dulf et al. [21], that fungi and yeasts during fermentation
produce hydrolytic enzymes such as beta-glucosidase that catalyze and release aglycones,
increasing phenolic compounds, anthocyanins, and antioxidant capacity [16,21]. Studies
conducted by Dhull et al. [16] have shown that fermentation can induce the hydrolysis
of polymers capable of releasing phenolic compounds from the walls of plant matrices,
making them soluble, allowing for an increase in their concentration and the antioxidant
potential of the extracts. In addition, the species of microorganism also influences the
increase in phenolic content produced during fermentation. S. cerevisiae strains produce
enzymes such as beta-glucosidases, carboxylesterases and feruloyl esterases, which are
effective in releasing insoluble bound phenolics.

3.2.3. Microbiological Analysis Results

To determine the microbiological quality of the leaves subjected to different fermen-
tation processes, the following parameters were assessed: mold and yeast count, lactic
acid bacteria count, sulfite-reducing clostridial spore count, E. coli/coliform count and
coagulase-positive staphylococci count. Table 5 summarizes the results of the mold and
yeast count of the V. vinifera leaves and fermented products at 1, 3, and 9 days.
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Table 5. Total enumeration of molds and yeasts in grapevine leaves and throughout the fermenta-
tion process.

Days Yogurt Mold and Yeast (log CFU/mL)
Leaf 1.00 £+ 0.07 2
. SSF 1.00 + 0.012
SYF 2.16 +0.08 P
LYF 3.85 +0.17°¢
SSF 226 +0.07b
3 SYF 4114021°¢
LYF 487 +055¢
SSF 1.18 £ 0202
9 SYF 6.36 +£0.38 4
LYF 7.36 +£0.64 9

Means followed by the same letters do not differ statistically from each other according to the Tukey test at a
5% probability level. SSF = solid spontaneous fermentation; SYF = solid yeast fermentation; LYF = liquid yeast
fermentation. Different letters indicate significant mean differences (a—d).

Table 5 shows that the mold and yeast counts increased during all the leaf fermentation
processes. As expected, the fermentations inoculated with S. cerevisiae (SYF and LYF) showed
higher mold and yeast counts throughout the fermentation process (1, 3, and 9 days) compared
to spontaneous fermentation (SSF). LYF showed marked growth throughout the fermentation
process, with colony-forming unit (CFU/g) content varying from 3.85 4= 0.17 log CFU/g to
7.36 + 0.64 log CFU/g.

Sulfite-reducing clostridial spores were absent in all the samples analyzed. The E.
coli/Total coliform and coagulase-positive Staphylococci count was 1 log CFU/mL in
all samples.

3.3. Yogurt Analysis
3.3.1. Physicochemical Analysis Results of the Yogurt Samples

The physicochemical characteristics (ash, fat, protein, pH, and titratable acidity) of the
four yogurt samples were determined: the control with the addition of potassium sorbate
(Control yogurt, Cy) and the other three with the incorporation of vine leaf fermentation
extract (SSFy, SYFy, and LYFy), at storage times of 1,7, and 12 days at 4 °C. Table 5 shows
the results of the physicochemical composition of the four samples. For each variable, the
comparison of means showed that there were no significant differences.

The results in Table 6 show that the ash, fat, protein, pH, and titratable acidity content
of the four yogurt samples (Cy, SSFy, SYFy, and LYFy) did not differ significantly (p > 0.05)
from each other. Overall, the carbohydrate content was about 18.6% (calculated value
according to AOAC Official Method 986.25.) for each yogurt sample. The ash content was
similar to the values observed by Santos et al. [29], who observed 0.71% in terms of Cy, and
Afiyah et al. [40], who noted 0.82%. In our study, ash values ranging from 0.77 - 0.69% were
observed in terms of Cy, while values ranging from 0.58-0.94% were observed in yogurts
with incorporated vine leaf extracts (SSFy, SYFy, and LYFy). Santos et al. [29] observed
values of 0.70% for this parameter in yogurt containing red propolis, while Afiyah et al. [40]
obtained results ranging from 0.75-0.79% in yogurt containing mango juice (Mangifera
indica L.). The lipid content ranged from 2.00-2.27%, which is lower than the values found
by Santos et al. [29], Afiyah et al. [40] and Hagq et al. [41] in yogurt supplemented with lentil
flour. The lower fat content observed in this work may be a consequence of the ingredients
used to prepare it, such as low-fat milk powder and low-fat pasteurized milk. According
to European legislation, our yogurt would be classified as semi-skimmed [42]. The protein
content of the yogurts studied ranged from 2.15-2.63%, which was slightly lower than
those reported by Santos et al. [29], Haq et al. [41], and Fagnani and Boniatti [42] enriched
with grape seed flour. None of the yogurt samples evaluated showed significant differences
(p > 0.05) in terms of pH values. The pH values found ranged from 4.16—4.34. It should be
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noted that the control sample had the highest pH values at all the times analyzed. All the
samples showed a decrease in pH values over time (12 days), which was to be expected
since homofermentative microorganisms, such as Lactobacillus acidophilus, continue to
ferment lactose and reduce the pH by forming lactic acid (LA) [43]. The titratable acidity of
the yogurts ranged from 0.90-1.08 g of LA/100 g. All the samples showed a slight variation
in titratable acidity over the storage period. However, it is believed that over the course
of the yogurt’s shelf life, all the samples would show an increase in acidity, which would
be advantageous for the yogurt since acidity helps to control the undesirable growth of
pathogenic and spoiling bacteria [44]. It was found that replacing potassium sorbate (Cy)
with vine leaf extract (SSFy, SYFy, and LYFy) did not significantly alter the physicochemical
composition of yogurt samples.

Table 6. Physicochemical properties of the yogurts at different timepoints (1, 7, and 12 days).

0 ° . (o TA
Day Yogurt Ash (%) Fat (%) Protein (%) pH g of LA/00 g

Cy 0.75 4+ 0.04 2.14 4+ 0.04 2.63 +0.05 4.34 +0.04 1.08 £ 0.02

1 SSFy 0.69 £0.15 2.07 £0.17 2.51 £ 0.08 418 £0.10 0.98 £ 0.05
SYFy 0.94 & 0.07 2.00 +0.12 2.15 4+ 0.04 4.24 +0.02 0.93 4 0.08

LYFy 0.69 £ 0.01 2.12+ 0.07 2.48 £+ 0.04 4.26 +£0.01 1.05 + 0.07

Cy 0.77 £ 0.02 2.09 £ 0.05 248 +£0.11 4.34 £ 0.05 0.95 £ 0.07

” SSFy 0.71 £ 0.05 2.124+0.13 248 +0.13 4.20 +0.03 0.95 4+ 0.07
SYFy 0.58 £0.11 2.20 £ 0.06 2.51+ 0.07 4.25+0.03 0.98 +0.05

LYFy 0.71 £ 0.02 2.24 £0.01 2.43 £0.10 419 £ 0.07 0.93 4 0.06

Cy 0.69 +0.10 2.1540.03 2.53 4+ 0.02 4.28 +£0.07 0.94 4 0.00

1 SSFy 0.72 £0.01 2.27 £0.02 2.84 £ 0.06 4.16 £+ 0.05 1.00 + 0.04
SYFy 0.72 £0.12 2.16 £0.10 2.93 £0.10 4.20 £ 0.00 0.90 £ 0.04

LYFy 0.75 4+ 0.03 2.2540.14 2.80 + 0.07 4.19 £ 0.00 0.97 +0.04

TA = titratable acidity; LA = lactic acid; Cy = control yogurt; SSFy = yogurt with an extract from solid spontaneous
fermentation; SYFy = yogurt with an extract from solid yeast fermentation; LYFy = yogurt with an extract from
liquid yeast fermentation.

3.3.2. Chemical Analysis Results of the Yogurt Samples

The results of the analyses of total phenols and antioxidant activity (DPPH and FRAP)
of the yogurts at 1 and 12 days of storage are summarized in Table 7.

Table 7. Total phenolic content and antioxidant activity (DPPH and FRAP) of yogurts at 1 and
12 days of storage.

Days Yogurt Total Phenols DPPH FRAP
mg GAE/g mg TroloxE/g mg Fe(IE/g
Cy 1.23 £ 0.052 1.19 £ 0.342 422 +0.16°
1 SSFy 1.60 +0.13P 1.23 + 0.06 2 5.06 +0.19
SYFy 1.87 +£0.01° 1.51 +0.07 2 528 +0.25P
LYFy 1.34 +0.133b 1.19 £ 0.132 3.80 £ 0.272
Cy 1.44 £+ 0.07 @b 1.01 +0.06 2 4.00 + 0362
1 SSFy 1.94 +0.14" 1.33 + 0.06 2 530+ 0.12°
SYFy 216 +£0.28¢ 1.34 4+ 0.08 2 577 +£021°¢
LYFy 1.43 +0.112b 1.38 + 0.06 2 43240332

Results expressed in mean of the analyses + standard deviation. Means followed by same letters are not statistically
different using the Tukey test at 5% probability. GAE = gallic acid equivalent; DPPH: 2,2-Diphenyl-1-picrylhydrazyl;
FRAP = ferric-reducing antioxidant power; Cy = control yogurt; SSFy = yogurt with extract from solid spontaneous
fermentation; SYFy = yogurt with extract from solid yeast fermentation; LYFy = yogurt with extract from liquid yeast
fermentation. In each variable, different letters indicate significant mean differences (a—c).

The total phenol content and antioxidant activity observed in the yogurts were higher
in the samples with added V. vinifera leaf extract (SSFy, SYFy, and LYFy) compared to the
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control (Cy). It was found that in all the samples, the total phenol content was higher at
12 days of storage. The significant increase in total phenolics corroborates the achievement
of the objectives outlined in this study. The observed improvement can be directly attributed
to the incorporation of fermented extracts into yogurt formulations, highlighting their direct
influence on the antioxidant properties of dairy products.

The yogurt sample with the highest phenol content was SYFy (2.16 & 0.28 mg GAE/g
of yogurt). In addition, it was the only sample that showed a significant difference
(p < 0.05) between 1 and 12 days. The results of the analysis of antioxidant activity
using the DPPH method showed that none of the samples presented any statistical dif-
ference. The LYFy sample was the only one with an increase in antioxidant content
using the DPPH method, from 1.19 £ 0.34-1.38 £ 0.06 mg TroloxE/g of yogurt. The
FRAP results showed that only the control (Cy) had a reduced antioxidant content (from
4.22 +0.16-4.00 £ 0.36 mg Fe(I)E/g of yogurt), while the other yogurt samples (SSFy,
SYFy, and LYFy) had increased antioxidant content, particularly the SYFy sample, which
was the only one to show a significant difference (from 5.28 & 0.25-5.77 & 0.21 mg Fe(II)E/g
of yogurt). In yogurt containing added vine leaf extracts, especially the fermented ones,
the phenolic content and the antioxidant activity were higher than in the control. This
suggests that these compounds probably originated from leaf extracts, which may increase
the bioactive properties of the final product. This shows that the addition of the leaf extract
makes it possible to obtain foods with higher nutritional quality and health benefits due to
their antioxidant and antimicrobial properties [11].

3.3.3. Microbiological Analysis Results of the Yogurt Samples

Over its shelf life, yogurt is susceptible to microbiological changes. The conditions in
which the product is stored interfere with its microbial stability, particularly temperature,
pH, oxygen, and the energy source (carbohydrates, proteins, and fats). In addition, the
growth of deteriorating microorganisms, such as coliforms, molds and yeasts, can lead
to changes in the appearance, aroma, and taste of the yogurt, as well as indicating that
sanitary practices were poor during production [35]. Antimicrobial additives used in food
products are necessary to inhibit these types of microorganisms [45]. The effect of the
extracts added to yogurt corroborates the studies carried out by De Andrade et al. [46] and
Katalinic et al. [39], which indicate that the bioactive compounds present in vine leaves have
antioxidant and antimicrobial potential since these compounds induce metabolic effects
that are beneficial to health and offer possibilities for their application in the prevention of
oxidative and/or microbial deterioration of food products. The results obtained for the
lactic acid bacteria in yogurts with strawberry pulp on days 1, 7, and 12 of storage are
shown in Table 8.

Table 8. Lactic bacteria count of samples at different storage times (1, 7, and 12 days).

Days Yogurt Lactic Bacteria

log CFU/mL

Cy 7.97 £0.01°

1 SSFy 7.25 +0.01°¢
SYFy 744 +0.02°¢

LYFy 7.28 +0.01°¢

Cy 8.04 £+ 0.07°

. SSFy 8.43 +0.19 2
SYFy 8.44 +0.152

LYFy 8.44 +0.18

Cy 8.08 +0.05°

12 SSFy 8.214+0.13%
SYFy 8.44 4 0.05 2

LYFy 7.56 + 0.01 ¢

Cy = control yogurt; SSFy = yogurt with extract from solid spontaneous fermentation; SYFy = yogurt with extract
from solid yeast fermentation; LYFy = yogurt with extract from liquid yeast fermentation. Different letters indicate
significant mean differences (a—c).
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The results of the microbiological analysis showed an absence of E. coli/total coliforms,
in accordance with the European parameters for the microbiological quality of yogurt.
According to the microbiological criteria of the European Union, all samples showed count
values of <10 CFU/mL for molds and yeasts, sulphite-reducing clostridia and coagulase-
positive Staphylococcus [47]. The absence of these microorganisms is an indication of good
practices during the production of this product. The lactic acid bacteria count was stable in
all the yogurt samples. Figure 5 illustrates the behavior of lactic acid bacteria during the
12 days of evaluation.

8.5/

log CFU/g
g

N
[

o " o " S "
IS o ) ~ =] Q
Time, days

- Cy = LYFy -= SSFy - SYFy
Figure 5. Lactic bacteria count of yogurt samples during 12 days of storage.

The lactic acid bacteria count in the control varied from 7.97 & 0.01-8.08 & 0.05 log CFU /g
over the 12 days of storage (not significant mean differences). The SSFy, SYFy, and LYFy
samples had a maximum count of 8.43 £ 0.19, 8.44 & 0.15 and 8.44 + 0.18, respectively, at
7 days. At 12 days of storage, the amount of these bacteria decreased slightly in the SSFy sample
(8.21 + 0.13 log CFU/g) and significantly decreased in the LYFy sample (7.56 £ 0.01 log CFU/g)
compared to the results at 7 days. Meanwhile, SYFy maintained a count of 8.44 log CFU/g
from 7 to 12 days of storage. In this context, it is considered that introducing or replacing an
additive in yogurt helps preserve and stabilize the product, as well as enabling the growth of
lactic acid bacteria.

4. Conclusions

In this study, we characterized the fermentative process of V. vinifera L. leaves (grapevine).
We then evaluated the effects on bioactivity and shelf life by mixing the fermented leaves with
yogurt, exploring their potential role as preserving agents.

The replacement of potassium sorbate preservative in yogurts by fermented grapevine
leaf extract increased the phenolic content, enhancing its antioxidant activity. Microbiological
evaluation indicated that grapevine leaf fermentation extract possesses antimicrobial potential
without interfering with the growth of lactic acid bacteria. Among the fermentations, the one
conducted in a solid medium demonstrated the best performance and enhanced biological
properties. Additionally, yogurts incorporating the extract showed no significant differences
in physicochemical properties, pH, or acidity compared to the control. Therefore, we provide
evidence that may allow taking advantage of an agricultural by-product to increase the quality
and nutritional value of a widely consumed food product.

As the demand for natural additives continues to increase, the products developed
could be considered an alternative source to introduce into the food additives market.
However, future research should assess the sensory aspect and toxicity of this natural
additive, which is currently a highly abundant and wasted residue. Additionally, it will
be relevant to evaluate the antimicrobial activity of fermented grapevine leaves against
specific spoilage microorganisms (challenge test).
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/foods13132053/s1. Figure S1. Evolution of the weights
of the flasks in the fermentations in liquid media with 15% and 20% of glucose. LSF15% = Liquid
spontaneous fermentation with 15% of glucose; LSF20%= Liquid spontaneous fermentation with
20% of glucose; LYF15% = Liquid yeast fermentation with 15% of glucose; LYF20% = Liquid yeast
fermentation with 20% of glucose; Figure S2. Soluble solids of the fermentations in liquid media with
15% and 20% of glucose. LSF15% = Liquid spontaneous fermentation with 15% of glucose; LSF20% =
Liquid spontaneous fermentation with 20% of glucose; LYF15% = Liquid yeast fermentation with
15% of glucose; LYF20%: Yeast fermentation with 20% of glucose; Figure S3. Soluble solids of the
fermentations in liquid media with 15% of glucose. LSF15% = Liquid spontaneous fermentation
with 15% of glucose; LYF15% = Liquid yeast fermentation with 15% of glucose; Table S1. Growth
parameters of S. cerevisiae in solid media.

Author Contributions: Conceptualization, L.M.E.; methodology L.E,, V.B.P, L.G.D. and LM.E,;
formal analysis, L.F. and L.M.E; investigation, L.F. and V.B.P,; data curation, L.E, V.B.P, L.G.D. and
L.M.E.; writing—original draft preparation, L.F. and M.S.-D.; writing—review and editing, L.F,,
M.S.-D., L.G.D. and L.M.E; supervision, L.M.E. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by national funds through FCT/MCTES (PIDDAC): CIMO,
UIDB/00690/2020 (DOIL: 10.54499/UIDB/00690/2020) and UIDP/00690/2020 (DOIL: 10.54499/
UIDP/00690/2020); and SusTEC, LA /P /0007 /2020 (DOI: 10.54499 /LA /P /0007 /2020). Grant of
L.E. are due to CERTRA—Development of Traditional Cereal Value Chains for Sustainable Food
in Portugal, Investment RE-C05-i03—Research and Innovation Agenda for Agriculture, Food, and
Agro-Industry Sustainability, No. 12/C05-i03 /2021—PRR-C05-i03-1-000161, R&D-+I Projects Research
and Innovation Projects—Sustainable Food (action line 1.2 Production), source of funding: PRR -
Recovery and Resilience Plan Program (funding by the European Union).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors are grateful to CERTRA—Development of Traditional Cereal Value
Chains for Sustainable Food in Portugal, Investment RE-C05-i03—Research and Innovation Agenda
for Agriculture, Food, and Agro-Industry Sustainability, No. 12/C05-i03 /2021—PRR-C05-i03-1-000161,
R&D+I Projects Research and Innovation Projects—Sustainable Food (action line 1.2 Production).

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

References

1.

Mathias, T.R.S.; Carvalho Junior, I.C.; Carvalho, C.W.P,; Sérvulo, E.F.C. Rheological characterization of coffee-flavored yogurt
with different types of thickener. Alim. Nutr. 2011, 22, 521-529.

Lopes, R.P; Mota, M.].; Pinto, C.A.; Souza, S.; Silva, J.A.L.; Gomes, A.M.; Delgadillo, I.; Saraiva, J.A. Physicochemical and
microbial changes in yogurts produced under different pressure and temperature conditions. LWT 2019, 99, 423-430. [CrossRef]
Santos, ].V.R.; Miranda, E.S.M.; Oliveira, A.T.C.; Damaceno, M.N.; Silva, M.S.; Cavalcante, A.B.D. Cinética da fermentagao de leite
adicionado de farinha de banana verde na produgao de iogurte. Res. Soc. Dev. 2020, 9, €295985316. [CrossRef]

Kefi, B.B.; Baccouri, S.; Torkhani, R.; Koumba, S.; Martin, P.; M’hamdi, N. Application of response surface methodology to
optimize solid-phase extraction of benzoic acid and sorbic acid from food drinks. Foods 2022, 11, 1257. [CrossRef]

Zhang, W.; Yang, F.; Xu, J.; Wang, L.; Zhou, K. Determination of nine preservatives in food samples by solid phase extraction
coupled with capillary electrophoresis. Int. . Electrochem. Sci. 2021, 16, 21022. [CrossRef]

Dey, S.; Nagababu, B.H. Applications of food color and bio-preservatives in the food and its effect on the human health. Food
Chem. 2022, 1,100019. [CrossRef]

European Commission. Commission Regulation (EU) No 1129/2011 of 11 November 2011 Amending Annexes II and III to
Regulation (EC) No 1333/2008 of the European Parliament and of the Council by Establishing a Union List of Food Additives.
2011. Available online: https://eur-lex.europa.eu/legal-content/PT/TXT/PDF/?uri=CELEX:32011R1129&from=es (accessed on
18 May 2024).

Sat, 1.G.; Sengul, M.; Keles, E. Use of grape leaves in canned food. Pak. |. Nutr. 2002, 1, 257-262.

Lima, A.F. Caracterizagao da Bioatividade de Folhas de Diferentes Castas de Videira Quando Sujeitas a Processamento Alimentar.
Master’s Thesis, Instituto Politécnico de Braganga, Braganga, Portugal, 2015.

61



Foods 2024, 13, 2053

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nzekoue, FK.; Nguefang, M.L.K.; Alessandroni, L.; Mustafa, A.M.; Vittori, S.; Caprioli, G. Grapevine leaves (Vitis vinifera):
Chemical characterization of bioactive compounds and antioxidant activity during leave development. Food Biosci. 2022,
50,102120. [CrossRef]

Sahu, A.; Singh, D.; Shukla, R. Bioactive compounds and reported pharmacological activities of Vitis vinifera L.—An overview.
World . Pharm. Res. 2023, 12, 27-38.

Caleja, C.S.G. Incorporacao de Ingredientes Naturais em Diferentes Matrizes Alimentares como Potenciadores de Conservagao e
Promotores de Satude. Ph.D. Thesis, Porto University, Porto, Portugal, 2018.

Liu, N.; Song, M.; Wang, N.; Wang, Y.; Wang, R.; An, X,; Qi, J. The effects of solid-state fermentation on the content, composition
and in vitro antioxidant activity of flavonoids from dandelion. PLoS ONE 2020, 15, €0239076. [CrossRef]

Lee, B.H. Fundamentos de Biotecnologia de los Alimentos; Editorial Acribia: Zaragoza, Spain, 1996; p. 475. ISBN 84-200-0922-9.
Rhodes, A.; Fletcher, D.L. Principles of Industrial Microbiology; Pergamon Press: Oxford, UK, 1975; p. 320. ISBN 0080119050.
Dhull, S.B.; Punia, S.; Kidwai, M.K.; Kaur, M.; Chawla, P.; Purewal, S.S.; Sangwan, M.; Palthania, S. Solid-state fermentation of
lentil (Lens culinaris L.) with Aspergillus awamori: Effect on phenolic compounds, mineral content, and their bioavailability. Legume
Sci. 2020, 2, e37. [CrossRef]

Xu, L.; Guo, S.; Zhang, S. Effects of solid-state fermentation with three higher fungi on the total phenol contents and antioxidante
properties of diverse cereal grains. FEMS Microbiol. Lett. 2018, 365, fny163. [CrossRef] [PubMed]

Garcia, L.R.P; Bianchi, V.L.D. Efeito da fermentagao fungica no teor de compostos fendlicos em casca de café robusta. Semin.
Ciéncias Agrdrias 2015, 36, 777-786. [CrossRef]

Kosar, M; Kiipeli, E.; Malyer, H.; Uylaser, V.; Tiirkben, C.; Baser, K.H.C. Effect of brining on biological activity of leaves of Vitis
vinifera L. (Cv. Sultani Cekirdeksiz) from Turkey. J. Agric. Food Chem. 2007, 55, 4596-4603. [CrossRef] [PubMed]

Ferreira, L.M.M.; Ferreira, A.M.; Benevides, C.M.].; Melo, D.; Costa, A.S.G.; Faia, A.M.; Oliveira, M.B.P.P. Effect of controlled
microbial fermentation on nutritional and functional characteristics of cowpea bean flours. Foods 2019, 8, 530. [CrossRef]
[PubMed]

Dulf, EV.; Vodnar, D.C.; Socaciu, C. Effects of solid-state fermentation with two filamentous fungi on the total phenolic contents,
flavonoids, antioxidant activities and lipid fractions of plum fruit (Prunus domestica L.) by-products. Food Chem. 2016, 209, 27-36.
[CrossRef]

Paula, V.M.B. Caraterizagao Quimica e Biologica do Prépolis da “Serra de Bornes” por TLC. Master’s Thesis, Instituto Politécnico
de Braganca, Braganga, Portugal, 2012.

Celik, O.F,; Temiz, H. Lactobacilli isolates as potential aroma producer starter cultures: Effects on the chemical, physical, microbial,
and sensory properties of yogurt. Food Biosci. 2022, 48, 101802. [CrossRef]

Muncan, J.; Tei, K.; Tsenkova, R. Real-time monitoring of yogurt fermentation process by aquaphotomics near-infrared spec-
troscopy. Sensors 2020, 21, 177. [CrossRef]

Water, J.V.; Naiyanetr, P. Yoghurt and immunity: The health benefits of fermented milk products that contain lactic acid bacteria.
In Handbook of Fermented Functional Foods; CRC Press: Boca Raton, FL, USA, 2003; pp. 113-144.

AOAC. Association of Official Analytical Chemistry: Official Methods of Analysis, 19th ed.; AOAC: Gaithersburg, MD, USA, 2012;
pp- 1-3000.

Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin-Ciocalteu reagent. Methods Enzymol. 1999, 299, 152-178.

Savi, PR.S.; Santos, L.; Gongalves, A.M.; Biesek, S.; Lima, C.P. Andlise de flavonoides totais presentes em algumas frutas e
hortalicas convencionais e organicas mais consumidas na regiao sul do Brasil. Demetra Aliment. Nutr. Satide 2017, 12, 275-287.
[CrossRef]

Santos, M.S.; Estevinho, L.M.; Carvalho, C.A.L.; Morais, J.S.; Conceicao, A.L.S.; Paula, V.B.; Guedes, KM.; Almeida, R.C.C.
Probiotic yogurt with brazilian red propolis: Physicochemical and bioactive properties, stability, and shelf life. ]. Food Sci. 2019,
84, 3429-3436. [CrossRef] [PubMed]

Liofilchem. Rose Bengal CAF Agar. Selective Medium for Detection of Yeasts and Moulds from Food and Environmental
Materials. 2015. Available online: http://www.liofilchem.net/login/pd/ifu/10034_IFU.pdf (accessed on 10 October 2023).
Dai, Z.; Huang, M.; Chen, Y.; Siewers, V.; Nielsen, J. Global rewiring of cellular metabolism renders Saccharomyces cerevisiae
Crabtree negative. Nat. Commun. 2018, 9, 3059. [CrossRef] [PubMed]

Mendes-Ferreira, A.; Sampaio-Marques, B.; Barbosa, C.; Rodrigues, F; Costa, V.; Mendes-Faia, A.; Ludovico, P.; Leao, C.
Accumulation of non-superoxide anion reactive oxygen species mediates nitrogen-limited alcoholic fermentation by Saccharomyces
cerevisiae. Appl. Environ. Microbiol 2010, 76, 7918-7924. [CrossRef] [PubMed]

Vidal, E.E. Influéncia da Fonte de Nitrogénio no Perfil Fermentativo, Transcriptémico, e na Produgao de Alcoois Superiores em
Saccharomyces cerevisiae. Master’s Thesis, Universidade Federal de Pernambuco, Recife, Pernambuco, Brazil, 2012.

Pereira, A.F. Suplementagao de Nitrogénio Sobre a Fermentacao Alcodlica para Produgao de Cachaga, Cerveja e Vinho. Master’s
Thesis, Universidade Federal de Vigosa, Vigosa, Minas Gerais, Brazil, 2007.

Ruiz, J.; Celis, M.; Toro, M.; Mendes-Ferreira, A.; Rauhut, D.; Santos, A.; Belda, I. Phenotypic and transcriptional analysis of
Saccharomyces cerevisiae during wine fermentation in response to nitrogen nutrition and co-inoculation with Torulaspora delbrueckii.
Int. Food Res. 2020, 137, 109663. [CrossRef]

62



Foods 2024, 13, 2053

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Camara, G.B.; Oliveira, T.K.B.; Macedo, C.D.S.; Leite, D.D.D.E,; Soares, T.D.C.; Lima, A.R.N.; Vasconcelos, S.H.; Soares, T.C.;
Barbosa, M.L.; Trigueiro, L.S.D.L. Physico-chemical, toxicological and nutritional characterization of dry and in natura Moringa
oleifera Lam leaves. Res. Soc. Dev. 2019, 8, €178111450. [CrossRef]

Fernandes, F; Ramalhosa, E.; Pires, P; Verdial, J.; Valentao, P.; Andrade, P.; Bento, A.; Pereira, J.A. Vitis vinifera leaves towards
bioactivity. Ind. Crops Prod. 2013, 43, 434—440. [CrossRef]

Loizzo, M.R ; Sicari, V.; Pellicano, T.; Xiao, J.; Poiana, M.; Tundis, R. Comparative analysis of chemical composition, antioxidant
and antiproliferative activities of Italian Vitis vinifera by-products for a sustainable agro-industry. Food Chem. Toxicol. 2019, 127,
127-134. [CrossRef] [PubMed]

Katalinic, V.; Mozina, S.S.; Generalic, I.; Skroza, D.; Ljubenkov, I.; Klancnik, A. Phenolic profile, antioxidant capacity, and
antimicrobial activity of leaf extracts from six Vitis vinifera L. varieties. Int. ]. Food Prop. 2013, 16, 45-60. [CrossRef]

Afiyah, D.N,; Sarbini, R.N.; Huda, M.S. Analysis of the yogurt nutrient content and antioxidant activity by adding Podang Urang
Mango juice (Mangifera indica L.). ]. Ternak 2022, 13, 47-52. [CrossRef]

Haq, FU.; Sameen, A.; Zaman, Q.U.; Mushtaq, B.S.; Hussain, M.B.; Javed, A.; Plygun, S.; Korneeva, O.; Shariati, M.A. Development
and evalutation of yogurt supplemented with lentil flour. JMBFS. 2019, 8, 1005-1009. [CrossRef]

Fagnani, R.; Boniatti, PM.S. Formulagao de iogurte concentrado enriquecido com farinha de semente de uva: Atividade
antioxidante e cinética de fermentagao. Ensaios 2020, 24, 189-193. [CrossRef]

Lopes, R.P. Effects of high hydrostatic pressure on yogurt production. Master’s Thesis, Departamento de Quimica, Universidade
de Aveiro, Aveiro, Portugal, 2013.

Duarte, M.C.K.H.; Cortez, N.M.S.; Cortez, M.A.S.; Franco, R.M.; Macedo, N. A¢ao antagonista de Lactobacillus acidophilus frente a
estirpes patogénicas inoculadas em leite fermentado. J. Bioenergy Food Sci. 2016, 3, 1-10. [CrossRef]

Anari, H.N.B.; Majdinasab, M.; Shaghaghian, S.; Khalesi, M. Development of a natamycin-based non-migratory antimicrobial
active packaging for extending shelf-life of yogurt drink (Doogh). Food Chem. 2022, 366, 130606. [CrossRef]

De Andrade, R.B.; Machado, B.A.S.; Barreto, G.d.A.; Nascimento, R.Q.; Corréa, L.C.; Leal, I.L.; Tavares, PP.L.G.; Ferreira, E.d.S.;
Umsza-Guez, M. A. Syrah Grape Skin Residues Has Potential as Source of Antioxidant and Anti-Microbial Bioactive Compounds.
Biology 2021, 10, 1262. [CrossRef]

European Commission. Commission Regulation (EC) No. 2073/2005 of 15 November 2005 on microbiological criteria for
foodstuffs. Off. . Eur. Union 2005, 50, 1-26.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

63



foods

Article

Evaluation of Antimicrobial and Preservative Effects of
Cinnamaldehyde and Clove Oil in Catfish (Ictalurus punctatus)
Fillets Stored at 4 °C

Rosemary I. Ebirim and Wilbert Long III *

Department of Human Ecology, Delaware State University, 1200 North Dupont Highway, Dover, DE 19901, USA
* Correspondence: wlong@desu.edu; Tel.: +1-(302)-857-6883

Abstract: This study aimed to evaluate cinnamaldehyde (CN) and clove oil (CO) effectiveness in
inhibiting growth and killing spoilage and total aerobic bacteria when overlaid with catfish fillet
stored at 4 °C. A 1.00 mL concentration of CO inhibited growth by 2.90, 1.96, and 1.96 cm, respectively,
for S. baltica, A. hydrophilia, and total bacteria. Similarly, treatment with 1.00 mL of CN resulted in
ZIB of 2.17, 2.10, and 1.10 cm, respectively, for S. baltica, A. hydrophilia, and total bacteria from catfish
exudates. Total bacteria from catfish exudates treated with 0.50 mL CN for 40 min, resulted in a
6.84 log decrease, and treatment with 1.00 mL resulted in a 5.66 log decrease at 40 min. Total bacteria
exudates treated with 0.50 mL CO resulted in a 9.69 log reduction at 40 min. Total bacteria treated
with 1.00 mL CO resulted in a 7.69 log decrease at 7 days, while untreated pads overlaid with catfish
resulted in >9.00 CFU/mL. However, treated absorbent pads with catfish at 7 days, using 0.50 mL
and 1.00 mL CN, had a bacterial recovery of 5.53 and 1.88 log CFU/mL, respectively. Furthermore,
CO at 0.50 mL and 1.00 mL reduced the bacteria count to 5.21 and 1.53 log CFU/mL, respectively,
atday 7.

Keywords: storage; spoilage; essential oil; cinnamaldehyde; clove oil; catfish; absorbent food pads

1. Introduction

High protein content, water activity, and pH, amongst other things, limit storage,
safety, and consumption, thus the need for different methods of preservation [1,2]. Fish
and fish products are rich in protein, vitamins, minerals, and, often, essential omega 3 fatty
acids, which have been linked to health benefits including improved longevity, promotion
of fetal development, and improvement of cardiovascular function and health [3-5]. Fish
have been associated with numerous foodborne outbreaks and foodborne illnesses [6,7].
The rate at which the human population is growing has led to an increased need for sources
of protein such as fish. Fish harvesting and consumption have increased at different levels
and have resulted in a global industry with increased international exports, providing
employment, especially in rural riverine areas where the main occupation is fishing [8-11].
Specific spoilage organisms (SSOs) such as Shewanella baltica (NCTC strain 10735) and
Aeromonas hydrophila (ATCC strain 7966) have been identified as producing metabolites
that affect the sensory properties of seafood and impact the economic value chain, con-
sumption, and utilization of fish [12,13]. Additionally, fish spoilage and contamination may
make the fish unsafe and unfit for human consumption. The SSOs that affect fish are com-
monly associated with specific fish species, processing, storage conditions, and microbial
interactions [14-16]. One of the most conventional preservation techniques used in the
seafood industry is cold treatment. Cold processing and preservation treatments including
refrigeration, chilling, super-chilling, and freezing, with or without non-synthetic or syn-
thetic chemical preservatives, have shown effectiveness in limiting or reducing pathogens
in seafood [15,17].
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The use of several synthetic chemical preservatives such as nitrites, nitrates, benzoates,
sulfur dioxide, and many more to destroy or delay the growth of bacteria, yeast, and
molds has been applied in food preservation. These chemical preservatives have shown the
ability to prevent changes in texture and color, the development of unpleasant flavors and
off-odors, and the loss of nutrients in seafood during storage at low temperatures [18-20].
However, their use has been linked to potential hazards that can cause serious health issues,
including allergic reactions, asthma, neurological damage, and cancer [19,21]. Biological
methods of food preservation include the use of plant materials. Some of these plants may
contain antimicrobials, antioxidants, and natural extracts that have been harnessed for food
preservation [22-24].

Natural extracts of plant origin are gaining significant interest in the food industry
as consumers demand safer and more natural preservatives. Their secondary metabolite
content, especially those with phenolic groups, are considered the most effective [25,26].
They are extracted from different plant parts like flowers, bark, herbs, wood, leaves, seeds,
buds, twigs, fruit, and roots. These phenolic compounds include eugenol, thymol, carvacrol,
vanillin, allicin, cinnamic, aldehyde, and allyl isothiocyanate and are usually found in plants
such as cloves, cinnamon, thyme, oregano, orchids, garlic, and mustard. They are being
considered as preferable antimicrobial alternatives to synthetic preservatives [25,27,28]. Clove
oil and cinnamaldehyde have been generally recognized as safe (GRAS) for their intended
use as flavoring agents in food by the Flavor and Extract Manufacturers Association of the
USA (FEMA) (21 CFR 182.60) and the Food and Drug Administration of the United States
(FDA) [9,28].

Cinnamaldehyde [C6H5CH=CHCHO] is an organic aromatic aldehyde, a natural ex-
tract derived from the inner bark and leaves of cinnamon trees of the genus Cinnamomum
(e.g., C. zeylanicum, C. cassia, and C. camphor) [26]. It is a yellow essential oil with a cinnamon
odor and sweet taste. It has a wide application in the food industry, herbal remedies, and
home care products. Due to its diverse applications, CN is a potential biomarker that can be
used for tracing and authentication of various products [29,30]. It is commonly used in wash-
ing solutions as a decontaminant, in active food packaging as a hurdle, or incorporated in food
packages as an antimicrobial agent [27,31,32]. Various studies have shown the antimicrobial
activity of cinnamaldehyde against different species of microorganisms [31,33-35].

Clove oil has traditionally been used as a seasoning and as an antimicrobial agent in
food and food packages. It has also been used as an antiseptic for oral infections. Clove
oil is an essential oil derived from clove trees known as Syzygium aromaticum [36,37]. The
main active compounds in clove oil are eugenol, eugenyl acetate, and caryophyllene. It is
a yellow or colorless essential oil with a spicy, pungent taste [38—40]. It has a wide range
of applications in the food industry and the oral hygiene industry as well. Studies have
shown its antimicrobial actions against a good number of pathogenic organisms and also
spoilage organisms. It has both antioxidant and scavenging activity, as reported by [41].

Catfish refers to any fish of the order Siluriformes, which is predominantly composed
of freshwater stout-bodied and scaleless bony fish, known for their long barbels that are
present near the mouth of the fish and resemble a cat’s whiskers [42]. They are bottom
dwellers that mostly scavenge and feed on almost any kind of animal or vegetable matter,
which exposes them to a wide range of pollutants that are toxic to humans and may result
in significant levels of potential contamination [43]. Catfish are of considerable commercial
and economic importance, and many of the larger species are farmed. The highly diverse
nature of catfish can be seen by their wide distribution in tropical South America, Asia, and
Africa; however, only one family is native to North America and one family to Europe. In
the United States, the three primary species of catfish, are blue catfish, channel catfish, and
flathead catfish, which are found in most rivers, lakes, and reservoirs of the United States
and are readily available for food consumption [42,44—46].

Absorbent food pads amended with natural antimicrobial agents have been applied
in the food industry as a means of actively packaging food products to reduce microbial
contamination, thereby extending shelf life and promoting food safety and the sanitary
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conditions of refrigerated food products to improve consumer acceptability [47-49]. Various
studies have been carried out where antimicrobial substances or materials have been
incorporated into absorbent food pads [50-52]. For example, in one such study absorbent
food pads were treated by spraying oregano essential oil of 1.5% distillate water on meat
exudate absorbent pads used to extend the shelf life of overwrap packed fresh chicken
drumsticks stored at 4 °C by approximately 2 days, according to a study carried out by
Oral et al. [52].

When evaluating antimicrobials to be used in food packaging for shelf life capabilities,
it is important to understand their ability to inhibit bacterial growth and minimal inhibitory
concentration (MIC) as well as to reduce bacterial concentrations. Therefore, the purpose of
this study was to investigate if essential oils of CN and CO might be used in catfish pack-
aging as a preservative. Specifically, would CN and CO independently reduce microbial
population recovery from absorbent food pads in direct contact with catfish fillets stored at
4 °C; inhibit the growth of SSOs and aerobic bacteria from catfish; and reduce the recovery
of viable aerobic bacteria from catfish exudates, thereby extending the shelf life of catfish
fillet in cold storage.

2. Materials and Methods
2.1. Antimicrobials Formulation

The essential oils used in this study were of commercial grade. Extracts of CN
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Samples were 100% pure
and were extracted by steam distillation; similarly, CO was purchased from Piping Rock
Health Products LLC (Ronkonkoma, NY, USA) and was 100% pure and extracted by steam
distillation. The preparation of the essential oil treatment concentrations was carried out by
diluting and mixing tap water in a laboratory vortex at room temperature directly before
use.

2.2. Bacterial Strains, Growth, Inoculum Preparation and Zone of Inhibition

Specific spoilage organisms (SSOs), Shewanella baltica (NCTC strain 10735), and
Aeromonas hydrophila (ATCC strain 7966), stored at —80 °C were obtained from the Food
Biotechnology Laboratory in the Department of Human Ecology, College of Agriculture,
Science, and Technology at Delaware State University. A loop of the SSO stock cultures
was inoculated into separate 10 mL tryptic soy broth (TSB; Carolina Biological Supply Co.,
Burlington, NC, USA) and allowed to grow for 24 h at 27 and 37 °C, respectively. Thereafter,
1.00 mL was taken and plated on tryptic soy agar (TSA; MP Biomedicals, LLC (Solon, OH,
USA). After that, treatment concentrations using 5 mL of tap water with concentrations of
0.125, 0.25, 0.50, 0.75, and 1.00 (mL/mL) CN or CO were prepared independently. Then,
20 pL of each treatment concentration was spot inoculated independently on the TSA
plates containing the SSOs to determine the zone of inhibition. Commercial catfish were
purchased from seafood markets within Dover, DE, USA. Samples were aseptically dived
into 5 g pieces, which was stomached using 5.00 mL of TSB for 30 s. Then, 1.00 mL of the
exudates was plated onto TSA. Twenty microliters of the essential oil treatment concen-
trations were spot inoculated on each TSA plate containing exudates from the catfish fish
samples and incubated at an optimal growth temperature of 27 °C for 24 h to check for the
zone of inhibition.

