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ARTICLE INFO ABSTRACT
Keywords: Food borne pathogens are one of the most common yet concerning cause of illnesses around the
Food borne pathogens globe. These microbes invade the body via food items, through numerous mediums of contami-

Food pathogens

nation and it is impossible to completely eradicate these organisms from food. Extensive research
Natural antimicrobials

. has been made regarding their treatment. Unfortunately, the only available treatment currently is
Food borne disease e 1 . s s . . .
Bacteriocin by antibiotics. Recent exponential increase in antibiotic resistance and the side effect of synthetic
Phytochemical compounds have established a need for alternate therapies that could be utilized either on their
own or along with antibiotics to provide protection against food-borne diseases. The aim of this
review is to provide information regarding some common food borne diseases, their current and
possible natural treatment. It will include details regarding some common foodborne pathogens,
the disease they cause, prevalence, manifestations and treatment of the respective disease. Some
natural modes of potential treatment will be summarized, which including phytochemicals,
derived from plants either as crude extracts or as purified form and Bacteriocins as microbial
based treatment, obtained from various types of bacteria. The paper will describe their mecha-
nism of action, classification, susceptible organisms, some antimicrobial compounds and pro-
ducing organisms, application in food systems and as potential treatment. Along with that,
synthetic treatment i.e., antibiotics will be discussed including the first-line treatment of some
common food borne infections, prevalence and mechanism of resistance against antibiotics in the
pathogens.

1. Introduction

There are several microorganisms which possess pathogenic traits. When these pathogenic microorganisms travel from their source
of origin to humans via different food products and by travelling through different routes, they cause several diseases in humans known
as foodborne illness and these particular pathogenic microorganisms are termed as foodborne pathogens [1]. Among various food-
borne pathogens bacterial pathogens are the most common cause of foodborne illness [2].

Food borne pathogens come from different sources, most commonly found in plant, soil, animal and water. Zoonotic transmission
occurs mostly due their residence in animal products such as eggs, dairy products, meat, poultry, etc. They can also contaminate the
food products while processing due to unhygienic handling by the workers and malpractice can result in cross contamination [2].
Many pathogenic bacteria have unique and different properties and they survive on different conditions. Some of the most common
food borne pathogens are Listeria monocytogens, Escherichia coli, Campyloacter jejuni, Clostridium botulinum, Bacillus subtilis, Salmonella
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typhi, and Staphylococcus aureus, resulting in foodborne illnesses like campylobacteriosis, listeriosis, salmonellosis and E. coli infections.

Once these pathogens are consumed with any of the food products, the onset of action occurs after the incubation period. It results
in many infections, sometimes life threatening, immunocompromised people are majorly affected. The symptoms depends on the
consumption amount of the microorganism nevertheless there are some symptoms similar to one and other which occurs in the illness
caused by all of these organisms however they mostly tend to alter the gut microflora causing nausea, diarrhea, abdominal pain etc.
[31.

Due to the contamination of these pathogenic microorganisms, food safety is becoming a major concern on a global level. 33 million
people are affected by foodborne illness annually across the globe [4]. Many of the pathogenic microbes are heat resistant, spore
forming, mesophilic and psychotropic, due to these exceptional surviving conditions they have a potential risk of surviving even after
cleaning and sterilization process and becomes a great a risk of illness [2,5]. Although there is a continuous development in food
technology but the morbidity caused by food borne illness is still prevailing specially in developing countries [5]. Both health and
economic sector of the countries worldwide suffers due to this threat.

For the safety of food products from pathogenic microbes, there are several preservation techniques that has been developed
however some negative effects of synthetic preservatives including formaldehyde, sorbates, sulfites, nitrates have been observed which
causes allergic reactions and leads to a number of health problems [6,7]. Therefore there is an increasing demand of natural com-
pounds and due to their effectiveness against various pathogens they are being considered as a safer option over synthetic ones.

Bio-preservation is a technique in which food products are preserved by using natural compounds. Several natural compounds have
antibacterial properties which help to sustain and ensure the food safety [7]. Many natural preservatives and antimicrobial compounds
are being used to counter numerous pathogenic microorganisms. These compounds are obtained from different sources including
bacteria, plants, animals, fungi, mushrooms, virus, etc.

Among various natural preservatives there are some novel compounds which have been produced by particular species of Lactic
Acid Bacteria (LAB) producers, these novel compounds are proteinaceous in nature and are known as bacteriocins [8]. They have an
effective ability of inhibiting bacteria by several mechanisms and are regarded as safe to use in food products. A commercially used
bacteriocin, used a preservative and approved by Food and Drug Administration (FDA) is Nisin [9]. Bacteriocins have inhibited the
activity of many foodborne pathogens through different mechanism of actions and by different way of usage in food products [9,10].

Another antibacterial alternative which is of a great focus of attention and is covered in this article in detail are the antimicrobial
compounds obtained from plants. Different compounds having antimicrobial properties such as phenols, terpenoids and alkaloids are
achieved from different parts of the plant extracts as well as the secondary metabolites. All of them perform their action by certain
mechanisms and are founds to be helpful in the treatment of food borne illness [11,12].

Multiple antibiotics are being used against several foodborne illnesses such as Fluroquinolones against salmonellosis [13]. Mac-
rolides against campylobacteriois [14], p-lactam and aminoglycosides against listeriosis [15], Ciprofloxacin against E. coli infections
[16]. However there is an emerging resistance of these pathogens against the conventional antibiotics. Through different mechanisms,
microbes gets resistant to the antibiotics [17]. The insufficient use of antibiotics is leading towards multi drug resistance. Therefore, to
combat this threat, the use of natural compounds is a focus of attention by many researchers and continuous studies are being done to
discover novel compounds, which would help decreasing the risk of food related diseases [7].

This review article provided an insight of the food borne diseases, their causative agents, prevalence, and the different treatments to
combat these pathogens. It also involves information about synergistic antimicrobial activity of synthetic and natural antimicrobials
along with details about antibiotic