2.3. Bacterial Death Curve

Five grams of catfish fillet sample was stomached using 5 mL TSB, and 1 mL of
stomached exudate from catfish fillets was plated on TSA and incubated for 24 h at 27 °C.
Afterwards, loops of bacteria colonies isolated from the incubated stomached exudates were
inoculated in 10 mL TSB tubes for use for each of the different treatment concentrations
and incubated for 24 h at 27 °C. Thereafter, 20 mL of the incubated samples were mixed
homogeneously in 50 mL conical tubes for each of the different treatment concentrations.
The essential oil treatment concentrations of 0.50 and 1.00 mL CN or CO were then added
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to the 20 mL sample tubes at a 1:10 mL concentration and vortexed for 5s. At 5, 10, 20,
30, and 40 min, 1.00 mL of the sample mixtures was pipetted and serially diluted in TSB.
Then, 1.00 mL was removed from serially diluted tubes and plated on TSA. The plates were
incubated for 24 h at 27 °C and bacterial death was enumerated.

2.4. Absorbent Food Pad Inoculation

Absorbent food pads were inoculated using a modified technique by Ren et al. [53].
Dri-loc absorbent food pads were donated by Novipax (Oak Brook, IL, USA). Treatment
of the absorbent food pads and packaging materials was conducted by immersing the
absorbent food pads into essential oil treatment concentrations of 0.50 and 1.00 mL of CN
or CO, respectively, at a 1:10 ratio (mL/mL) and then allowing them to sit for 30 min at
room temperature. Approximately, 50 g of untreated catfish fillets were aseptically cut
with a sterilized knife and placed on both treated and untreated absorbent food pads and
then stored for 7 days at 4 °C. The effect of the treatments over time was evaluated on
days 1, 3, 5, and 7, respectively, by stomaching each treated absorbent food pad and each
untreated control absorbent food pad in 5.00 mL of TSB. One milliliter was taken from each
stomached absorbent food pad sample and then serially diluted in TSB tubes, and 1.00 mL
was plated on TSA to enumerate the total aerobic bacteria/mL on the absorbent food pads.

2.5. Statistical Analysis

Using the SPSS statistical software program 26 (SPSS Inc., Chicago, IL, USA), one-way
analysis of variance (ANOVA) was applied in this study. Tukey’s HSD test was used for
the comparison of logarithmic values to determine statistical significance between mean
values of various treatments. Standard deviation was calculated for the data generated
using Microsoft Excel 2016 (Microsoft Inc., Redmond, WA, USA). All experiments were
carried out in triplicate. Significance was defined as p < 0.05.

3. Results
3.1. Zone of Inhibition

The inhibitory effects of different concentrations (0.125, 0.25, 0.50, 0.75, and 1.00 mL)
of CN or CO are seen in Table 1. Cinnamaldehyde exhibited ZIB ranging from 1.00 to
2.10 ecm. At 0.125 mL, CN to A. hydrophila plates exhibited a ZIB of 1.00 & 0.00 cm. The zone
of inhibition significantly increased to 1.40 = 0.07 cm when the treatment concentration
increased to 0.25 mL. At a concentration of 0.50 mL CN, the ZIB significantly increased
even further to 1.70 & 0.01 cm from the previous CN concentration. However, there was no
significant difference (p < 0.05) in ZIB observed on A. hydrophila plates when treated with
0.50 and 0.75 mL CN. At 1.00 mL, CN treatment further increased the ZIB to 2.10 4= 0.17 c¢m,
with no significant difference from the previous concentration. Furthermore, A. hydrophila
plates treated with 0.125, 0.25, 0.50, 0.75, or 1.00 mL CO exhibited ZIB ranging from
1.03-1.96 cm. At all levels, with increasing concentrations of CO treatment ZIB increased
significantly. At 0.125 mL CO, A. hydrophila treated plates revealed a ZIB of 1.03 & 0.05 cm,
which slightly increased to 1.23 + 0.11 cm when treated with 0.25 mL CO. Upon increasing
the concentration to 0.50 mL CO, the ZIB increased to 1.50 £ 0.00 cm with significance
difference from the two previous treatment concentrations. Upon further increase of
CO concentration to 0.75 mL, there was a further increment in the ZIB to 1.90 + 0.17 cm.
Further increasing the concentration of CO to 1.00 mL resulted in a maximum ZIB of 0.46 cm
in diameter.

Both CN and CO revealed the ability to prevent A. hydrophila growth. However, CN
and CO treatments at 0.75 mL and 1.00 mL concentrations had no significant difference
(p > 0.05) in their bacteriostatic effects on A. hydrophila. Table 2 shows Shewanella baltica
plates treated with different concentrations of CN or CO (0.125, 0.25, 0.50, 0.75, and 1.00 mL),
where CN showed ZIB ranging from 1.03 to 2.17 cm. At 0.125 mL concentration of CN,
a ZIB of 1.03 = 0.06 cm was observed. No significant difference (p < 0.05) was observed
when CN concentration increased to 0.25 mL. When the concentration of CN was further
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increased to 0.05 mL, a ZIB of 1.90 & 0.01 cm resulted. No further significant increase
(p > 0.05) was observed from 0.50 to 1.00 mL.

Table 1. Zone of Inhibition of SSO (Aeromonas hydrophila) treated with CN and CO in sterilized tap
water (mL/mL).

Treatment Conc. ATCC Aeromonas hydrophila and CN

(mL/mL) Trial 1 (cm) Trial 2 (cm) Trial 3 (cm) Average
0.125 1.00 1.00 1.00 1.00 +0.00 ®
0.25 1.40 1.50 1.30 140 £0.10¢
0.50 1.70 1.80 1.60 1.70 £0.01 ¢
0.75 1.90 1.90 1.80 1.85 4 0.07 d¢
1.00 2.00 2.30 2.00 210+ 0.17 ¢

ATCC Aeromonas hydrophila and CO
Trial 1 (cm) Trial 2 (cm) Trial 3 (cm) Average
0.125 1.00 1.10 1.00 1.03+0.05%
0.25 1.10 1.30 1.30 1.23+£0.11°
0.50 1.50 1.50 1.50 1.50 £ 0.00 ©
0.75 1.70 2.00 2.00 190 £0.17 ¢
1.00 2.00 2.00 1.90 1.96 +0.05 ¢

Means of averages are expressed in cm = standard deviation. Different letters (a, b, ¢, d, and e) superscripted
on the mean indicate a significant difference in the two treatments (CN and CO). Significance was defined as
p < 0.05. Data were analyzed by one-way ANOVA.

Table 2. Zone of Inhibition of SSO (Shewanella baltica) treated with CN and CO in sterilized tap water
(mL/mL).

Treatment Conc. NTCC 10735, Shewanella baltica and CN

(mL/mL) Trial 1 (cm) Trial 2 (cm) Trial 3 (cm) Average
0.125 1.00 1.10 1.00 1.03 £ 0.06 @
0.25 1.20 1.10 1.00 1.10£0.102
0.50 2.00 1.90 1.80 1.90 + 0.01°
0.75 2.20 2.00 2.00 207 +£0.12b
1.00 2.30 2.20 2.00 217 £0.15P

NTCC 10735 Shewanella baltica and CO
Trial 1 (cm) Trial 2 (cm) Trial 3 (cm) Average
0.125 0.80 0.80 0.80 0.80 = 0.002
0.25 1.80 1.70 1.75 1.75 £ 0.07°
0.50 2.50 2.70 2.60 2.60 +0.14 €
0.75 2.80 2.60 2.70 270 +£0.14°¢
1.00 2.90 3.00 2.95 2.90 4+ 0.07 €

Means of averages are expressed in cm =+ standard deviation. Different letters (a, b, and c) superscripted on the
mean indicate a significant difference between the two treatments (CN and CO). Significance was defined as
p < 0.05. Data were analyzed by one-way ANOVA.

Clove oil treatment concentrations on S. baltica inoculated plates resulted in ZIB
ranging from 0.80 £ 0.00 to 2.95 £ 0.07 cm in diameter. Control, untreated inoculated plates
resulted in no ZIB. At 0.125 mL concentration of CO in S. baltica, a ZIB of 0.80 + 0.00 cm
was seen. This value was not statistically different (p > 0.05) with 0.125 mL and 0.25 mL of
CN treatment of S. baltica. The ZIB was increased significantly (p < 0.05) by 0.95 cm when
the concentration of CO was increased to 0.25 mL. Increasing the concentration to 0.50 mL,
0.75 mL, and 1.00 mL did not result in any additional significant difference (p > 0.05) in
the ZIB.

The inhibitory effects of CN or CO on catfish total aerobic bacteria are shown in
Table 3. Catfish plates treated with 0.125, 0.25, 0.50, 0.75, and 1.00 mL of CN exhibited
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ZIB ranging from 0.80 to 1.10 cm. At 0.125 mL CN treatment, catfish plates exhibited
a ZIB of 0.80 & 0.00 cm, and no significant difference (p > 0.05) was observed when CN
concentration increased up to1.00 mL.

Table 3. Zone of inhibition of catfish total aerobic bacteria exudate treated with CN and CO in
sterilized tap water (mL/mL).

Treatment Conc. Catfish and CN
(mL/mL) Trial 1 (cm) Trial 2 (cm) Trial 3 (cm) Average
0.125 0.80 0.80 0.80 0.80 +0.002
0.25 0.90 0.90 0.90 0.90 + 0.00 2
0.50 1.00 1.00 1.00 1.00 4 0.00 20
0.75 1.00 1.00 1.10 1.03 + 0.05 b¢
1.00 1.10 1.20 1.00 1.10 + 0.10 b¢
Catfish and CO
Trial 1 (cm) Trial 2 (cm) Trial 3 (cm) Average
0.125 1.00 1.10 1.00 1.03 + 0.05 be
0.25 1.10 1.30 1.30 1.23+0.11°¢
0.50 1.50 1.50 1.50 1.50 4 0.00 4
0.75 1.70 2.00 2.00 190 £0.17 ¢
1.00 2.00 2.00 1.90 1.96 £ 0.05 ¢

Means of averages are expressed in cm =+ standard deviation. Different letters (a, b, ¢, d, and e) superscripted on
the mean indicate a significant difference between the two treatments (CN and CO). Significance was defined as
p < 0.05. Data were analyzed by one-way ANOVA.

Catfish plates treated with 0.125, 0.25, 0.50, 0.75, and 1.00 mL concentrations of CO
exhibited ZIB ranging from 1.03 & 0.05 to 1.96 4 0.05 cm. At 0.125 mL CO, catfish treated
plates revealed a ZIB of 1.03 £ 0.05 cm. No significant difference (p > 0.05) was observed
with 0.25 mL CO treatment of catfish plates. Upon increasing the concentration to 0.50 mL
CO, the ZIB increased to 1.50 £ 0.00 cm. Further increase of CO concentration to 0.75 mL
and 1.00 mL, there was a significant (p < 0.05) increase in the ZIB from the previous CO
concentrations 1.90 = 0.17cm and. 1.96 £ 0.05 cm, respectively. However, there was no
significant difference (p > 0.05) between both treatments.

3.2. Bacterial Death Curve

Figure 1 shows that catfish exudates in TSB at time zero and treated with 0.50 mL
and 1.00 mL CN had 9.00 & 0.06 and 8.98 £ 0.03 log CFU/mL, respectively. At 5 min after
0.50 mL and 1.00 mL addition, bacterial concentrations for 0.50 mL did not significantly
(p > 0.05) decrease. However, for 1.00 mL bacterial counts decreased on average by 0.86 log
to 8.12log CFU/mL. When increasing the length of treatment to 10 min, bacterial concentra-
tions for 0.50 mL and 1.00 mL decreased on average by 1.35 log to 7.53 & 0.01 log CFU/mL
and 0.46 log to 7.66 & 0.01 log CFU/mL, respectively. Bacterial concentration was further
significantly (p < 0.05) reduced at 20 min for both treatment concentrations, on average by
1.01 log to 6.52 & 0.01 log CFU/mL and 0.50 log and 7.15 + 0.06 log CFU/mL, respectively.
Thirty minutes after treatment with 0.50 mL of CN, bacterial counts decreased on average
by 2.03 log and dropped to 4.49 + 0.03 log CFU/mL, and for 1.00 mL concentration, the
bacterial concentration decreased by 1.56 log and dropped to 5.59 + 0.11 log CFU/mL. At
40 min after treatment, 0.50 mL bacterial counts significantly (p < 0.05) reduced from the
previous concentration by 2.33 log to 2.16 £ 0.08 log CFU/mL. Similarly, at 40 min 1.00 mL
CN reduced the average bacterial counts by 1.71 log to 3.88 = 0.03 log CFU/mL.
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Figure 1. Reduction of bacterial count in store-bought catfish treated with CN. n = 3 for each
concentration on each day. Concentration of treatment to water was at 1:10 mL per each treatment.
Significance was defined as p < 0.05. Differences within each day are represented by a and b. Data
were analyzed by one-way ANOVA.

Figure 2 shows the bactericidal effects of CO on catfish exudates in TSB. At time zero
min, when treated with 0.50 and 1.00 mL CO the catfish exudates had 9.69 & 0.02 and
9.77 £ 0.03 log CFU/mL, respectively. At5 min after 0.50 and 1.00 mL addition of CO,
bacterial concentrations significantly (p < 0.05) decreased, on average by 1.48 log to
8.21 £ 0.06 and 2.77 to 7.00 &= 00 log CFU/mL, respectively. When increasing the treatment
time to 10 min, the bacterial counts for 0.50 mL further decreased significantly (p < 0.05) by
0.351og to 7.86 4 0.15 and 4.67 to 2.33 & 10 log CFU/mL. However, there was no significant
(p > 0.05) decrease in bacterial concentration for CO 1.00 mL from 20 up to 40 min. At
0.50 mL concentrations at 20 and 30 min, the bacterial concentration further significantly
(p < 0.05) reduced, on average by 4.52 log to 3.34 & 0.02, and 0.87 log to 2.47 + 0.05 and
0.32 log, respectively. When further increasing the time of treatment to 40 min for 0.50 mL
concentrations, there were no counts of viable bacteria at the lowest recovery level.

In Figure 3, untreated absorbent food pads from catfish packaging stayed at >9 log
CFU/mL for 7 days of study. Absorbent food pads treated with 0.50 mL CN resulted in
observably lower bacterial counts on days 1 3, 5, and 7, with results of 5.74 4 0.04 log
CFU/mL, 5.92 4+ 0.02 log CFU/mL, 4.19 + 0.05 log CFU/mL, and 5.53 & 0.03 log CFU/mL,
respectively. Of these treatments, the lowest significant (p < 0.05) reduction was observed
on day 5. Absorbent pads treated with 1.00mL on days 1, 3, 5, and 7, showed results
of 3.59 & 0.011 log CFU/mL, 3.39 + 0.02 log CFU/mL, 3.60 + 0.01 log CFU/mL, and
1.31 £ 0.11 log CFU/mL, respectively. Observable reductions were seen each day between
CN treatments of 0.50 mL and 1.00 mL of 2.51, 2.53, 0.59, 4.22, and 2.6 log CFU/mL,
respectively.
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were analyzed by one-way ANOVA.
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Figure 3. Absorbent food pads treated with CN for storage of catfish at 4 °C. * represents plates that

were above the highest level of bacteria count, too numerous to count. n = 3 for each concentration

and trial. One mL of each prepared concentration was added to 5 mL of bacteria. The different letters

(a, b, ¢) indicate significant differences between treatments on each day. Significance was defined as

p < 0.05. Statistical analysis for this study was conducted by means of one-way ANOVAs.

Our results suggest that the application of CN to absorbent food pads overlaid with

catfish fillet can reduce bacteria in absorbent food pads over 7 days of storage at 4 °C.
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Increasing the concentration of CN from 0.50 mL to 1.00 mL also increased the reduction of
bacteria concentration in the absorbent pads.

We found that, as shown in Figure 4, untreated absorbent food pads with packaged
catfish fillet had >9.59 log CFU/mL of total aerobic bacteria for all seven days. Ab-
sorbent food pads treated with 0.5 mL CO, resulted in observably lower bacterial counts
on days 1, 3, 5, and 7 with results of 5.17 £ 0.15 log CFU/mL, 6.63 £ 0.02 log CFU/mL,
7.90 £ 0.04 log CFU/mL, and 3.12 4 0.17 log CFU/mL respectively. Of these treatments, the
lowest significant (p < 0.05) reduction was observed on day 7. Absorbent pads treated with
1.00 mL on days 1, 3, 5, and 7 resulted in a bacterial reduction of 3.00 &= 0.00 log CFU/mL,
5.30 £ 0.24 log CFU/mL, 5.90 + 0.11 log CFU/mL, respectively, and zero counts of total
bacteria on day 7. Results suggest that CO embedment on absorbent food pads for storage
of catfish can significantly (p < 0.05) reduce bacteria counts in absorbent food pads over
7 days of storage at 4 °C.

a a m Untreated

* 50.50mL (CO)
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1.00 mL (CO)
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S
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Figure 4. Absorbent food pads treated with CO for storage of catfish at 4 °C. * represents plates that
were above the highest level of bacteria count, too numerous to count. Treatment with 1.00 mL CO
resulted in no growth. n = 3 for each concentration and trial. One ml of each prepared concentration
was added to 5 mL of bacteria. The different letters (a, b, ¢) indicate significant differences between
treatments on each day. Significance was defined as p < 0.05. Statistical analysis for this study was
conducted by means of one-way ANOVAs.

In addition, sensory observations were made on some quality attributes of the catfish
sample. The sensory observation and quality attributes of color, aroma, and texture were
observed on days 1, 3, 5, and 7 of storage. Catfish fillet samples with untreated and treated
absorbent food pads stored at 4 °C were evaluated for texture, smell, and color. Fish fillet
samples with the untreated absorbent food pads had a more off-odor and slimy texture by
the end of the 7 days at 4 °C of storage. Catfish samples on treated absorbent food pads
had less visual degradation, especially in locations in which the fish was in direct contact
with the pad. Fish fillet samples on absorbent food pads with CN had a slightly yellow
color and CN aroma, while CO treated absorbent food pads had a pale-yellow color and
CO aroma. The color change may potentially be due to the uptake of coloration from the
natural antimicrobial preservatives CN and CO.
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4. Discussions

Natural extracts from plant origins have been in use as antimicrobials for food safety
and preservation. Various studies have shown CN and CO to be effective against some
pathogenic and food spoilage organisms. Our results establish that different concentrations
of CN and CO at different levels of investigation show antimicrobial effectiveness against
SSOs and total aerobic bacteria from catfish. The results of this study are in line with studies
carried out by [54], which used cinnamaldehyde-incorporated and eugenol-incorporated
methylcellulose films as antimicrobial packaging materials to investigate antimicrobial
activity against target microorganisms using both an agar-disc diffusion technique and a
vapor diffusion technique. At a concentration of 50 uL/mL, cinnamaldehyde and eugenol
revealed antimicrobial activity against Aeromonas hydrophila, Enterococcus faecalis, and some
other test strains where ZIB ranged from 0.87 to 3.01 cm, which is in the range of the results
from this study, where CN and CO showed ZIB against Aeromonas hydrophila ranging from
1.0 to 2.10 cm and from 1.17 to 2.40 cm, respectively. Furthermore, the average range for
the ZIB of CN and CO from this study against Shewanella baltica was 0.87 to 2.17 cm, which
is in line with the findings from [54] against some SSOs. Abdel et al. [55] reported the
antimicrobial and inhibitory characteristics of clove oil seen against eight microorganisms,
with CO showing a ZIB range of 2.5 and 3.6 cm at low and high concentrations against
Escherichia coli, which is also within the range of the results obtained from this study, where
CO showed a ZIB range against total aerobic bacteria from catfish of 1.03 and 1.96 cm at low
and high concentrations. The broad spectrum of inhibitory effects against microorganisms
by cinnamaldehyde and eugenol has been reviewed, and their activity and highlighted
potential use in antimicrobial packaging agents have been reported [30,34]. This is in
line with the findings of this study that showed the antimicrobial activity of CN and CO
used in active packaging and absorbent food pads against total aerobic bacteria from
catfish exudates.

At the highest concentrations of CN and CO used to investigate the bacteriostatic
effects of the treatments, CO exhibited a larger ZIB on the SSOs and the total aerobic
bacteria from catfish. Clove oil, furthermore, showed a greater bactericidal effect on the
total aerobic bacteria from catfish exudates. The findings from this study also, show that
treating absorbent food pads with either 0.50 mL or 1.00 mL concentrations of CN or
CO, could limit the increase in bacterial count on absorbent pads used for packaging and
storage of catfish fillet at 4 °C and thus extend the shelf life of fish. Furthermore, catfish
fillet samples overlaid on the absorbent food pads had the aroma of either CN or CO, with
slight yellowish discoloration.

5. Conclusions

Our results establish that the present study has revealed the effectiveness of CN and
CO for controlling microbial populations for channel catfish (Ictalurus punctatus) fillet pack-
aging using absorbent food pads. These natural extracts used at different concentrations
and different phases in this study showed both bactericidal and bacteriostatic abilities
in controlling the microbial population of specific spoilage organisms and total aerobic
bacteria in absorbent food pad packaging of catfish fillet. Therefore, incorporation of CN
and CO into absorbent food pads may be applied successfully in fish packaging to prevent
and control bacterial spoilage of fish, especially in developing countries where there is
poor infrastructural development in the area of post-harvest handling of fish to delay and
reduce microbial proliferation in harvested fish before proper handling and storage. These
findings indicate that natural extracts such as CN and CO can potentially extend the shelf
life of fish such as catfish in effective active packaging using absorbent food pads. Some
sensory characteristics of the catfish were altered in terms of color and aroma, which can
be attributed to the color and aroma of the CN and CO extracts used. Therefore, their effect
on sensory quality and acceptability by consumers needs to be further studied.
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Abstract: Pleurotus eryngii is an edible mushroom that suffers significant losses due to fungal con-
tamination and bacteriosis. The Pseudomonadaceae family represents one of the most frequent
etiologic agents. Grapefruit seed extract (GSE) is a plant extract that contains different bioactive
components, such as naringin, and exhibits a strong antibacterial and antioxidant activity. Over
the last decade, GSE use as an alternative to chemical treatments in the food sector has been tested.
However, to our knowledge, its application on mushroom crops has never been investigated. This
study focuses on evaluating GSE efficacy in preventing P. eryngii yellowing. GSE antibiotic activity,
inhibitory and bactericidal concentrations, and antibiofilm activity against several microorganisms
were tested with the Kirby—Bauer disk diffusion assay, the broth microdilution susceptibility test,
and the Crystal violet assay, respectively. In vitro, the extract exhibited antimicrobial and antibiofilm
activity against Staphylococcus aureus 6538 and MRSA (wild type), Escherichia coli ATCC 8739, and
Pseudomonas spp. (Pseudomonas aeruginosa 9027, P. fluorescens (wild type)). GSE application in vivo, in
pre- and post-sprouting stages, effectively prevented bacterial infections and subsequent degradation
in the mushroom crops: none of the P. eryngii treated manifested bacteriosis. Our findings support
the use of GSE as an eco-friendly and sustainable alternative to chemical treatments for protecting
P. eryngii crops from bacterial contamination, consequently ensuring food safety and preventing
financial losses due to spoilage. Furthermore, GSE’s potential health benefits due to its content in
naringin and other bioactive components present new possibilities for its use as a nutraceutical in
food fortification and supplementation.

Keywords: plant extracts; eco-friendly sustainable antimicrobials; spoilage microorganisms; edible
mushrooms; yellowing

1. Introduction

Pleurotus eryngii is a basidiomycete mushroom known in Italy as “cardoncello” [1,2].
It is also known as “royal trumpet” or “royal oyster” and is one of the most valuable
edible mushrooms, with several varieties. Typically found in southern Europe, North-
ern Africa, the Middle East, and Central Asia, it is considered one of the most widely
spread species of Pleurotus and has been known since ancient times for its excellent medic-
inal and nutritional characteristics [3-5]. This mushroom possesses a low percentage
of calories and has a good concentration of major nutrients, such as protein, peptides,
minerals, terpenoids, traces of various elements, fiber, and polysaccharides (P. eryngii
polysaccharides—PEPs). These characteristics have aroused particular interest because of
the anti-cancer, hepatoprotective, anti-lipidemia, immune system strengthening, and other
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activities shown in vitro and in animal models [6-10]. For this reason, P. eryngii is classified
among functional foods [11-13] and used to create “healthy snacks” [14], namely, foods
with high nutritional and biological value (rich in fiber and protein, low in salt, sugar, fat,
and calories) [11]. Although this edible mushroom has several beneficial properties for our
body, some peculiarities, such as a susceptibility to contaminations by mold and bacterial
diseases [15], may compromise its quality. Generally, fungus-induced contaminations
are attributed to Cladobotryum mycophilum, responsible for “spider’s web disease” [16-18],
Gliocladium roseum, responsible for “brown spot” [19], and Trichoderma spp., responsible
for “green mold” [20]. The bacterial blight culprits belong to several species, such as
Pantoea spp. [14], Erwinia beijingensis, Ewingella americana [21,22], Enterobacter amnigenus,
and Staphylococcus spp. However, Pseudomonadaceae, such as Pseudomonas tolaasii and
P. fluorescens, are the most relevant and responsible for the stem’s yellowing [15,23,24]. It has
indeed been noted that the initial colonization of the cap induces a loss in production yield;
the size of the fruiting body is affected by the bacterial populations in the pre-harvest stage,
consequently jeopardizing the quality of the harvested products [15,25]. The yellowing of
P. eryngii is a bacteriosis that manifests with small yellow or light brown spots on the pileum
accompanied by water-rich elongated and coalescing areas on the stem. P. eryngii affected
by yellowing show a setback in the growth process, turn reddish-brown, and reach the state
of rot (Figure 1), which manifests in the final stages with an unpleasant and nauseating
odor [23,26]. The occurrence of the infection, as well as its intensity, are influenced by
particular environmental conditions, such as high humidity in the growing chambers and
hot muggy winds, such as sirocco [15], which are typical of the Mediterranean climate.

Figure 1. (a) Pleurotus eryngii without contamination; note the white stem without spots; (b) P. eryngii
contaminated after a few days from first signs: appearance of rusty-red spots on the entire stem;
(c) P. eryngii with bacteriosis after one week.

Innovative experiments and alternatives to the use of chemicals, potentially polluting
substances, are currently being evaluated to prevent such diseases, which, with a drastic
decrease in P. eryngii sporophores, cause considerable financial losses to producers. For
example, repeated applications of white wine vinegar in fungal cultures at different con-
centrations have been evaluated; the acetic acid with 3% concentration has, in fact, an
antimicrobial activity on P. aeruginosa and other bacteria [23,27]. The scientific commu-
nity is focused on finding effective molecules propelling biotechnology in an eco-friendly
and sustainable direction. Along this line, the present study evaluates grapefruit seed ex-
tract’s antimicrobial and antibiofilm activity on several microorganisms in vitro and in vivo,
focusing on preventing Pseudomonas spp., in particular P. fluorescens., in Pleurotus eryngii.

Grapefruit seed extract (GSE) is a well-known plant extract with strong antibacterial
and antioxidant activity [28,29]. GSE applications span from use in the food sector as a
food preservative and infusion into packaging matrices [30,31] to pharmaceutics (e.g., diet
supplements, wound healing, glucose and lipid blood level management, etc.) [29]. GSE
contains different bioactive components, such as flavonoids, polyphenols, organic acids,
and others, that are considered responsible for the antimicrobial and antioxidant activ-
ity. Different studies have investigated the mechanism of action of GSE against a wide
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range of microorganisms, including Pseudomonas spp. GSE antimicrobic activity has been
attributed to the disruption of the bacterial membrane and liberation of the cytoplasmatic
content [28,32-34]. In the literature, the difference in efficacy is reported to depend on
the concentration of polyphenols, especially citrus flavonoids, such as naringin [28,35,36].
Naringin (5,7,40-trihydroxyflavanone-7-O-neohexperidoside) is a flavanone glycoside, solu-
ble in water and metabolized by intestinal flora into its aglycone derivative, naringenin [37].
It is a molecule found in several fruits, such as grapes and tomatoes, and especially in
citrus fruits, to which it attributes a characteristic bitter taste [38—40]. Naringin, being
biologically active, expresses several beneficial proprieties in vitro and in vivo, such as
anti-cancer and antioxidant activity [41-43]. In addition, several models show its role in
decreasing the concentration of blood lipids, impacting hypertension, hyperlipidemia, and
obesity conditions [39,42,44-46]. The possible role of naringin and naringenin as nutraceu-
ticals against several conditions affecting human health is currently under study [47-50],
opening a promising line of research relating not only to food supplements but also to
food fortification.

Due to GSE’s functional properties, there has been a growing interest in using GSE
in the food sector as an alternative to chemical treatments over the last decade. Several
studies have investigated the efficacy and safety of GSE application on foods, whether
directly, in combination with coating materials, or incorporated into edible films [29,51].
However, to our knowledge, none of these studies have evaluated the effectiveness of GSE
in preventing P. eryngii yellowing.

2. Materials and Methods

From September 2022 to June 2023, specialized technical staff from the Hygiene Labora-
tory of Cagliari University (accredited according to UNI EN ISO IEC 17025:2017 [52]) carried
out several inspections on a mushroom farm growing P. eryngii var. eryngii in the south
of Sardinia (Italy). During the inspections, the technical staff evaluated mushroom con-
tamination while sampling P. eryngii specimens (according to UNI EN ISO 7218:2013 [53]);
eight basidiomata presenting signs of yellowing and ten without signs of yellowing were
collected. Additionally, the producers assisted the technical staff in evaluating the quality of
mushrooms based on their appearance, size, color, and texture. The sampled basidiomata
were placed in refrigerators at 8 °C, transported to the Hygiene Laboratory of Cagliari Uni-
versity, and analyzed for Pseudomonas aeruginosa. Then, the antimicrobial and antibiofilm
activity of the GSE was evaluated on Pseudomonas spp. and other microorganisms. The
field experiment took place after in vitro testing, and GSE was atomized on the mushroom
growth substrate surface before and after sprouting (see below for a detailed description of
each step).

2.1. Grapefruit Seed Extract

The grapefruit seed extract (100 mg; DSLD (Dietary Supplement Label Database):
296039) used for this experiment was a dietary supplement produced by the certified
company Solaray, est. 1973 (Park City, UT, USA) and falls under the FDA regulations for
production, marketing, and sale. The company policy includes testing at three different
stages during the manufacturing process (suppliers: raw materials; factory: at intake and
before bottling) and up to six different quality tests of the product, including microbial
testing and contaminant testing to guarantee the absence of potentially harmful chemicals
and pesticides. The company facility is 455-2 GMP (Good Manufacturing Practices) certified,
and its laboratory is ISO 17025:2017 [52] certified. The GSE was formulated with substances
from natural origin only. The other ingredients declared by the producer were vegetable
glycerin and natural grapefruit flavor, as stated on the label.

Below is a description of the methods we used to analyze the GSE to ensure the absence
of synthetic compounds and measure flavonoid compounds: ultra-high performance liquid
chromatography—quadrupole time-of-flight mass spectrometry analysis (UHPLC-Qtof-MS)
and gas chromatography-mass spectrometry (GC-MS).
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UHPLC-Qtof-MS analysis: To 10 uL of extract, 990 uL of methanol was added. The
diluted samples were analysed with a 6560 Q-TOF/MS coupled with an Agilent 1290
Infinity II LC system (Agilent Technologies, Palo Alto, CA, USA). An aliquot of 2.0 puL
from each sample was injected in a BEH Amide, 1.7 um, 150 mm x 2.1 mm chromato-
graphic column (Waters Corporation, Milford, MA, USA). The mobile phase consisted of
water containing 0.1% formic acid (A) and a mixture of acetonitrile:methanol (9:1) with
0.1% formic acid (B), flowing at a rate of 0.150 mL/min. This phase was applied using
the following linear gradient elution, starting with 85% A and 15% B for 0 min, followed
by a gradual increase to 21% B over the next 8 min, then an increase to 40% B over the
next 4 min, further to 60% B over the next 7 min, and finally to 90% B over the final
2 min. The mass spectrometric analysis was performed with a QToF-MS equipped with
an ESI source with Jet Stream technology using the following parameters: drying gas
(N2) flow rate, 11.0 L/min; drying gas temperature, 250 °C; nebulizer, 35 psig; sheath
gas temperature, 325 °C; sheath gas flow, 10 L/min; capillary, 3500 V; skimmer, 65 V;
Oct RF V, 800 V; fragmentor voltage, 100 V. Each sample was analysed in the mass range
of m/z 100-1500. During the HPLC-Qtof-MS analysis, the standard compounds (Rutin
(Sigma-Aldrich, Milan, Italy, CAS 153-18-4); Naringin (Sigma-Aldrich, Milan, Italy, CAS
10236-47-2; Hesperidin (Sigma-Aldrich, Milan, Italy, CAS 520-26-3; Naringenin (Sigma-
Aldrich, Milan, Italy, CAS 67604-48-2)) were co-chromatographed with the samples under
the same analytical conditions for identification purposes.

GC-MS analysis: To 10 pL of extract was added 90 puL of BSTFA (N,O-Bis(trimethylsilyl)-
trifluoroacetamide), and the mixture was placed in an oven for 15 min. After derivatization,
each sample was diluted in a 1:2 ratio with hexane. A Trace 1300 gas chromatograph
coupled with a TSQ 9000 triple quadrupol mass spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) was used for the sample analysis. The volume injection was of
1 pL in the splitless mode. The injector temperature was set at 200 °C. The gas flow rate
was 1 mL/min. The column was a DB5-MS (0.25 pm, 30 m x 0.25 mm) (J&W scientific,
Folsom, CA, USA). Initially, the oven temperature was set at 50 °C and held for 10 min.
Then, it was increased to 300 at 10 °C/min and held at 300 °C for 10 min. Ions were
recorded at 1.6 scan/s in the mass range m/z 50-550. Confirmation of sample components
was performed by (a) comparison of their relative retention times and mass fragmentation
with those of pure standards and (b) computer matching against NIST, as well as reten-
tion indices as calculated according to Kovats for C7-C40 n-alkane standard mixtures in
dichloromethane (Sigma-Aldrich, Milan, Italy; product ID: 49452-U, Lot. LRAC3116).

GSE preparation for analysis: The commercial GSE had a density of 0.0033 g/mL
(3333.33 ug/mL). GSE was diluted with TBS (tryptic soy broth), and different concen-
trations were evaluated empirically during the preparation of the laboratory tests. The
target concentration identified was 52,000 pg/mL.

2.2. Culture Investigations

The presence and concentration of Pseudomonas aeruginosa were measured (UNI EN
ISO 16266:2006 [54]) in the samples (1 = 8) presenting symptoms of yellowing disease and
in the samples (n = 10) without yellowing. The strains ATCC P. aeruginosa ATCC 9027 and
P. fluorescens (wild type) were used as reference microorganisms.

2.3. Antimicrobial Activity—Preliminary Assay

The Kirby-Bauer disk diffusion assay was used as a preliminary assay for evaluat-
ing the antimicrobial activity of grapefruit seed extract against several microorganisms:
P. aeruginosa ATCC 9027, P. fluorescens (wild type), S. aureus ATCC 6538, S. aureus MRSA
wild type, and C. albicans ATCC 2091. In the case of Pseudomonas spp., the microbial sus-
pension was prepared with P. fluorescens and P. aeruginosa previously isolated from the
specimens with bacterial disease. Each suspension presented a corresponding concentra-
tion of 1 McF (OD600). In addition, Muller-Hinton medium (agar 17.0 g/L, beef infusion
solids 2.0 g/L, casein hydrolysate 17.5 g/L, starch 1.5 g/L) was used in standard-diameter
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Petri dishes (90 mm), with a medium thickness of 4-5 mm. Then, a sterile swab dipped
into the suspension was used for surface seeding, repeating this operation four times by
rotating the plate 90 degrees each time. After the inoculum absorption, three 6 mm paper
discs impregnated with the grapefruit seed extract were positioned on the growth medium.
The plates were incubated at 37 °C for 24 h & 2. Readings were taken the following day by
measuring the diameter (mm) of the inhibition halos and obtaining values comparable to
standard values per microbial strain, indicating them as sensitive, intermediate, or resistant.

2.4. Inhibitory and Bactericidal Concentration—Broth Microdilution Susceptibility Test

P. aeruginosa ATCC 9027 and P. fluorescens (wild type) inocula were placed in 96-well
microplates with a concentration of 100,000 CFU/mL in nutrient broth with the test sub-
stance at different concentrations. A set of positive and negative controls was run in
triplicate with the samples to ensure reliability. Negative controls consisted of culture
broth and GSE to test sterility; positive controls were placed in the microwells with the
culture broth and without any treatment to verify inoculum vitality. The same technique
was used for S. aureus ATCC 6538, S. aureus MRSA wild type, Escherichia coli 25922, and
C. albicans ATCC 2091. The MIC (minimum inhibitory concentration) and MBC (minimum
bactericidal concentration) were determined [55]. After 24 h of incubation, the results were
read by observing the formation of a pellet; MIC was read (first microwell with no growth),
and MBC was determined (first well with no growth after the transfer of a given volume
into universal agarized medium).

2.5. Antibiofilm Activity

A crystal violet assay [56] was applied to evaluate the antibiofilm activity of grapefruit
seed extract on the microorganisms targeted. The microbial strains were revitalized in TSB
(tryptic soy broth) for 24 h at 37 °C. Then, 100 pL of the microbial suspension, equal to
0.5 McF with OD600, was transferred to three wells of the microplate with supplementation
of 10 pL of 1% glucose solution and incubated at 37 °C for 24 h without agitation. Positive
and negative controls and the samples were run in triplicate. For positive controls, 100 uL
of microbial suspension was prepared by adding 10 pL of the glucosate solution and
100 uL of 1% DMSO. For negative controls, 100 uL of TBS, 100 uL of grapefruit seed
extract at the target concentration, and 10 uL of 1% gluconate solution were added. In
the next 24 h of incubation, TBS was withdrawn with a micropipette and replaced with
TBS-containing grapefruit seed extract at the target concentration. The controls did not
undergo any treatment. After 24 h of incubation at 37 °C, the suspended medium was
removed from the treated and positive controls in all microwells, and the formed biofilms
were subjected to three washes with 300 uL of 0.01 mol phosphate-buffered saline (PBS,
pH = 7.4) to remove weakly bound cells. It was then allowed to dry for one hour inside a
thermostat at 37 °C. In the second step, the cells, bound on the surface, were fixed with
200 pL of methanol for 20 min. Excess methanol was removed and allowed to dry for 24 h.
Next, staining with 200 uL of 2% Hucker’s Crystal Violet for 15 min was performed. The
biofilm thus impregnated was washed three times with 300 uL sterile deionized water to
remove the unbound dye and then dried at room temperature for 30 min. Then, 200 uL of
the biofilm-bound crystal violet was dissolved in 33% glacial acetic acid, and absorbance
was measured at 570 nm (Cary 60 UV-Vis Spectrophotometer). The percentage of biofilm
eradication was calculated using the following formula (O.D.: optical density):

O.D. positive control — O.D. treated

1
O.D. positive control X100

% of eredication =

2.6. Field Experiment

The field experiment was conducted at the mushroom farm from September-October
2023. The external climatic conditions were characterized by temperatures ranging from
19 to 29 °C in September and 16 to 27 °C in October; the average humidity was 67% in
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September and 72% in October. An optimal microenvironment for the growth of cardoncello
was guaranteed by a breathable cloth cover and a wooden support one meter above the
ground on which the pre-inoculated mushroom substrate blocks were placed. In addition,
to prevent fungal diseases caused by vectors, netting and several traps were placed on
the upper arch. The extract was sprayed on mushroom specimens treated (n = 50) at a
concentration of 52,000 pg/mL; a control group was sprayed with sterile water (n = 90).
The treatment lasted about 20 days for each mushroom block from before the sprouting
phase to harvesting. A total of 100 mL of extract diluted in sterile saline solution was
sprayed (distance between 20 and 30 cm) on the soil and treated mushrooms (about 5 mL
per day diluted in 15 mL of sterile saline solution). The culture was monitored from the
early stages of development to the adult stage, recording the number of specimens with
bacterial disease both in treated and control groups. The spent substrate from mushroom
cultivation was disposed of after the harvesting cycle.

3. Results
3.1. Preliminary Inspections

Among the basidiomata sampled during the inspections on the mushroom farm that
took place from September 2022 to June 2023, Pseudomonas aeruginosa was found only in
the ones affected by yellowing. The features of the healthy mushrooms defined by the
producers during routine screenings, namely, appearance, size, and texture, were displayed
to the technical staff and considered the standard for the final evaluation of treated P. eryngii.

3.2. GSE Analysis

The flavonoid compounds measured in the methanolic phase of GSE through UHPLC-
Qtof-MS analysis are reported in Table 1.

Table 1. Quantitative analysis and accurate mass for flavonoids determined using UHPLC-Qtof-MS.
RT retention time; m1/z ratio of mass to charge; A (ppm) mass error of an assignment when comparing
a theoretical m/z and the experimentally observed m/z.

RT mlz mlz Major

Flavonoids (min) Formula Experimental  Theoretical A (ppm) Fragmentaion mg/L
Rutin 6.49 Co7H30016 611.1606 611.1607 —0.16 303.0496 99.03
Naringin 9.75 CorH3pO14 581.1864 581.1865 —0.17 273.0752 46.57
Hesperidin 9.25 CasH3,015 611.1967 611.1970 —0.49 303.0857 45.76
Neohesperidin 16.11 CosH34015 611.1972 611.1970 0.33 303.0874 168.29
Naringenin 19.23 C15H1205 273.0758 273.0757 0.36 287.0904 3515.05

The polar metabolites detected in the GSE by GC-MS analysis are shown in Table 2.
No synthetic compounds were detected. The Kovats indexes calculated for the different
compounds are reported in Table 2 in comparison with the Kovats indexes reported in the
NIST (National Institute of Standards and Technology) database.

For HPLC-Qtof-MS and GC-MS chromatograms of GSE see Supplementary Figures S1
and S2.

3.3. In Vitro Analysis

The Kirby-Bauer disk diffusion assay demonstrated the antimicrobial activity of GSE
against P. aeruginosa ATCC 9027, P. fluorescens wild type, S. aureus ATCC 6538, S. aureus
MRSA wild type, E. coli ATCC 8739, and C. albicans ATCC 2091. The inhibition halos for
P. aeruginosa ATCC 9027 and P. fluorescens wild type were 8 mm and 22 mm, respectively.
The inhibition halo diameters for each of the microorganisms tested are shown in Figure 2.
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Table 2. Percentage composition of polar metabolites detected in the GSE by GC-MS analysis. RT
retention time. NA, not available.

Calculated Theoretical
RT Compounds % Kovats Retention Kovats Retention
Indexes Indexes

18.944 Lactic Acid, 2TMS derivative 14.69208 1055 1057
21.066 Diacetin, TMS 3.489502 1105 NA
22.808 Glycerol, 3TMS derivative 56.27466 1279 1282
26.651 Diacetin, TMS 5.599487 1105 NA
26.952 1,2,3-Butanetriol-3TMS 10.27547 1285 1286
27.853 Butane, 1,2,3-tris(trimethylsiloxy)-TMS 0.131453 1285 1285
28.013 Monocaproin, 2TMS 0.13052 1886 1886
28.613 Diglycerol, 4TMS derivative 0.3968 1902 NA
30.696 Ascorbic acid, 4TMS derivative 5.920048 1968 1971
31.777 9-Octadecenenitrile 0.23135 2315 NA
33.338 Citric acid, 4TMS derivative 1.752973 2618 2622
34.64 Oleamide, TMS derivative 1.105656 2763 2765

Antimicrobial activity

N N w
o (%] o

Inhibition halo diameter (mm)
s

10
5
0 .
Pseudomonas  Pseudomonas  Staphylococcus  Staphylococcus T 2 Candida
i Escherichia coli i
aeruginosa fluorescens aureus ATCC aureus MRSA ATCCB739 albicans ATCC
ATCC 9027 (wild type) 6538 (wild type) 2091
umm 8 20 17 20 15 25

Figure 2. Antimicrobial activity-inhibition halo histograms. Diameters of inhibition halos (Kirby—
Bauer disk diffusion assay) related to the grapefruit seed extract action are expressed in mm.

The MIC and MBC values established through the broth microdilution susceptibility
test for P. aeruginosa ATCC 9027, P. fluorescens wild type, S. aureus ATCC 6538, S. aureus
MRSA (wild type), and E. coli ATCC 8739 are shown in Table 3.

The percentages of inhibition established through the crystal violet assay for P. aeruginosa
ATCC 9027 and P. fluorescens wild type were 1.15% and 0.15%, respectively. The percentages
of inhibition for each of the microorganisms tested are shown in Figure 3.

There was no evidence of bacteriostatic and antibiofilm activity on C. albicans ATCC 2091.
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Table 3. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values established through the broth microdilution susceptibility test for each of the microorgan-
isms tested.

Target Microorganisms MIC MBC
Staphylococcus aureus ATCC 6538 162,5 ug/mL 650 ug/mL
Staphylococcus aureus MRSA wild type 325 pg/mL 325 pg/mL

Pseudomonas aeruginosa ATCC 9027
Pseudomonas fluorescens wild type

Escherichia coli 8739 650 ug/mL 1300 pg/mL
Candida albicans ATCC 2091 - -

650 pg/mL 1300 pug/mL

Antibiofilm activity

30% 28%
25%
E 20% 17.6%
S
E 15%
—
o
= 10%
2% % 1.4%
115 0.15% : 0%
0% I 1 I 1
Pseudomonas  Pseudomonas Stophylococcus Stophylococcus Escherichia coli Candida
aeruginosa Jfluorescens gureus ATCC  aureus MASA ATCC 8739 albicans ATCC
ATCC 9027 (wild type] 6538 {wild type) 2091

Microorganism

Figure 3. Antibiofilm activity—% of inhibition histograms. Percentages obtained with the crystal
violet assay.

3.4. In Vivo Analysis

During the field experiment, none of the P. eryngii treated with the grapefruit seed
extract manifested bacteriosis, while three cases were observed in the controls. Field
testing of the substance demonstrated protective efficacy in preventing contamination and
subsequent bacterial debasement. Furthermore, according to manufacturers, the treated
mushrooms were of the same quality as the healthy untreated ones, presenting the same
appearance, size, color, and a slightly softer stem.

4. Discussion

The bacteriosis of cardoncello manifests as the appearance of reddish-brown cankers
extending from the cap to the stem, inducing a change in the color and organoleptic charac-
teristics of the product [23,57,58]. The Pseudomonadaceae family has been identified as
a major culprit in the etiology of such bacterial diseases [58,59], particularly the species
aeruginosa, pathogenic to humans, and fluorescens, which may cause acute opportunistic clin-
ical manifestations of bacteremia in individuals with compromised immune systems [60].
Bacterial contamination by Pseudomonadaceae may both directly and indirectly harm the
consumer since the presence of lesions on the fungus’ surface promotes contamination by
other species of microorganisms [61,62]. Furthermore, a decrease in the number and quality
of the fungi grown represents an important risk of economic loss for producers. In this
context, our study is the first to evaluate the efficacy of the GSE against P. eryngii bacterial
blight and to suggest its possible use for preventive purposes. Nowadays, great efforts
are being devoted to finding innovative and natural alternatives to chemicals to prevent
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alterations in food products and guarantee food safety and maximum productivity. Pure
GSE is among the several bioactive compounds originating from natural sources, and it is
widely accepted and recognized as safe for direct or indirect use in food. GSE in its pure
form is non-toxic and “chemical-free” (marketing term), namely, safe and environmentally
friendly, containing natural ingredients only. Therefore, the use of pure GSE on food or
food matrices is not expected to harm consumers and the environment. However, some
commercial GSEs contain synthetic compounds [63,64], such as benzethonium chloride
and benzalkonium chloride, that may derive from the conversion of unstable polyphenols
during GSE extraction and purification. These compounds exhibit potent antimicrobial ac-
tivity and some toxicity at high concentrations [51]. For these reasons, in the present study,
we used a GSE free from these synthetic compounds. This approach enabled a reliable
evaluation of GSE efficacy in protecting P. eryngii crops from bacterial contamination while
considering safety aspects and potential environmental impacts. Therefore, we can state
that the antimicrobial activity exhibited by the GSE used in this study is attributable to its
natural content in polyphenols, especially flavonoids such as naringin.

The Kirby-Bauer disk diffusion assay demonstrated that the investigated GSE was
active against all Gram-positive and Gram-negative bacteria, as well as C. albicans. GSE
exhibited the largest zones of inhibition for C. albicans, P. fluorescens, and Staphylococcus
MRSA. The crystal violet assay showed that GSE exerted antibiofilm activity on all the
microorganisms tested except for C. albicans. In terms of percentage of inhibition, a certain
variability was observed, reflecting, in our opinion, the complexity of the biofilm simulated
in vitro. These findings are consistent with the literature concerning P. aeruginosa spp.,
S. aureus MRSA, and E. coli [29,32,65-67]. In the literature, the mechanism of GSE antimicro-
bial activity has been attributed to the disruption of the bacterial membrane and liberation
of the cytoplasmatic content [33]. The antibiofilm effect of GSE on S. aureus and E. coli has
been attributed to changes in the exopolysaccharide production rate and mobility, as well
as changes in hydrophobicity in E. coli only [68].

The field experiment demonstrated that spraying GSE twice a day from before the
sprouting phase to harvesting can prevent the growth of P. fluorescens and P. aeruginosa dur-
ing the cultivation of cardoncello, which is particularly critical under several environmental
circumstances. The extract antimicrobial effects were not affected by the 20-30 cm distance
required for the application, suggesting that GSE is suitable as a spray. The application of
GSE as a measure of prevention of bacterial blight occurrence is worth further investigation
not only on P. eryngii but also on other foodstuffs. Furthermore, given the current attention
to the nutraceutical use of naringin and other flavonoids, the potential added value of
foods supplemented with GSE deserves consideration.

Limitations and Future Directions

Since this work is the first to evaluate the effectiveness of GSE in preventing P. eryngii
yellowing, it should be considered a pilot study. It has several limitations, such as the small
number of basidiomata we were able to treat due to economic constraints of the producers.
We did not conduct a challenge test with Pseudomonas spp. and analyzed the quality of
treated mushrooms in terms of appearance, shape, color, and texture only.

The next steps to validate this natural control strategy involve (i) larger scale exper-
imentation with at least three to five biological replicates (including 25-50 mushrooms
each), which is also essential to confirm further that the slight changes in the texture due to
reiterate nebulization do not affect the final quality of the products; (ii) deep evaluation of
treated mushroom quality, including polyphenol oxidase (PPO) activity, sensory analysis,
and chemical characterization; and (iii) conducting a challenge test with Pseudomonas spp.
Furthermore, in the following stages, we plan to compare GSE with chemical compounds
and study its mechanism of action on Pseudomonas spp. to gain a deeper understanding
of GSE characteristics and levels of effectiveness. Moreover, considering that naringin’s
antioxidant activity is affected by light and high temperatures (>100 °C) [69,70], we plan
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to investigate the naringin concentration and bioavailability in the final product treated
with GSE.

5. Conclusions

P. eryngii yellowing is a disease that can occur in all the basiodiomata development
phases, from sprouting to commercial maturation. It can bring huge economic damage to
producers due to its rapid spread in P. eryngii cultivations and the current lack of standard-
ized control measures. The present work contributes to the knowledge of the antimicrobial
efficacy of natural GSE and provides valuable input to the branch of research aimed at
preventing and controlling P. eryngii yellowing. Our findings support the use of GSE to
protect P. eryngii crops from bacterial contamination, particularly from Pseudomonas spp.,
which have often been identified as responsible for the yellowing. Atomizing GSE pre-
and post-sprouting represents a promising eco-friendly and sustainable control strategy
alternative to chemical treatments to ensure food safety and prevent financial losses due
to P. eryngii spoilage. In addition, due to its content in naringin and other bioactive com-
ponents, GSE opens new horizons regarding its use as a nutraceutical in food fortification
and supplementation. Due to the limitations mentioned above, our preliminary findings,
although encouraging, require larger and deeper studies to be further validated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13081161/s1. Figure S1: HPLC-Qtof/MS chromatogram of
GSE; Figure S2: GC-MS chromatogram of GSE.
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Abstract: Food-borne pathogens and their toxins cause significant health problems in humans.
Formation of biogenic amines (BAs) produced by microbial decarboxylation of amino acids in
food is undesirable because it can induce toxic effects in consumers. Therefore, it is crucial to
investigate the effects of natural additives with high bioactivity like spice extracts to inhibit the
growth of these bacteria and the formation of BAs in food. In the present study, the antibacterial
effects of diethyl ether spice (sumac, cumin, black pepper, and red pepper) extracts at doses of
1% (w/v) on Gram-positive (Staphylococcus aureus and Enterococcus faecalis) and Gram-negative
(Klebsiella pneumoniae, Pseudomonas aeruginosa, Campylobacter jejuni, Aeromonas hydrophila, Salmonella
Paratyphi A, and Yersinia enterocolitica) food-borne pathogen bacterial strains (FBP) were established.
In addition, the accumulation of ammonia (AMN), trimethylamine (TMA), and biogenic amines
(BAs) in tyrosine decarboxylase broth (TDB) was investigated by using high performance liquid
chromatography (HPLC). Sumac extract exhibited the highest antibacterial potential against all FBPs,
followed by cumin and peppers. AMN (570.71 mg/L) and TMA (53.66 mg/L) production were
strongly inhibited by sumac extract in the levels of 55.10 mg/L for Y. enterocolitica and 2.76 mg/L for
A. hydrophila, respectively. With the exception of S. aureus, black pepper dramatically reduced the
synthesis of putrescine, serotonin, dopamine, and agmatine by FBP especially for Gram-negative
ones. Furthermore, sumac extracts inhibited histamine and tyramine production by the majority of
FBP. This research suggests the application of sumac extracts as natural preservatives for inhibiting
the growth of FBPs and limiting the production of AMN, TMA, and BAs.

Keywords: biogenic amine; food pathogenic bacteria; inhibition; spice; food safety

1. Introduction

Due to a rise in the cases of food poisoning-related mortality, there has been a growing
global demand for safe food. Food-borne pathogens (FBPs) are known to spread disease
through infection, and they can also produce toxins that result in food poisoning. Gram-
positive and Gram-negative bacteria are the primary cause of most illnesses and fatalities [1].
Most food-borne illness outbreaks that have been documented are linked to well-known
organisms, including Salmonella, Campylobacter, Norovirus, Listeria monocytogenes, and
Escherichia coli that produces Shiga toxin. Staphylococcus aureus, Clostridium species, Bacillus
cereus, Yersinia enterocolitica, parasites, and other pathogens have also been shown to
cause diseases on occasion [2]. Biogenic amine-related toxins have become a significant
concern due to their potential to be poisonous and carcinogenic, as well as to trigger
headaches, dizziness, and heart palpitations [3]. As a result of the activities of microbes
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during processes of decarboxylation, transamination, reducing amination, and compound
degradation, poisonous nitrogenous chemicals called biological amines are produced [4].
Consequently, biogenic amines (BAs) are frequently used as a sign of the quality and safety
of food.

Histamine and tyramine, the two main BAs found in foods, are among the most
hazardous and extensively studied amines [4]. A strict monitoring system and regulatory
limits have been established at various levels for histamine and tyramine BAs, taking into
account the variations in foods and processing methods. It is known that the other BAs have
a synergistic effect on raising the harmfulness of histamine and tyramine [2]. Therefore,
different approaches to prevent or manage the concentration of BAs are required to enhance
food safety and quality as well as human health [5]. Many practices have been approved for
lower BAs, including the following: using food additives or bioactive compounds (phenolic
or terpenoids), using multiple starter cultures during the fermentation process, gamma
irradiation, cold storage temperatures, high-hydrostatic pressure processing (HHP), food
packaging procedures, and so on [6,7]. There has been a growing interest among consumers
in clean label foods, which are the foods preserved using natural antimicrobials [8]. Due to
their high antioxidative and antibacterial activity, spices are among the most commonly
used natural antimicrobials for food preservation.

Spices are made from various plant parts, including roots, rhizomes, stem bark, leaves,
fruits, flowers, and seeds [9,10]. Foods are often flavored and colored with spices [11].
In most cases, spices are sold powdered, making them vulnerable to food fraud [12]. It
has been reported that many unbranded spices readily available in the markets contain
synthetic dyes; therefore, they pose a health risk to humans [13]. As an alternative to their
powdered form, extracts of spices have often been used to formulate foods. In this respect,
various extraction solvents are used; however, they have an impact on the bioactivity
of the extracts. Spice extracts have gained a lot of attention due to their wide range of
bioactivities and are generally recognized as safe (GRAS). However, there is currently
little research on how spice extracts affect the synthesis of bacterial biogenic amines in
various mediums. The presence of biogenic amines can be detected by using a variety of
media. Using different types of media for detecting biogenic amines has its advantages and
disadvantages. For example, agar plates provide a simple and cost-effective method, but
they may have limited sensitivity. On the other hand, liquid media offer higher sensitivity,
but they can be more time-consuming and require specialized equipment for analysis.
In this respect, different broths have been used to count bacteria that produce amines
to determine the presence of BAs. Furthermore, an accumulation of amines is found to
be greater in Tyrosine decarboxylase broth (TDB) [14-16]. Therefore, the present study
aims at assessing the effects of diethyl ether-extracted spice extract on the growth and
generation of biogenic amines by Gram-positive (Staphylococcus aureus ATCC 29213 and
Enterococcus faecalis ATCC 29212) and Gram-negative (Klebsiella pneumoniae ATCC 700603,
Pseudomonas aeruginosa ATCC 27853, Campylobacter jejuni ATCC 33560, Aeromonas hydrophila
NCIMBL1135, Salmonella Paratyphi A NCTC13, and Yersinia enterocolitica NCTC 11175)
food-borne bacteria.

2. Materials and Methods
2.1. Spices, Chemicals, and Cultural Media

A total of four different dried spices identified based on their botanical names were
used in this study: sumac (Rhus coriaria L.), cumin (Cuminum cyminum L.), black pepper
(Piper nigrum), and red pepper (Capsicum annuum). All these spices were acquired from
a local market in Adana, Turkey. The spices were ground and dried. The compounds of
diethyl ether, active carbon, tyrosine, peptone, Lab-Lemco powder, NaCl, pyridoxal-HCI,
trimethylamine hydrochloride, ammonium chloride were obtained from Merck (Darmstadt,
Germany) and Sigma-Aldrich (Seelze, Germany). Biogenic amines standards, e.g., his-
tamine dihydrochloride, tyramine hydrochloride, tryptamine hydrochloride, putrescine
dihydrochloride, 2-phenylethylamine hydrochloride, cadaverine dihydrochloride, sper-
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midine trihydrochloride, spermine tetrahydrochloride, 5-hydroxytryptamine (serotonin),
3-hydroxytyramine hydrochloride (dopamine), agmatine sulphate, trichloroacetic acid,
benzoyl chloride, acetonitrile NaOH, were acquired from Merck (Darmstadt, Germany)
and Sigma-Aldrich (Seelze, Germany). All of them were of analytical reagent quality.
Culture media, e.g., nutrient broth and plate count agar (PCA), were purchased from Merck
(Darmstadt, Germany), and Biokar (Beauvais, France) Difco, respectively.

2.2. Bacterial Strains

Reference bacterial strains, e.g., Staphylococcus aureus (ATCC 29213), Klebsiella pneu-
moniae (ATCC 700603), Enterococcus faecalis (ATCC 29212), Pseudomonas aeruginosa (ATCC
27853), and Campylobacter jejuni (ATCC 33560) used in this study were obtained from the
American Type Culture Collection (Rockville, MD, USA). Aeromonas hydrophila (NCIMB1135),
Salmonella Paratyphi A (NCTC13), and Yersinia enterocolitica (NCTC 11175) were obtained
from the National Collection of Industrial Food and Marine Bacteria (Aberdeen, UK) and
the National Collection of Type Cultures (London, UK).

2.3. Spice Extraction

The solvent extraction technique was used to extract the spices. An extraction thimble
(30 x 80 mm, Whatman 2810-338, UK) made from cellulose was used to combine 200 g
of powdered spice with 1 L of diethyl ether and carried out in a reflux extractor. The
mixture was then extracted for 4 h at 60 °C. Extraction process was carried out twice for
each spice. To remove the color of the extracts, 40 g of activated carbon (Merck, Darmstadt,
Germany) was used to bleach them for 30 min at 60 °C after extraction. After the extracts
had been filtered through Whatman No. 1 filter paper (Maidstone, UK), the impurities
were eliminated from the extracts. A rotary evaporator (Heidolph WB 2000, Heidolph
Instruments, Schwabach, Germany) was used to extract the organic solvent. Before further
use, the dried extracts were stored at —20 °C and protected from light. In order to carry out
the antibacterial and biogenic amine analyses, the spice extracts were sterilized for 15 min
at room temperature (22 °C) in a Telstar Bio IIA biological cabinet (Telstar, Madrid, Spain)
using UV radiation (30 W, 253.7 nm wavelength, 50 cm away from the light source).

2.4. Culture Media and Biogenic Amines (BAs) Extraction

The method outlined by Klausen and Huss [17] was used to measure the synthesis
of ammonia (AMN), trimethylamine (TMA), and BAs by reference to FBP staining, in
tyrosine decarboxylase broth (TDB). Food-borne pathogens were cultured for two or three
days at their ideal growth temperature in nutrient broth. After that, 0.5 mL of each
bacterial culture was added to the TDB for tyrosine decarboxylation over the course of 72
h, yielding 106 colony-forming units per mL (106 cfu/mL) as measured by the McFarland
cell densitometer (Biosan DEN 1, Riga, Latvia). Spice extracts were added to the TDB at
a concentration of 1% (w/v), following bacterial inoculation. All extracts were tested in
triplicate on the same day for all groups. As a part of the extraction process, five milliliters
of TDB containing food-borne pathogens were divided into separate bottles and then added
with two milliliters of trichloroacetic acid (6%, w/v) in order to extract biogenic amines. A
filter paper with a pore size of 11 m (Schleicher and Schuell, Dassel, Germany) was then
used to filter the extracts; then, they were centrifuged for 10 min at 3000 x g. A total of four
milliliters of each bacterial supernatant was collected for the analysis, and the procedure
was carried out in three duplicates.

2.5. Analysis of BA by HPLC after Derivatization

The method outlined by Ozogul [18] was followed in order to prepare a standard
amine-mixed aqueous solution containing ammonium chloride, trimethylamine hydrochlo-
ride, and twelve amines. Derivatization of a 100 pL standard amine solution containing
10 mg of each amine per microliter was accomplished by adding 40 mL of 2% (v/v) benzoyl
chloride in acetonitrile and 1 mL of aqueous 2 M NaOH solution. After shaking the solution
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for one minute in a vortex mixer, it was allowed to stand at room temperature and shielded
from light for 20 min. Afterwards, the derivatization was stopped by adding 2 mL of
saturated aqueous NaCl solution. The resultant solution was extracted twice with two
milliliters of diethyl ether. The top layer was then separated, put into sterile sample tubes,
dried with a nitrogen stream, and combined with one milliliter of acetonitrile. The BAs
were separated and quantified by performing triplicate injections of 10 uL of the produced
solution into Shimadzu HPLC equipment (Kyoto, Japan), following the HPLC approach
previously described by Ozogul [19]. The samples of extracted bacterial cultures were
prepared in the same manner as those of the standard mixed amine solution, with the
exception that 4 mL of each extracted bacterial culture was replaced with 100 mL of the
standard mixed amine solution during the derivatization procedure.

The method outlined by Ozogul [19] was used to determine the concentrations of BAs,
TMA, and AMN. The results were expressed as milligrams of BAs (or TMA and ammonia)
per litter of TDB (mg/L). There was an HPLC apparatus used in this study, which was
a Shimadzu Prominence HPLC unit (Shimadzu, Kyoto, Japan), equipped with an HPLC
ODS Hypersil column, 5 pm (250 x 4.6) mm (Phenomenex, Macclesfield, Cheshire, UK),
an autosampler (SIL 20AC), a column oven (CTO-20AC), a communication bus module
(CBM-20A) featuring a valve unit FCV-11AL, and two binary gradient pumps (Shimadzu
LC-10AT).

2.6. Chromatographic Separation

In order to conduct the chromatographic separation, gradient elutions were performed
using acetonitrile (eluant A) and HPLC grade water (eluant B) at a flow rate of 1.2 mL/min.
The injection volume was 10 uL, and the overall separation time was less than 20 min.
Detection was monitored at 254 nm. Standard curves were created for each amine ranging
from 0 to 50 mg/mL. A correlation coefficient of peak area versus amine standard concen-
trations was computed for each compound following the injection of five duplicates of each
standard solution of amine. The curves for each benzoylated amine showed a correlation
coefficient (r) greater than 0.99.

2.7. Determination of Different Bacterial Growths in Tyrosine Decarboxylase Broth (TDB)

After appropriate dilutions (10~ CFU/mL) were made of each bacterial culture in
the TDB, 0.1 mL was inoculated in triplicate onto plate count agar (PCA, Merck, Darmstadt,
Germany) plates using a spread plate approach. Following 72 h of incubation at 30 °C, the
results were obtained as the logarithm of total viable colony-forming units per milliliter of
broth, log (average standard deviation), and log (CFU/mL).

2.8. Statistical Analysis

The results were calculated using triplicate samples for each spice (per treatment). An
analysis of variance (ANOVA) was performed and Duncan’s multiple range tests were
run on the data when there were significant differences at p < 0.05. Statistical differences
between the control and spice extracts were determined based on pathogen concentrations
and BA contents. All statistical analyses were conducted using SPSS version 19 for Windows
(SPSS Inc., Chicago, IL, USA).

3. Results and Discussions
3.1. Bacterial Growth in Tyrosine Decarboxylase Broth

The results of different food-borne pathogen bacterial growths in TDB are shown
in Figure 1. Due to sumac’s higher antimicrobial activity, sumac extract demonstrated
significant inhibition of both Gram-positive (S. aureus and E. faecalis) and Gram-negative
(K. pneumoniae, P. aeruginosa, C. jejuni, A. hydrophila, S. Paratyphi A, and Y. enterocolitica)
bacteria. The highest inhibition levels were observed for Y. enterocolitica, ranging from
8.61 to 5.05 log (CFU/mL). P. aureginosa was inhibited at similar levels by cumin extract and
sumac extract. Cumin, red pepper, and black pepper extracts also inhibited K. pneumoniae
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and E. faecalis at similar levels. For all microorganisms tested, cumin, black pepper, and
red pepper spice extracts inhibited bacteria below 1.0 log (CFU/mL). Sumac extract was
shown to be effective against several Gram-positive and Gram-negative bacteria in previous
studies [20,21]. The presence of several polyphenolic compounds in sumac was linked to
antibacterial activity [22]. On the other hand, a previous study reported that cumin extract
exhibited lower bactericidal activities [23]. Impacts of drying technique and extraction
solvents on antibacterial activity were earlier discussed, highlighting the role of different
drying techniques (degrading the bioactive compound) and solvents (poor solubility of the
bioactive compound) on the extraction of bioactive compounds responsible for activity [24,
25].

Bacterial growth
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Figure 1. Food-borne pathogen growth in tyrosine decarboxylase broth. a—c indicate significant
differences (p < 0.05) among groups. Spice extracts were added in tyrosine decarboxylase broth at a
concentration of 1% (w/v).

3.2. Ammonia, Trimethylamine and BAs production in Tyrosine Decarboxylase Broth

There are three types of BAs that are present in food. Heterocyclic BAs (histamine
and tryptamine), aliphatic BAs (putrescine and cadaverine), and aromatic BAs (tyramine
and phenylethylamine). A further categorization is based on the quantity of amine groups,
which include polyamines (spermidine and spermine), diamines (histamine, putrescine,
and cadaverine), and monoamines (tyramine and phenylethylamine) [26]. BAs such as
diamines, polyamines, and TMA are detected to monitor the freshness or spoilage rate of
food. The most dangerous amines are histamine and tyramine, which are the two primary
BAs present in food [4]. Inhibitory effects of four spice extracts, e.g., sumac, black pepper,
red pepper, and cumin on the production of ammonia (AMN), trimethylamine (TMA),
and the formed BAs (putrescine, cadaverine, spermidine, tryptamine, phenylethylamine,
spermine, serotonin, dopamine, and agmatine) produced by eight food-borne bacteria using
TDB are presented in Table 1. AMN production was between 543 mg/L by A. hydrophila
and 844 mg/L by K. pneumoniae. A significant inhibition of ammonia production was
observed with all spice extracts (>75%), particularly sumac, which inhibited five microbial
strains, e.g., S. aureus (90%), S. Paratyphi A (91%), K. pneumoniae (80%), E. faecalis (87%), and
Y. enterocolitica (92%). There was an 80% inhibition of P. aeruginosa and a 75% inhibition of
C. jejuni by black pepper whereas 89% of inhibition of A. hydrophila by cumin was observed.
The maximum production of cadaverine and putrescin was recorded by S. Paratyphi A (4.39
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mg/L)and C. jejuni (35.49 mg/L). The control sample (without spice extract) had a generally
high level of BAs formation (except for tryptamine and phenylethylamine). Extracts of
cumin exhibited higher values than control samples. A similar pattern was observed with
putrescine, where sumac extract inhibited five species (>50%) other than K. pneumoniae
(50%), whereas black pepper extract inhibited stronger inhibition for A. hydrophila (47%)
and Y. enterocolitica (90%). The production of cadaverine in all evaluated microorganisms
was most resistant to spice extracts, with the exception of S. Paratyphi A, for which an
inhibition of 60% was observed in the presence of sumac extract. However, among extracts
tested, there was a higher increase in cadaverine production with cumin extract over control.
Sumac extract was the most effective inhibitor of the four spice extracts evaluated, followed
by black pepper and red pepper extracts. Spermidine production peaked at 90.22 mg/L,
primarily generated by E. faecalis. Black pepper extract was found to be the most effective
against spermidine production, inhibiting over 70% of all evaluated microorganisms.
Similarly, sumac inhibited spermine production in all samples. In comparison to other
extracts, sumac extract were found to promote serotonin generation in bacteria (S. aureus,
S. Paratyphi A, K. pneumoniae, E. faecalis, and P. aeruginosa). Additionally, cumin extract
promoted serotonin production for all three remaining microorganisms. The results showed
that red pepper extract was effective on inhibition the production of trimethylamine by A.
hydrophila, while black pepper inhibited the formation of trimethylamine by P. aeruginosa,
E. faecalis, and S. Paratyphi A. Among all tested microorganisms, pepper-based extracts
significantly retarded dopamine production. Sumac extract inhibited the production of
agmatine by all tested microorganisms with the exception of S. aureus.

Microorganisms secrete endogenous enzymes (amino acid decarboxylase) and ex-
ogenous enzymes for decarboxylation of proteins and amino acids [4]. Cumin extract
intensifies the production of tryptamine, phenylethylamine, and spermidine BAs due to
its synergistic effect with TDB broth in decarboxylating phenylalanine and tryptophan,
thereby producing phenylethylamine and tryptamine. This is the first study to suggest
that spice extract increases BAs production, which could be explained by the abundance
of alkaloid in cumin, because alkaloid content has been associated with increasing BAs
production. [4,27-29]. The sumac extract was the most effective inhibitor, followed by the
black pepper, red pepper, and the cumin extracts. In this study, sumac extract was observed
to suppress BAS production, which could be ascribed to the fact that sumac extract con-
tained 211 different kinds of phytochemicals, such as polyphenols, organic acids (mallic
and tannic acid), and flavonoids [30-34]. Peppers (black and red) were reported to be the
sources of bioactive capsaicin, piperine, flavonoid, amide, and organic acid constituents,
confirming their ability to inhibit biogenic amine production. Several studies show that the
bioactive components in spice extracts are antibacterial, inhibiting the actions of endoge-
nous enzymes, and also targeting Gram-positive and Gram-negative bacteria [8,32,35-39].
However, the antibacterial action led to the inactivation of microorganisms that caused BA
production. In addition, bioactive constituents present in spices were reported to inhibit
enzymatic activities due to their high antioxidant potential, which is mainly responsible for
decarboxylation of amino acids [40-42].
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3.2.1. Histamine Production by Food-Borne Pathogen Bacteria in Tyrosine Decarboxylase Broth

Histamine is regarded as BAs that is dangerous when taken into the human body
at high proportions—(100 mg/kg) [32]. Histamine is usually produced from histidine
converted by microorganisms or their enzymes [43]. Histamine is generally used for the
estimation of quality and freshness indexes for meat-based foods [3]. Among all of the
microorganisms evaluated, sumac extract had the strongest inhibitory effect (<10 mg/L) on
histamine production (Figure 2). On the other hand, Y. enterocolitica was completely inhib-
ited. This was followed by red pepper, which exhibited significant inhibition (<10, mg/L),
for S. Paratyphi A, K. pneumoniae, Y. enterocolitica, P. aeruginosa, and A. hydrophila. As for the
rest of the samples, production was above 10 mg/L but below the maximum allowable
level. On the other hand, black and red pepper extracts were observed to promote the
production of histamine by S. aureus, S. Paratyphi A, and Y. enterocolitica. Cumin extracts
increased production by all FBP except for E. faecalis and A. hydrophila. Therefore, we can
speculate that spice extracts can be used against the production of histidine due to their
ability to inhibit bacterial growth, arrest biogenic amine synthesis, and inhibit amino acid
decarboxylation, specifically enzyme (histidine decarboxylase) activity [44,45].
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Figure 2. Histamine production by food-borne pathogen bacteria in the presence of spice extracts
in tyrosine decarboxylase broth. a—e indicate significant differences (p < 0.05) among groups. Spice
extracts were added to the in tyrosine decarboxylase broth at a concentration of 1% (w/v).

Similar results were demonstrated by Shakila, Vasundhara [46] who detected the
efficacy of spice extracts (cinnamon, clove, turmeric, and cardamom) on in vitro histamine
production by Morganella morganii. Based on the proposed inhibition of histamine decar-
boxylation activity exhibited by spices, the aforementioned results were obtained. Some
extracts, however, were also found to promote amine production due to their lower activity
in inhibiting histamine decarboxylation, corresponding to a delay in amine production [42].

3.2.2. Tyramine Production by Food-Borne Pathogen Bacteria in Tyrosine Decarboxylase Broth

The tyramine production profile of microorganisms in TBD is shown in Figure 3. The
sumac extract significantly increased the formation of tyramine by S. aureus, S. Paratyphi A,
and P. aeruginosa. The black and red peppers were found to significantly inhibit tyramine
production by S. aureus, S. Paratyphi A, E. faecalis, Y. enterocolitica, and A. hydrophila. Also,
cumin extracts were observed to promote the production of tyramine at levels higher
than those produced in the control sample, with the exception of the strain C. jejuni, A.
hydrophila, and S. aureus. Tyrosine was observed to be produced by the tyrosine amino

97



Foods 2024, 13, 364

me/L

acid by the action of a microbial enzyme [3]. Tyramine is associated with several disorders
in humans, and in some cases its toxicity was reported to be higher as compared to
histamine [47]. There have been similar results regarding the impacts of spice extracts
on BAs (tyramine) production in minced meat [48]. It was concluded that spice extract
inhibited microorganism growth and amino acid decarboxylase activity, lowering the
production of amine. A recent molecular docking study has shown the ability of spices to
bind with the amino acid decarboxylase active site and inhibit the enzyme, resulting in less
BAs production and accumulation [49].

Tyramine
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Figure 3. Tyramine production by food-borne pathogen bacteria in the presence of spice extracts
in tyrosine decarboxylase broth. a—e indicate significant differences (p < 0.05) among groups. Spice
extracts were added to the in tyrosine decarboxylase broth at a concentration of 1% (w/v).

4. Conclusions

Sumac extract exhibited significant inhibition of Gram-positive and Gram-negative
bacteria, while cumin, black pepper, and red pepper spice extracts had lower bactericidal
activities. This study also demonstrated the inhibitory effects of four spice extracts (sumac,
black pepper, red pepper, and cumin) on the production of ammonia and BAs (histamine,
tyramine, putrescine, cadaverine, spermidine, tryptamine, phenylethylamine, spermine,
trimethylamine, serotonin, dopamine, and agmatine) by eight food-borne pathogen bacte-
ria using tyrosine decarboxylase broth. Results showed that sumac was the most effective
inhibitor, followed by black pepper, red pepper, and cumin extracts. All evaluated mi-
croorganisms produced less histamine when sumac extract was used, while cumin extract
induced histamine production. In order to ensure food safety, sumac extract is recom-
mended as a food preservative for controlling biogenic amine production. Further research
should be conducted on the various methods of extracting these materials, particularly
sumac extract. A variety of foods, their antioxidant and antibacterial properties, and their
safety aspects should be discussed in addition to their integrated or combined use with
other technologies. Integrating sumac extract with other technologies has the potential
to enhance its effectiveness and expand its applications. By combining it with innovative
delivery systems or processing techniques, we can unlock new possibilities for preserving
food, improving health, and combating bacterial infections. This integration could lead
to synergistic effects and create unique solutions in various fields such as food science,
medicine, and environmental sustainability.
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Obtained via Various Extraction Techniques

Bianca Eugenia Stefanescu 1 Sonia Ancuta Socaci 2, Anca Corina Farcas 2, Silvia Amalia Nemes 12

Bernadette Emgke Teleky 12, Gheorghe Adrian Martau '3, Lavinia Florina Calinoiu 1"*, Laura Mitrea 2%,
Floricuta Ranga 12, Dan Grigoroaea 4, Dan Cristian Vodnar 12 and Carmen Socaciu 2

Life Science Institute, University of Agricultural Sciences and Veterinary Medicine, 400372 Cluj-Napoca,
Romania; bianca.vodnar@usamvcluj.ro (B.E.S.); amalia.nemes@usamvcluj.ro (5.A.N.);
bernadette.teleky@usamvcluj.ro (B.E.T.); adrian.martau@usamvcluj.ro (G.A.M.);

floricutza_ro@yahoo.com (F.R.); dan.vodnar@usamvcluj.ro (D.C.V.)

Department of Food Science, Faculty of Food Science and Technology, University of Agricultural Sciences and
Veterinary Medicine, 400372 Cluj-Napoca, Romania; sonia.socaci@usamvcluj.ro (S.A.S.);
anca.farcas@usamvecluj.ro (A.C.E); carmen.socaciu@usamvcluj.ro (C.S.)

Department of Food Engineering, Faculty of Food Science and Technology, University of Agricultural
Sciences and Veterinary Medicine, 400372 Cluj-Napoca, Romania

Calimani National Park Administration, Saru Dornei, 727515 Suceava, Romania; danranger1966@yahoo.com
*  Correspondence: lavinia.calinoiu@usamvcluj.ro (L.E.C.); laura.mitrea@usamvcluj.ro (L.M.);

Tel.: +40-740-157-575 (L.E.C.); +40-745-897-829 (L.M.)

Abstract: This investigation aimed to assess the chemical composition and biological activities of
bog bilberry (Vaccinium uliginosum L.) leaves. Hydroethanolic extracts were obtained using four
extraction techniques: one conventional (CE) and three alternative methods; ultrasound (UAE),
microwave (MAE) and high-pressure (HPE) extractions. Spectrophotometric analysis was con-
ducted to determine their chemical content, including the total phenolic content (TPC) and to-
tal flavonoid content (TFC). Furthermore, their antioxidative and antimicrobial properties were
evaluated. HPLC (high performance liquid chromatography) analysis identified and quantified
17 phenolic compounds, with chlorogenic acid being the predominant compound, with the lowest
level (37.36 £ 0.06 mg/g) for the bog bilberry leaf extract obtained by CE and the highest levels
(e.g., HPE = 44.47 + 0.08 mg/g) for the bog bilberry leaf extracts obtained by the alternative meth-
ods. Extracts obtained by HPE, UAE and MAE presented TPC values (135.75 + 2.86 mg GAE/g;
130.52 + 1.99 mg GAE/g; 119.23 + 1.79 mg GAE/g) higher than those obtained by the CE method
(113.07 = 0.98 mg GAE/g). Regarding the TFC values, similar to TPC, the highest levels were regis-
tered in the extracts obtained by alternative methods (HPE = 43.16 + 0.12 mg QE/g;
MAE =39.79 £+ 0.41 mg QE/g and UAE = 33.89 + 0.35 mg QE/g), while the CE extract registered
the lowest level, 31.47 & 0.28 mg QE/g. In the case of DPPH (1,1-diphenyl-2-picrylhydrazyl) an-
tioxidant activity, the extracts from HPE, UAE and MAE exhibited the strongest radical scavenging
capacities of 71.14%, 63.13% and 60.84%, respectively, whereas the CE extract registered only 55.37%.
According to Microbiology Reader LogPhase 600 (BioTek), a common MIC value of 8.88 mg/mL
was registered for all types of extracts against Staphylococcus aureus (Gram-positive bacteria) and
Salmonella enterica (Gram-negative bacteria). Moreover, the alternative extraction methods (UAE,
HPE) effectively inhibited the growth of Candida parapsilosis, in comparison to the lack of inhibition
from the CE method. This study provides valuable insights into bog bilberry leaf extracts, reporting a
comprehensive evaluation of their chemical composition and associated biological activities, with
alternative extraction methods presenting greater potential for the recovery of phenolic compounds
with increased biological activities than the conventional method.

Keywords: bog bilberry leaves; biological activities; conventional extraction; high-pressure extraction;
microwave-assisted extraction; polyphenolic compounds; ultrasound-assisted extraction
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1. Introduction

Significant interest has grown in using bioactive compounds obtained from plants
for the treatment and/or prevention of various non-communicable diseases. Secondary
metabolites, including phenolic compounds, carotenoids, and other naturally occurring
plant-derived molecules, have been the subject of numerous studies, revealing their benefi-
cial impact on health [1]. Additionally, there has been a considerable focus on researching
and developing novel plant-derived functional products and dietary supplements, charac-
terized as nutrient-rich foods with a heightened concentration of antioxidants, a subject that
has been extensively investigated in recent years [2]. Many species of the Vaccinium genus
are renowned for containing a large amount and variety of phenolic compounds [3-6].

Vaccinium uliginosum L. (bog bilberry) is a wild bush indigenous to many parts of the
Northern Hemisphere, particularly at higher altitudes in Asia, and in North America and
Europe. This small shrub is circumpolar in the Arctic and boreal regions, and it grows on
moist and acidic ground, and many different types of wildlife animals consume both the
leaves and the fruits [7].

The fruits of V. uliginosum are characterized by the presence of anthocyanins and
flavonols. Bog bilberries have a distinct flavonol and anthocyanidin profile compared to
other Vaccinium berries. As a result, it appears that their phenolic profile could be utilized
to distinguish them from other berries [6,8].

The leaves of V. uliginosum are characterized by several groups of phenolic compounds.
In a study by Stanoeva et al. [9], their results revealed the presence of 20 phenolics in the
leaf extract from five groups of phenolic compounds: phenolic acids, flavonols, flavanols,
iridoids and cinchonain. The extract obtained from V. uliginosum leaves is abundant in
chlorogenic acid, comprising 64% of the total amount of phenolic acids. The leaves also
contain several other phenolic acids, like caffeoylquinic acid, p-coumaroylquinic acid
derivatives, feruloylquinic acid, gallic acid derivatives, and various flavonols, derivatives
of quercetin, kaempferol and isorhamnetin [9].

The plant material contains a wide range of polyphenolic structures, including simple,
complex or polymerized phenolic compounds. These compounds often interact with other
molecules naturally present in plants, such as polysaccharides and lipids, making the
recovery of these polyphenols a challenging process. For this reason, finding an optimum
extraction technique that results in the outstanding recovery of phenolic compounds from
plant material is an essential stage in the research’s success, and various methods may be
employed to achieve the purpose [10].

Conventional extraction (CE) methods are standard and easy to perform, although
they require a significant volume of solvents and are often demanding in terms of time
and energy. These methods could also lead to the deterioration of thermally sensitive
polyphenolics and are frequently challenging, rendering them unsuitable for large-scale
applications [10,11]. Due to these limitations, there is an increasing concern about us-
ing alternative and environmentally friendly methods for the recovery of polyphenolic
compounds from plant materials. The main objective of studying alternative extraction
techniques is to minimize the extraction time, decrease the amount of energy consumed
and the volume of solvent, increase the extraction yield, and reduce negative environmental
impact [11].

Ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE) and high-
pressure extraction (HPE) have gained attention because of their multiple benefits, includ-
ing increased yields of extracted compounds and reduced extraction duration and solvent
utilization [12].

UAE is generally considered a highly productive and economical method for extracting
phenolic compounds from plant-based materials. This is due to the widespread use
and effectiveness of ultrasonic equipment. In addition, UAE allows the use of lower
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temperatures and the preservation of thermally sensitive compounds [13,14]. UAE utilizes
high-frequency mechanical waves to generate the cavitation phenomenon. Cavitation is the
occurrence of the development and subsequent destruction of cavities in a liquid due to the
passage of ultrasonic waves, subject to certain conditions. This effect results in enhanced
interaction between the solvent and the cell content, leading to the improved extraction of
phenolic compounds [15,16].

The defining aspect of MAE is the interdependent interaction of the processes related
to the transfer of heat and mass, in which the two gradients are acting in a single direction,
and associated with the volumetric dispersal of heat within the radiated environment.
In addition, it has been observed that the heating process results in interior pressure,
leading cell walls to break down, facilitating the solvent’s access inside and promoting the
extraction of bioactive compounds [17].

HPE is one of the developing technologies that has been effectively used to extract
biologically active compounds from plant-based materials [18]. HPE induces a significant
pressure gradient between the cell’s interior and exterior, inducing the structural deforma-
tion of the cell walls and membranes. This deformation increases the cells” permeability
and, consequently, increases bioactive compound extraction into the solvent [18,19].

To our knowledge, investigations on the chemical composition of Romanian bog
bilberry leaves are poor and have yet to be performed. Hence, this research aimed to
extract phenolic compounds from bog bilberry leaves using various extractions techniques:
CE, UAE, MAE and HPE. Additionally, the study evaluated their biological activities
(antioxidant and antimicrobial) along with assessing their phenolic and flavonoid contents.

2. Materials and Methods
2.1. Chemicals and Reagents

The reference substances (catechin, chlorogenic acid, quercetin and gallic acid) were
bought from Sigma-Aldrich (Steinheim, Germany). The same source was used to obtain
the chemical reagents needed for the relevant analytical techniques (extraction, chemical
and biological characterization). The culture media for the antimicrobial activity were
purchased from BioMerieux (Craponne, France) and Sigma-Aldrich (Steinheim, Germany).

2.2. Plant Material

The leaves of V. uliginosum L. were harvested in the autumn of 2021 from the spon-
taneous wild flora of 12 Apostoli, Suceava county, Romania, and, afterwards, the leaves
were dried (7-10 days, room temperature, darkroom) as previously described in our other
studies [5,20,21]. The dried leaves were ground to achieve a fine powder and stored in a
dark, cool, dry place until the analyses were completed. The extraction solvent, namely
ethanol/water (40% v/v) and the solid/liquid ratio adopted for all the extraction methods
(1:14) were based on our previous studies [5,20], whereas in the present study we have dou-
bled the quantity of plant material for concentration purposes, which should be reflected
in the increased biological activities.

2.3. Extraction Procedures
2.3.1. Conventional Extraction Protocol

For CE, the previously validated method by Dahmoune et al. [22] was followed, with
slight modifications: over 1.5 g of plant powder was added 21 mL of ethanol/water (40%,
v/v) in a glassware-type container (Erlenmeyer) that was closed during the extraction. After
stirring for 2 h (750 rpm, room temperature) using magnetic stirrer equipment (Heidolph
MR-Hei-Standard, Schwabach, Germany), the mixture was centrifuged at 10,000 rpm for
10 min at 24 °C, and the supernatant was filtered and stored at —18 °C until further analyses.

2.3.2. Ultrasound-Assisted Extraction Protocol

For the UAE, our previous method [5] was used, with slight modifications: the leaf
powder (1.5 g) was extracted with 21 mL 40% v/v ethanol/water for 30 min in a closed
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glassware-type container (Erlenmeyer) using an ultrasonic bath (Elmasonic E15H, Elma,
Singen, Germany) at room temperature. After centrifugation at 10,000 rpm for 10 min at
24 °C, the supernatant was filtered and stored (—18 °C) until further analyses.

2.3.3. Microwave-Assisted Extraction Protocol

MAE of the phenolic compounds from bog bilberry leaves was conducted follow-
ing the previous method of Nisca et al. [23], with slight modifications. Briefly, a Mile-
stone ETHOS-X microwave oven (Milestone srl, Bergamo, Italy) system with 40% v/v
ethanol/water solvent at 280 W for 5 min and a closed glassware-type container (Erlen-
meyer) were used. The amount of powdered sample used for extraction was 1.5 g, along
with 21 mL of extraction solvent. After the MAE, the extract was cooled at room tempera-
ture (from 85 °C), centrifuged for 10 min at 10,000 rpm, 24 °C, and the supernatant was
recovered and stored at —18 °C until further analyses.

2.3.4. High-Pressure Extraction Protocol

The HPE procedure was conducted following the study of Ben Hamissa et al. [24],
with slight modifications as follows: a Parr 4790 reactor (PARR Instrument Company,
Moline, IL, USA) was used, outfitted with a Controller 4838 and modified with dual valves
and pressure regulators to enable the controlled introduction and evacuation of CO; and
N, gases within the reaction chamber. In two steps, 1.5 g of bog bilberry leaf powder was
extracted in the static mode for 60 min using 21 mL of 40% v/v ethanol/water as a solvent.
In the first stage, the experiment was carried out by replacing air by flushing carbon dioxide
through the hermetically closed stainless steel chamber, before increasing and maintaining
the pressure at 1000 kPa for 10 min. The second step involved introducing nitrogen until
the gas mixture reached a stable pressure of 4000 kPa at 50 °C. After 50 min, the gas
mixture was carefully ejected from the reaction chamber, and the extract was separated by
centrifugation at 10,000 rpm for 10 min at 24 °C. The resulting supernatant was stored at a
temperature of —18 °C, pending further analyses.

2.4. Analysis of Phenolic Compounds
2.4.1. HPLC-DAD-ESI-MS Analysis

Phenolic content identification and quantification were conducted via High Perfor-
mance Liquid-Chromatography, HPLC-DAD-ESI-MS analysis, using an Agilent 1200 HPLC
system equipped with a DAD detector linked to an MS-detector single-quadrupole Agi-
lent 6110. The separation of phenolic compounds employed an Eclipse XDB C18 column
(4.6 x 150 mm, particle size 5 um) from Agilent Technologies, Santa Clara, CA, USA.
Two gradients were utilized: the first comprised 0.1% acetic acid/acetonitrile (99:1) in
distilled water (v/v) (solvent A), and the second contained 0.1% acetic acid in acetoni-
trile (v/v) (solvent B). The elution followed the procedure defined by Dulf et al. [25] at
a flow rate of 0.5 mL/min. For MS fragmentation, the ESI (+) mode scanned a range of
100-1200 m/z, with the capillary voltage set at 3000 V, temperature at 350 °C and nitrogen
flow at 8 L/min. DAD was utilized to measure the eluent, recording absorbance spec-
tra (200-600 nm) throughout each run. Data examination was performed using Agilent
ChemStation Software (Rev B.02.01-SR2 [260], Palo Alto, CA, USA). The identification
and quantification of phenolic compounds involved comparing retention times, UV-Vis
absorbance spectra, and mass spectra of peaks with three reference standards. The flavanol
subclass compounds were measured using a calibration curve generated with a catechin
standard within the concentration range of 10-200 ug/mL and presented as catechin
equivalents (mg catechin/g plant material) (y = 15.224x — 130.24, r? = 0.9985). For the
hydroxycinnamic acid subclass, quantification relied on a calibration curve established
using chlorogenic acid in the range of 10-50 ug/mL, denoted as chlorogenic equivalents
(mg chlorogenic acid /g plant material) (y = 22.585x — 36.728, 2 = 0.9937). Quantification
of flavonols was achieved using a calibration curve constructed using quercetin, in the
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concentration range of 10-200 ng/mL, expressed as quercetin equivalents (mg quercetin/g
plant material) (y = 87.392x + 78.795, r? = 0.9951).

2.4.2. Total Phenolic Content

Total phenolic content (TPC) was assessed using the Folin—Ciocalteu method [26].
Aliquots of 25 uL of sample were mixed with 1.8 mL distilled water in a 24-well microplate.
The extracts were mixed with 125 pL Folin-Ciocalteu reagent (0.2 N) and maintained at
room temperature for 5 min. Afterward, the mixture was supplemented with 340 uL of
a 7.5% (m/z) NayCOj solution to establish the initial conditions (pH ~ 10) facilitating the
redox interaction between phenolic compounds and the Folin—Ciocalteu reagent. Subse-
quently, the solution was incubated in darkness at 25 °C for 2 h. A blank was prepared
using ethanol, and the absorbance was read at 760 nm using a microplate reader (BioTek
Instruments, Winooski, VT, USA). Gallic acid (0.01-1.00 mg/mL) was used to create the
standard curve, and the TPC in the samples was recorded as gallic acid equivalent (GAE)
(mg GAE/g of plant material).

2.4.3. Total Flavonoid Content

The extracts’ total flavonoid content (TFC) was assessed using the aluminum chloride
colorimetric method, following the protocol described in a previously published study [27],
with slight modifications. The extracts were diluted with 720 uL of distilled water, and
90 1L of 5% NaNO, was added. After a 5 min incubation, the mixture was treated with
90 uL of 10% AICls, followed by an additional 5 min incubation. Next, the mixture received
an addition of 600 L of 1 N NaOH. Subsequently, the absorbance was measured at 510 nm,
employing quercetin as the reference standard. Each determination was performed in
triplicate. The total flavonoid content was recorded as quercetin equivalent (QE) (mg QE/g
plant material).

2.5. DPPH Antioxidant Capacity

The antioxidant capacity of the extracts was assessed through the utilization of the
DPPH (1,1-diphenyl-2-picrylhydrazyl) method for assessing free radical scavenging ca-
pacity, following the protocol described previously [28]. To assess the antioxidant activ-
ity of the samples, we created triplicate preparations by combining 35 pL of previously
hydroethanol-extracted samples with 250 uL of ethanol-based DPPH solution. After in-
cubating the solution for 30 min at room temperature, in darkness, we measured the
absorbance at 515 nm using a multi-mode plate reader (BioTek, Winuschi, VT, USA). The
DPPH inhibition percentage (1%) was calculated as follows: 1% = [(Ag — Ag)/Ag] x 100,
where A( = absorbance of blank and Ag = absorbance of the extract.

2.6. Antimicrobial Activity
2.6.1. Microbial Strains

The following standard microbial strains (obtained from the Food Biotechnology
Laboratory, UASVM, Cluj-Napoca, Romania) were tested: Staphylococcus aureus subsp.
aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Staphylococcus epidermidis ATCC
12228, Candida parapsilosis ATCC 22019, Candida zeylanoides ATCC 20367, Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and Salmonella enterica (S. typhimurium)
ATCC 14028. The strains were grown in test tubes containing 9 mL sterile TSB (tryptic soy
broth), MH (Mueller—Hinton), BHI (brain heart infusion), NB (nutrient broth) and YPD
(yeast extract, peptone, dextrose). The tubes with TSB were incubated for 24 h at 37 °C for
E. coli and at 30 °C for C. parapsilosis. The tubes with MH were incubated for 24 h at 37
°C for S. aureus and P. aeruginosa. The tubes with BHI were incubated for 24 h at 37 °C for
E. faecalis. The tubes with NB were incubated for 24 h at 37 °C for S. epidermidis and
S. enterica (S. typhimurium). The tubes with YPD were incubated for 24 h at 30 °C for
C. zeylanoides. A loopful of inoculum was transferred to a growth agar medium. Plates
were incubated for 24 h at 37 °C or 30 °C, respectively. Bacterial morphology was confirmed
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by optical microscopy (Nikon ECLIPSE Ci-L, Tokyo, Japan) for an accurate interpretation
of results and extra justifications of the bacteria response. Multiple colonies of each strain
grown on the mentioned media were moved into 9 mL of sterile saline solution (8.5 g/L
NaCl) and adjusted to match the turbidity of McFarland 0.5 standard (108 CFU/mL).
Subsequently, microbial suspensions of 10° CFU/mL for bacteria and 10 CFU/mL for
Candida spp., after suitable dilution, were prepared to be added to individual wells of
the microplate.

2.6.2. Determination of the Minimum Inhibitory Concentration (MIC)

The MIC was determined through the resazurin microtiter plate-based antibacterial
assay [29]. Initially, 100 uL of a specific sterile medium for each strain was dispensed
into the wells of a 96-well microplate. Subsequently, 100 pL of each extract (71.43 mg/mL
concentration) was introduced into the first well, with consecutive 2-fold dilutions prepared
across each row by transferring 100 pL from well to well. The excess 100 pL in the final
well of the row was removed. Following this, 10 uL of inoculum (10°/10° CFU/mL) was
added to all wells. Positive controls (C+) consisted of Gentamicin (0.4 mg/mL in saline
solution) or Ketoconazole (1 mg/mL in DMSO), while the negative control (C—) involved
the extraction solvent (ethanol 40%). The microplates were then incubated for 20-22 h at
37 °C or 30 °C, after which 20 uL of sterile 0.2 mg/mL resazurin aqueous solution was
added to all wells. Subsequent incubation for 2 h at 37 °C or 30 °C ensued. At the end of this
period, the viable bacterial cells caused the resazurin (initially blue and non-fluorescent)
to oxidize into resorufin (pink and fluorescent) within the wells. Thus, the concentration
in the last well of each row that retained a blue color signified the complete inhibition of
bacterial growth, indicating the MIC. Each experiment was performed in triplicate.

2.6.3. Determination of the Minimum Inhibitory Concentration (MIC) Using a
Microbiology Reader LogPhase 600

The MIC was determined for Staphylococcus aureus subsp. aureus ATCC 29213 and
Salmonella enterica (S. typhimurium) ATCC 14028 using a Microbiology Reader LogPhase
600 (Agilent BioTek, Santa Clara, CA, USA). A volume of 100 puL of sterile medium specific
to each strain was added to the wells of a 96-well microplate. Then, 100 puL of each extract
(71.43 mg/mL concentration) was added in the first well, and serial 2-fold dilutions were
made in the subsequent wells of each row by transferring 100 uL from well to well. The
surplus of 100 pL in the last well of the row was discarded. Then, 10 uL of inoculum
(10° CFU/mL) was added to all the wells. Gentamicin (0.4 mg/mL in saline solution) was
used as the positive control (C+), and the extraction solvent (ethanol 40%) was the negative
control (C—). The microplates were incubated in the Microbiology Reader LogPhase 600
for 24 h at 37 °C and 600 rpm, and plates were read at 600 nm absorbance to determine
their optical density (OD). The increase in OD versus the initial load of each microorganism
added to the extracts (since these loads were not visually detected during observation) was
considered a consequence of bacterial growth, indicating no antimicrobial effect. Therefore,
the MIC was defined as the concentration at which no OD increase was observed in
comparison with the initial loads/values [30].

2.7. Statistical Analysis

The outcomes of each study (each with its three or four replicates) were presented
as the mean value & SD. Statistical analysis was conducted using Graph Prism Version
8.0.1 (GraphPad Software Inc., San Diego, CA, USA) via a one-way ANOVA, followed by
Tukey’s multiple comparison tests. Significant distinctions between means were considered
statistically significant at a 5% significance level.
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3. Results and Discussions
3.1. Phenolic Profile of Bog Bilberry Leaves under Different Extraction Methods

Seventeen phenolic compounds were detected in the leaves of the Romanian bog
bilberry. They belong to three phenolic groups: hydroxycinnamic acids, flavanols and
flavonols. It is essential to mention that all 17 phenolic compounds were identified in the
samples obtained by all four extraction methods (Table 1). The identified phenolic acids
include chlorogenic acid (5-caffeoylquinic acid), neochlorogenic acid (3-caffeoylquinic acid)
and caffeic acid. Within the flavanols class, four compounds were identified: gallocatechin,
epicatechin, procyanidin dimer and procyanidin trimer. Additionally, in the flavonols
class, ten compounds were identified, including quercetin, kaempferol and derivatives of
quercetin, kaempferol and isorhamnetin. These findings are aligned with the research of
Stanoeva et al. [9], in which the bog bilberry fruits and leaves harvested from northwestern
Macedonia were investigated.

Table 1. The phenolic compounds detected in the leaf extracts of the bog bilberry using HPLC.

Peak Retention uv [M + HI* Compound Subclass

No. Time R¢(min) Amax(nm) (mlz) p
1 3.16 279 307,290 Gallocatechin Flavanol

3-Caffeoylquinic acid . .
2 11.52 330 355,163 (Neochlo};oqgenic acid) Hydroxycinnamic acid
5-Caffeoylquinic acid . N

3 12.27 330 355,163 (Chlorggenic acid) Hydroxycinnamic acid
4 13.56 280 579, 291 Procyanidin dimer Flavanol
5 13.80 282,329 181, 163 Caffeic acid Hydroxycinnamic acid
6 14.01 280 291 Epicatechin Flavanol
7 14.43 280 867,291 Procyanidin trimer Flavanol
8 15.78 263, 355 611, 303 Quercetin-rutinoside (Rutin) Flavonol
9 16.20 263, 355 465, 303 Quercetin-glucoside Flavonol
10 16.44 263, 355 479, 303 Quercetin-glucuronide Flavonol
11 17.24 263, 355 435, 303 Quercetin-arabinoside Flavonol
12 17.43 260, 340 463, 287 Kaempferol-glucuronide Flavonol
13 17.77 260, 360 493, 317 Isorhamnetin-glucuronide Flavonol
14 18.44 260, 360 463,317 Isorhamnetin-rhamnoside Flavonol
15 18.79 260, 340 419, 287 Kaempferol-arabinoside Flavonol
16 21.79 261, 355 303 Quercetin Flavonol
17 23.39 260, 340 287 Kaempferol Flavonol

Of the phenolic compounds, flavonols exhibited the highest presence in terms of
number, but ranked second in terms of the highest amounts for all four extraction methods
(Table 2). Moreover, hydroxycinnamic acids were the most prevalent subclass in terms of
the highest levels, ranging from 68.99 £ 0.25 mg/g (in the CE extract) to 85.41 & 0.22 mg/g
(in the HPE extract). It is significant to mention that our results are in agreement with the lit-
erature [10,31]. In the studies of Dobroslavi¢ et al. [10,31], according to their UPLC-MS/MS
results, the content of phenolic acids of Laurus nobilis L. leaf extract obtained by pressurized
liquid extraction was higher than that obtained by other extraction methods (conventional
heat reflux, UAE and MAE extractions). These results may be due to the demonstrated
thermal stability of phenolic acids, particularly hydroxycinnamic acids [32]. Similar results
were presented in our previous study, where the extracts from blueberry leaves obtained
by UAE presented the highest amounts of hydroxycinnamic acids compared to the other
phenolic groups [20].

Among the identified phenolic compounds, chlorogenic acid, belonging to the hydrox-
ycinnamic group, showed the highest concentration, with its lowest level
(37.36 = 0.06 mg/g) for the bog bilberry leaf extract obtained by CE and its highest lev-
els (e.g., HPE = 44.47 & 0.08 mg/g) for the bog bilberry leaf extract obtained by alterna-
tive methods. Neochlorogenic acid, also a hydroxycinnamic acid, was the second most
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abundant phenolic compound identified in the leaves of bog bilberries, with a concen-
tration ranging from 24.16 & 0.06 mg/g (for CE method) to 32.50 & 0.04 mg/g (for UAE
method). An increase in photosynthetic active radiation significantly improved the total
amount of hydroxycinnamic acids, as observed by Bidel et al. [33]. To protect vital cells
against damaging UV radiation, hydroxycinnamic acids will probably accumulate more
when exposed to intense light [34]. In addition, the accumulation of plants’ secondary
metabolites, specifically hydroxycinnamic acids, is sustained at higher altitudes and cooler
temperatures [35]. Regarding caffeic acid, the extract obtained by HPE had a significant
concentration (9.87 + 0.07 mg/g).

Table 2. The concentration of individual phenolic compounds in the extracts of the bog bilberry
leaves using different extraction methods, expressed as mg/g.

Extraction Methods
Phenolic Compounds
CE UAE MAE HPE
Hod . ) Neochlorogenic acid 24.16 + 0.06 32,50 & 0.04 **  27.12 4+ 0.08 **  31.07 & 0.07 ***
Y roxygnmmm Chlorogenic acid 37.36 +0.06 4322 +0.08**  39.654 0.01**  44.47 + 0.08 ***
acids Caffeic acid 7.47 4+ 0.13 8.36 + 0.08 *** 7.32 4+ 0.08 * 9.87 + 0.07 ***
Gallocatechin 9.92 + 0.03 7.67 4 0.02 *** 9.75 + 0.07 **  11.23 + 0.09 ***
- | Epicatechin 5.80 + 0.05 593 + 0.04 NS 7.69 £ 0.05 *** 5.15 + 0.05 ***
avanots Procyanidin dimer 459 +0.03 458 +0.02NS 4864003 322+ 0.09 ¥
Procyanidin trimer 5.54 + 0.03 4.73 4 0.03 6.16 & 0.04 *** 4.44 4 0.04
Quercetin-rutinoside (Rutin) 0.37 + 0.02 0.26 + 0.02 *** 0.45 + 0.02 *** 0.69 + 0.03 ***
Quercetin-glucoside 9.37 +0.03 9.07 4= 0.05 *** 9.36 + 0.07 NS 9.78 4 0.04 ***
Quercetin-glucuronide 13.54 + 0.04 1349 + 0.05 NS 13.65 £ 0.04*  16.09 £ 0.04 ***
Quercetin-arabinoside 1.84 +0.05 1.92 + 0.02 *** 1.75 4+ 0.01 *** 2.38 4 0.02 ***
Flavonols Kaempferol-glucuronide 8.71 + 0.07 9.22 4+ 0.11 *** 8.70 + 0.11 NS. 10.35 4= 0.15 ***
Isorhamnetin-glucuronide 3.27 £0.14 3.81 £0.11 *** 3.25+0.08 NS 4,533 4 0.076 ***
Isorhamnetin-rhamnoside 0.27 +0.01 0.28 = 0.0.1 ** 0.34 4 0.02 *** 0.93 £ 0.02 ***
Kaempferol-arabinoside 0.24 £ 0.01 0.25 +0.02 NS 0.29 £ 0.02 *** 0.58 £ 0.02 ***
Quercetin 0.62 + 0.02 0.51 + 0.02 *** 0.39 + 0.01 *** 0.70 + 0.02 ***
Kaempferol 0.41 + 0.02 0.47 + 0.03 *** 0.14 £ 0.01 *** 0.49 + 0.01 ***

Phenolic compounds, including flavonoids such as flavanols and flavonols, as well as hydroxycinnamic acids,
were quantified as a concentration of miligrams per gram (mg/g). The experiments were replicated four times,
and the reported values represent the average and standard deviation (SD) of these replicates. Data normality
was assessed using the Shapiro-Wilk test, where a p-value greater than 0.05 indicated normally distributed data.
The mean =+ SD is presented in the descriptive statistics table. To investigate significant differences between the
four extraction methods for each compound, a two-way ANOVA was conducted, followed by Tukey’s multiple
comparisons test. In this analysis, the second column compares CE and UAE, the third column compares CE and
MAE, and the fourth column assesses the distinctions between CE and HPE. Significance levels are denoted using
the following symbols: *** p < 0.001, ** p < 0.01, * p < 0.05, and N.S. (not significant).

Interestingly, in the research of Stanoeva et al. [9], similar to our results, chlorogenic

acid was the predominant compound found in the leaves of bog bilberry, representing
64% of the total phenolic acid derivatives. However, they did not report the presence of
neochlorogenic and caffeic acids in their extract from bog bilberry leaves. To our knowledge,
there have been no reports of these compounds’ occurrence in bog bilberry leaves, only in
the fruits and leaves of other Vaccinium species [3,20,21,36].

Considering the flavonols class, quercetin-glucuronide was the predominant phe-

nolic compound measured, for which the extracts obtained by alternative methods (e.g.,
HPE, MAE) registered the highest concentrations (16.09 &= 0.04 mg/g; 13.65 & 0.04 mg/g)
in comparison to CE (13.54 £ 0.04 mg/g). The second most abundant flavonol identi-
fied in the bog bilberry extracts was kaempferol-glucuronide, where again the modern
techniques registered the most significant quantities: HPE = 10.35 4+ 0.15 mg/g and
UAE =9.22 £ 0.11 mg/g, in comparison with CE (8.71 & 0.07 mg/g). Traces of quercetin-
rutinoside (Rutin) were found in all the extracts. In the study of Stanoeva et al. [9], quercetin-
rutinoside (Rutin) was not detected. However, in our previous studies [5,20] on other
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Vaccinium spp. leaves, quercetin-rutinoside (Rutin) quantities were 50 to 70-fold higher
than in the bog bilberry leaves analyzed in the present study.

Moreover, quercetin and kaempferol aglycones were also quantified in small amounts.
These flavonol aglycones were not detected in the research of Stanoeva et al. [9], where
bog bilberry leaves were analyzed, but they have been quantified in other Vaccinium spp.
leaves [3-5,20]. Additionally, two glycosides of isorhamnetin were identified in bog bilberry
leaves: isorhamnetin-glucuronide and isorhamnetin-rhamnoside. At the same time, the
study of Stanoeva et al. [9] reported only one glycoside of isorhamnetin. As previously
reported [3,4,9], and similar to our results, kaempferol glycosides were considerably less
prevalent than quercetin glycosides in the Vaccinium spp.

In the flavanols group, four compounds were detected, with gallocatechin as the
dominant phenolic compound, with its highest concentration found in the extract obtained
by the modern method HPE, namely 11.23 £ 0.09 mg/g. Epicatechin was identified in all
four extracts, ranging from 5.15 & 0.05 mg/g to 7.69 &+ 0.05 mg/g. The two procyanidins
were detected in all the extracts, with levels comparable to the amount of epicatechin.
Stanoeva et al. [9] reported that in the leaves of bog bilberry from Macedonia, there was
only one compound from the flavanol group, namely procyanidin dimer.

Significant selectivity was not induced by our extraction techniques, as indicated by the
absence of noticeable variations in the characteristics of the extracts in their HPLC profiles. The
extracts acquired using all four extraction methods displayed equivalent qualitative contents,
respectively; the same 17 phenolic compounds were identified in all the extracts.

According to previous research [37], utilizing various types of energy, such as ultra-
sound, microwaves and high pressure, may provide a potentially beneficial alternative
for enhancing the levels of phenolic extraction. For example, the results reported by
Caldas et al. [37] in extracting phenolic compounds from grape skin showed that the UAE
and MAE methods provided greater phenolic recovery within a reduced time period.

Additionally, in the research study of Mroz et al. [38] all of the alternative extraction
techniques investigated, MAE, UAE and HPE, enhanced the total recovery of phytochemi-
cals from the flowering aerial parts of Sideritis scardica and Sideritis raeseri.

Quantitatively, in the present study, it was observed that the highest concentrations
were obtained in the bog bilberry leaf extracts obtained by modern techniques (HPE,
UAE, MAE) for almost all phenolic compounds, in comparison to the extract obtained by
CE. Given that distinct extraction mechanisms are employed in the HPE, UAE and MAE
methods, it is appropriate to expect diverse secondary metabolites to be collected from
the bog bilberry leaves when utilizing these extractions techniques. Furthermore, these
extraction methods will likely uniquely impact the amounts of the individual phenolic
compounds extracted [12].

3.2. Total Phenolic and Total Flavonoid Content

The TPC and TEC values of the bog bilberry leaf extracts obtained by various extraction
methods are presented in Table 3. Our initial remark concerns the variation in the levels of
phenolic and flavonoid constituents. In all the extracts obtained, the levels of TPC were
consistently higher than those of TFC, independent of the extraction technique utilized.

Table 3. Total phenolic content, total flavonoid content and DPPH activity of the extracts.

TPC (mg GAE/g TFC (mg QE/g Plant

Extraction Methods Plant Material) Material) DPPH (1%)
CE 113.07 4+ 0.98 31.47 +0.28 55.37%
UAE 130.52 4= 1.99 *** 33.89 +£0.35* 63.13%
MAE 119.23 + 1.79 *** 39.79 + 0.41 *** 60.84%
HPE 135.75 4+ 2.86 ** 43.16 4+ 0.12 *** 71.14%

This study reported significance levels as *** p < 0.001, ** p < 0.01, * p < 0.05. Results, presented as mean =+ standard
deviation, were derived from three replicates. Two-way ANOVA followed by Turkey’s multiple comparisons test
explored differences between the four extraction methods.
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Previous research studies have noted a wide range of variations in TPC for extracts
derived from various Vaccinium species’ leaves. In our previous study [5], we observed vari-
ations in the TPC of the extracts from bilberry (Vaccinium myrtilus L.) leaves collected from
three different habitats; the values varied from 132.47 to 135.8 mg GAE/g plant material. In
the same study [5], we reported comparable TPC values in the extracts from lingonberries
(Vaccinium vitis-idaea L.) leaves collected from three distinct habitats. Moreover, in another
study on bilberry leaves [39], the reported values of the TPC were higher than our results,
with values varying between 196.48 and 280.69 mg GAE/g extract. In Bujor et al.’s study [4],
the TPC values of lingonberry leaf extracts were from 135 to 158 mg GAE/g dry extract,
depending on the harvest period. Furthermore, in blueberry leaf (Vaccinium corymbosum L.)
extracts the values of the TPC ranged from 98.00 to 135.55 mg GAE/g plant material,
depending on the cultivar [20].

In the research study of Pascoa et al. [40], an extract from winter leaves of the blueberry
(V. corymbosum L.) cultivar Aurora contained the highest TPC (227.4 mg GAE/g dry leaf)
of all harvest seasons (spring, autumn and winter). Conversely, their extract from the
blueberry cultivar Huron (autumn leaves) exhibited the lowest TPC (39.6 mg GAE/g dry
leaf). Within the research study of Gao et al. [41], the extract obtained using 80% ethanol
from the leaves of Vaccinium dunalianum presented a TPC value of 257.11 mg GAE/g dry
extract. Our present findings exhibited a strong similarity to those reported by the above-
mentioned studies, despite the utilization of different extraction methods and solvents,
Vacciunium species, harvest seasons and geographic regions.

The extracts obtained by HPE, UAE and MAE presented TPC values
(135.75 + 2.86 mg GAE/g; 130.52 + 1.99 mg GAE/g; 119.23 4+ 1.79 mg GAE/g) higher than
those obtained by the CE method (113.07 £ 0.98 mg GAE/¢g).

Additionally, a high efficacy of non-conventional extraction methods has been ob-
served for a variety of plant material. For instance, in the research study of Cheng et al. [42],
the TPC values of the water and 60% methanol extracts obtained from jackfruit pulp using
a UAE method were high. In the same study, they reported a higher TPC of the 60%
ethanol extract obtained by MAE. Similar results were reported by Routray et al. [43],
where their blueberry leaf extracts obtained by UAE and MAE presented high TPC values.
Analogous results were reported by Alexandre et al. [44], in which the TPC value of the
extract obtained by HPE from prickly pear peel was quite significant.

Regarding the TFC values, similar to TPC, the highest levels were registered in the extracts
obtained by alternative methods (HPE = 43.16 £ 0.12 mg QE/g; MAE = 39.79 £ 0.41 mg QE/g;
and UAE = 33.89 £+ 0.35 mg QE/g), while the CE extract registered the lowest level,
31.47 £ 0.28 mg QE/g. These values are consistent with our previous results (31.36-67.88 mg
QE/g plant material) reported for the 40% ethanol extracts of blueberry leaves obtained
by UAE [20]. Moreover, our results are higher than Brezoiu et al.’s previous results
(2.20-10.36 mg QE/g plant) [39] for bilberry leaves obtained by CE and UAE using ethanol
or 50% ethanol. Additionally, using 80% ethanol and UAE, Gao et al. [41] reported higher
values of the TFC in the leaves of V. dunalianum. These differences between TFC values were
likely related to the composition of the solvent, the different parameters of the extraction
techniques and the species of plants utilized. It is relevant to highlight that while earlier
research has produced berry leaf extracts with increased or decreased TPCs and TFCs, the
plant’s location and surrounding factors affect the polyphenolic composition of the leaves.
It has been indicated that the temperature’s limiting effect on photosynthesis results in
nearly two times higher TPC concentrations in the leaves of bilberry bushes growing in
high-light locations, at higher latitudes, and/or at higher altitudes than in those growing at
lower latitudes or altitudes. Furthermore, depending on biotic and abiotic pressures, there
are seasonal fluctuations in the quantity and variety of phenolic compounds and the berry
leaves’ antioxidant activity [4,34,36,45,46].
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3.3. DPPH Antioxidant Capacity

The DPPH radical scavenging capacity of extracts obtained from the leaves of bog bil-
berry by various extraction techniques was assessed in order to determine their antioxidant
activity. The results (Table 3) indicated statistically significant differences in the antioxidant
activity of the extracts derived from non-conventional extraction in comparison with those
from the CE. According to the DPPH assay, the extracts from HPE, UAE and MAE exhibited
a strongest radical scavenging capacity of 71.14%, 63.13% and 60.84%, respectively, whereas
the CE extract registered only 55.37%.

Previous research studies have shown a notable direct relationship between overall
phenolic and flavonoid contents and antioxidant activity [41,42,47,48]. These findings indi-
cate that the antioxidant activity observed in bog bilberry leaf extracts could be attributed
to their higher levels of TPC and TFC. As a consequence, in our previous study [20], the
extracts obtained from the Toro, Elliot and Nelson varieties” leaves (V. corymbosum L.),
which revealed a higher polyphenolic content, displayed the greatest antioxidant activ-
ity, expressed as a percentage of inhibition (70.41%, 68.42% and 58.69%, respectively).
Brezoiu et al. [39] reported comparable results in their extracts obtained from bilberry
leaves; the antioxidant activity increased with the increase in the TPC values.

The DPPH test revealed different results for bog bilberry leaf extracts obtained by
various extraction techniques, and this may be explained by the different amounts of
polyphenols with dihydroxyphenyl moieties in each extract, considering the different
extraction parameters. The results of the HPLC revealed that the extracts from bog bilberry
leaves contain phenolic acids and derivatives, including chlorogenic acid, which is known
for its antioxidant properties. The antioxidant properties of these compounds emanate
from o-diphenolic functionality and the presence of hydroxyl groups within their molec-
ular structure. According to these characteristics, the molecule can donate electrons and
hydrogen atoms [49]. Additionally, quercetin and quercetin derivatives, as well as other
flavonols, exhibit the capacity to counteract free radicals due to the hydroxyl groups that
constitute the molecule [50]. Moreover, among the polyphenolic compounds, the flavanol
group as a whole, and the proanthocyanidin (procyanidin dimer and trimer) subgroup,
equally possess the highest antioxidant activity [51] because of the catechol structures
present in those molecules, linked by C3-OH and C4-C8 bonds, which greatly decrease the
production of free radicals [52].

3.4. Antimicrobial Activity of Bog Bilberry Leaf Extracts

All the bog bilberry leaf extracts have been tested for their antimicrobial activity
against three Gram-positive and three Gram-negative bacterial strains and against two
fungi. The results of the minimum inhibitory concentration are presented in Table 4.

Table 4. The results of the determination of the minimum inhibitory concentration (MIC) (mg/mL)
of the extracts against Staphylococcus aureus subsp. aureus ATCC 29213, Enterococcus faecalis ATCC
29212, Staphylococcus epidermidis ATCC 12228, Candida parapsilosis ATCC 22019, Candida zeylanoides
ATCC 20367, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and Salmonella enterica
(S. typhimurium) ATCC 14028.

Extraction

Methods Gram (+) Bacteria Fungi Gram (—) Bacteria
S. aureus E. faecalis S. epidermidis  C. parapsilosis ~ C. zeylanoides E. coli P. aeruginosa S. enterica

CE 17.75 h.c 17.75 h.c h.c h.c h.c 17.75
UAE 17.75 h.c 17.75 8.88 h.c h.c h.c 8.88
MAE 17.75 h.c h.c h.c h.c h.c h.c 17.75
HPE 17.75 h.c h.c 8.88 h.c h.c h.c 17.75
Gentamicin 0.0001 0.013 0.002 - - 0.003 0.0001 0.002
Ketoconazole - - - 0.016 0.063 - - -

h.c—higher than the highest concentration tested (<71.43 mg/mL); (-)—not tested.
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Although the bog bilberry leaf extracts showed antioxidant activity and presented
high TPC and TFC values, the extracts displayed antimicrobial activity only against some
of the tested strains.

Regarding Gram-positive bacteria, all the extracts exhibited the same MIC towards
S. aureus, respectively, 17.75 mg/mL. This result is in agreement with a previous research
paper [53] evaluating the antibacterial activity of Annona cherimola phytochemicals obtained
by UAE and comparing it to CE methods (maceration-MAC and Soxhlet-SE), where all the
extracts presented an antimicrobial effect against S. aureus, with higher inhibition percent-
ages from the UAE samples. In the present study, the strain E. faecalis was the most resistant.
The results showed no inhibitory effect against this strain. In our previous study [20], E. fae-
calis was the most resistant strain towards all the blueberry leaf extracts tested. Regarding
the S. epidermidis strain, only the extracts obtained by UAE and CE registered antimicrobial
activity, with a MIC of 17.75 mg/mL. Our results are in line with previous studies. For
example, in the study of Saifullah et al. [54], the antibacterial properties of their extracts pre-
pared from modern techniques (MAE, UAE) and CE (SWB-shaking water bath) were not
significantly different, a fact that could be due to the similarity of the phenolic compounds
and antioxidant properties in the extracts obtained from these extraction techniques. In
another study [55] evaluating the efficacy of two methods (agitation as the CE and UAE as
the modern technique) at extracting phenolic compounds from 15 native plants, a greater
inhibition capacity was obtained through UAE against three of the six bacteria studied:
Listeria monocytogenes, Listeria innocua and Salmonella choleraesuis, whereas against the other
three bacteria, S. aureus, Bacillus cereus and E. coli, the CE method proved to have a better
antimicrobial capacity, therefore underlying the complex relationship between phenolic
composition and biological activity. In the research paper of Maskovi¢ et al. [56], Satureja
hortensis L. (summer savory) herb extracts were prepared using CE (MAC and SE) and
non-conventional (UAE, MAE and subcritical water extraction-SWE) techniques. The
antibacterial activity of their extracts was determined against 15 selected bacterial strains
and the results showed MIC values of 7.81 ug/mL, with the SE extract having exhibited the
greatest activity towards S. aureus and E. coli, the MAC extract toward Enterobacter aerogenes
and the SWE extract toward Staphylococcus saprophyticus. On the other hand, the most
resistant bacterial strain was Salmonella enteritidis. A similar research study [57], dealing
with the application of CE methods (MAC and SE) and non-conventional (UAE, MAE and
SWE) methods for the isolation of bioactive compounds from Erica carnea L. (spring heath),
reported that, generally, the best antibacterial result was from the UAE extract, while the
MAE and SWE extracts exhibited similar activities. The strongest activity was exerted by
the SE extract against E. coli, the MAC extract against E. aerogenes and Proteus mirabilis, the
UAE extract against S. typhimurium and the SWE extract against S. saprophyticus, with a
MIC value of 7.81 ug/mL. In the research study of Gutiérrez-Sanchez et al. [58], similar
findings to ours were reported regarding the lack of antimicrobial activity against specific
strains. They assessed the antimicrobial capacity of their samples from the leaves of Hamelia
patens against several strains and their results showed no inhibitory effect on the majority
of studied Gram-negative and Gram-positive bacterial strains. They reported that 70%
dimethyl sulfoxide was used to extract the phenolic compounds in their research study
and not 70% ethanol, as was the case in another studies, whereas an explanation of the lack
of antimicrobial activity from the extracts could be related to the solvent utilized [58].

When it comes to Gram-negative bacteria, the strain S. enterica was the only bacteria
sensitive to the extracts, with a MIC of 8.88 mg/mL for the extract obtained by UAE and a
MIC of 17.75 mg/mL for the extracts obtained by CE, MAE and HPE. The extracts displayed
no antimicrobial activity against E. coli and P. aeruginosa. These results are comparable to
the previous study [44], which compared the antimicrobial activity of prickly pear peel
compounds extracted with modern (HPE and OM-ohmic heating) and CE (SE) techniques,
whose results showed that for S. aureus and S. enteritidis the MIC obtained was 125 mg/mL,
independent of the extraction method, while for B. cereus only the HPE extract exhibited an
antimicrobial effect. Moreover, in the paper by Tanase et al. [59], the antibacterial activity
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of spruce bark (Picea abies L.) extracts obtained via CE and UAE methods was tested and
the results revealed that both types of extracts had a stronger antimicrobial effect against
Gram-positive cocci (S. aureus) compared to Gram-negative bacilli (Klebsiella pneumoniae,
P. aeruginosa). However, the UAE extract presented a bactericidal effect on K. pneumoniae
and P. aeruginosa while the CE extract presented a bactericidal effect only on P. aeruginosa.
Recently, Vilkickyte et al. [60] reported that an extract from lingonberry leaves showed
no antimicrobial activity against E. coli. Moreover, Tian et al. [61] reported that E. coli
presented low sensitivity to an extract of berry plants and no inhibitory effect was noticed
in extracts derived from bilberry, chokeberry and nettle leaves. Additionally, Silva et al. [62]
observed that E. coli and P. aeruginosa were resistant to a blueberry leaf extract, and, more
precisely, they did not identify any inhibition against these strains. Several previous studies
reported the antimicrobial activity of other berry leaves against E. coli and P. aeruginosa.
Bilberry and lingonberry leaf extracts displayed antimicrobial activity against E. coli and
P. aeruginosa; these strains were the most resistant bacteria [5]. Similarly, in the research
of Gil-Martinez et al. [46], E. coli, P. aeruginosa, S. enterica and Shigella sonnei were more
resistant to bilberry leaf extract than other bacterial strains.

Regarding the two fungi tested in this study, none of the extracts had any effect against
C. zeylanoides. Moreover, towards C. parapsilosis, only the extracts obtained by alternative
extraction methods had an antimicrobial activity, with a MIC of 8.88 mg/mL.

The antimicrobial properties of plant-based extracts are often related to several con-
stituents, including phenolic acids, flavonoids, tannins, alkaloids, terpenoids and lactones.
Previous research has demonstrated that the phenolic compounds found in plants play an
essential role in their antimicrobial properties. The efficacy of these properties is influenced
by the particular mechanism of action of polyphenols, the amount of phenolic compounds,
and the techniques used for extraction [63-65]. Moreover, a variety of mechanisms of action,
including cytoplasmic membrane destabilization, plasma membrane permeabilization, the
suppression of external microbial enzymes, direct effects on the metabolism of microbial
cells and the deprivation of a substrate essential to microbial growth, are involved in the
inhibition of the proliferation of bacteria [66]. Phenolic compounds are thought to affect the
cytoplasmic membrane as their primary antibacterial mechanism. However, the external
lipid membrane of Gram-negative bacteria may serve as an adjuvant protective barrier,
which could explain why phenolic compounds are ineffective against them [20,62]. The
bacteria can be more sensitive or more resistant to the action of the plant extracts.

Growth curves were created, after determining the minimum inhibitory concentra-
tions, using a Microbiology Reader LogPhase 600 (Agilent BioTek, Santa Clara, CA, USA) to
improve our comprehension of the extracts” impact on the inhibited microorganisms. The
growth curves were created only for two of the microorganisms tested, because they were
the only ones sensitive to all the extracts obtained from the bog bilberry leaves. Figure 1
shows the growth curves realized for the S. aureus strain using different concentrations
of the four extracts obtained from bog bilberry leaves. Visual observation was employed
first in our study to determine all MICs. However, it is not more precise than the spec-
trophotometric method used to create the growth curves. When microbial loads are low,
cellular growth can occasionally produce turbidity invisible to the human eye, but it can be
identified spectrophotometrically [30]. This situation was observed in our study. Using
a resazurin microtiter plate-based antibacterial assay, the MIC for all the extracts of bog
bilberry leaves was 17.75 mg/mL.

On the other hand, as can be seen in Figure 1 with the use of a Microbiology Reader
LogPhase 600 (BioTek), the MIC for the extracts was lower, 8.88 mg/mL. Additionally, it
can be noticed that for lower concentrations the growth of the S. aureus was inhibited for a
period of time. Afterward, the bacteria started to grow.

Figure 2 shows the growth curves realized for the S. enterica strain using different
concentrations of the four extracts obtained from bog bilberry leaves. Similar to the S.
aureus strain, for all extracts, in the case of S. enterica strain, the MIC was lower when using
the Microbiology Reader LogPhase 600.
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Figure 1. S. aureus growth curves for the extracts obtained by (A) CE, (B) UAE, (C) MAE, (D) HPE.
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Figure 2. S. enterica growth curves for the extracts obtained by (A) CE, (B) UAE, (C) MAE, (D) HPE.
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4. Conclusions

In conclusion, our study identified a rich profile of phenolic compounds in the leaves
of the Romanian bog bilberry, belonging to hydroxycinnamic acids, flavanols and flavonols.
Remarkably, all 17 phenolic compounds were consistently detected across all four extraction
methods. The predominant phenolic acids were chlorogenic acid, neochlorogenic acid and
caffeic acid, while for the flavonols class, quercetin-glucuronide was the most abundant; all
in the highest quantities in the HPE, UAE and MAE extracts, and lowest in the CE-derived
extract. Hydroxycinnamic acids, especially chlorogenic acid, were the most prevalent
subclass across all the extraction methods, with their highest levels in alternative extraction-
derived samples.

Quantitatively, HPE, UAE and MAE consistently yielded a significant phenolic and
flavonoid content, along with a high antioxidant capacity, reinforcing the potential benefits
of the alternative extraction techniques in comparison to conventional methods. How-
ever, antimicrobial activity was observed selectively against Gram-positive bacteria and S.
enterica, underlining the complex relationship between phenolic composition and biologi-
cal activity.

This comprehensive analysis provides valuable insights into the phenolic composition,
extraction efficiency and bioactivity of Vaccinium uliginosum L., offering perspectives for
future works (e.g., identification of the phenolic compounds/phenolic class responsible
for the antibacterial activity) and supporting the potential uses and applications of these
extracts in real food systems, such as functional foods and pharmaceuticals.
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Abstract: In this study, we isolated and identified pathogenic fungi from the naturally occurring
fruits of red grapes, studied their biological characteristics, screened fifteen essential oil components
to find the best natural antibacterial agent with the strongest inhibitory effect, and then compared the
incidence of postharvest diseases and storage potential of red grapes treated with two concentrations
(0.5 EC5p/ECs5p) of essential oil components (inoculated with pathogenic fungi) during storage for
12 d at room temperature. In our research, Alternaria alternata was the primary pathogenic fungus of
red grapes. Specifically, red grapes became infected which caused diseases, regardless of whether they
were inoculated with Alternaria alternata in an injured or uninjured state. Our findings demonstrated
that the following conditions were ideal for Alternaria alternata mycelial development and spore
germination: BSA medium, D-maltose, ammonium nitrate, 28 °C, pH 6, and exposure to light. For
the best Alternaria alternata spore production, OA medium, mannitol, urea, 34 °C, pH 9, and dark
conditions were advised. Furthermore, with an ECs value of 36.71 ug/mL, carvacrol demonstrated
the highest inhibitory impact on Alternaria alternata among the 15 components of essential oils. In
the meantime, treatment with EC5y concentration of carvacrol was found to be more effective than
0.5 EC5 concentration for controlling Alternaria alternata-induced decay disease of red grapes. The
fruits exhibited remarkable improvements in the activity of defense-related enzymes, preservation of
the greatest hardness and total soluble solids content, reduction in membrane lipid peroxidation in
the peel, and preservation of the structural integrity of peel cells. Consequently, carvacrol was able to
prevent the Alternaria alternata infestation disease that affects red grapes, and its ECsy concentration
produced the greatest outcomes.

Keywords: Alternaria alternata; isolation and identification; biological characteristics; natural bacteriostatic
agent; postharvest disease; antifungal activity

1. Introduction

Alternaria Nees, a member of the Pleosporaceae family in the Dothideomycetes class of As-
comycota, is a highly prevalent fungus that includes saprophytic, parasitic, and endophytic
strains. Among these, Alternaria alternata (A. alternata) is a saprophytic fungus capable
of surviving in various substrates, including water, soil, and air. Additionally, certain
strains have the ability to re-colonize and grow on host tissues affected by diseases, exac-
erbating the severity of the infection [1]. A. alternata, as a parasitic fungus, has the ability
to extensively infect fruits and vegetables during field cultivation, storage, and through
direct contact. Significant losses in the nutritional and commercial value of crops occur
as a result of this pervasive contamination, both in the field and during the postharvest
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procedures [2]. Currently, over 95% of reported cases indicate that Alternaria has the ability
to facultatively parasitize various crops. It is also recognized as a major cause of diseases
of blueberries, cherries, maize, tomatoes, and other fruits and vegetables [3-5]. In addition,
Alternaria is known to produce mycotoxins that can be harmful to humans and animals.
Some of these mycotoxins include alternariol (AOH), alternariol methyl ether (AME), and
tenuazonic acid (TeA). These toxic secondary metabolites are secreted by pathogenic fungi
such as Alternaria [6]. At low concentrations, these mycotoxins can disrupt the normal
physiological and metabolic functions of the host and even induce apoptosis. They have
genotoxic, mutagenic, cytotoxic, and other adverse effects. In addition, there is evidence
of synergistic effects between AOH and AME [7]. Grapes (Vitis vinifera L.) are one of the
most popular fruits in the world, with rich nutritional and medicinal value [8]. Apart
from being eaten raw, grapes are also extensively processed to make wine, grape juice,
raisins, and other products to satisfy a variety of customer demands [9-11]. Consequently,
grapes hold significant economic worth within the worldwide fruit industry [12]. However,
grapes are berries, which are susceptible to mechanical damage and pathogen infection
while being picked, stored, and transported [13]. Among them, pathogens such as Al-
ternaria can quickly invade through the wounds or skin of fruits [14]. Once the conditions
are suitable, its mycelium will spread out and generate more conidia, which will lower
quality and cause postharvest losses [15]. In order to protect the interests of consumers
and the red grape fruit industry, it is therefore essential to gain a full understanding of
the biological characteristics of Alternaria. With this understanding, effective control mea-
sures for preventing Alternaria-caused postharvest deterioration can be developed and put
into practice.

Synthetic fungicides are widely used in pre- and postharvest production to control
plant diseases. Consumer demand for organic fruits and vegetables free of pesticides and
chemical residues is rising; nevertheless, long-term usage of improved fungicides can
result in fungal strains, chemical residues, and environmental contamination of antifungal
agents [16]. In this context, sulphur dioxide (5O;) fumigation has been shown to be an
effective method of controlling the postharvest pathogen A. alternata. However, the optimal
dosage of SO, treatment is often close to causing bleaching damage, fruit cracking, and
softening. In addition, potential residues of SO, pose a risk to human health, limiting its
practical use for prolonged exposure in production practices [17]. In contrast, dielectric-
barrier discharge plasma (DBD) [18] and ultraviolet irradiation (UVI) [19] have developed
into large-scale environmental protection and physical sterilization methods for controlling
postharvest diseases. The safety profiles of these non-thermal sterilizing methods are
enhanced. Unfortunately, their high cost and sophisticated nature prevent them from being
used in areas with poor infrastructure. Moreover, microbial antagonists are known to be
highly plastic in their growth and reproduction stages, sensitive to environmental factors,
and difficult to ensure stability, thus resulting in limited therapeutic effects in practical
applications. Thus, over the past ten years, more research has been conducted on biocontrol
agents (BCAs) based on natural substances, paying particular emphasis to the use of plant
extracts or essential oils as fungicides in place of their synthetic counterparts [20].

For example, carvacrol is a monoterpenoid phenol, a light-yellow oily liquid with
lipophilicity and good inhibitory effects on various pathogenic bacteria. It has been re-
ported to cause structural damage to cell walls and membranes [21], and it also exhibits
strong antibacterial and antifungal properties in the field of food preservation. Indeed, the
excellent antibacterial properties of carvacrol make it a suitable substitute for ketanol and
carbolic acid in the dental field [22]. In addition, it is reported that compared to other plant
essential oil components, carvacrol exhibits superior postharvest disease inhibitory activity.
In a recent study by Ml et al. [23], it was found that the growth of A. alternata was signifi-
cantly inhibited after treatment with carvacrol, ultimately improving the storage quality
parameters of kiwifruit. Due to the harmful effects of high concentrations of carvacrol on
fruits, it is not suitable to choose high concentrations in practical applications [24]. How-
ever, little is known about the possible outcomes and workings of applying low carvacrol
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concentrations (<ECs) to stop A. alternata-caused postharvest illnesses. Thus, the goal of
this study was to investigate the antifungal potential and control effect of low concentra-
tions of carvacrol on the main pathogenic fungus, A. alternata, in red grapes after harvest. In
addition, we aimed to study the quality parameters and disease resistance of Streptomyces
in vivo and the effects of low-dose carvacrol treatment on red grape infections.

2. Materials and Methods
2.1. Materials and Reagents

Red grape (Krenson) samples were purchased from a local supermarket in Yucheng
District, Ya “an City, Sichuan Province, during the growing season. Fruits that exhibited
uniformity in color and size, consistent maturity, and no mechanical damage were chosen,
and pathogens were isolated after natural onset and decay.

Potato dextrose agar medium (PDA) was purchased from Beijing Aoboxing Biotech-
nology Co., Ltd., Beijing, China. Wort agar medium (MEA) was purchased from Qingdao
Hi-Tech Industrial Park Haibo Biotechnology Co., Ltd., Qingdao, China.

Carvacrol, thymol, geraniol, citral, L-menthol, menthone, anisaldehyde, linalool, cit-
ronellal, trans-2-hexenal, diallyl disulfide, trans-caryophyllene, piperoneone, eugenol,
and anethole (Analytical pure) were all purchased from RON Reagent Shanghai Yi En
Chemical Technology Co., Ltd., Shanghai, China. All other chemicals and reagents were
of analytical grade and were purchased from Chengdu Cologne Chemical Co., Ltd.,
Chengdu, China.

2.2. Isolation and Identification of Pathogens
2.2.1. Isolation and Purification of Pathogens

Pathogenic fungi of red grapes were injected as described by Zhang et al. [25]. The
experiment was conducted on an ultraclean workbench (SW-CJ-1F, Shanghai Bangxi In-
strument Technology Co., Ltd., Shanghai, China), and related materials were sterilized
using a high-pressure steam sterilization pot (GI54DS, Xiamen Zhihui Instrument Co.,
Ltd., Xiamen, China). It was then placed in a biochemical incubator (LRH-250F, Shanghai
Yiheng Technology Co., Ltd., Shanghai, China) and cultured (28 °C, 48 h). Subsequently,
the edge of the colony mycelium was chosen based on the cultivation methods until one
colony formed.

2.2.2. Morphological Identification

Fungi were inoculated on potato dextrose agar (PDA) and cultured (28 °C, 5 d). We
looked at the colony’s size, morphology, color, texture, and other aspects. Water lenses
were made so that hyphae and spore morphological characteristics might be seen and
photographed using a biomicroscope (N-126, Ninon Corporation, Tokyo, Japan). The
species of fungi were preliminarily identified by using a fungal identification manual.

2.2.3. Molecular Biology Assay

After fungi were purified, their genomic DNA was amplified using the universal
primers ITS1 and ITS4 of the fungal ribosomal gene transcribed spacer. The amplified
material was then transferred to the Chengdu branch of Beijing Qingke Biotechnology Co.,
Ltd., Beijing, China for sequencing.

2.2.4. Pathogenicity of Pathogens

The purified fungi were reversely infected in accordance with Koch'’s rule [26]. When
disease occurred, pathogenic fungi were isolated and purified again, and compared with
the previously obtained fungi.

2.3. Biological Characteristics of Pathogenic Fungi

The growth curves of pathogenic fungi were determined, and the effects of different
growth conditions were investigated. The media included potato dextrose agar (PDA),
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potato sucrose agar (PSA), Chagall medium (Czapek), wort agar medium (MEA), bean
sprout juice medium (BSA), oat agar medium (OA), and red grape agar medium (RGA).
Carbon and nitrogen sources were also used (carbon sources: sucrose, mannitol, glucose,
soluble starch, D-maltose, lactose, and D-fructose. Nitrogen sources: sodium nitrate,
ammonium sulfate, ammonium nitrate, potassium chloride, potassium nitrate, L-Alanine,
and urea). The temperatures were 4, 10, 16, 22, 28, 34, 40. The pH values were 3,4, 5, 6,7, 8,
9. The light conditions included full light, alternating light and dark, and full dark. The
fatal temperatures of pathogenic fungus hyphae and spores, as well as colony diameter,
spore production, and spore germination, were measured. Each treatment was repeated
three times, and the average value was taken to determine the optimal growth conditions
of pathogenic fungi.

2.3.1. Growth Curve of Pathogenic Fungi

With a few minor adjustments, spore suspension was made as described by Zhang
et al. [27]. The concentration of pathogenic fungi was adjusted with sterile water to
10° spores/mL for later use.

A 200 uL spore suspension was cultured in 100 mL of PDB medium for 7 d at 28 °C
and 110 rpm in a water bath thermostatic shaker (SHA-BA Shanghai Yiheng Technology
Co., Ltd., Shanghai, China), with samples being obtained every 12 h. After centrifuging the
samples (6000 g r/min for 10 min) to extract the culture solution, they were dried to a
consistent weight in an electric blast drying oven (DHG-9245A Shanghai Yiheng Technology
Co., Ltd., Shanghai, China) set at 60 °C. The growth curve was then drawn using the dry
weight of hyphae as the ordinate and the culture time of pathogenic fungi as the abscissa.

2.3.2. Culture Medium

Seven different types of culture media were infected with the pathogenic fungal cake
(28 °C, 5 d). The total number of spores was counted using a blood cell counting plate, and
the colony diameter was measured using the cross method.

2.3.3. Carbon and Nitrogen Sources

Seven carbon and nitrogen sources were employed in place of sucrose and sodium
nitrate, and the other procedures were the same as above. Czapek medium was used as
the basic medium. The carbon and nitrogen sources were prepared into 1% solution with
sterile water and pathogenic fungal spores were collected. A 25 uL spore suspension was
coated on the concave slide and cultured (28 °C, 4 h). Three spore germination zones were
observed. The spore germination rate was estimated, and the total number of spores should
not be less than 150. The length of the germ tube must be greater than half of the diameter
of the spore to germinate. The germination rate of spores was calculated according to the
following formula:

Germination rate of spores = (np/n) x 100%
where ng is the number of germinated spores and n is the total number of spores.

2.3.4. Temperature

Other steps were the same as above, in addition to temperature.

2.3.5. Lethal Temperature

The test tube holding the bacterial cake or spore solution was heated (35, 40, 45, 50,
55, 60, and 65 °C for 10 min) in a digital display thermostatic water bath (HH-4 Shanghai
Bangxi Instrument Technology Co., Ltd., Shanghai, China), and then cultured (28 °C, 5 d).
According to the highest temperature that fungi could grow, the temperature gradient
that fungi could not grow was set at an interval of 1 °C, and then the above process
was repeated.
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2.3.6. pH

The pH of sterile water and PDA medium was adjusted by using 1 mol/L HCl and
1 mol/L NaOH. The other operation steps were the same as above.

2.3.7. Light

Other steps were the same as above, in addition to lighting options.

2.4. Screening of Natural Bacteriostatic Agents

Pathogenic fungi were inoculated into PDA medium that contained 15 essential oil
components at a specific concentration, including carvacrol, thymol, and geraniol (Table Al).
By measuring the colony diameter, the growth inhibition rate was estimated using the
formula shown below. The logarithm of the concentration of the essential 0il’s constituents
as the abscissa and the inhibition rate as the ordinate were used to calculate the virulence
regression equation and the correlation coefficient R. The virulence regression equation
was then used to obtain the ECj5 value as follows:

Mycelial growth inhibition rate = [(dg — d)/(dp — 5)] x 100%

where dj is the control colony diameter and d is the colony diameter of the experimental
group.

2.5. Inhibitory Effect of Essential Oil Components on Pathogenic Fungi In Vitro

The mechanism of action of carvacrol was determined using scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) as previously described [28],
with minor modifications.

The cultured pathogenic fungi were fixed in 3% glutaraldehyde solution (4 °C, 2 h),
washed three times with phosphate-buffered solution (PBS; pH 7.2, 0.1 mol/L), and de-
hydrated in 30%, 50%, 70%, 80%, 90%, 95%, and 100% alcohol gradient for 15 min. With
conductive adhesive, the sample was attached to the sample holder, which was then placed
in an ion sputter (e-1045, Hitachi High Tech Nako, Tokyo, Japan) for spraying treatment.
The sample was photographed using a scanning electron microscope (jsm-it700 hr, Japan
Electronics, Tokyo, Japan).

The tissue was first prefixed with 3% glutaraldehyde, followed by 1% osmium tetrox-
ide postfixation, series acetone dehydration, extended Epon 812 infiltration, and embedding.
The semithin sections were stained with methylene blue, while the ultrathin sections were
cut with a diamond knife and stained with uranyl acetate and lead citrate. A JEM-1400-
FLASH transmission electron microscope was used to examine the sections.

2.6. Inhibitory Effect of Essential Oil Components on Pathogenic Fungi In Vivo and Their
Preservation Effect

To ensure uniformity in size and ripeness and the absence of mechanical damage,
red grapes were cut off from the stem. Pretreatment was performed as explained by Ding
et al. [29]. These sterilized red grapes were used as the negative control group (CK1), and
the inoculated fruits were used as the positive control group (CK2), following spraying
of the sterilized red grapes’ surfaces with A. alternata spore suspension. The remaining
fruits were divided into two groups and sprayed with 0.5 ECs5y and ECsy concentrations of
carvacrol, marked as Q1 and Q2. Each group was prepared with fifteen boxes of red grapes,
and each measurement was performed three times or more to replicate the natural shelf-life
state while the fruits were kept at room temperature. The disease incidence, the degree
of pericarp membrane lipid peroxidation of the peel, and the activities of defense-related
enzymes of the peel were evaluated and recorded over 12 d at intervals of 3 d.
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2.6.1. Postharvest Disease Incidence Rate

We referred to a previous study method, with minor modifications [30]. Based on
the size of the fruit decay area, it was divided into different grades as described by Ding
et al. [29]. The decay rate was calculated according to the following formula:

Decay rate = [(i x n;)/4n] x 100%

where i is the level of decay and the number of fruits at that level of decay, and n is the total
number of fruits per box of red grapes.

2.6.2. Postharvest Changes in Physical and Chemical Properties

Each group consisted of three red grape groups that were fixed at random. The fixed
group was weighed at each sampling and the findings were recorded. The weight at 0 d was
the initial weight. The change in red grape hardness was measured using a fruit hardness
tester (GY-4, Yueqing Edbao Instrument Co., Ltd., Yueqing, China) based on a previous
report by Xu et al. [31], with some modifications. The total soluble solids (TSS) content
of red grapes was determined using a digital refractometer (LH-B55, Hangzhou Luheng
Biotechnology Co., Ltd., Hangzhou, China), and the method for determining titratable acid
(TA) was acid-base titration, which had been slightly modified according to a previous
report [32]. The weight loss rate was calculated according to the following formula:

Weight loss rate = [(my — my)/mg] x 100%
where my is the initial weight of red grapes and m; is the weight of red grapes on t d.

2.6.3. Degree of Membrane Lipid Peroxidation in Fruit Peel

The method used to determine the content of malondialdehyde in fruits was based
on a previous study [33], with some modifications. This method required the use of a
UV-Vis spectrophotometer (UV BlueStar A, Beijing Lebertech Instrument Co., Ltd., Beijing,
China). The relative conductivity of the red grapes’ peel was measured using a conductivity
meter (DDS-11A, Shanghai Youyou Instrument Co., Ltd., Shanghai, China), which was
determined based on a previous report by Han et al. [34], with minor modifications.

2.6.4. Defense-Related Enzyme Activity

Red grapes (5 g) were collected and homogenized in ice-cold PBS (5 mL, pH 7.2,
0.1 mol/L). Subsequently, the homogenates were centrifuged (4 °C, 10,000 r/min, 15 min).
The resultant supernatants were then used as enzyme extracts to measure the activities of
defense-related enzymes using plant-based ELISA kits from Chengdu Kuafu Technology
Co., Ltd., which included superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
and phenylalanine ammonia lyase (PAL).

2.7. Statistical Analysis

The final results were expressed as the means =+ standard deviations of three indepen-
dent replicates. The phylogenetic tree was drawn using MEGA-X. Excel 2022 was used to
calculate data statistics. Means were compared using one-way analysis of variance and
Duncan’s multi-range test using SPSS 25. p < 0.05 was considered significant. The Origin
2021 software was used for statistical analyses.

3. Results and Discussion
3.1. Isolation and Identification of Pathogens

The fungal group Alternaria, which exhibits high adaptability and a wide range of
species, is a significant cause of diseases in fruits and vegetables [35]. As shown in Figure 1,
the colonies of strain LQ on PDA medium had an almost circular shape. The hyphae were
initially greyish white and radially growing, gradually deepening to greyish green or ink
green. The colonies had flat and dense villi with clean edges, developed aerial hyphae, and
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exhibited a growth rate of 6.01 mm/d (Figure 1a). Over time, the colonies changed color
from pale yellow to blackish brown (Figure 1b). Microscopic examination revealed largely
unbranched mycelia with sizes ranging from 1.8 to 4.7 um and septa (Figure 1c). The coni-
dial chains were upright or curved and the conidia appeared yellowish brown or brown
with different shapes and sizes (11.83-42.66 pm x 5.69-16.12 um) (Figure 1c). The conidia’s
surface was smooth or drum-shaped, with 0-2 longitudinal or oblique septa and 2-5 trans-
verse septa that were constricted at the septa. The septa in the middle part of the spore body
were thicker and dark brown (Figure 1d), with most having a light brown columnar short
beak. The long beak had a septum and measured 2.40-25.24 um x 2.80-5.30 um (Figure 1c).
Based on the colony characteristics and reference to fungal identification manuals, strain
LQ was tentatively identified as Alternaria.

Figure 1. Growth and morphological characteristics of LQ and diseases of red grapes caused by

reverse inoculation: (a) colony in PDA medium (front); (b) colony in PDA medium (reverse); (c) mi-
croscopic images of hyphae and spores (40x); (d) observation of hyphal and spore morphology;
(e) inoculation of pathogenic fungi in injured fruits; (f) inoculation of pathogenic fungi without injury;
(g) injured control; and (h) no-injury control.

The pathogenicity test confirmed that the red grapes in the control group showed no
disease response. However, the red grapes in the experimental group, whether injured or
uninjured, were all infected with the fungus and produced a significant number of spores.
In addition to exhibiting mycelial development and spore germination on the uninoculated
side, the red grapes in the wounded, inoculated treatment group also had disease signs,
which was consistent with the natural symptoms of red grapes. The fungi were reisolated
and purified and found to match the characteristics of the inoculated strain. This agreement
with Koch'’s postulates indicated that this fungus was the main pathogen responsible for
red grape storage diseases.
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It was found in this study that A. alternata was the predominant pathogenic fungus
of red grapes, which was compatible with the findings of Ghuffar S in the Rawalpindi
district of Punjab province, Pakistan [36]. Furthermore, Li Z isolated A. alternata from the
leaves of the Amur grape Vitis amurensis [37]. Together, these data demonstrated that A.
alternata was the primary pathogenic fungus of grapes, and it was possible that there were
no geographical variations.

Sequencing revealed a fragment size of 550 bp in strain LQ (Figure Ala). With 100%
coverage and homology, the ITS sequences of pathogenic fungi with a higher homology
were all recognized as Alternaria species through further homology alignment with known
sequences (Figure Alb) in the NCBI database. The phylogenetic tree is shown in Figure Alc.
Sequences from different Alternaria species formed a single large clade, with the branch
confidence scores mostly above 70% and often above 90%. LQ clustered closely with two A.
alternata sequences, with high (100%) branch confidence and close genetic distance. This
cluster of branches was relatively independent of those of other Alternaria species, indicating
that LQ could be confidently identified as A. alternata.

3.2. Biological Characteristics of LQ

The mycelium of this strain, as depicted in Figure A2f, grew slowly throughout the
course of 0-24 h without significant change in weight, suggesting a lag phase. Rapid
mycelial growth then transpired between 24 and 72 h, signifying a logarithmic growth
phase. During 72-108 h, a little rise in mycelial weight was noted. Mycelial weight did not
significantly alter between 108 and 132 h, suggesting that the strain had stabilized. The
strain’s weight steadily dropped starting at 132 h, signifying the start of a decline phase.

Significant differences (p < 0.05) were observed in mycelial growth and spore pro-
duction of strain LQ under different nutrient and environmental conditions, as shown in
Figure 2. LQ showed the highest growth rate in BSA medium (60.29 =+ 0.48 mm). D-maltose
and ammonium nitrate supported superior growth compared to other groups. Similarly,
potassium nitrate and L-alanine also promoted accelerated growth with no significant
difference between them. Optimal growth occurred at 28 °C, while growth slowed sig-
nificantly above 34 °C and was absent at 4 °C and 40 °C. LQ preferred neutral or slightly
acidic conditions with pH of 6 for maximum growth, while alkaline conditions inhibited
it. Mycelial growth rate was higher in the light/dark alternation and full-light treatments
compared to full darkness, with no significant difference between them. Thus, the ideal
conditions for LQ mycelial growth were BSA medium, D-maltose, ammonium nitrate,
28 °C, pH 6, and exposure to light, and the optimum conditions for sporulation were
consistent with this (Figure A2). The hyphae and spores of LQ were effectively sterilized at
56 °C for 10 min (Table A2).

LQ did not produce spores in Czapek and MEA media. Of the media tested, OA
was the most favorable for spore production. When mannitol and urea were used as
carbon and nitrogen sources, LQ showed the highest spore production. However, LQ
did not produce spores in the medium containing ammonium sulphate and L-alanine as
nitrogen sources. The temperature was correlated with spore production, which peaked at
34 °C. At 4 and 40 °C, no spores were generated. In contrast to mycelial growth, alkaline
and dark conditions favored LQ spore production. At pH 9, spore production reached
(2.117 4+ 0.0764) x 10° spores/mL. Therefore, OA medium, mannitol, urea, 34 °C, pH 9,
and dark conditions were recommended for optimal LQ spore production.

Remarkably, we discovered that there was no positive correlation between the strain’s
capacity for mycelial development and sporulation. The specific results were different from
Wang et al. [38], which may be because different choices were made for culture medium
types and environmental factors. Due to the differences in the utilization of nitrogen sources
by LQ, it may be safer to choose ammonium sulfate as a nitrogen fertilizer compared to
nitrate and urea fertilizers.
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Figure 2. Colony diameter and spore production of LQ under different growth conditions: (a) culture
media; (b) carbon sources; (c) nitrogen sources; (d) temperature; (e) pH; and (f) lighting conditions.
Different minuscule letters indicate significant differences in colony diameter (p < 0.05). Different
capital letters indicate significant differences in spore production (p < 0.05).

3.3. Effect of Carvacrol on LQ In Vitro

The growth of LQ was inhibited to varying degrees by 15 essential oil ingredients,
including carvacrol, thymol, and geraniol, with the inhibition proportional to the con-
centration (Figure A3). As shown in Table A3, the toxicity regression equations for these
components showed good linear correlation (R > 0.97). Carvacrol exhibited the strongest
antibacterial effect, with an ECsy of 36.71 pug/mL, surpassing the other 14 ingredients.
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Thymol, geraniol, citral, and L-menthol followed, with ECs, values ranging from 40 to
90 pg/mL. Consequently, carvacrol was selected for subsequent experiments as an inhibitor
against LQ. Carvacrol is a lipophilic, light-yellow oily liquid monoterpene phenol that has
good pathogen inhibitory activity. It is present in a variety of oregano plants, including
sage, thyme, and oregano, of which it is most prevalent in oregano and the primary active
component of oregano essential oil [39]. As a compound with a variety of biological activi-
ties, it has broad application prospects. The World Health Organization (WHO) reported
that when the residue of carvacrol in food was less than 50.0 mg/kg, it had no harm to
human health and could be used for postharvest preservation of fruits [40].

Damage to the hyphae and spores of LQ increased with carvacrol concentration
(Figure 3a). The control group showed regular, plump, and smooth mycelia with intact cell
walls and germinated spores. In contrast, carvacrol-treated mycelia and spores showed
shrinkage, which became more pronounced with increasing concentration. At ECs, wrin-
kles and craters similar to meteorite craters appeared and small cracks appeared on the
myecelial surface. Above ECsy, hyphae and spores were completely destroyed and spores
did not germinate. Specifically, at 2 EC5p, hyphae shrank and bent, and the spore sur-
face suffered extensive damage with disrupted cell walls. As a result, higher carvacrol
concentrations harmed LQ hyphae and spores more severely and prevented them from
growing normally.

CK 0.5 EC,, EC,, 1.5EC,,  2EC,

ey

Figure 3. SEM and TEM results: (a) surface morphology of hyphae and spores observed under SEM,
where the red box indicates the twisted morphology of hyphae and the wrinkled and damaged state
of spores; (b) structure of cells observed under TEM, where the white arrows indicate cell walls, the
yellow arrows show cell membranes, the red arrows show mitochondria, the green arrows show lipid
droplets, the blue arrows show autophagosomes, the purple arrows indicate the loss of cytoplasmic
material, and N indicates the cell nucleus.

The TEM observations (Figure 3b) were highly consistent with the SEM results. The
control group showed intact cell walls and membranes, uniformly distributed plasma
membranes, abundant cytoplasm and contents, and visible organelle structures. In the
0.5 ECs5p and EC5 treatment groups, LQ showed cell swelling, distorted mitochondria,
and increased lipid droplets and autophagosomes, while the cell walls and membranes of
pathogenic fungi remained largely intact. Significant damage to the cell wall and membrane,
the loss of cell contents, a decrease in the number of lipid droplets, an unorganized internal
matrix, and a distortion in the shape of organelles were the outcomes of concentrations
higher than ECs. It was hypothesized that at lower concentrations (<ECsp), carvacrol

129



Foods 2023, 12, 4305

inhibited LQ growth by causing damage to mitochondria and causing aberrant formation
of lipid droplets, while at higher concentrations (>ECsy), carvacrol was likely to cause
irreparable cell damage by rupturing the integrity of the LQ cell wall and membrane.

Through in vitro experiments, we found that carvacrol could inhibit the growth of
mycelium and spore germination of A. alternata, and there was a certain dose relation-
ship. On the one hand, carvacrol inhibited important enzyme activities linked to energy
metabolism in pathogenic fungal cells, which might have further harmed mitochondria
by altering the mitochondrial shape and causing an aberrant increase in lipid droplets.
Insufficient energy supply to the cells could lead to the activation of autophagosomes,
which are important molecules for maintaining cell homeostasis [41]. On the other hand,
carvacrol might inhibit important enzymes involved in the synthesis of cell walls and mem-
branes, which hinders the production of substances like chitin and ergosterol. Additionally,
accumulated ROS resulted in membrane lipid peroxidation, which damaged the integrity
of cell walls and membranes and caused pathogenic fungal cells to cease growing and
die [42].

3.4. Effect of Carvacrol on the Physical and Chemical Properties of LQ-Inoculated Red Grapes

According to the results shown in Figure 4a, carvacrol effectively inhibited fruit decay
caused by LQ at different concentrations. The positive control group (CK2) showed a
significant increase in decay rate from day 0, which was significantly higher than the other
treatment groups (p < 0.05). On 12 d, the degradation rate reached 63.37 &= 1.75%. The
degradation rate in the CK1, Q1, and Q2 groups significantly increased starting on 6 d, and
by 9 d, notable changes were seen. On 12 d, the degradation rates were 11.56 + 0.89%,
29.29 £ 1.29%, and 14.73 + 0.69%, respectively. The Q2 group showed stronger inhibitory
effects and closely resembled the CK1 group, with a significant difference observed only
on 12 d (Figure 4f).

As shown in Figure 4b, carvacrol effectively slowed the weight loss caused by LQ,
in line with the degradation trend. With the highest rate of 12.27 £ 0.38%, CK2 showed
increased water loss and faster respiration as a result of LQ. On 9 d, both essential oil
treatment groups and CK1 showed similar patterns with no significant differences (p > 0.05).
In general, carvacrol slowed fruit respiration and reduced water loss, with Q2 giving the
most favorable results.

As shown in Figure 4c, carvacrol considerably inhibited the deterioration of red grapes
and preserved their hardness during storage, while LQ caused the grapes to soften more
during storage. CK2 showed the most severe softening and the most rapid decrease in
hardness. Fruits treated with carvacrol showed a milder decrease. On 12 d, the hardness
of the four groups was 3.71 + 0.07, 0.6 £ 0.13, 3.12 £ 0.09, and 3.68 & 0.09 N, respectively.
Compared to 0 d, the hardness decreased by 26.97%, 87.93%, 37.35%, and 25.35%, respec-
tively. Q2 and CK1 showed similar trends without significant differences until the last day
(p > 0.05). In conclusion, carvacrol reduced fruit softening and retained firmness, with Q2
showing greater efficacy than Q1.

TSS in all four treatment groups had a similar trend, rising at first and then dropping
over time (Figure 4d). This is most likely because TSS functions as a structural carbohydrate
that is mostly hydrolyzed during fruit metabolism [43]. CK2 showed a sharp increase to
20.2 £ 0.02%, which decreased after the third day. CK1 and Q1 reached their peak on
6 d with contents of 18.61 & 0.04% and 18.16 & 0.08%, respectively. Notably, Q2 reached
its peak on 9 d (18.89 = 0.04%). On 12 d, the TSS of Q2 was significantly higher than
that of CK1, indicating the beneficial effect of higher carvacrol concentration on red grape
preservation. Overall, carvacrol inhibited the metabolism of LQ-infected red grapes, with
Q2 showing the best results.
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Figure 4. Effect of carvacrol on the quality of red grapes during storage with different treatments:
(a) decay rate; (b) weight loss rate; (c) hardness; (d) TSS; (e) TA; and (f) decay on the last day of
storage. Different minuscule letters indicate significant differences in colony diameter (p < 0.05).
Different capital letters indicate significant differences in spore production (p < 0.05).
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TA of red grapes dropped during storage (Figure 4e), most likely as a result of addi-
tional materials and organic acids being consumed during fruit respiration. In the later
stages of storage, CK2 had a significantly lower TA than the other three groups (p < 0.05),
while the essential oil-treated group showed a mitigated decline. On 12 d, the TA of CK2
was 0.23 & 0.02%, a decrease of 74.22% compared to 0 d, while the other three groups
(CK1/Q1/Q2) showed decreases of 58.29%, 67.29%, and 58.52%, respectively. Overall, this
suggests that carvacrol treatment could delay the rate of titratable acid consumption, with
Q2 showing a slower metabolic rate in red grapes infected with LQ.

Red grapes naturally have life, and during storage, they engage in a variety of bio-
logical processes like transpiration and respiration, which cause the fruit to soften after
dehydration. Pectin hydrolysis and depolymerization immediately contribute to cell dam-
age and cell wall rupture, which in turn cause fruit softening and hardness loss [44]. It
has been reported that carvacrol-containing biofilms effectively preserve tomatoes and
persimmons. After twenty days, tomatoes’ inhibition rate reached 90%, while by two
months, persimmons showed no damaged fruit [45]. In addition, carvacrol could signifi-
cantly maintain the hardness of fresh-cut apples, prevent their softening, and significantly
alleviate the decrease in TSS and TA contents [46]. This was consistent with the research
results. All these indicated that carvacrol had broad-spectrum antibacterial activity, which
could reduce the aging of fruits, slow down the deterioration of quality, prolong the storage
time of fruits, and produce effective fresh-keeping effects. However, the preservation effect
may vary with the type, processing method, and concentration of fruits and vegetables.

3.5. Effect of Carvacrol on Membrane Lipid Peroxidation of LQ-Inoculated Red Grapes

There were variations in the degree of membrane lipid peroxidation of red grape peel
in each group over the course of storage (Figure 5). It was observed that the change trend of
MDA and relative conductivity increased. Additionally, the CK2 group had a significantly
higher degree of membrane lipid peroxidation than the other three groups (p < 0.05). The
final byproduct of membrane lipid peroxidation is the content of MDA, which is widely
used to assess the level of senescence damage to fruit cells in conjunction with relative
conductivity [34]. Thus, this case showed that when red grapes were infected with LQ,
the degree of membrane lipid peroxidation rose, resulting in ongoing accumulation of
MDA, damage to the cell membrane, electrolyte leakage, and concurrently elevated relative
conductivity. On 12 d, the MDA content of CK2 reached 19.72 &= 0.41 pmol/g, while Q1 and
Q2 had a lower concentration with a significant difference (p < 0.05). According to this study,
carvacrol may be able to stop red grape peel’s membrane lipids from peroxiding. Overall,
carvacrol can effectively delay fruit senescence, preserve the integrity of cell membrane,
and prevent oxidative damage to pericarp cell membrane lipids caused by an infection
with LQ, with Q2 showing greater efficacy.

Active oxygen buildup in red grapes during storage caused the membrane system to
be attacked and the membrane structure to be degraded, which increased the fruit's MDA
level, caused electrolyte leakage, and accelerated fruit aging. The reason why carvacrol
could alleviate this situation may be because it had an inhibitory effect on A. alternata, which
initially inactivated some pathogenic fungi and prevented their infection and colonization.
This was consistent with the results of Chen et al. [47].
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Figure 5. Effects of carvacrol on the quality of LQ-inoculated red grapes during storage: (a) MDA
and (b) relative conductivity. Different minuscule letters indicate significant differences in colony
diameter (p < 0.05). Different capital letters indicate significant differences in spore production
(p <0.05).

3.6. Effect of Carvacrol on Defense-Related Enzyme Activities of LQ-Inoculated Red Grapes

All defense enzymes’ activity increased during storage at first before declining once
more (Figure 6). The peak value for the CK2 group was higher than the CK1 group,
occurred 3-6 d earlier, and then dropped off quickly. The enzyme activities decreased in the
CK1 group on 12 d. When carvacrol was introduced, it interacted with LQ and changed the
defense enzymes’ activity in a statistically significant way (p < 0.05). The overall enzyme
activities of the Q1 and Q2 groups were significantly better than those of the CK1 group
and persisted at a higher level until the last day. Particularly, the enzyme activities of the
Q2 and CK1 groups peaked after 9 d of storage, while SOD, POD, CAT, and PAL activities
were 1.25, 1.14, 1.25, and 1.2 times those of CK1, respectively. In comparison to the CK2
group, the peak times of the CAT and PAL enzyme activities in the Q1 group were delayed
by 3 d, while the Q2 group saw a 9 d delay in the peak time of each enzyme activity.
Overall, carvacrol increased disease resistance, stimulated the activities of antioxidant
defense enzymes, and postponed the aging of red grapes, with Q2 demonstrating greater
preservation impact.

ROS are highly active and toxic, which could cause damage to lipids, proteins, DNA,
and other substances, which would result in oxidative stress. SOD could convert O?~ to
H,0,, and excessive H,O; could promote the peroxidation of membrane lipids. Two ROS
scavengers, POD and CAT, work together to get rid of them and protect plant cells [48].
This study showed that carvacrol raised the SOD, POD, CAT, and PAL activities in red
grapes during storage. Carvacrol is a naturally occurring monoterpene phenol that includes
both hydrophobic benzene rings and hydrophilic phenolic hydroxyl groups, which may be
the reason for this. It may, therefore, readily pass through epidermal cells that comprise
the cell wall, boost the production of ROS, change the membrane’s permeability, stimulate
an antioxidant response, and strengthen the disease resistance of red grapes. In summary,
carvacrol has a significant inhibitory effect on A. alternata [49].
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Figure 6. Effect of carvacrol on defense-related enzyme activities of red grapes during storage with
different treatments: (a) SOD; (b) POD; (c) CAT; and (d) PAL. Different minuscule letters indicate
significant differences in colony diameter (p < 0.05). Different capital letters indicate significant
differences in spore production (p < 0.05).

4. Conclusions

A. alternata has strong pathogenicity under growth conditions that are not harsh and
strong vitality. It has disease effects on red grapes and affects the quality and economic bene-
fits of red grapes. In this study, it was discovered that carvacrol exhibited a broad-spectrum
antifungal action in vitro against A. alternata, the main postharvest fungal pathogen of red
grapes. More specifically, upon treatment with carvacrol at a low concentration (<ECsp),
fungal hyphae and spores began to distort. At EC5), the complete mitochondrial mor-
phology of A. alternata was destroyed, and lipid droplets were abnormal, which led to the
disorder of cell energy metabolism and ultimately affected the normal growth of this strain.
However, when exposed to high concentrations of carvacrol (>ECs), spores shrank or even
broke, hyphae were completely deformed, the cell wall and membrane integrity was lost,
and the cytoplasm was exhausted, which resulted in cell death and growth restriction. At
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the appropriate concentration of carvacrol (0.5 EC5p/ECsp), red grapes retained a higher
firmness and TSS, TA, and other quality parameters. Overall, carvacrol is capable of pre-
venting Alternaria alternata from growing, and it could be utilized as a control measure for

preventing Alternaria alternata-caused red grape decay diseases.
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Appendix A

Table A1. Types and concentrations of essential oil components.

Essential Oil Name Concentration/pg-mL~1
Carvacrol 1,5, 10, 25, 50, 75, 100
Thymol 1,5, 10, 25, 50, 75, 100
Geraniol 1, 25,50, 100, 125, 150, 200
Citral 1,25, 50, 100, 125, 150, 200
L-menthol 1, 10, 25, 50, 100, 150, 200
Menthone 10, 50, 100, 150, 200, 250, 300
Anisaldehyde 10, 50, 100, 150, 200, 250, 300
Linalool 10, 50, 100, 150, 200, 250, 300
Citronellal 10, 50, 100, 150, 200, 250, 300
Trans-2-hexenal 10, 50, 100, 200, 250, 300, 350
Diallyl disulfide 5, 10, 25, 50, 100, 150, 200
Trans caryophyllene 10, 50, 100, 200, 250, 300, 350
Piperitone 10, 50, 100, 200, 250, 300, 350
Eugenol 5, 10, 25, 50, 100, 150, 200
Anethole 5,10, 25, 50, 100, 150, 200

Table A2. Determination of lethal temperature for LQ hyphae and spores.

Temperature 50 51 52 53 54 55 56 57 58 59 60
hyphal growth + + + + + + — - — - -
spore germination + + + + + + — — — — —
Note: “+” means hyphal growth and spore germination, and “—" means sterile hyphal growth and no spore germina-
tion.

Table A3. Indoor toxicity determination of 15 essential oil components on LQ.

Essential Oil Name Toxicity Regression Equation Correlation Coefficient (R) ECs/ngmL-1
Carvacrol y = 1.6594x + 2.4033 0.9859 36.71
Thymol y = 1.7174x + 2.2044 0.9811 42.44
Geraniol y = 1.5884x + 1.9015 0.9809 89.26
Citral y = 1.4716x + 2.2463 0.9802 74.33
L-menthol y = 1.8481x + 1.5036 0.9831 77.96
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Table A3. Cont.

Essential Oil Name

Toxicity Regression Equation

Correlation Coefficient (R)

ECs¢/nugmL-1

Menthone y = 2.1883x + 0.4048 0.9827 125.86
Anisaldehyde y = 1.8525x + 1.0666 0.9745 132.83
Linalool y = 1.9732x + 0.8564 0.9704 125.88
Citronellal y =1.9424x + 1.0141 0.9738 112.73
Trans-2-hexenal y = 1.4661x + 1.7086 0.9736 175.81
Diallyl disulfide y = 1.4641x + 1.6651 0.9820 189.55
Trans caryophyllene y =2.2075x + 0.4428 0.9809 116.00
Piperitone y =2.1541x + 0.5331 0.9804 118.49
Eugenol y = 1.4085x + 1.8369 0.9850 176.06
Anethole y = 1.4836x + 1.7170 0.9925 163.25
Appendix B
a b ACCTGCGGAGGGATCATTACACAAATATGAAGGCGG
GCTGGAACCTCTCGGGGTTACAGCCTTGCTGAATTAT
5000 bp TCACCCTTGTCTTTTGCGTACTTCTTGTTTCCTTGGTG
GGTTCGCCCACCACTAGGACAAACATAAACCTTTTGT
3000 b AATTGCAATCAGCGTCAGTAACAAATTAATAATTACA
2000 bg ACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATG
AAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTG
1000 bp CAGAATTCAGTGAATCATCGAATCTTTGAACGCACAT
750bp TGCGCCCTTTGGTATTCCAAAGGGCATGCCTGTTCGA
500bp GCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGGG
CGTCTTGTCTCTAGCTTTGCTGGAGACTCGCCTTAAA
250bp GTAATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGC
100bp ACAAGTCGCACTCTCTATCAGCAAAGGTCTAGCATCC
ATTAAGCCTTTTTTTCAACTTTTGACCTCGGATCAGGT
AGGGATACCCGCTGAACTTAAGCATATCATAA
98, @ LQ
1001l MT524319 Alternaria alternata isolate E20
76 MK451960 Alternaria alternata isolate JK-9
NR_ 166228 Alternaria chlamydosporifera FMR 17360
100
98L_ NR_165503 Alternaria radicina ATCC 6503
9% NR_136044 Alternaria juxtiseptata CBS 119673
100L_ NR_136051 Alternaria vaccariicola CBS 118714
£ NR_135930 Alternaria proteae CBS 475.90
100[ NR_ 145168 Alternaria hyacinthi CBS 416.71
NR_136072 Alternaria alternariacida CBS 105.51
NR_165504 Alternaria breviramosa CBS 121331
100 NR_136017 Alternaria rosae CBS 121341
R':\IR_I 66226 Alternaria pobletensis FMR 16448
NR_170004 Curvularia canadensis CBS 109239
—_
0.050

Figure A1. Molecular biological identification results of LQ: (a) electropherograms; (b) DNA sequence

of the ITS region of LQ; and (c) phylogenetic tree based on rDNA sequence analysis of pathogenic

fungus LQ.
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)| Diallyl disulfide

| Trans caryophyllene

Figure A3. The inhibitory effect of 15 different concentrations of essential oil components on Alternaria
alternata. The unit of concentration in the figure is ug/mlL.
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Abstract: Alginate/pectin films supplemented with extracts from cranberry pomace (CE) or grape
seeds (GE) were developed and applied to herring fillets that were stored for 18 days at 4 °C.
Herring coated with films containing GE and CE inhibited the growth of Listeria monocytogenes and
Pseudomonas aeruginosa during the storage period, whereas pure alginate/pectin films did not show
an antimicrobial effect against the tested pathogens. The application of alginate/pectin films with CE
and GE minimised pH changes and inhibited total volatile basic nitrogen (TVN) and the formation of
thiobarbituric acid-reactive substances (TBARS) in the herring fillets. The coating of herring fillets
with films with CE or GE resulted in three- and six-fold lower histamine formation and one-and-a-
half- and two-fold lower cadaverine formation, respectively, when compared to unwrapped herring
samples after 18 days of storage. The incorporation of 5% extracts isolated from cranberry pomace
or grape seeds into the alginate/pectin film hindered herring spoilage due to the antimicrobial and
antioxidant activity of the extracts.

Keywords: alginate/pectin film; cranberry pomace extract; grape seeds extract; herring; biogenic amines

1. Introduction

Since fish is one of the most perishable foods, the search for a means to preserve
it remains a relevant topic among food researchers and technologists. The main reason
for the spoilage of fish and fish products is direct microbial propagation or the emer-
gence of bacterial enzymes and their metabolism of fish nutrients such as biogenic amines
(BAs) [1]. BAs such as histamine (HI), putrescine (PUT), cadaverine (CAD), spermidine
(SPD), spermine (SPM), tyramine (TY), phenylethylamine (PHY) and tryptamine (TR) are
formed by the decarboxylation of free amino acids as a result of metabolic processes in
microorganisms [2]. Delaying the spoilage of fish involves inactivating pathogens and
preventing BA formation by inhibiting bacterial growth or decarboxylase enzyme activ-
ity, and several such methods have recently been proposed [3]. Edible films containing
natural products with preservative properties are very promising for a variety of reasons.
Firstly, they are composed of food-grade biopolymers (proteins or polysaccharides) that
are biodegradable [4,5]. Secondly, edible films can act as carriers of functional ingredients
(e.g., antimicrobials, antioxidants) from natural sources [6]. Applied directly to fish fillets
by forming a thin layer of biopolymer with incorporated functional ingredients, edible
films can provide considerable protection against microbial growth and metabolism that
can result in the formation of toxic metabolites (e.g., BAs) [7].

The inclusion of various plant extracts in edible films or coatings proved to be an
effective strategy for improving fish quality and increasing its shelf life. Products packaged
in the alginate edible film containing 15% Aloe vera extract showed significantly higher lipid
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stability and microbial quality [8]. Farsanipour et al. (2020) used chitosan in combination
with whey protein isolate and tarragon essential oil for the preparation of edible films
and applied them to Scomberoides commersonnianus fillets [9]. The authors reported the
strong activity of the prepared edible films against bacteria alongside improved antioxidant
activity. The preservation of rainbow trout fillets was also improved by coating them with
a carboxymethylcellulose film incorporated with Zataria multiflora Boiss essential oil, grape
seed extract (0.5-1%) and combinations thereof [10]. The inhibition of microbial growth was
also observed in a chitosan coating with either grape seed extract or tea polyphenols during
storage to preserve red drum fillets [11]. Another study indicated that the edible films of
sodium alginate-carboxymethylcellulose matrix incorporated with Ziziphora clinopodioides
essential oil, apple peel extract or zinc oxide nanoparticles increased the shelf life (microbial,
chemical and sensory properties) of silver carp fillet and inhibited the growth of Listeria
monocytogenes during the refrigerated storage of fish over a period of 2 weeks [12]. Similarly,
a film composed of sodium alginate and tea polyphenols applied on bream fillets enhanced
the shelf life of fish fillets from 15 to 21 days [13].

In the case of BA formation in fish, the use of various plant extracts with antimicrobial
activity has shown promising inhibitory effects [14]. Extracts prepared from safflower
(Carthamus tinctorius) and bitter melon (Momordica charantia) demonstrated bactericidal
effects on some fish spoilage (Acinetobacter lwoffii, Pseudomonas oryzihabitans, Enterobacter
cloacae, Shigella spp., Morganella psychrotolerans and Photobacterium phosphoreum) and food-
borne pathogens (Staphylococcus aureus, Klebsiella pneumoniae and Salmonella Paratyphi A).
They also reduced the number of BAs, such as HI, PUT, CAD, SPD, SPM, TY and PHY [15].
Furthermore, the treatment of vacuum-packed sardine fillets with mint (Mentha spicata)
and sagebrush (Artemisia campestris) extracts restricted the production of BAs and reduced
the presence of HI, TY and CAD [16].

Recently, several investigations have focused on edible active packaging technologies
that can reduce and control BA levels in fish. However, published research results are
contradictory. For example, active double-layered furcellaran/gelatin hydrolysate films
containing Ala-Tyr peptide were developed and used on Atlantic mackerel stored at —18 °C
for 4 months [17]. In general, the use of films did not inhibit the formation of BAs in these
mackerel samples. Moreover, in the case of TY and SPD, the use of the film increased their
formation. Meanwhile, a study conducted by Hao et al. (2017) showed that in abalone
(Haliotis discus hannai) treated with a sodium alginate coating and bamboo leaf extract or
rosemary extract stored under chilled conditions, PUT and CAD were the main BAs [18].
Moreover, the authors noted that coating abalone with rosemary extract greatly inhibited
BA formation. Both the total BAs and specific BAs were far below the recommended limits.

Although many studies have reported the effects of edible films containing plant
extracts rich in phenolic compounds on fish quality and the inhibition of microbial growth,
few reports have investigated the influence of edible films combined with plant extracts on
BA formation. Therefore, our study aimed to incorporate phenol-rich berry extracts into al-
ginate/pectin films to develop edible packaging for the active preservation of fish products.
The antimicrobial effectiveness of cranberry pomace extract and grape seed extract incor-
porated in alginate/pectin films on the growth of food-borne pathogens (L. monocytogenes
and P. aeruginosa) and BA formation was evaluated in herring fillets. Finally, the quality
properties (pH, TBARS, volatile nitrogenous base formation) of herring fillets with edible
films applied during storage were estimated. To the best of our knowledge, this is the first
study on the synergy of cranberry pomace extract or grape seed extract and alginate/pectin
films in the preservation of herring.

2. Materials and Methods
2.1. Materials and Chemicals

Skinned herring (Clupea harengus) fillets with an average weight of 120 + 10 g were
supplied by a local retailer (Orkos, Kaunas, Lithuania).
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Food-grade alginic acid sodium salt from brown algae (low viscosity) (Sigma-Aldrich®,
Darmstadt, Germany) and pectin from citrus peel (Sigma-Aldrich®, Darmstadt, Germany)
were provided by Labochema (Vilnius, Lithuania). Calcium chloride for the cross-linking
reaction and glycerol for improving film plasticity were obtained from Eurochemicals
(Vilnius, Lithuania).

Biogenic amines, namely, putrescine (PUT, C4H;,N»), cadaverine (CAD, CsHj4Ny),
histamine (HI, CsHgN3), tyramine (TY, CgH;1NO) and spermine (SPD, C;9HysNy)) stan-
dards, were purchased from Sigma-Aldrich (Darmstadt, Germany).

The frozen cranberries were donated by the Fudo Company (Kaunas, Lithuania).
Thawed berries were pressed in a Philips HR1880/01 juicer. The pomace was air dried at
35 °C (final moisture content: 5.83%) and ground in a centrifugal mill (Retsch ZM200, Haan,
Germany) using a 0.2 mm sieve. The lipophilic fraction of dried cranberry pomace was
isolated in a pilot-scale supercritical CO, extractor (Applied Separation, Allentown, PA,
USA) as previously described [19]. The defatted residue was extracted with agricultural-
origin ethanol (Stumbras, Kaunas, Lithuania) in a pilot-scale Soxhlet-type extractor. After
extraction, the ethanol was removed in a rotary vacuum evaporator and stored at 4 °C
until used. The extract (CE) contained 111.29 & 0.24 mg/g of polyphenolics (expressed
in gallic acid equivalents (GAE)) and 333.1 £ 7.0 mg/100g of procyanidins (determined
spectrophotometrically).

Grape seed extract (GE) was purchased from DRT the Best of Nature (Vielle-Saint-
Girons, France). The GE contained 626.32 £ 12.96 mg GAE/g of polyphenolics and
1161.00 £ 66.47 mg/100 g procyanidins (determined spectrophotometrically). Overall,
19.6% of procyanidins were monomers, and 40.8% were dimers and trimers. Consequently,
the CE and GE can be considered rich in phenols.

All culture media for microbial analysis were supplied by Biometrija (Kaunas, Lithua-
nia): Plate Count Agar (REF 310040, Liofilchem, Italy), Pseudomonas Agar Base (CM559 Ox-
oid), CFC Supplement (SR103), Agar Listeria Ottaviani Agosti (REF 4016052 Biolife), ALOA
Enrichment Supplement (REF 423501) and ALOA Selective Supplement (REF 423501).

Analytical-grade chemicals were obtained from various suppliers: perchloric acid
(HCIO4, Chempur, Germany); 1,7-diaminoheptane (CzH gN,, Sigma-Aldrich, Germany);
sodium hydroxide (NaOH, Eurochemicals, Lithuania); sodium bicarbonate (NaHCO3,
Lachema, Czech Republic); dansyl chloride (5-dimethylaminonaphtalene-1-sulfonyl chlo-
ride, Sigma-Aldrich, Germany); ammonia (25%, NH3, Chempur, Germany); ammonium
acetate (0,1 mol/1, CH3COONHy,, Reachem, Slovakia); acetonitrile (Carlo Erba, France);
HCI (Stanlab, Poland).

2.2. Test Microorganisms

Staphylococcus aureus ATCC 25923, Listeria monocytogenes ATCC 19117, Pseudomonas
aeruginosa ATCC 27853, Salmonella Typhimurium ATCC 14028, Escherichia coli ATCC 8739
and Escherichia coli NCTC 12900 were provided by Biometrija (Kaunas, Lithuania). For the
preparation of bacterial suspension, the microorganisms were grown overnight on a slant
Plate Count Agar (REF 310040, Liofilchem, Italy) at 37 °C and suspended in sterile saline
(0.85% NaCl) to achieve a cell concentration of 10°~10° colony-forming units per millilitre
(cfu/ml), corresponding to 0.5 McFarland.

2.3. Preparation of Alginate/Pectin Films with Extracts

First, a mixture was made by mixing alginate and pectin powder in a ratio of 7:3.
Then, 3 g of the alginate/pectin mixture was dissolved in 100 mL of 1% (w/w) glycerol.
Solubilisation was carried out at 30 += 1 °C for 1 h with continuous stirring on a magnetic
stirrer/hot plate. After adding 5 g of CE or GE to the solution, it was further stirred at
30 £ 1 °C for 30 min. For film formation, 10 g of each film-forming solution was poured
into Petri dishes (90 mm diameter), which were placed on flat, level trays and kept at
35 £ 1 °C for 48 h (KB8182 in a cooling incubator, Termaks, Bergen, Norway). The film
without extract was prepared and referred to as the control with film without extracts.
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The films were cross-linked by spraying with a 5% (w/w) calcium chloride solution. The
cross-linked films were peeled from the Petri dishes and stored in desiccators at 65% RH
for further analysis. Films without extract were used as controls.

2.4. Evaluation of Antimicrobial Properties of Film via the Agar Diffusion Method

The antibacterial properties of the film were evaluated by agar diffusion assay [20]
with slight modification. First, 1 mL of tested S. aureus ATCC2 5923, L. monocytogenes
ATCC 19117, S. Typhimurium ATCC 14028, E. coli ATCC 8739 and E. coli NTCT 12900
bacterial suspensions were prepared separately for each bacterial strain (as previously
described) and mixed with 100 mL of the Plate Count Agar (REF 310040, Liofilchem, Italy).
The obtained mixture of media and bacterial suspension was poured into Petri dishes
(90 mm diameter) at 12 mL each and allowed to solidify surface.

The pieces of the film (10 x 10 mm) were cut and placed onto the agar surface. For the
antimicrobial assessment of extracts, their 5% (w/v) water solutions were prepared and
poured into the agar wells (diameter 8 mm). The Petri dishes were incubated in a KB8182
incubator (Termaks) at 37 °C for 24 h. After incubation, the inhibitory zone around the
coating pieces and/or the contact area of the film with the agar surface was measured with
a Vernier caliper. Results were expressed (in mm) as average zone areas.

2.5. Preparation of Herring Fillets

Herring fillets were aseptically cut into 10.00 &= 0.05 g samples. Then, the samples
were fully coated with prepared film. The coated samples were placed in Petri dishes and
stored at 4 &= 1 °C for 18 days. Samples were randomly collected after storage for 1, 2,
4, 6,12 and 18 days for chemical, microbiological and biogenic amine (BA) analysis. For
the determination of tested microbial counts in herring, the samples were spread with
10-pL bacterial suspensions of P. aeruginosa ATCC 27853 or L. monocytogenes ATCC 19117
(prepared as previously described) to achieve a level of 4.0 Ig cfu/g. All samples were
analysed after the removal of the film.

2.6. Determination of Tested Microorganism Counts in Herring

Total bacterial counts in coated herring samples were determined after 0, 1, 2, 4, 6,
12 and 18 days of storage. After removal of the film at each sampling interval, 10 g fillet
portions were prepared in ten-fold dilutions. Plates inoculated via the streak plate method
were incubated aerobically at 37 °C for 48-72 h. P. aeruginosa and L. monocytogenes bacteria
counts were determined on Pseudomonas Agar Base (CM559 Oxoid) with CFC Supplement
(SR103) and Agar Listeria Ottaviani Agosti (REF 4016052 Biolife) with ALOA Enrichment
Supplement (REF 423501), respectively. The results were expressed as Ig cfu/g.

2.7. Determination of Biogenic Amines (BAs)

BAs were quantitatively identified by high-performance liquid chromatography (HPLC).
For extraction, 5 g of sample was homogenised with 20 mL of perchloric acid solution
(0.4 mol/L) in a 50 mL screw-cap tube, and 250 puL of internal standard 1,7-diaminoheptane
stock solution (1 mg/mL) was added to achieve a 1 ug/mL concentration in the injection
volume. The mixture was centrifuged (MPW-260RH, MPW Med. Instruments, Poland) at
4000 rpm, and the supernatant was rinsed into a 25 mL bottle through Whatman no. 1 filter
paper (180 um thickness and 11 um particle retention rating at 98% efficiency). Filtrate was
adjusted to 25 mL with a perchloric acid solution (0.4 mol/L).

For the derivatisation, 500 pL of sample extract was made alkaline by adding 100 puL of
sodium hydroxide solution (2 mol/L). The sample was then buffered by adding 150 uL of
saturated sodium bicarbonate. Then, 1 mL of dansyl chloride (5-dimethylaminonaphtalene-
1-sulfonyl chloride) solution (10 mg/mL) was added and mixed thoroughly using a shaker-
mixer (IKA mini Shaker TS1, Germany). The reaction mixture was then transferred to
a 40 °C incubator for 45 min. After incubation, it was cooled to room temperature for
10 min, and residual dansyl chloride was removed by adding 50 puL of ammonia (25%).
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The mixture was then mixed with a shaker-mixer. After 30 min, it was adjusted to 5 mL
with an ammonium acetate (0.1 mol/L):acetonitrile mixture (1:1, v/v) and mixed well with
a shaker-mixer. The mixture was then filtered through a 0.20 pm nylon filter (UptiDisc,
Interchim, France), and the solution was injected into an analytical column.

A Shimadzu Prominence LC20AD (Shimadzu, Japan) coupled to a UV detector
SPD/20 A chromatographic system was utilized with a LabSolution (Shimadzu, Japan)
integrator using a Hydrosphere C18 (5 pm, 12 nm), 150 x 4.6 L.D. column and YMC pre-
column ProC18 (10 x 3.0 mml.D., S-3 pm, 12 nm) (YMC Co., Ltd., Japan). LC mobile phase
A: ammonium acetate (0.1 mol/L), phase B acetonitrile. Operating conditions: flow rate
0.9 mL/min; injection volume 20 pL; column temperature 40 °C; peaks were detected at
254 nm; gradient 50% B to 90% B in 19 min; run time 20 min; post-run before next run,
50% B, 8 min.

Five BAs were quantified: PUT, CAD, HI, TY and SPD. Stock solutions (1 mg/mL) for
each amine were prepared in 0.1 M HCl and stored at 4 & 1 °C. For amine identification,
standard solutions of individual BAs were chromatographed separately and mixed to
determine the retention times and responses of each. Standard curves with correlation
coefficients for stock solutions were obtained via the external standard method. All results
were expressed in mg/kg.

2.8. Determination of the Total Volatile Basic Nitrogen (TVN)

TVN was determined according to Commission Regulation (EC) No. 2074/2005 [21].
Briefly, 10 & 0.1 g of ground herring sample was mixed with 90.0 mL perchloric acid
solution (6 g/100 mL) and filtered through No. 2 Whatman filter paper. Then, 50.0 mL of
the obtained extract was subjected to steam distillation in a 2100 Kjeltec Distillation Unit
(FOSS Tecator AB) following alkalinisation with 0.2 M NaOH. Then, 100 mL of distillate
was collected in 100 mL of 3% (w/v) boric acid solution containing Tashiro’s indicator. The
TVN contained in the distillate solution was determined by titration with 0.01 M HCl, and
its concentration was calculated via the following formula:

TVN (mg/100 g sample) = (V1 — V) x 0.14 x 2 x 100/W, 1)

where Vj is the volume of hydrochloric acid used in blank titration; V; is the volume of
hydrochloric acid used in sample titration; and W is the weight of fish sample in grams.

2.9. pH Measurements

pH was measured directly in fish samples using an XS instrument pH7 digital pH
meter (EU, PR.C.) with a penetrating probe.

2.10. Determination of Thiobarbituric Acid-Reactive Substances (TBARS)

A TBARS assay was performed to evaluate lipid oxidation as described by Tarladgis
et al. (1960) [22] with some modification. First, 10 g of homogenised sample were mixed
with 98 mL of distilled water. Then, 1.25 mL of 0.4 N HCI were added to 50 mL of the
prepared mixture. The mixture was then heated with steam distillation. Subsequently, 5 mL
of distillate and 5 mL of thiobarbituric reactive reagent containing 0.02 M TBA in 90% glacial
acetic acid were transferred into a glass tube. The tube was then placed into a boiling water
bath for 1 h. After cooling, the absorbance of the pink solution was measured at 532 nm
using a Biochrom spectrophotometer (Holliston, MA, USA). The constant 7.8 was used
to calculate the TBARS number. The TBARS value was expressed as mg malonaldehyde
equiv. (MDA)/kg sample.

2.11. Statistical Analysis

Data are expressed as means + SD. An analysis of variance (ANOVA) followed by
Fisher’s LSD test was performed using Statistica 8.0 software. A p-value of <0.05 was
considered statistically significant. All experiments and analyses were run in triplicate.
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3. Results and Discussion
3.1. Antimicrobial Properties of Films with CE and GE

To gain insights into the antimicrobial properties of CE, GE and alginate/pectin films
with extracts, the inhibition zone diameters against S. aureus ATCC25923, L. monocytogenes
ATCC19117, S. Typhimurium ATCC14028, E. coli ATCC8739 and E. coli NTCT12900 were
determined (Figure 1). It should be noted that the amount of incorporated extracts in the
10 x 10 mm (1 cm?) piece of film, which was used in this assay, was approximately three-
fold higher than that directly added to the well with the extract solution, 7.9 mg vs. 2.6 mg.
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Figure 1. Antimicrobial activities of alginate/pectin films with CE and GE against tested microor-
ganisms. The columns are drawn from the average of at least three independent experiments. Error
bars denote + one standard deviation; small letters indicate significant (p < 0.05) differences between
bacteria sensitivity to tested alginate/pectin films and extracts; uppercase letters indicate significant
(p < 0.05) differences between alginate/pectin films and extracts.

This preliminary evaluation indicated that GE both in pure form and incorporated into
the film in most cases was a stronger antimicrobial agent than CE, except for GE extract’s
effect on L. monocytogenes, when its activity was not significantly different from the CE. The
antimicrobial activity of films with CE was not significantly (p < 0.05) different compared
with pure extract against the tested bacteria, except for E. coli NTC12900, when the film
with CE demonstrated lower activity than the extract. The results showed that the films
with CE produced inhibition zones in the range of 10.0-14.0 mm. Such zones of inhibition
can be considered small. However, the antimicrobial activity of the film with CE was
detected against all microorganisms tested, and a wide impact is a definite advantage of
the film supplemented with CE. The antimicrobial activity of different cranberry extracts
alone against S. aureus and E. coli, S. enteritidis and L. monocytogenes has been shown by
several studies [23-25]. It was concluded that both a low pH and the concentration of
bioactive phenolics are responsible for the antimicrobial properties of cranberries [26].
However, direct comparison of our results with those previously published is very difficult
because of different extract preparation procedures and the doses applied. For instance,
Coté et al. (2011) tested full cranberry juice and extracts [23], and Laplante et al. (2012) used
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proanthocyanidin standardized cranberry extracts [24]. The latter study demonstrated that
antimicrobial effects were strongly dependent on the proanthocyanidins concentration;
the minimal inhibitory concentration (MIC) of the extracts with 210 mg/g in most cases
was >30-fold lower than that of the extracts with 8 mg/g [24]. For comparison, the
concentration of proanthocyanidins in CE applied in our study was only 3.33 mg/g. Some
other studies inoculated whole cranberry extracts in ground beef [25], and cranberry
pomace extracts were tested in the commonly used meat fermentation starter cultures [26].
Severo et al. (2021) demonstrated that chitosan films with the incorporated whole CEs
inhibited E. coli and S. aureus biofilm formation, which was explained by the presence of
phenolic compounds [27]. Similarly, our previous studies on whey protein-chitosan film
incorporating cranberry juice showed their antimicrobial activities against S. Typhimurium,
L. sakei, L. plantarum, S. agona and C. jejuni [28].

Our study showed significantly (p < 0.05) higher sensitivity of the tested microor-
ganisms against the films supplemented with GE in comparison to the films with CE. It
is interesting to note that the applied amounts of CE and GE in most cases gave similar
inhibition zones (the differences were not significant) for the extract solution and the film.
This may be explained by the fast impact of inhibiting compounds, which are rapidly
diffusing into the bacteria culture after dosing into the well, whereas their release from the
cross-linked films proceeds more slowly. From this point of view, approximately three-fold
higher amounts of extracts in the films were a quite reasonable selection for this assay.
However, the antimicrobial effects were also dependent on the bacteria species. Thus,
among tested food-borne pathogens, the smallest inhibition zone was obtained for E. coli
NTCT, with an average value of 17.7 £ 1.5 mm, whereas for S. Typhimurium, the inhibition
zone of the film with GE was remarkably larger, 29.3 & 6.1 mm. Again, the good antimi-
crobial activity of the film with GE can be attributed to the phenolic compounds present
in GE [29]. Our study used GE containing a three-and-a-half-fold higher concentration
of proanthocyanidins than CE. For instance, Sogut and Seydim (2018) demonstrated that
GE-incorporated chitosan films inhibited E. coli, L. monocytogenes, S. aureus and P. aeruginosa
more efficiently than chitosan films alone, and the effect of 5% GE (the concentration used
in our study) on the count of coliform bacteria was significantly lower that that of 10 and
15% [30].

Our results for the antimicrobial properties of alginate/pectin films supplemented
with CE and GE suggest that they can be used in food systems to control food-borne
pathogens. Therefore, further antimicrobial studies were performed by applying films on
herring that had previously been infected with pathogenic bacteria.

3.2. Herring Preservation by Applying Alginate/Pectin Films with CE or GE
3.2.1. Viability of L. monocytogenes and P. aeruginosa

In general, the viable cell count method is used to assess the antimicrobial effectiveness
of edible films for coated or wrapped fish products. Figure 2 presents the viability results
of L. monocytogenes and P. aeruginosa in herring wrapped in alginate/pectin films supple-
mented with CE or GE during storage for 18 days. L. monocytogenes can be embedded into
fish during handling or storage processes, and P. aeruginosa is a normal part of the fish
microbiota. The tested pathogens showed different sensibilities to films with CE and GE.
During storage, the L. monocytogenes content in control samples (without film and wrapped
in a film without extract) increased from 3.87 to 7.52 g CFU/g and from 3.75 to 6.69 lg
CFU/g, respectively (Figure 2A). Wrapping herring samples in the film with CE resulted in
more moderate growth of the L. monocytogenes population: during 12 days of storage, it
increased from 3.75 to 6.07 g CFU/g and remained unchanged during subsequent storage.
The herring treatment with a film containing GE had a significant (p < 0.05) influence on the
growth of L. monocytogenes during storage: after 18 days, the population of L. monocytogenes
remained at the same level observed at the beginning of storage. The applied films in
the herring samples showed stronger inhibitory effects on gram-positive L. monocytogenes
bacteria as compared to gram-negative P. aeruginosa bacteria.
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Figure 2. Effect of alginate/pectin film with CE and GE on the growth of L. monocytogenes (A) and
P. aeruginosa (B) of herring fillets during storage for 18 days. The curves are drawn from the average
of at least three independent experiments. Error bars denote + one standard deviation. Different
characters (a, b, ¢, d, e) indicate significant (p < 0.05) differences between storage duration, and A, B, C,
D indicate significant (p < 0.05) differences between the films. Note: So far as the CFU measurements
were not continuous, the lines cannot be used for estimating the precise number of CFU at any storage
period between the points.

Notably, weak growth inhibition during storage was observed for P. aeruginosa in
herring samples wrapped in films containing CE and GE with 0.31 and 0.23 lg reductions,
respectively (Figure 2B). The antibacterial effect of polysaccharide films with incorporated
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anthocyanins is related to the interaction between them and bacterial membranes. Several
mechanisms have been suggested to explain the antibacterial action of anthocyanins, such
as differences in cell wall structure, cell physiology, metabolism, destabilisation or perme-
ability of the cytoplasmic membrane [31,32]. In control samples (without film and wrapped
in film without extract), the P. aeruginosa content increased from 3.75 to 4.36 lg CFU/g after
18 days of storage. Our results are in accordance with Nesi¢ et al. (2017), who indicated that
pure alginate/pectin films did not show any antimicrobial effect against tested S. aureus,
E. coli and C. albicans pathogens [33]. However, alginate/pectin films were demonstrated
to be good vehicles for antimicrobial substances. The major advantage of composite algi-
nate/pectin films with natamycin addition is their low diffusion coefficient [34]. De’Nobili
et al. (2015) indicated that alginate and pectin composite film supplemented with ascorbic
acid has great potential to be used in antimicrobial packaging to inhibit food spoilage [35].
Undoubtedly, the composition of polyphenols with antimicrobial properties, as well as
the amount added to a film, have a significant effect on the antimicrobial properties of
films [36]. In our study, GE contained considerably more polyphenols in comparison to
CE (626.32 + 12.96 mg/g and 111.29 + 0.24 mg/g, respectively). Furthermore, the pres-
ence of a high amount of procyanidins in GE—with dimers and trimers predominating
(40.8%)—may have also led to better inhibition of pathogenic microorganisms determined
for the film with GE. Recent studies on novel food packaging materials containing procyani-
dins demonstrated outstanding antimicrobial activity [37]. Chitosan film with procyanidins
was also applied in salmon muscle perseveration and showed the potential ability to
prevent microorganism contamination and texture deterioration for 10 days.

3.2.2. Biogenic Amines

The effect of alginate/pectin films alone—and with CE or GE—on the BA production
in herring fillets during storage was investigated. The results of HI, CAD, PUT and TY
contents during the storage of unwrapped herring samples and those wrapped in different
films are presented in Table 1.

Table 1. Effect of alginate/pectin film with CE and GE on the changes in biogenic amines (BAs)’
concentrations (mg/kg) of herring fillets during storage for 18 days.

Storage Duration, Days

Sample
1 2 4 6 12 18
Control <5aA 6.11 +0.33 bA <5aA <5aA 58.86 + 1.53 A 354.8010.32 44
HIS C‘}f&trr:}imth <504 <5 aB <504 <5aA 104.09 £ 2708 99.35 + 7.57 bB
Film with CE <5aA <5aB <5aA 18.67 £1.03%B  3842+342°C 1952 £2.895C
Film with GE <5aA <5aB <5aA <5an 9.30 + 0.42 PP 31.11 +2.96 <P
Control 13.024+0.1424  17.04+£02°% 1954 +076°* 1630 £ 042"  139.03 £632°4 43899 +9.48 94
CAD Cgﬁfg}imth <52P <5 <52P 1550 £ 0.71P4 13654 £5.77 A 291.32 +18.07 9B
Film with CE <538 <5 aB <5 B 51.20 £ 0288 26464091 103.87 £ 6.04 4€
Film with GE ~ 5.04 4 0.03 2B <52B 6.23 4+ 0.33 bC <5aC 26.40 £2.97B 16226 +4.33 4D
Control 6.62 + 0.26 24 15.53 + 0.47 bA <5¢cA 14.75 + 0.64PA 5437 4+ 33544 76.81 + 5.81 ¢A
PUT C;ﬁfg}imth <5B <5 B <5aA 1371+ 1.54PA 47734301 118.67 4 3.07 9B
Film with CE <5aB 6.53 + 0.75 bC <5aA 6.75 + 0.35 bB 24.30 + 0.42 <€ 15.08 + 1.53 4€
Film with GE <5aB <52B <5aA 8.37 + 0.35 b€ 19.78 + 1.70 <P 56.65 + 1.77 4D
Control <5aA 5.89 -+ 0.30 bA 6.00 & 0.00 bA <5aA 6.08 +0.11bA 25.9 4 4.24 A
TY C‘I’;l‘frr:}i‘l’r“;fh <5aA <5 aB <548 <5aA 2210+ 1415 4943 4+ 598 B
Film with CE <5aA <52B <52aB 5.18 + 0.26 24 17.24 + 2.89 bC 48.02 4+ 4.24 B
Film with GE <5aA <5aB <5aB <5aA 6.71 4 0.79 bA 6.39 -+ 0.25 b€

Different characters (a, b, ¢, d, ) indicate significant (p < 0.05) differences between storage duration, and A, B, C,
D indicate significant (p < 0.05) differences between the films.
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HI remained at low levels in all samples at the early stages of herring storage (6 days).
After 18 days of storage, HI accumulation in unwrapped samples was generally higher
(358.80 & 10.32 mg/kg) than in samples coated with films. Moreover, films with CE or
GE inhibited the formation of HI more efficiently in comparison to film alone. At the end
of the storage period, the HI content in the samples coated with films with CE and GE
was 19.52 + 2.86 mg/kg and 31.11 £ 2.96 mg/kg, respectively. A significant (p < 0.05)
increase in CAD was observed in all herring fillet samples during storage for 18 days. The
unwrapped sample showed a higher CAD level (13.02-19.54 mg/kg) at the beginning of
storage, which greatly increased up to 139.03 £ 6.32 mg/kg and 438.99 + 9.48 mg/kg
after 12 and 18 days of storage, respectively. In the film-coated samples, the CAD level
exceeded 5 mg/kg only after 6 days of storage. Although the amount of CAD in the
film-coated samples also increased during further storage, its amount at the end of storage
was approximately two-fold lower when compared to the control sample.

Furthermore, the coating of herring fillets with alginate/pectin films resulted in
decreased PUT formation during 12 days of storage. After 18 days of storage, PUT content
in the unwrapped samples was lower in comparison to film-coated samples. However,
these differences were statistically insignificant and relatively low. Moreover, levels of
TY higher than 5 mg/kg were only detected in all samples after 12 days of storage. After
18 days of storage, the TY content in the unwrapped samples was 25.9 £ 4.24 mg/kg. In
samples coated with film alone, the TY content was 49.43 + 5.98 mg/kg. Additionally,
in samples coated with film with CE or GE, the TY content was 28.01 + 2.84 mg/kg and
6.07 & 0.18 mg/kg, respectively. Thus, only herring fillets with a film coating containing
GE inhibited the formation of TY during storage.

In our study, high levels of all analysed BAs in the unwrapped herring fillets were
observed at 18 days of storage: 354.80 & 10.32 mg of HI, 438.99 & 9.48 mg of CAD,
76.81 £ 5.81 mg of PU and 25.9 &+ 4.24 mg of TY in 1 kg of muscle. Our results are similar
to those reported by Ozogul et al. (2002), who found that the storage of herring fillets for
16 days without ice resulted in the accumulation of HI, CAD, PU and TY levels of 369.4,
329.9, 74.2 and 0 mg/kg, respectively [38]. Coating herring fillets with alginate/pectin
film supplemented with CE or GE resulted in approximately three- and six-fold lower HI
formation and about one-and-a-half- and two-fold lower CAD formation when compared
to unwrapped herring samples after 18 days of storage. The effectiveness of extracts on
reducing PUT accumulation in herring fillets was not observed. TY production was only
considerably suppressed in the presence of films with GE. Previous research has shown
that BA formation by fish spoilage bacteria in the presence of various plant extracts was
dependent on the bacterial strain, extract type and dose [39]. Although Morganella morganii,
Klebsiella pneumoniae and Hafnia alvei are reported as the strongest producers of BAs [40],
Gram-positive bacteria (S. aureus, E. faecalis and L. monocytogenes) were able to decarboxylate
more than one amino acid and produce HI, CAD and other amines [41]. Gram-negative
bacteria (E. coli, K. pneumoniae, A. hydrophila and P. aeruginosa) have also been identified
as BA-producing bacteria [15]. In our study, the antimicrobial effect of films containing
polyphenol-rich CE and GE against S. aureus ATCC25923, L. monocytogenes ATCC19117,
S. Typhimurium ATCC14028, E. coli ATCC 8739 and E. coli NTCT 12900 was observed.
Therefore, the identified negative influence of extracts on the formation of BAs can be
related to the recorded antibacterial properties against bacteria that can be BA producers.

Similarly, HI, CAD and PUT accumulation in vacuum-packed sardine fillets was
suppressed by sage tea (Salvia officinalis) and rosemary (Rosmarinus officinalis) extracts [42].
Others have observed the high antimicrobial activity of garlic extract against Bacillus
licheniformis strains and the greatest inhibitory effect on BA content in Korean salted and
fermented anchovy [43]. Additionally, Ozyurt et al. (2012) suggested that the icing of
sardine (Sardinella aurita) along with rosemary extract maintained BA content at low levels,
especially HI and PUT [44]. We found no data regarding the effect of CE on BA formation.
Notably, GE was proven to decrease the formation of BAs in bacon: TY (30.7%), CAD
(37.1%), PUT (29.4%) and HI (73.6%) [45].
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3.2.3. Monitoring pH during Storage

The observed pH value changes of herring fillets wrapped in alginate/pectin films
with and without CE or GE are presented in Figure 3.
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Figure 3. Effect of alginate/pectin film with CE and GE on pH of herring fillets during storage for
18 days. The curves are drawn from the average of at least three independent experiments. Error
bars denote + one standard deviation. Different characters (a, b, ¢, d) indicate significant (p < 0.05)
differences between storage duration, and A, B indicate significant (p < 0.05) differences between
the films.

At the beginning of storage, the pH of all samples was not different (pH = 6.56).
During 12 days of storage, the pH values of herring fillets wrapped in films with CE or GE
remained constant or slightly decreased. After 18 days of storage, a moderate increase in
the pH value (approximately pH 7.0) was recorded for these samples. A different change
in pH was observed during the storage of control samples (unwrapped or wrapped in
alginate/pectin film without extract). The pH of unwrapped herring fillets continuously
increased from 6.56 to 7.05 during 6 days of storage and then drastically increased up
to 8.17 after 18 days of storage. Similarly, the pH values of herring fillets coated in film
without extract increased to their highest value, 8.06, after 18 days of storage. The increase
in pH could be due to autolytic processes such as endogenous enzymes and microbiological
enzymatic action causing protein degradation and the accumulation of nitrogen compounds
such as primary, secondary and tertiary amines. At the end of storage, these processes were
more intensive in the control samples in comparison to the herring samples coated with
films with extract, as recorded by TVN value changes (Figure 4). The results indicate that
alginate/pectin films with CE and GE significantly (p < 0.05) minimised pH changes and
hindered herring spoilage due to the antimicrobial and antioxidant activity of polyphenol-
rich extracts. Similar results were previously observed during the storage of Scomberoides
commersonnianus coated with chitosan and chitosan-whey protein films with tarragon
essential oil [9] and common carp samples treated with Carum copticum and lactic acid [46].
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Figure 4. Effect of alginate/pectin film with CE and GE on the total volatile basic nitrogen in
herring fillets during storage for 18 days. The columns are drawn from the average of at least three
independent experiments. Error bars denote + one standard deviation. Different characters (a, b,
¢, d, e, ) indicate significant (p < 0.05) differences between storage duration, and A, B, C indicate
significant (p < 0.05) differences between the films.

3.2.4. Total Volatile Basic Nitrogen (TVN)

At the beginning of storage, the TVN value was 3.6 mg/100 g in all samples (Figure 4).
During storage, TVN values increased by approximately 10 times and reached 32.26 mg/100 g
and 34.00 mg/100 g in control samples without film and coated with film without extract,
respectively. However, in the herring samples wrapped in films with CE and GE, significantly
(p < 0.05) lower values of TVN were detected at the end of storage when compared to control
samples. After 18 days of storage, the TVN values were 19.29 mg/100 g in the samples
coated with film with CE and 14.40 mg/100 g in the samples coated with film with GE.
Furthermore, in all control samples, the TVN values exceeded 10 mg/100 g—even after
12 days of storage. In the samples coated with films containing extracts at 12 days of storage,
the TVN values were between 5.57 and 5.61 mg/100 g. From the obtained data, it can be
stated that alginate/pectin film alone does not protect herring from the formation of volatile
nitrogen bases, and the incorporation of CE or GE into the films has almost the same effect on
reducing the degradation of nitrogenous compounds in herring fillets. In our studies, TVN
values correlated well with the pH data.

The TVN parameter identifies primary, secondary and tertiary amines and is recog-
nised as an indicator of muscle tissue deterioration [47]. In light of the recommendations
of the European Commission (CEC) (1995) [48] and various scientists [49,50], 25-35 mg
of N per 100 g is an upper acceptability limit for spoilage initiation in fresh fish. In our
study, only those herring samples that were wrapped in film with CE or GE demonstrated
TVN values below this limit of acceptability after 18 days of storage. Similar results were
reported by Giinlii and Koyun (2013) in sea bass (Dicentrarchus labrax) fillets wrapped with
chitosan-based edible film during cold storage at 4 °C [51]. According to Farsanipour et al.
(2020), chitosan coating in combination with whey protein and tarragon essential oil also
has the ability to retard the increase in TVIN content in Scomberoides commersonnianus muscle
during storage [9]. In both studies, TVN values correlated well with the microbiological
data, indicating that the TVN parameter is a useful index for fish spoilage.
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3.2.5. Thiobarbituric Acid-Reactive Substances (TBARS)

Changes in the TBARS values of wrapped and unwrapped herring fillets during
storage are presented in Figure 5. TBARS is also considered an indicator of quality for
fish exhibiting secondary lipid oxidation products. At the beginning of storage (0 days),
the TBARS value was 2.09 mg MDA /kg. The initial TBARS value in our study was
slightly lower than that reported at the onset of the refrigerated storage of herring fillets by
Tolstorebov et al. (2014) (2.42 mg MDA /kg) [52].
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Figure 5. Effect of alginate/pectin film with CE and GE on TBARS in herring fillets during storage for
18 days. The columns are drawn from the average of at least three independent experiments. Error
bars denote + one standard deviation. Different characters (a, b, ¢, d, e) indicate significant (p < 0.05)
differences between storage duration, and A, B, C, D indicate significant (p < 0.05) differences between
the films.

In the unwrapped control sample, secondary lipid oxidation products accumulated,
and TBARS values increased to 5.74 mg MDA /kg during 6 days of storage. On the 12th day
of storage, a sharp decrease in the TBARS value was recorded, with a further decline during
storage. Similar results with increasing and decreasing TBARS values have been recorded
in Scomberoides commersonnianus during refrigerated storage [9]. Authors have assigned
these changes to the partial dehydration of fish and losses of the secondary lipid oxidation
products formed during the initial storage period. In our study, this explanation is also
reasonable, because the TBARS values only increased and decreased during the storage of
the unwrapped herring samples; therefore, they could be dehydrated during storage.

A consistent increase in TBARS during storage was registered for the herring samples
wrapped in the different films. However, TBARS values in the herring samples wrapped
in composite alginate/pectin film alone were significantly (p < 0.05) higher than in those
in samples wrapped in films with CE or GE. At the end of the storage period (18 days),
TBARS values in the samples coated with film with CE and GE were 2.21 and 2.68 mg
MDA /kg, respectively. Higher levels of TBARS were recorded in the samples wrapped
in film alone after 18 days of storage (3.37 mg MDA /kg). These results suggest that the
supplementation of alginate/pectin films with cranberry or grape seed extracts enhanced
the antioxidant properties of the films. The high levels of polyphenols in CE, as well as a
large number of procyanidins in GE, act as strong antioxidants that scavenge free radicals
and hinder the oxidation chain reactions [53,54]. Cranberry extracts were proven to be
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suitable for presenting antioxidant (DPPH-scavenging ability) activity in chitosan-based
films [27]. Similarly, incorporating grape seed extract into chitosan films improved the
oxidative stability of coated red drum fillets [11] and fresh pork [29] under storage with
significantly reduced TBARS values.

Notably, all alginate/pectin film-coated samples showed TBARS values of <5 mg
MDA /kg throughout the storage period. Meanwhile, the control sample (uncoated) ex-
ceeded this value after 4 days of storage. According to Sallam (2007), the maximum TBARS
value indicating good fish quality (frozen, chilled or stored with ice) is 5 MDA /kg of
tissue [55]. Thus, it can be concluded that according to the values of the lipid oxidation
indicator, the quality of the herring remained acceptable during storage when the fish was
wrapped in the composite alginate/pectin film supplemented with CE and GE.

4. Conclusions

Composite alginate/pectin films supplemented with polyphenol-rich extracts from
defatted cranberry pomace (CE) or grape seeds (GE) and applied on herring fillets showed
better preservation properties when compared to pure films. The presence of polyphenol-
rich extracts considerably suppressed the viability of pathogenic microorganisms (L. morno-
cytogenes and P. aeruginosa) on the herring fillets. The results indicated a negative influence
of films with extracts on the formation of biogenic amines (BAs), which was related to the
recorded antibacterial properties of films against bacteria that can be BA producers (e.g., S.
aureus, L. monocytogenes, S. Typhimurium and E. coli). The application of alginate/pectin
films with CE and GE extended the shelf life of herring fillets by minimising pH changes,
preventing lipid oxidation and protein degradation and inhibiting microbial growth during
storage for 18 days at 4 °C. The results of our study indicate that alginate /pectin films with
CE and GE have the potential to be used for the preservation of herring fillets. However,
further studies are required to test the influence of these films on the sensory properties
of fish.
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Abstract: The increase in bacterial resistance and the decline in the effectiveness of antimicrobial
agents are challenging issues for the control of infectious diseases. Traditional Chinese herbal
plants are potential sources of new or alternative medicine. Here, we identified antimicrobial
components and action modes of the methanol-phase extract from an edible herb Potentilla kleiniana
Wight et Arn, which had a 68.18% inhibition rate against 22 species of common pathogenic bacteria.
The extract was purified using preparative high-performance liquid chromatography
(Prep-HPLC), and three separated fragments (Fragments 1-3) were obtained. Fragment 1 significantly
elevated cell surface hydrophobicity and membrane permeability but reduced membrane fluidity,
disrupting the cell integrity of the Gram-negative and Gram-positive pathogens tested (p < 0.05).
Sixty-six compounds in Fragment 1 were identified using Ultra-HPLC and mass spectrometry
(UHPLC-MS). The identified oxymorphone (6.29%) and rutin (6.29%) were predominant in Fragment 1.
Multiple cellular metabolic pathways were altered by Fragment 1, such as the repressed ABC
transporters, protein translation, and energy supply in two representative Gram-negative and Gram-
positive strains (p < 0.05). Overall, this study demonstrates that Fragment 1 from P. kleiniana Wight et
Arn is a promising candidate for antibacterial medicine and food preservatives.

Keywords: Potentilla kleiniana Wight et Arn; antibacterial component; antibacterial mode; pathogenic
bacteria; transcriptome; traditional Chinese herb

1. Introduction

Infectious diseases caused by pathogenic bacteria continue to be a global concern for
public health, causing millions of deaths worldwide per year [1]. Since the introduction of
sulfonamides in 1933, a large number of antibiotics have been applied in clinics [2]. Neverthe-
less, in recent decades, the overuse and/or misuse of antibiotics have accelerated the spread
of antibiotic-resistant bacteria, leading to ineffective drug treatment [3]. It was estimated that
at least 700,000 people worldwide die each year due to antimicrobial resistance [4].

Pharmacophagous plants are recognized as a rich source of phytochemicals with
antimicrobial potential [5]. Phytocompounds extracted from such plants are long known
for their therapeutic uses, and characterized by safety and low toxicity [6]. The application
of herbal products may be a better choice for the extensive and imprudent use of synthetic
antibiotics [7]. For example, In China, approximately 34,984 native higher plant species
have been recorded [8]. Of these, the herbal plant Potentilla kleiniana Wight et Arn was
first recorded in the earliest pharmaceutical book “Divine Farmer’s Classic of Materia
Medica” during the Warring States period (475-221 B.C.) in China. It belongs to the phylum
of Angiospermae, the class of Dicotyledoneae, the order of Rosales Bercht. and J. Presl,
and the family of Rosaceae Juss. P. kleiniana Wight et Arn is widely distributed in China,
and many Asian countries such as Japan, India, Malaysia, Indonesia, and North Korea.

Foods 2023, 12, 1640. https://doi.org/10.3390/foods12081640 159 https://www.mdpi.com/journal/foods



Foods 2023, 12, 1640

Its whole plant has been used as a traditional Chinese medicine to treat fever, arthritis,
malaria, insect and snake bites, hepatitis, and traumatic injury [9]. Recently, Zhou et al.
identified bioactive components from P. kleiniana Wight et Arn with anti-human immunod-
eficiency virus-1 (HIV-1) protease activity [10]. Liu et al. developed an efficient method for
the rapid screening and separation of a-glucosidase inhibitors from P. kleiniana Wight et
Arn [11]. Lietal. [12] found antihyperglycemic and antioxidant effect of the total flavones of
P. kleiniana Wight et Arn in streptozotocin induced diabetic rats, which may be helpful in
the prevention of diabetic complications associated with oxidative stress [12]. However, to
the best of our knowledge, there are few studies so far in the current literature on antibacte-
rial activity of P. kleiniana Wight et Arn. Tao et al. [9] reported that total flavonoids from
P. kleiniana Wight et Arn (TFP) inhibited biofilm formation and virulence factor production
in methicillin-resistant Staphylococcus aureus (MRSA). The TFP also damaged cell mem-
brane integrity of Pseudomonas aeruginosa. These results supported potential application
of the TFP as a novel natural bioactive preservative in food processing [13]. Song et al.
also reported that bioactive components extracted from P. kleiniana Wight et Arn showed
antibacterial effects against S. aureus, Candida albicans, P. aeruginosa, and Escherichia coli, but
not against the mold Aspergillus niger [14].

To further exploit bioactive nature products in P. kleiniana Wight et Arn, in the present
study, we extracted bacteriostatic components in P. kleiniana Wight et Arn using the
methanol and chloroform method [15,16]. Antimicrobial action modes of the methanol-
phase extract were further investigated. The results of this study provide useful data
for potential pharmaceutical application of P. kleiniana Wight et Arn against the common
pathogenic bacteria.

2. Results and Discussion
2.1. Antibacterial Activity of Crude Extracts from P. kleiniana Wight et Arn

Antibacterial substances in the fresh P. kleiniana Wight et Arn were extracted using
the methanol and chloroform method [15,16]. The water loss rate of the fresh plant sam-
ple was 94.12% after freeze-drying treatment of the sample. The extraction rates of the
methanol-phase and chloroform-phase crude extracts were 31.13% and 25.43%, respectively.
As shown in Table 1, the chloroform-phase extract from P. kleiniana Wight et Arn had a
50.00% inhibition rate, which inhibited one species of Gram-positive bacterium S. aureus,
and 10 species of Gram-negative bacteria, including Bacillus cereus Al-1, B. cereus A2-2,
Enterobacter cloacae ATCC13047, Salmonella typhimurium ATCC15611, Shigella dysenteriae
CMCC51252, Shigella flexneri CMCC51572, Shigella sonnei ATCC25931, Vibrio cholerae Q10-54,
Vibrio mimicus bio-56759, Vibrio parahemolyticus ATCC33847, V. parahemolyticus B3-13,
V. parahemolyticus B5-29, V. parahemolyticus B9-35, V. parahemolyticus A1-1, and Vibrio vulnificus
ATCC27562 (Table 1).

Of note, the methanol-phase crude extract from P. kleiniana Wight et Arn inhibited
the growth of 15 bacterial species, including one species of Gram-positive S. aureus,
and 14 species of Gram-negative bacteria, P. aeruginosa ATCC9027, S. typhimurium ATCC15611,
S. dysenterine CMCC51252, S. flexneri CMCC51572, S. flexneri CMCC51574, S. sonnei ATCC25931,
V. alginolyticus ATCC17749, V. cholerae Q10-54, V. fluvialis ATCC33809, V. mimicus bio-56759,
V. parahemolyticus ATCC17802, and V. vulnificus ATCC27562, which showed a 68.18%
inhibition rate (Table 1, Figure 1).

In this study, the methanol and chloroform extract method exhibited a broader antibac-
terial spectrum, consistent with our previous reports [15,16]. Previous studies also reported
effective extraction of bioactive compounds from P. kleiniana Wight et Arn. For example,
Tao et al. [13] extracted TFP in P. kleiniana Wight et Arn using an ethanol-water solution,
and the obtained extract was further partitioned using petroleum ethers, chloroform and
ethyl acetate. The extracted TFP inhibited survival and virulence of P. aeruginosa, and
MRSA. Song et al. [14] extracted bioactive compounds from P. kleiniana Wight et Arn using
ethanol and ethyl acetate, and the obtained extract showed antibacterial activity against
P. aeruginosa, S. aureus, C. albicans, and E. coli. The difference in bioactive compounds ex-
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tracted from P. kleiniana Wight et Arn using the different methods may explain the distinct
antibacterial profiles between this study and the previous reports [13,14].

Table 1. Antibacterial activity of crude extracts from P. kleiniana Wight et Arn.

Inhibition Zone

Strain (Diameter, mm) MIC (mg/mL)
CPE MPE CPE MPE
Aeromonas hydrophila ATCC35654 - - - -
Bacillus cereus Al-1 7.03 £ 0.01 10.54 £ 0.48 50 6.25
Bacillus cereus A2-2 7.11 £0.02 10.54 + 0.75 50 1.56
Enterobacter cloacae ATCC13047 7.00 £0.11 7114026 50 50
Enterobacter cloacae C1-1 - - - -
Escherichia coli ATCC8739 - 7.62 +0.37 - 25
Escherichia coli ATCC25922 - - - -
Escherichia coli K12 - 7.51 £0.29 - 25
Enterobacter sakazakii CMCC45401 - - - -
Klebsiella pneumoniae 8-2-10-8 - - - -
Klebsiella pneumoniae 8-2-1-14 - - - -
Pseudomonas aeruginosa ATCC9027 - 10.51 £ 0.41 - 6.25
Pseudomonas aeruginosa ATCC27853 - 8.14 +0.32 - 25
Salmonella enterica subsp. enterica (ex Kauffmann and Edwards)
ijms-2270933-finalLe Minor and Popoff serovar Choleraesuis - - - -
ATCC13312
Salmonella paratyphi-A CMCC50093 - - - -
Salmonellaenterica subsp. enterica (ex Kauffmann and Edwards)
ijms-2270933-finalLe Minor and Popoff serovar Vellore ATCC15611 7.09 £0.09 1011061 >0 625
Salmonella E1-1 - - - -
Shigella dysenteriae CMCC51252 7.02 £0.11 9.29 £0.51 50 125
Shigella flexneri CMCC51572 7.82£0.20 10.17 £ 0.20 25 6.25
Shigella flexneri ATCC12022 - - - -
Shigella flexneri CMCC51574 - 9.17 £0.21 - 12.5
Shigella sonnei ATCC25931 7.00 £0.11 8.19 +0.51 50 25
Shigella sonnet CMCC51592 - - - -
Staphylococcus aureus ATCC25923 7.03 £ 0.14 9.414+0.27 50 125
Staphylococcus aureus ATCC8095 7.07 £0.15 10.15 +0.24 50 6.25
Staphylococcus aureus ATCC29213 7.78 £0.10 9.21 +0.01 25 12.5
Staphylococcus aureus ATCC6538 7.62 £ 0.61 9.55 £0.37 25 125
Staphylococcus aureus D1-1 711+£0.25 7.00 £+ 0.51 50 50
Vibrio alginolyticus ATCC17749 - 10.11 £ 0.24 - 3.13
Vibrio alginolyticus ATCC33787 - - - -
Vibrio cholerae GIM1.449 - 7.00 £0.14 - 50
Vibrio cholerae Q10-54 722 +0.10 7.02 +0.21 50 50
Vibrio fluvialis ATCC33809 - 7.12 £ 0.03 - 50
Vibrio harvey ATCC BAA-1117 - - - -
Vibrio harveyi ATCC33842 - - - -
Vibrio mimicus bio-56759 7.21 £0.41 11.00 £ 0.32 25 3.13
Vibrio parahemolyticus ATCC17802 - 10.67 +1.21 - 1.56
Vibrio parahemolyticus ATCC33847 8.63 £0.24 714 £0.12 125 50
Vibrio parahemolyticus B3-13 7.17 £0.29 12.33 + 0.65 50 3.13
Vibrio parahemolyticus B4-10 - 11.26 £ 0.34 - 6.25
Vibrio parahemolyticus B5-29 7.17 £ 0.04 13.77 £ 0.85 50 3.13
Vibrio parahemolyticus B9-35 7.20 £ 0.09 13.15 + 0.44 25 3.13
Vibrio parahemolyticus Al-1 713 £0.15 10.35 £ 0.58 50 3.13
Vibrio vulnificus ATCC27562 7.65 £ 0.44 7.01 £0.23 25 50

Note: CPE: chloroform-phase extract. MPE: methanol-phase extract. -: no bacteriostasis activity. Inhibition
zone: diameter includes the disk diameter (6 mm). MIC: minimum inhibitory concentration. Values were
means =+ standard deviation (S.D.) of three parallel measurements.
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A-2 B-2 C-2 D-2

Figure 1. Inhibition activity of the methanol-phase crude extract from P. kleiniana Wight et Arn
against the four representative bacterial strains. (A-1-D-1) V. parahemolyticus B5-29, V. parahemolyticus
ATCC17802, S. aureus ATCC25923, and S. aureus ATCC8095, respectively. (A-2-D-2) corresponding
negative controls, respectively.

We further determined minimum inhibitory concentrations (MICs) of the crude ex-
tracts from P. kleiniana Wight et Arn, and the results are shown in Table 1. The MICs of
the chloroform-phase extract ranged from 12.5 mg/mL to 50 mg/mL against the eleven
species of the bacteria. Notably, for the methanol-phase extract, the MICs were between
1.56 mg/mL and 50 mg/mL against the fifteen bacterial species. Of these, the growth
of B. cereus A2-2 and V. parahemolyticus ATCC17802 was the most strongly repressed
by the methanol-phase extract with the MICs of 1.56 mg/mL, followed by V. alginolyticus
ATCC17749, V. mimicus bio-56759, V. parahemolyticus B3-13, V. parahemolyticus B5-29,
V. parahemolyticus B9-35, and V. parahemolyticus Al-1 with MICs of 3.13 mg/mL. In ad-
dition, the growth of B. cereus A1-1, P. aeruginosa ATCC9027, S. typhimurium ATCC15611,
S. flexneri CMCC51572, S. aureus ATCC8095, and V. parahemolyticus B4-10 was also inhibited
by the methanol-phase extract with lower MICs (6.25 mg/mL). Of these pathogens, for
example, V. alginolyticus is a foodborne marine Vibrio that can cause gastroenteritis, otitis
media, otitis externa, and septicemia in humans [17]. V. mimicus can also cause gastroen-
teritis in humans due to contaminated fish consumption and seafood [18]. P. aeruginosa
is an opportunistic pathogen and can cause serious infections, especially in patients with
compromised immune systems [19].

Recently, Song et al. [14] reported that the ethyl acetate extract of P. kleiniana Wight
et Arn inhibited E. coli, P. aeruginosa, and C. albicans, with MICs of 5 mg/mL, 2.5 mg/mL,
and 5 mg/mlL, respectively. Tao et al. reported the MIC value of the TFP against MRSA
was 20 ug/mL [9].

These results indicated that the methanol-phase crude extract had a higher inhi-
bition rate (68.18%), showing a more broad inhibitory profile with much lower MICs
(1.56-50 mg/mL) against the pathogens tested, as compared to the chloroform-phase crude
extract (50.00%; 12.5-50 mg/mL). Thus, the methanol-phase crude extract was chosen for
further analysis in this study.
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2.2. Purification of the Methanol-Phase Crude Extract from P. kleiniana Wight et Arn

Based on the obtained results, a large amount of the methanol-phase crude from
P. kleiniana Wight et Arn was prepared and further purified using Prep-HPLC analysis. As
shown in Figure S1, three separated fragments (designated Fragments 1-3) were observed
via scanning at OD51; for 12 min, including Fragment 1 (2.45 min), Fragment 2 (6.75 min),
and Fragment 3 (9.83 min). The main peak of the methanol-phase crude was observed to
occur at 2.45 min, wherein the absorption peak of Fragment 1 reached its maximum.

The three single fragments were subjected for antibacterial activity analysis. Fragment
1 had strong inhibitory effects on V. parahemolyticus ATCC17802, V. parahemolyticus B5-29,
V. parahemolyticus B9-35, V. parahemolyticus B3-13, and V. parahemolyticus B4-10. In addition,
the growth of the other six strains was also effectively repressed, including B. cereus A2-2,
V. parahemolyticus A1-1, S. flexneri CMCC51572, S. aureus ATCC25923, S. aureus ATCC8095,
and S. aureus ATCC6538 (Table 2). Of these, V. parahaemolyticus is a Gram-negative halophilic
bacterium that can cause diseases in marine animals, leading to huge economic losses to
the aquaculture. V. parahaemolyticus can also cause gastrointestinal infections and other
health complications in humans [20]. B. cereus is a Gram-positive foodborne pathogen that
can cause diarrhea and emesis [21]. S. flexneri is a Gram-negative intracellular pathogen
that invades colonic cells and causes bloody diarrhea in humans [22]. S. aureus is a Gram-
positive opportunistic pathogen leading to food poisoning as well as human and animal
infectious diseases [23,24].

Table 2. Antibacterial activity of Fragment 1 of the methanol-phase extract from P. kleiniana Wight

et Arn.

Strain Inhibition Zone (Diameter, mm) MIC (mg/mL)

B. cereus A2-2 8.03 +0.45 6.25

S. flexneri CMCC51572 7.50 £0.50 6.25

S. aureus ATCC25923 8.03 = 0.40 12.5

S. aureus ATCC8095 9.53 £ 0.35 6.25

S. aureus ATCC6538 7.10 £0.36 50.0

V. parahemolyticus ATCC17802 10.31 + 0.62 6.25

V. parahemolyticus Al-1 8.57 £ 0.60 25.0

V. parahemolyticus B3-13 10.37 £ 0.32 6.25

V. parahemolyticus B4-10 10.30 + 0.50 125

V. parahemolyticus B5-29 11.30 + 0.26 6.25

V. parahemolyticus B9-35 11.27 £ 0.40 12.5

We also determined MICs of Fragment 1 against the four species of pathogenic bacteria
(Table 2). The synergistic effect may explain the observed MICs of Fragment 1 (6.25-50 mg/mL),
as compared to the methanol-phase extract from P. kleiniana Wight et Arn. Among the
Gram-negative pathogens, V. parahemolyticus ATCC17802 and V. parahemolyticus B5-29 were
the most sensitive strains to Fragment 1, with MICs of 6.25 mg/mL. For the Gram-positive
pathogen, the growth of S. aureus ATCC8095 and S. aureus ATCC25923 was also effectively
repressed, with MICs of 6.25 mg/mL and 12.5 mg/mL, respectively.

Conversely, the other two peaks (Fragments 2 and 3) showed weak or no antibacterial
activity. To further investigate possible antibacterial modes of Fragment 1, the two Gram-
negative strains V. parahemolyticus ATCC17802 and V. parahemolyticus B5-29, and two
Gram-positive stains S. aureus ATCC8095 and S. aureus ATCC25923 were chosen for the
further analysis in this study.

2.3. Bacterial Cell Surface Hydrophobicity, Membrane Fluidity and Permeability Changes Triggered by
Fragment 1 from P. kleiniana Wight et Arn

2.3.1. Cell Surface Hydrophobicity

Cell surface hydrophobicity is an important cellular biophysical parameter that affects
cell surface interactions and cell-cell communication [25]. In this study, the hexadecane
was used as a probe to assess cell surface hydrophobicity change. The difference between
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before and after the absorbance value of bacterial fluid can indicate the change of hy-
drophobicity, and the larger the difference, the more hydrophobicity of the surface [26].
The cell surface hydrophobicity of the four experimental groups (1x MIC of Fragment
1) was significantly increased, as compared to the control groups (p < 0.05) (Figure 2A).
For instance, after being treated with Fragment 1 for 2 h, bacterial cell surface hydropho-
bicity was significantly increased, including V. parahaemolyticus B5-29 (8.62%, 1.42-fold),
V. parahaemolyticus ATCC17802 (8.27%, 1.50-fold), S. aureus ATCC25923 (10.34%, 1.24-fold),
and S. aureus ATCC8095 (12.20%, 1.19-fold) (p < 0.05). Increasing treatment time, the cell
surface hydrophobicity was further increased. After the 4 h treatment, the cell surface hy-
drophobicity was the most significantly increased (11.97%, 1.97-fold) in the V. parahaemolyticus
B5-29 treatment group. The highest increase (15.96%, 2.63-fold) was also observed in
V. parahaemolyticus B5-29, after treatment for 6 h. The results indicated that Fragment 1 from
P. kleiniana Wight et Arn can significantly increase the cell surface hydrophobicity of both
Gram-negative V. parahemolyticus and Gram-positive S. aureus pathogens.
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Figure 2. Effects of Fragment 1 (1x MIC) from P. kleiniana Wight et Arn on cell surface hydrophobicity,
membrane fluidity and outer membrane permeability of the four bacterial strains. (A-C) cell surface
hydrophobicity, membrane fluidity, and outer membrane permeability, respectively. *: p < 0.05; **: p <0.01;
and ***: p < 0.001.

2.3.2. Cell Membrane Fluidity

Cell membrane is a natural barrier to prevent extracellular substances from freely
entering the cell [27]. In this study, as shown in Figure 2B, when compared to the control
groups, the membrane fluidity of V. parahaemolyticus B5-29, S. aureus ATCC25923, and S.
aureus ATCC8095 did not change significantly after treatment with Fragment 1 (1x MIC)
for 2 h and 4 h. However, a significant decrease (1.16-fold, 1.25-fold, and 1.24-fold)
was observed in these three treatment groups after treatment for 6 h, respectively
(p <0.05). In addition, a significant decrease in cell membrane fluidity was only found in
V. parahaemolyticus ATCC17802 after treatment for 4 h (1.16-fold) and 6 h (1.24-fold), respec-
tively (p < 0.05). These results indicated that Fragment 1 from P. kleiniana Wight et Arn can
significantly reduce the cell membrane fluidity of both Gram-negative V. parahemolyticus
and Gram-positive S. aureus pathogens.

2.3.3. Cell Membrane Permeability

[3-galactosidase is a macromolecular protein naturally found in the interior of cells that
can hydrolyze the substrate o-nitrophenyl-{3-D-galactopyranosi (ONPG) to galactose and
o-nitrophenol in yellow. If the inner membrane of bacterial cells is damaged, ONPG will
quickly enter the cell [28]. In this study, the ONPG was used as a probe to assess whether the
bacterial inner membrane is damaged. As illustrated in Figure 3D, the inner cell membrane
permeability of S. aureus ATCC8095 did not change significantly after treatment with
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Fragment 1 (1x MIC) from P. kleiniana Wight et Arn for 2 h (p > 0.05); conversely, significant
increases were observed in V. parahaemolyticus B5-29, V. parahaemolyticus ATCC17802, and
S. aureus ATCC25923 treatment groups (1.15-fold, 1.18-fold, and 1.04-fold), respectively
(p < 0.05). After being treated for 4 h, the highest increase was found in V. parahaemolyticus
B5-29 (1.22-fold). After treatment for 6 h, significant increases were also observed in
V. parahaemolyticus B5-29, V. parahaemolyticus ATCC17802, S. aureus ATCC25923, and S.
aureus ATCC8095 (1.20-fold, 1.17-fold, 1.07-fold, and 1.08-fold), respectively (p < 0.05).
These results indicated that Fragment 1 from P. kleiniana Wight et Arn can significantly
increase the inner cell membrane permeability of both Gram-negative V. parahemolyticus
and Gram-positive S. aureus pathogens.
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Figure 3. Effects of Fragment 1 (1x MIC) from P. kleiniana Wight et Arn on the bacterial inner cell
membrane permeability. (A-D) V. parahaemolyticus B5-29, V. parahaemolyticus ATCC17802, S. aureus
ATCC25923, and S. aureus ATCC8095, respectively. The treatment groups were overall significantly
different from the control groups (p < 0.05), except the S. aureus ATCC8095 group treated for 2 h (D).

Outer membrane permeability was assessed by measuring the uptake of a hydrophobic
fluorescent probe N-phenyl-1-naphthylamine (NPN) [29]. The outer membrane permeabil-
ity increased significantly in the four treatment groups, after being treated with Fragment
1 for 2 h (1.38-fold to 1.66-fold) (p < 0.01), and 4 h (1.77-fold to 2.72-fold), respectively
(p <0.001) (Figure 2C). The highest increase was found in V. parahaemolyticus ATCC17802
(2.70-fold), after treatment for 6 h. These results indicated that Fragment 1 from P. kleiniana
Wight et Arn can significantly increase the outer cell membrane permeability of the Gram-
negative V. parahemolyticus and Gram-positive S. aureus pathogens. Recently, Tao et al. also
reported that the TFP from P. kleiniana Wight et Arn increased cell membrane permeability
of MRSA [13].

Taken together, the results of this study demonstrated that Fragment 1 (1 x MIC)
from P. kleiniana Wight et Arn can significantly increase the cell surface hydrophobicity
and membrane permeability, but decreases the cell membrane fluidity of both
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Gram-negative V. parahemolyticus and Gram-positive S. aureus pathogens. Antibacterial
compounds (e.g., flavonoids) in Fragment 1 from P. kleiniana Wight et Arn may have
interacted with lipid components of the bacterial cell membrane. The disorder in lipid
chains resulted in changed permeability and fluidity of the bacterial cell membrane [30].
The compounds may also have interacted with the bacterial cell surface proteins, leading
to the altered nanomechanical properties, which consequently changed cell surface hy-
drophobicity and fluidity [31]. The two common pathogens V. parahemolyticus and S. aureus
were chosen for further analysis in this study. The former is the leading sea foodborne
pathogen worldwide [20], while the latter leads to food poisoning, as well as human and
animal infections [23].

2.4; Bacterial Cell Surface Structure Changes Triggered by Fragment 1 from P. kleiniana Wight
et Arn

Based on the obtained results in this study, the representative Gram-negative
V. parahaemolyticus ATCC17802 and Gram-positive S. aureus ATCC25923 strains were chosen
for further scanning electron microscope (SEM) analysis. As shown in Figure 4, the cells of
V. parahaemolyticus ATCC17802 were intact in shape with a flat surface, showing a typical
rod-like structure, while those of S. aureus ATCC25923 were also intact and clear, showing
a typical spherical structure. In remarkable contrast to the control groups, the bacterial
morphological structures were altered to varying degrees in the treatment groups triggered
by Fragment 1 (1 x MIC) for different times.

For the Gram-negative V. parahaemolyticus ATCC17802, its cell surface was slightly
shrunken after being treated with Fragment 1 for 2 h. After 4 h of treatment, the cell surface
was more wrinkled and was slightly depressed, the cell membrane was folded and some
contents were exuded. After 6 h of the treatment, the cells were severely deformed and
crumpled, with a large amount of content leaked.

For the Gram-positive S. aureus ATCC25923, its cell surface was rough and slightly
wrinkled, but certain cells were depressed, with a small amount of content leaked after
the treatment for 2 h. Upon the increased treatment time (4 h), more cells were obviously
wrinkled and deformed with the irregularly spherical, and more content leaked out. The
cell morphological structure was seriously damaged after being treated for 6 h.

Control Treatment for 2 h Treatment for 4 h Treatment for 6 h

>

SEM HV. 50KV WD: 744 mm
SEMMAG: ®0.0Kkx  View field: 423 pm 1 pm
Det 5€ Date(midiy): 10102722

V. parahaemolyticus ATCC17802

Figure 4. Cont.
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Figure 4. The SEM observation of cell surface structure of the two bacterial strains treated with
the 1x MIC of Fragment 1 for different times. (A): V. parahaemolyticus ATCC17802; (B): S. aureus
ATCC 25923.

These results demonstrated that Fragment 1 (1x MIC) from P. kleiniana Wight et Arn
can severely damage the cell surface structure of both Gram-negative V. parahaemolyticus
and Gram-positive S. aureus after treatment for 6 h.

2.5A Identification of Potential Antibacterial Compounds in Fragment 1 from P. kleiniana Wight
et Arn

Potential antibacterial components in Fragment 1 from P. kleiniana Wight et Arn were
further identified using UHPLC-MS analysis. As shown in Table 3, a total of 66 differ-
ent compounds were identified. The highest relative percentage of the compounds was
D-maltose (6.77%), followed by oxymorphone (6.29%), rutin (6.29%), D-proline (5.41%),
and L-proline (5.41%). In addition, alkaloids, flavonoids, phenols, sesquiterpenoids, fatty
acyls, and organic acids were also detected (Table 3).

Highly concentrated sugar solutions, such as the D-maltose identified in this study,
are known to be effective antimicrobial agents [32]. Previous research has indicated that the
antibacterial activity of phenanthrenes and derivatives, such as the oxymorphone identified
in this study, was primarily related to the destruction of the bacterial cell wall structure [33].
Plant extracts contain a large number of bioactive compounds, mainly polyphenols includ-
ing flavonoids and phenolic compounds. Flavonoids, such as the rutin identified in this
study, could exert antibacterial activity via damaging the cytoplasmic membrane, inhibiting
energy metabolism and synthesis of nucleic acids [34]. Tao et al. also reported the major
compounds of the TFP were 3-O-methylducheside A, naringenin, rutin and quercetin [9,13].
Phenols, such as the p-octopamine identified in this study, are potent antibacterial agents
against both Gram-positive and Gram-negative bacteria via the disruption of the bacterial
membrane, leading to bacterial lysis and leakage of intracellular contents [35]. Indole
alkaloids, such as the indole identified in this study, possess not only intriguing structural
features but also biological/pharmacological activities e.g., antimicrobial activity [36]. Ad-
ditionally, amino acids and its derivatives, such as the D-proline, L-proline, glutamic acid,
5-aminovaleric acid, lysine, pipecolic acid, and L-valine identified in this study, are a kind
of antibacterial agent with the advantages of being not easily drug-resistant, and having
low toxicity or harmless metabolites [37].

167



Foods 2023, 12, 1640

Table 3. Compounds identified in Fragment 1 from P. kleiniana Wight et Arn via UHPLC-MS analysis.

Peak No. Identified Compound Compound Nature Rt (min) Formula Exact Mass Peak Area (%)
1 D-Maltose Carbohydrates 0.76 C1oH»nO1p 342.1162 6.77%
2 Oxymorphone Phenanthrenes and derivatives 11.18 C17H19NOy4 301.1314 6.29%
3 Rutin Flavonoids 12.99 C27H30016 281.0899 6.29%
4 D-Proline Amino acid and derivatives 0.76 CsH9NO, 115.0633 5.41%
5 L-Proline Amino acid and derivatives 0.73 C5H9NO, 115.0633 5.41%
6 L-Glutamic acid Amino acid and derivatives 0.66 C5H9NO, 147.0532 5.20%
7 Sucrose Carbohydrates 0.89 C1oH»nO1p 342.1162 3.62%
8 Cynaroside Flavonoids 12.98 C1Hp0O11 282.162 3.37%
9 Piperlonguminine Alkaloids 10.57 C16H19NO3 273.1365 3.21%
10 5-Aminovaleric acid Amino acid and derivatives 1.11 Cs5H11NO, 117.079 3.12%
11 D-Glutamine Carboxylic acids and derivatives 0.66 CsH19gN,O3  146.0691 2.99%
12 L-Lysine Amino acid and derivatives 0.64 CeH14N, 0O, 146.1055 2.99%
13 p-Octopamine Phenols 3.84 CgH11NO, 153.079 2.96%
14 Oleic acid Fatty acyls 13.03 C18H340, 282.2559 2.91%
15 Isoquercitrin Flavonoids 10.58 Cp1HpO012 274.1933 2.44%
16 L-Pipecolic acid Amino acid and derivatives 0.69 C¢H11NO, 129.079 2.31%
17 Moracin C Phenols 0.67 C19H1804 129.0426 2.31%
18 Kojibiose Fatty acyls 0.72 C1oH»nO11 342.1162 2.22%
19 Gluconic acid Carbohydrates 0.69 Ce¢H1207 196.0583 1.97%
20 Betaine Alkaloids 1.06 CsH11NO, 117.079 1.51%
21 L-Valine Amino acid and derivatives 0.93 CsH11NO, 117.079 1.49%

22 D-alpha-Aminobutyric acid Carboxylic acids and derivatives 0.65 C4H9NO, 103.0633 1.46%
23 cis-Aconitic acid Organic acids and derivatives 1.46 Ce¢HgOg 174.0164 1.34%
24 Lactulose Organooxygen compounds 0.77 C1oH»n O 342.1162 1.33%
25 Turanose Fatty acyls 0.79 C1pH» 011 342.1162 1.33%
26 L-Pipecolic acid Amino acid and derivatives 1.47 Ce¢H11NO, 129.079 1.15%
27 DL-Norvaline Amino acid and derivatives 1.05 CsH11NO, 117.079 1.11%
28 L-Asparagine Amino acid and derivatives 0.64 C4HgN,O3 132.0535 1.11%
29 Malic acid Hydroxy acids and derivatives 0.8 C4HeOs 134.0215 0.90%
30 Trigonelline Alkaloids 0.82 C7H;NO, 137.0477 0.90%
31 Acetamide Alkaloids 13.95 C,H5NO 59.03711 0.88%
32 Beta-D-fructose 2-phosphate Organooxygen compounds 0.75 CgH1300P 260.0297 0.77%
33 22-Dehydroclerosterol Steroids 12.59 Cp9Hy6O 410.3549 0.76%
34 Artemisinin Sesquiterpenoids 13.02 C15H,05 282.1467 0.72%
35 Kaempferol-3-O-rutinoside flavonoids 6.29 Cy7H30015 594.1585 0.54%
36 L-Homoserine Amino acid and derivatives 0.67 C4HyoNO;3 119.0582 0.52%
37 L-Threonine Amino acid and derivatives 0.64 C4H9NO;3 119.0582 0.50%
38 Palmitic acid Lipids 12.92 C16H3,0, 256.2402 0.49%
39 O-Acetylethanolamine Alkaloids 0.67 C4HyNO, 103.0633 0.46%
40 Galactose 1-phosphate Organooxygen compounds 0.65 CeHi300P 260.0297 0.46%
41 Glucose 1-phosphate Organooxygen compounds 13 CeH1309P 260.0297 0.45%
42 Adenosine 5'-monophosphate Nucleotide and its derivates 1.38 C1oH14N507P 347.0631 0.43%
43 L-Arginine Amino acid and derivatives 0.6 CeH14N4 O, 1741117 0.43%
44 Maltotriose Organooxygen compounds 1.23 C18H3,016 504.169 0.40%
45 Indole Alkaloids 3.82 CgHyN 117.0578 0.38%
46 D-Glucose 6-phosphate Carbohydrates 0.65 CgH1300P 260.0297 0.37%
47 D-Aspartic acid Alkaloids 0.76 C4HyNO4 133.0375 0.36%
48 Vitexin rhamnoside Flavonoids 6.78 Co7Hz0014 578.1636 0.35%
49 L-Aspartic acid Amino acid and derivatives 0.63 C4H7NOy4 133.0375 0.33%
50 Maltol Flavonoids 0.9 CeHgOs3 126.0317 0.33%
51 Astragalin Flavonoids 6.52 Cr1Hp0O11 448.1006 0.32%
52 3-Hydroxy-3-methylpentane- Amino acid and derivatives 232 CgHpOs 1620528 0.31%
1,5-dioic acid
53 Campesterol Steroids and steroid derivatives 12.18 CpgHygO 400.3705 0.30%
54 L-Ornithine Amino acid and derivatives 0.55 CsH12N»,0, 132.0899 0.30%
55 Adenosine Nucleotide and its derivates 2.58 C1oH13N504  267.0968 0.29%
56 Vidarabine Purine nucleosides 2.28 C1oH13N504  267.0968 0.27%
57 Nicotinic acid Nicotinic acid derivatives 0.73 CeH5NO, 123.032 0.27%
58 Pelargonidin-3-O-glucoside Flavonoids 1.11 Cr1Hp0410 100.0524 0.26%
59 L-Citruline Amino acid and derivatives 0.66 Ce¢H13N305 175.0957 0.26%
60 Diallyl disulfide Miscellaneous 0.68 CeH10S2 146.0224 0.26%
61 Sarracine Alkaloids 13.14 C18HyyNOs 337.1889 0.22%
62 N-Acetylputrescine Phenolamides 1.79 CgH14N,0O 130.1106 0.22%
63 Salicylic acid Organic acid 7.06 CyHgOs3 138.0317 0.22%
64 5-Methylcytosine Nucleotide and its derivates 2.26 CsH;N30 125.0589 0.21%
65 Ellagic acid Phenols 6.12 C14HgOg 302.0063 0.21%
66 Isodiospyrin Quinones 11.28 CpoH1404 374.079 0.21%
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2.6. Differential Transcriptomes Triggered by Fragment 1 from P. kleiniana Wight et Arn

To obtain the genome-wide gene expression changes triggered by Fragment 1 from
P. kleiniana Wight et Arn, we determined transcriptomes of the Gram-negative
V. parahaemolyticus ATCC17802 and the Gram-positive S. aureus ATCC25923 pathogens
treated with Fragment 1 (1x MIC) for 6 h using the Illumina RNA sequencing technology.
A complete list of differently expressed genes (DEGs) in the two strains are available in the
National Center for Biotechnology Information (NCBI) SRA database under the accession
number PRJNA906658.

2.6.1. The Major Changed Metabolic Pathways in V. parahaemolyticus ATCC17802

Approximately 13.07% (580 of 4436 genes) of V. parahaemolyticus ATCC17802 genes
were differentially expressed in the treatment group, as compared to the control group.
Of these, 238 DEGs showed higher transcriptional levels (fold change > 2.0),
whereas 342 DEGs were significantly down-regulated (fold change < 0.5) (p < 0.05).
Sixteen significantly altered metabolic pathways were identified in V. parahaemolyticus
ATCC 17802, including the citrate cycle; glyoxylate and dicarboxylate metabolism; fatty
acid degradation; glycine, serine, and threonine metabolism; oxidative phosphorylation;
pyruvate metabolism; propanoate metabolism; beta-Lactam resistance; ABC transporters;
two-component system; alanine, aspartate, and glutamate metabolism; phosphotrans-
ferase system (PTS); butanoate metabolism; lysine degradation; quorum sensing (QS); and
nitrogen metabolism (Figure 5, Table 4).
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Figure 5. The major changed metabolic pathways in V. parahaemolyticus ATCC 17802 mediated by
Fragment 1 from P. kleiniana Wight et Arn. (A) The Volcano plot of the DEGs. (B) The significantly
altered metabolic pathways in the bacterium. Different colors represented significant levels of the
enriched genes.

In the citrate cycle, all the DEGs (n = 14) were significantly repressed (0.146-fold
to 0.35-fold) (p < 0.05) in V. parahaemolyticus ATCC17802 after treatment by Fragment
1 from P. kleiniana Wight et Arn. For instance, the DEGs (sucABCD, WU75_19785 and
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WU75_19790, WU75_19795, and WU75_19800), encoding a 2-oxoglutarate dehydrogenase,
a dihydrolipoamide succinyltransferase, and succinyl-CoA synthetase subunits alpha and
beta, respectively, were highly inhibited (0.146-fold, 0.133-fold, 0.134-fold, and 0.16-fold)
(p < 0.05). Moreover, the DEGs (sdhABCD, WU75_19775, WU75_19780, WU75_19765, and
WU75_19770) encoding a succinate dehydrogenase were also highly repressed (0.144-fold
to 0.199-fold) (p < 0.05), which links two essential energy-producing processes, the citrate
cycle and oxidative phosphorylation [38]. The inhibited key enzymes in the citrate cycle
highlighted inactive energy production in V. parahaemolyticus ATCC17802 triggered by

Fragment 1.

Table 4. The major altered metabolic pathways in V. parahaemolyticus ATCC17802.

Metabolic Pathway Gene ID Gene Name Fold Change Gene Description
Citrate cycle Wu75_19785 sucA 0.146 2-oxoglutarate dehydrogenase
WU75_07425 pckA 0.465 Phosphoenolpyruvate carboxykinase
Wu75_19790 sucB 0.133 Dihydrolipoamide succinyltransferase
WU75.11550 acnB 0.143 Bifunctional aconitate hydratase 2/2-methylisocitrate
dehydratase
Wu75_19795 sucC 0.134 Succinyl-CoA synthetase subunit beta
WU75_19800 sucD 0.16 Succinyl-CoA synthetase subunit alpha
Wu75_19770 sdhD 0.199 Succinate dehydrogenase
Wu75_19780 sdhB 0.157 Succinate dehydrogenase
WU75_19765 sdhC 0.182 Succinate dehydrogenase
Wu75_13785 fumA 0.497 Fumarate hydratase
WU75_09605 icd 0.179 Isocitrate dehydrogenase
WUu75_19775 sdhA 0.144 Succinate dehydrogenase
WU75_06430 mdh 0.177 Malate dehydrogenase
WU75_16530 Ipd 0.35 Dihydrolipoamide dehydrogenase
dicargz;’l"aytfﬁgggohsm WU75_19760 gltA 0.129 Type II citrate synthase
WU75_19150 aceA 0.37 Isocitrate lyase
WUu7z5_19145 aceB 0.352 Malate synthase
WUu75_00290 aceB 0.315 Malate synthase
Wu75_10840 phbB 0.277 3-ketoacyl-ACP reductase
WUu75_03265 katE 2.389 Catalase
Fatty acid degradation WU75_22235 fadB 0.151 Multifunctional fatty acid oxidation complex subunit alpha
WU75_08655 fadE 0.184 Acyl-CoA dehydrogenase
Wu75_20175 fad] 0.204 Multifunctional fatty acid oxidation complex subunit alpha
WUu7z5_22230 fadA 0.208 3-ketoacyl-CoA thiolase
Wu75_20180 fadA 0.305 3-ketoacyl-CoA thiolase
WU75_10835 atoB 0.433 Acetyl-CoA acetyltransferase
WU75_10445 atoB 0.445 Acetyl-CoA acetyltransferase
WU75_12560 fadE 0.452 Acyl-CoA dehydrogenase
WU75_19885 fadD 0.493 Long-chain fatty acid—CoA ligase
tﬁgﬁffe fﬁg;ﬁgﬁjm WU75_14910 gcoP 0113 Glycine dehydrogenase
WU75_14915 gcvH 0.127 Glycine cleavage system protein H
Wu75_10395 betA 0.162 Choline dehydrogenase
WU75_14930 geoT 0.184 Glycine cleavage system protein T
WUu75_16130 lysC 0.187 Aspartate kinase
WU75_14920 glyA 0.203 Serine hydroxymethyltransferase
WU75_16140 ectB 0.222 Diaminobutyrate-2-oxoglutarate aminotransferase
Wu75_16145 ectA 0.246 L-2,4-diaminobutyric acid acetyltransferase
WU75_10400 betB 0.259 Betaine-aldehyde dehydrogenase
Wurz5_00565 sdaA 0.264 Serine dehydratase
WUu7z5_16135 ectC 0.27 Ectoine synthase
Wu75_02030 trpB 0.397 Tryptophan synthase subunit beta
Wurz5_05755 thrC 0.429 Threonine synthase
WUu75_05760 thrB 0.47 Serine kinase
WU75_05330 glxK 0.495 Glycerate kinase
Pho(s);;ii%eﬁon WU75_06010 petC 0.195 Cytochrome C
WU75_06015 petB 0.209 Cytochrome B
WU75_14570 ccoO 0.228 Peptidase 541
WU75_14575 ccoN 0.272 Cbb3-type cytochrome c oxidase subunit I
WU75_14560 ccoP 0.301 Cytochrome Cbb3
WU75_06485 ppa 0.339 Inorganic pyrophosphatase
WU75_06020 petA 0.442 Ubiquinol-cytochrome C reductase
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Table 4. Cont.

Metabolic Pathway Gene ID Gene Name Fold Change Gene Description
WU75_14565 ccoQ 0.475 Cytochrome C oxidase
Wu75_02240 cyoC 0.478 Cytochrome o ubiquinol oxidase subunit III
Wu75_19125 ppk2 2.159 Polyphosphate kinase
WU75_09420 cydA 3.637 Cytochrome d terminal oxidase subunit 1
WU75_09415 cydB 411 Cytochrome d ubiquinol oxidase subunit 2
WUu75_09410 cydX 5.362 Membrane protein
Pyruvate metabolism Wu75_01940 yiaY 0.171 Alcohol dehydrogenase
WU75_03655 11dD 0.276 Lactate dehydrogenase
WU75_22155 dld 0.322 Lactate dehydrogenase
WU75_16665 oadA 0.324 Oxaloacetate decarboxylase
WU75_16060 aldB 0.397 Aldehyde dehydrogenase
WU75_20855 gloA 2.451 Lactoylglutathione lyase
WU75_12805 pta 8.464 Phosphate acetyltransferase
Wu7z5_02150 ackA 8.851 Acetate kinase
Wu75_12810 ackA 10.365 Acetate kinase
WU75_09685 pflD 12.853 Pyruvate formate-lyase
Wu75_00810 gloA 13.536 Glyoxalase
Propanoate metabolism WU75_15760 prpF 0.402 3-methylitaconate isomerase
Wu75_15770 prpC 0.435 Methylcitrate synthase
beta-Lactam resistance WU75_09315 acrA 6.699 Hemolysin D
Wu75_09310 acrB 8.911 Multidrug transporter
WU75_09925 acrA 40.366 Hemolysin D
ABC transporters WUu75_10385 proWw 0.106 ABC transporter permease
WU75_16175 proX 0.116 Glycine/betaine ABC transporter substrate-binding protein
Wu75_10390 proX 0.122 Glycine/betaine ABC transporter substrate-binding protein
Wu75_12775 oppC 0.133 Peptide ABC transporter permease
WU75_10380 proV 0.138 ABC transporter ATP-binding protein
WU75_09655 aotM 0.143 Amino acid ABC transporter permease
WU75_09665 aot] 0.144 Nickel transporter
Wu75_13090 yejA 0.151 Diguanylate cyclase
Wu75_12770 oppB 0.164 Oligopeptide transporter permease
Wu75_12780 oppD 0.172 Oligopeptide transporter ATP-binding component
Wurz5_09660 aotQ 0.176 ABC transporter
Wu75_16170 proW 0.199 Glycine/betaine ABC transporter permease
WU75_08085 oppA 0.201 Peptide ABC transporter substrate-binding protein
Wu75_07210 yejA 0.204 Diguanylate cyclase
WU75_12765 oppA 0.214 Peptide ABC transporter substrate-binding protein
Wu75_07220 yejB 0.22 Hypothetical protein
Wu75_07215 yejE 0.221 Peptide ABC transporter permease
wurz5_09670 aotP 0.228 Amino acid transporter
WU75_12785 oppF 0.228 Peptide ABC transporter ATP-binding protein
WU75_04720 oppA 0.341 Peptide ABC transporter substrate-binding protein
WU75_16165 proV 0.343 Glycine/betaine ABC transporter ATP-binding protein
WU75_14765 aapQ 0.377 Amino acid ABC transporter permease
Wu75_03180 malE 0.4 Sugar ABC transporter substrate-binding protein
WU75_14775 aapP 0.405 ABC transporter ATP-binding protein
WU75_04605 vcaM 0.406 Multidrug ABC transporter ATP-binding protein
WU75_14055 mdIB 0.411 Multidrug ABC transporter ATP-binding protein
Wu75_10275 rbsD 0.438 D-ribose pyranase
WU75_05845 btuF 0.487 Vitamin B12-binding protein
WU75_14760 aap] 0.491 Amino acid ABC transporter substrate-binding protein
Wu75_03185 malK 2.175 Maltose/maltodextrin transporter ATP-binding protein
WUu75_19815 ZnuA 2.204 Zinc ABC transporter substrate-binding protein
wurz5_19810 znuC 2.491 Zinc ABC transporter ATPase
WU75_02265 artP 2.617 Arginine ABC transporter ATP-binding protein
Wu75_19805 znuB 2.666 Membrane protein
Wurz5_00425 macB 14.353 Macrolide transporter
Two-component system WU75_07480 ginG 0.186 Nitrogen regulation protein NR(I)
Wu75_13735 mep 0.218 Chemotaxis protein
Wu75_15795 tctB 0.237 TctB
WuU75_21750 dctD 0.288 C4-dicarboxylate ABC transporter
WU75_13155 ttrB 0.31 4Fe-4S ferredoxin
WUu75_21770 dctP 0.31 C4-dicarboxylate ABC transporter
Wu75_01920 mep 0.32 Chemotaxis protein
WU75_21745 dctB 0.352 ATPase
Wu75_10200 phoA 0.353 Alkaline phosphatase
WU75_21765 dctQ 0.368 C4-dicarboxylate ABC transporter permease
Wu75_00210 dctD 0.406 C4-dicarboxylate ABC transporter
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Table 4. Cont.

Metabolic Pathway Gene ID Gene Name Fold Change Gene Description

Wu75_16210 gseC 0.423 Histidine kinase
Wu75_23015 fliC 0.435 Flagellin
Wu75_07100 mep 0.453 Chemotaxis protein
Wu75_13380 crp 0.457 Transcriptional regulator
WU75_09825 mcp 0.471 Chemotaxis protein
Wurz5_16525 hapR 0.477 LuxR family transcriptional regulator
WU75_15800 tctA 0.485 Tripartite tricarboxylate transporter TctA
WU75_14800 mcp 0.491 Chemotaxis protein
wurz5_06085 tolC 2.068 Outer membrane channel protein
WU75_15630 dcuB 2.125 C4-dicarboxylate transporter
WU75_06045 degP 2.148 Serine endoprotease DegQ
WU75_04355 mcp 2.163 Chemotaxis protein
Wu75_10915 luxQ 3.377 ATPase
Wu75_22175 mep 4.001 Chemotaxis protein
WU75_02450 pfeR 4.828 Transcriptional regulator
Wu75_18570 cpxA 10.981 Two-component sensor protein
WU75_18575 cpxR 26.5 Transcriptional regulator

Alanine, aspartate ‘:md WUu75_06265 glmS 0.037 Glucosamine-fructose-6-phosphate Aminotransferase

glutamate metabolism
WU75_07465 glnA 0.123 Glutamine synthetase
WU75_04655 putA 0.145 Pyrroline-5-carboxylate dehydrogenase
WU75_14680 - 0.286 NAD-glutamate dehydrogenase
WU75_05875 carB 0.343 Carbamoyl phosphate synthase large subunit
WU75_05820 gltB 0.414 Glutamate synthase
WU75_05825 glitD 0.44 Glutamate synthase
WU75_05880 carA 0.46 Carbamoyl phosphate synthase small subunit
WU75_18095 pyrl 0.462 Aspartate carbamoyltransferase regulatory subunit
WUu75_18090 pyrB 0.466 Aspartate carbamoyltransferase catalytic subunit
WU75_20915 ansA 2.141 Cytoplasmic asparaginase I
Wu7z5_01110 ansB 2.718 L-asparaginase II
WU75_18550 aspA 7.015 Aspartate ammonia-lyase

PTS Wu75_03285 ptsN 0.462 PTS fructose transporter subunit ITA
Wu75_12990 ptsG 0.5 PTS glucose transporter subunit IIBC
Wu7z5_17910 celC 2.36 Molecular chaperone TorD
Bifunctional PTS system fructose-Specific transporter subunit

WU75_14970 fruB 2451 YA TPy pml:ein P
WU75_19555 ptsH 3.973 PTS sugar transporter
Wu7rz5_00455 ulaB 3.977 PTS ascorbate transporter subunit IIB
WU75_19550 ptsl 4.075 Phosphoenolpyruvate-protein Phosphotransferase
WU75_00460 cmtB 4.118 PTS system mannitol-specific Transporter subunit IIA
WU7z5_01640 cmtB 4539 PTS mannitol transporter subunit IIA
WU75_14960 fruA 5.096 PTS fructose transporter subunit IIBC
WU75_00450 ulaA 6.946 PTS beta-glucoside transporter subunit IIBC

Butanoate metabolism Wu75_01985 acsA 0.334 Acetoacetyl-CoA synthetase
WU75_10825 phaC 0.336 Poly(3-hydroxyalkanoate) synthetase

Lysine degradation WUu75_21960 ldcC 7.207 Lysine decarboxylase LdcC
Qs wurz5_07805 - 0.109 Cytochrome C

Wu75_07800 - 0.181 ABC transporter permease
Wu7z5_07795 - 0.202 ABC transporter permease
Wu7z5_07810 ddpD 0.216 ABC transporter ATP-binding protein
WU75_11620 - 0.218 Peptide ABC transporter permease
Wu75_11630 - 0.233 Peptide ABC transporter substrate-binding protein
Wu75_11625 - 0.261 Peptide ABC transporter permease
Wu75_11610 ddpF 0.358 Chemotaxis protein
WU75_11615 ddpD 0.484 Sugar ABC transporter ATP-binding protein
WU75_21410 aphA 2.288 Transcriptional regulator

Nitrogen metabolism Wu75_00760 ned2 0.276 2-nitropropane dioxygenase
Wu75_10810 napA 2.286 Nitrate reductase
Wurz5_15655 nirD 3.934 Nitrite reductase
WU7z5_10815 napB 6.27 Nitrate reductase
WU75_08850 hep 63.107 Hydroxylamine reductase

In the propanoate metabolism, all the DEGs (n = 2) were significantly inhibited
(0.402-fold to 0.435-fold) in the V. parahaemolyticus ATCC17802 treatment group (p < 0.05).
For example, the DEG (prpC, WU75_15770) encoding a 2-methylcitrate synthase was signif-
icantly inhibited (0.435-fold) (p < 0.05). It has been reported that the strategic inhibition of
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organic acid catabolism in P. aeruginosa through inhibition of PrpC activity may be a potent
mechanism to halt the growth of this pathogen [39].

In the glyoxylate and dicarboxylate metabolism, five of the six DEGs were significantly
repressed (0.129-fold to 0.277-fold) (p < 0.05). For instance, the DEGs (aceAB, WU75_19150,
WU75_19145, and WU75_00290), encoding an isocitrate lyase and a malate synthase of the
glyoxylate shunt (GS) carbon cycle, were significantly inhibited (0.315-fold to 0.370-fold)
(p < 0.05). The GS could avoid unnecessary reactive oxygen species (ROS) generation
by bypassing nicotinamide adenine dinucleotide (NADH) production, and respiration,
eventually helping cells to survive in harsh conditions [40,41].

In the glycine, serine, and threonine metabolism, all the DEGs (n = 15) were signif-
icantly inhibited (0.113-fold to 0.495-fold) in V. parahaemolyticus ATCC17802 (p < 0.05).
For example, the DEGs (ectBAC, WU75_16140, WU75_16145, and WU75_16135), encod-
ing a diaminobutyrate-2-oxoglutarate aminotransferase, a 2% 2C4-diaminobutyric acid
acetyltransferase, and an ectoine synthase, which are involved in the synthesis of ectoine
that is commonly found in halophilic and halotolerant microorganisms to maintain cell
osmotic balance [42]. Additionally, in the alanine, aspartate, and glutamate metabolism,
ten of the thirteen DEGs were significantly down-regulated (0.037-fold to 0.466-fold) in
V. parahaemolyticus ATCC17802 as well (p < 0.05). Conversely, the DEGs (ansAB, WU75_20915,
and WU75_01110) were up-regulated (2.141-fold and 2.718-fold) (p < 0.05), which encoded
a cytoplasmic asparaginase I and a L-asparaginase II. The asparaginase I is required for
bacterial growth on asparagine as the sole nitrogen source [43], while asparaginases are
important in maintaining nitrogen balance and the levels of amino acids within cells [43].
These results indicated that the amino acid synthesis was inhibited in V. parahaemolyticus
ATCC17802 mediated by Fragment 1.

For the ABC transporters, 29 of the 35 DEGs were significantly down-regulated
(0.106-fold to 0.491-fold) in V. parahaemolyticus ATCC17802 (p < 0.05). Of these, the DEGs
(proVXW, WU75_10380, WU75_10390, and WU75_10385), encoding a choline ABC trans-
porter ATP-binding protein, a choline ABC transporter substrate-binding protein, and
a choline ABC transporter permease subunit that are responsible for the choline trans-
port, were all significantly repressed (0.106-fold to 0.138-fold). The DEGs (oppABCDF,
WU75_12765, WU75_12770, WU75_12775, WU75_12780, and WU75_12785) encoding a
peptide ABC transporter substrate-binding protein, an oligopeptide transporter permease,
a peptide ABC transporter permease, an oligopeptide transporter ATP-binding component,
and a peptide ABC transporter ATP-binding protein, respectively, were all highly repressed
(0.172-fold and 0.214-fold). Additionally, the DEGs (yeJABE, WU75_13090, WU75_07210,
WU75_07220, and WU75_07215) encoding a diguanylate cyclase, an ABC transporter perme-
ase subunit, and a peptide ABC transporter permease, respectively, were highly repressed
as well (0.151-fold and 0.220-fold). The ABC transporter YejABEEF is required for resistance
to antimicrobial peptides and virulence of Brucella melitensis [44]. These results indicated
that the inhibited ABC transporters likely led to the repressed substance transport and
harmful substances discharged in V. parahaemolyticus ATCC17802.

In the oxidative phosphorylation, nine of the thirteen DEGs were significantly down-
regulated in V. parahaemolyticus ATCC17802 (0.195-fold to 0.478-fold) (p < 0.05). Oxida-
tive phosphorylation is a major metabolic pathway to obtain energy required for cell
growth and proliferation [45] (Huang et al., 2019). For instance, the DEGs (ccoNOQ,
WU75_14575, WU75_14570, and WU75_14565) were significantly inhibited (0.228-fold to
0.475-fold) (p < 0.05), which regulated the bacterial adhesion in environmental stresses
in V. alginolyticus [45].

In the QS, most DEGs (1 = 9) were significantly inhibited (0.109-fold to 0.484-fold)
(p <0.05), e.g., cytochrome c (WU75_06010), cytochrome B (WU75_06015), and peptidase 541
(WU75_14570). For instance, the cytochrome ¢ mediates electron-transfer in the respiratory
chain and acts as a detoxifying agent to dispose of reactive oxygen species (ROS) [46].

In contrast, in the PTS, nine of the eleven DEGs were significantly up-regulated
(2.36-fold to 6.946-fold) in the V. parahaemolyticus ATCC17802 treatment group (p < 0.05).

173



Foods 2023, 12, 1640

Of these, the DEGs (fruA, WU75_14960; ulaA, WU75_00450), encoding a PTS fructose
transporter subunit IIBC and a PTS beta-glucoside transporter subunit IIBC, respectively,
were highly up-regulated (5.096-fold and 6.946-fold) (p < 0.05).

In the nitrogen metabolism, most of the DEGs (1 = 4) were significantly up-regulated
(2.286-fold to 63.107-fold) (p < 0.05). Remarkably, the DEG (hcp, WU75_08850) encoding a
hydroxylamine reductase was strongly up-regulated (63.107-fold) (p < 0.05), and is involved
in the processes of scavenging hydroxylamine with NO detoxification [47].

In the two-component system, 19 DEGs were significantly inhibited (0.186-fold to
0.491-fold), whereas 9 DEGs were significantly enhanced (2.068-fold to 26.5-fold) (p < 0.05).
The two-component system is one of the primary pathways by which bacteria adapt to
environmental stresses [48]. For instance, the DEGs (cpxAR, WU75_18570, and WU75_18575)
encoding a two-component sensor protein and a transcriptional regulator were strongly
up-regulated (10.981-fold and 26.500-fold) (p < 0.05). The CpxAR is a key modulator of
capsule export that facilitates Actinobacillus pleuropneumoniae survival in the host [49]. It
also regulates cell membrane permeability and efflux pump activity and induces multidrug
resistance (MDR) in Salmonella enteritidis [50].

Additionally, in the beta-lactam resistance, all the DEGs (acrAB, WU75_09925, WU75_09315,
and WU75_09310) were strongly up-regulated (6.699-fold to 40.366-fold) in the
V. parahaemolyticus ATCC17802 treatment group (p < 0.05), which encoded a multidrug
efflux resistance nodulation division (RND) transporter periplasmic adaptor subunit and
a multidrug transporter. The RND family efflux pumps, including the major pump
AcrAB-TolC, are important mediators of intrinsic and evolved antibiotic resistance [51].

Taken together, these results indicated that Fragment 1 from P. kleiniana Wight et Arn
can significantly change sixteen metabolic pathways in the Gram-negative V. parahaemolyticus
ATCC17802, which consequently led to repressed substance transporting, energy produc-
tion, and protein translation, but enhanced stringent response, and harmful substance
discharging, and thereby cell death.

2.6.2. The Major Changed Metabolic Pathways in S. aureus ATCC25923

Approximately 7.3% (196 of 2672 genes) of S. aureus ATCC25923 genes were differ-
entially expressed in the treatment group, as compared to the control group. Of these,
156 DEGs showed higher transcriptional levels (fold changes > 2.0), whereas 40 DEGs were
significantly down-regulated (fold changes < 0.5) (p < 0.05). Based on the comparative
transcriptomic analysis, seven significantly altered metabolic pathways were identified in
S. aureus ATCC25923, including the two-component system; nitrogen metabolism; ri-
boflavin metabolism; arginine and proline metabolism; atrazine degradation; alanine,
aspartate and glutamate metabolism; and pyrimidine metabolism (Figure 6, Table 5).

In the arginine and proline metabolism, all the DEGs (n = 4) were significantly down-
regulated at the transcription levels (0.109-fold to 0.461-fold) in S. aureus ATCC25923
(p < 0.05). The arginine metabolism converts L-arginine to urea and L-ornithine, which
are further metabolized into proline and polyamides that drive collagen synthesis and
bioenergetic pathways critical for cell proliferation, respectively [52]. For instance, the
DEG (rocF, KQ76_11235) encoding an arginase was significantly down-regulated
(0.461-fold) (p < 0.05), and was associated with the ability of Helicobacter pylori to establish
chronic infections [53].

All the DEGs (n = 4) in the riboflavin metabolism were also significantly inhibited
(ribBADEH, 0.3734-fold to 0.480-fold) (p < 0.05). In this pathway, the redox cofactors flavin
mononucleotide and flavin adenine dinucleotide and their precursor riboflavin play impor-
tant roles in many cellular processes, such as respiration, DNA repair, biosyntheses of heme
groups, cofactors and nucleotides, fatty acid beta-oxidation, and bioluminescence [54].

Bacteria use two-component signal transduction systems to elicit adaptive responses to
environmental changes [55]. In this study, seven DEGs in the two-component system were
significantly up-regulated (2.117-fold to 28.924-fold) in S. aureus ATCC25923 (p < 0.05). For
instance, the DEGs (agrB, KQ76_10520; and graS, KQ76_03245) encoding histidine kinases
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were significantly up-regulated by 2.565-fold and 2.989-fold, respectively (p < 0.05). The
accessory gene regulator (agr) quorum-sensing system contributes to its pathogenicity of
S. aureus [56]. GraS, the sensor histidine kinase of the GraXRS system, has been suggested to
directly activate the response regulator ArIR [53]. Loss of the ArIR alone impairs the ability
of S. aureus to respond to host-imposed manganese starvation and glucose limitation [57].

B

« nosig

Figure 6. The major changed metabolic pathways in S. aureus ATCC25923 triggered by Fragment
1 from P. kleiniana Wight et Arn. (A) The Volcano plot of the DGEs. (B) The significantly altered
metabolic pathways in the bacterium.

Interestingly, expression of all the DEGs (n = 7) in the nitrogen metabolism was
significantly increased at the transcription level (3.529-fold to 10.404-fold) in S. aureus
ATCC25923 (p < 0.05). The seven DEGs (nirBD, narHIJZT) were all involved in nitrate
reduction [58-60]. Of these, the NirD (KQ76_12515) was a small subunit of cytoplasmic
NADH-dependent nitrite reductase complex NirBD [61,62]. Over-expression of nirD limits
RelA-dependent accumulation of guanosine 5'-triphosphate 3'-diphosphate ((p)ppGpp)
in vivo and can prevent activation of the stringent response during amino acid starvation
in E. coli [62].

In the alanine, aspartate, and glutamate metabolism, two DEGs (carBA, KQ76_05770
and KQ76_05765) encoding carbamoyl phosphate synthase were significantly up-regulated
(2.154-fold and 3.084-fold) in S. aureus ATCC25923 (p < 0.05). The interface residues
located near the CarB region of carboxy phosphate synthetic domain plays a key role in
carbamoyl phosphate synthetase, aspartate transcarbamoylase, and dihydroorotase (CAD)
complex regulation in the pyrimidine biosynthesis [63]. Correspondingly, in the pyrimidine
metabolism, four DEGs (pyrBCR, KQ76_05755, KQ76_05760, and KQ76_05745) were also
significantly up-regulated (2.968-fold to 3.213-fold) (p < 0.05), and encoded an aspartate
carbamoyltransferase, a dihydroorotase, and a phosphoribosyl transferase, respectively.
The pyrimidines are involved in the synthesis of DNA, RNA, lipids, and carbohydrates. The
pyrimidine metabolism is involved in the synthesis, degradation, salvage, interconversion,
and transport of these compounds [64].

175

300 SR S 0.8 Gene number
0.71 2.0
200 ‘ S5l 6.6
g 0.5
1501 “ 0.4} 8.9
=
203} p-value
100‘ x . 0.03090
02 G
01 0.1} . R
10 s '0 5 10 15 00— —————
e S L ... '
Log2 (Fold change) FFF
D P
&f:' BB P Q}‘b B @
& & & \& &9
F & &y e
o 'ﬁo Qﬁb‘ ko ‘b-(b rb.'& '@
SRS NS R S
& T ¥
< e &
S 5
& 3
S
S
<0
&
&S
2
»



Foods 2023, 12, 1640

Table 5. The major altered metabolic pathways in S. aureus ATCC25923.

Metabolic Pathway Gene ID Gene Name Fold Change Gene Description
Two-component system KQ76_00500 - 0.373 Capsular biosynthesis protein
KQ76_00560 wecC 0.490 UDP-N-acetyl-D-mannosamine dehydrogenase
KQ76_12475 nreC 2117 Nitrate respiration regulation response
regulator NreC
KQ76_12480 nreB 2976 Nitrate respiration. regulation sensor histidine
kinase NreB
KQ76 12485 nreA 2433 Nitrate respiration regulation accessory nitrate
sensor NreA
KQ76_10520 agrB 2.565 Histidine kinase
KQ76_03245 graS 2.989 Histidine kinase
KQ76_10785 kdpF 5.371 ATPase
KQ76_04230 ditC 28.924 Alanine-phosphoribitol ligase
Nitrogen metabolism KQ76_12490 narl 3.529 Nitrate reductase
KQ76_12515 nirD 4.199 Nitrite reductase
KQ76_12520 nirB 5.060 Nitrite reductase
KQ76_12460 narT 6.376 Nitrate transporter NarT
KQ76_12500 narH 5.799 Nitrate reductase
KQ76_12505 narZ 8.442 Nitrate reductase
KQ76_12495 nar| 10.404 Nitrate reductase
Riboflavin metabolism KQ76_09200 ribE 0.373 Riboflavin synthase subunit alpha
KQ76_09195 ribBA 0.413 GTP cyclohydrolase
KQ76_09205 +ibD 0430 Diaminohydroxyphosphgribosylam'mopyrimidine
deaminase
KQ76_09190 ribH 0.480 6,7-dimethyl-8-ribityllumazine synthase
Arglrr‘rllre‘faabgig"hne KQ76_09185 fadM 0.109 Proline dehydrogenase
KQ76_00580 - 0.218 Aldehyde dehydrogenase
KQ76_13360 . 0.303 1-pyrroline-5-carboxylate dehydrogenase
KQ76_11235 rocF 0.461 Arginase
Atrazine degradation KQ76_11915 ureC 0.406 Urease subunit alpha
KQ76_11910 ureB 0.412 Urease subunit beta
gﬁ?;;:tzsigtatgl?;g KQ76_13360 - 0.303 1-pyrroline-5-carboxylate dehydrogenase
KQ76_05770 carB 2.158 Carbamoyl phosphate synthase large subunit
KQ76_05765 carA 3.084 Carbamoyl phosphate synthase small subunit
Pyrimidine metabolism KQ76_05745 pyrR 2.968 Phosphoribosyl transferase
KQ76_05760 pyrC 3.115 Dihydroorotase
KQ76_05755 pyrB 3.213 Aspartate carbamoyltransferase

Taken together, these results indicate that Fragment 1 from P. kleiniana Wight et Arn can
significantly influence seven metabolic pathways in the Gran-positive S. aureus ATCC25923.
Of these, the two-component system, alanine, aspartate and glutamate metabolism, and ni-
trogen metabolism were also changed in the Gram-negative V. parahaemolyticus ATCC17802,
which led to the enhanced regulation of stringent response in the two pathogens. On the
other hand, we also found distinct transcriptomic profiles between the Gram-positive and
Gram-negative pathogens triggered by Fragment 1. For example, consistent with the results
obtained from the cell structure analysis, V. parahaemolyticus ATCC17802 was more sensitive
to Fragment 1 treatment, as more metabolic pathways were altered, such as the citrate
cycle, glyoxylate and dicarboxylate metabolism, fatty acid degradation, glycine, serine
and threonine metabolism, oxidative phosphorylation, pyruvate metabolism, propanoate
metabolism, beta-lactam resistance, ABC transporters, PTS, butanoate metabolism, lysine
degradation, and QS, which resulted in cell destruction and even death.

In addition, to validate the transcriptome data, we tested 16 representative DEGs
(Table S1) via reverse transcription real time-quantitative PCR (RT-qPCR) analysis, and
the resulting data were generally correlated with those yielded from the transcriptome
analysis (Table S2).

3. Materials and Methods
3.1. Bacterial Strains and Culture Conditions

The bacterial strains and culture media used in this study are listed in Table S3. Vibrio
strains and non-Vibrio strains were incubated as described in our recent studies [15,16,65].
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3.2. Extraction of Bioactive Substances from P. kleiniana Wight et Arn

Fresh P. kleiniana Wight et Arn was purchased from the Qian Shan Zhen Pin shop
in Guiyang City (26°36'5.01” N, 106°41'19.90” E), Guizhou Province, China, in October
of 2021. Bioactive substances were extracted from the samples using the methanol and
chloroform method described in our recent reports [15,16,66]. Briefly, aliquot of a 500 g of
the whole plant sample was lyophilized, pulverised, powded, sonicated, and then filtered
and collected for the secondary extraction. The methanol and chloroform phases were
separated and then concentrated using the Rotary Evaporator (IKA, Staufen, Germany) [15,16].

3.3. Antimicrobial Susceptibility Assay

The susceptibility of the bacterial strains (Table S3) to the extracts from P. kleiniana
Wight et Arn were determined according to the standard method issued by the Clinical
and Laboratory Standards Institute, USA (CLSI, M100-523, 2018). The antibacterial activity
was defined as described previously [15,16]. Broth dilution testing (microdilution) (CLSI,
M100-518, 2018) was used to determine MICs of the extracts. The MIC was defined as
described previously [15,16].

3.4. Prep-HPLC Analysis

Aliquots of the extracted samples (10 mg/mL) were resolved, centrifuged, filtered,
and subjected for the Prep-HPLC Analysis, using Waters 2707 (Waters, Milford, MA, USA)
linked with UPLC Sunfire C18 column (5 um, 10 x 250 mm) (Waters, Milford, MA, USA)
with the same parameters and elution conditions described in our recent reports [15,16].

3.5. UHPLC-MS Analysis

The UHPLC-MS analysis was conducted using the EXIONLC System (Sciex,
Framingham, MA, USA) by Shanghai Hoogen Biotech, Shanghai, China [67].

3.6. Bacterial Cell Surface Hydrophobicity and Membrane Fluidity Assays

The cell surface hydrophobicity was measured according to the method of
Cui et al. [68]. The cell membrane fluidity was measured according to the method of
Kubhry et al. [69], using the 1,6-diphenyl-1,3,5-hexatriene (DPH, Sangon, Shanghai, China).

3.7. Cell Membrane Permeability Analysis

Cell outer membrane permeability was measured according to the method of
Wang et al. [70], with the NPN solution (Sangon, Shanghai, China). The inner mem-
brane permeability was measured according to the method of Huang et al. [71], with the
ONPG solution (Sangon, Shanghai, China).

3.8. Scanning Electron Microscope (SEM) Assay

The preparation of the samples for the SEM analysis was performed using the method
described in our recent reports [15,16,72]. The samples were observed using the Scanning
Electron Microscope (Tescan Mira 3 XH, Tescan, Brno, Czech Republic, 5.0 kV, 30,000 x).

3.9. lllumina RNA Sequencing

The bacterial cell culture at the mid-LGP was treated with Fragment 1 (1x MIC) from
P. kleiniana Wight et Arn for 6 h, and then collected via centrifugation for the total RNA
preparation [15,16,72]. Three independently prepared RNA samples for each strain were
subjected for the Illumina RNA sequencing analysis, using Illumina HiSeq 2500 platform
(lumina, Santiago, CA, USA) [72].

3.10. RT-qPCR Assay

The RT-qPCR assay was performed according to the method described in our recent
reports [15,16,72]. The oligonucleotide primers were designed (Table S1), and synthesized
via Sangon (Shanghai, China).
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3.11. Data Analysis

The DEGs were analyzed as described in our recent reports [15,16,72]. All tests were
carried out in triplicate. The data were analyzed using the SPSS statistical analysis software
version 17.0 (SPSS Inc., Armonk, NY, USA). One-way analysis of variance (ANOVA) was
performed using the least-significant difference (LSD) method and homogeneity of variance
test. There was no significant difference between the control and the treatment groups if
the generalized p-values were more than 0.05; conversely, there was significant difference if
p-values were less than 0.05.

4. Conclusions

In this study, the methanol-phase extract from P. kleiniana Wight et Arn showed an
inhibition rate of 68.18% against 22 species of common pathogenic bacteria. The methanol-
phase extraction inhibited the growth of one species of Gram-positive S. aureus, and
14 species of Gram-negative bacteria, including B. cereus, E. cloacae, E. coli, P. aeruginosa,
S. typhimurium 1, S. dysenteriae, S. flexneri, S. flexneri, S. sonnei, V. alginolyticus, V. cholerae,
V. fluvialis, V. mimicus, V. parahemolyticus, and V. vulnificus strains. This extract was fur-
ther purified using the Prep-HPLC, and three separated fragments were obtained. Frag-
ment 1 significantly increased bacterial cell surface hydrophobicity and membrane per-
meability and decreased membrane fluidity, disrupting the cell integrity of the Gram-
positive and Gram-negative bacteria such as S. aureus ATCC25923, S. aureus ATCC8095,
V. parahaemolyticus ATCC17802, and V. parahaemolyticus B5-29. The MIC values of Fragment
1 ranged from 6.25 mg/mL to 50 mg/mL. A total of 66 different compounds in Fragment 1
were identified. The highest relative percentage of the compounds was D-maltose (6.77%),
followed by oxymorphone (6.29%), rutin (6.29%), D-proline (5.41%), and L-proline (5.41%).
Highly concentrated sugar solutions, such as the D-maltose identified in Fragment 1, are
known to be effective antimicrobial agents. The identified oxymorphone and rutin could
exert antibacterial activity via damaging the bacterial cell wall and cytoplasmic mem-
brane, respectively. Multiple cellular metabolic pathways altered by Fragment 1 in the
representative Gram-negative V. parahaemolyticus ATCC17802 and Gram-positive S. aureus
ATCC25923 pathogens after treatment with Fragment 1 (1x MIC) for 6 h (p < 0.05). These
results indicated that the energy supply and protein translation of the tested strains was
inhibited, the signal transduction was blocked, and the ability to pump foreign harmful
substances was reduced, leading to cell death. Overall, the results of this study demonstrate
that Fragment 1 from P. kleiniana Wight et Arn is a promising candidate for antibacterial
medicine and food preservatives.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12081640/s1, Table S1: The oligonucleotide primers designed
and used in the RT-qPCR assay; Table S2: The relative expression of representative DEGs by the RT-
qPCR assay; Table S3: The bacterial strains and media used in this study; Figure S1: The Prep—HPLC
diagram of purifying the methanol-phase crude extract from P. kleiniana Wight et Arn.
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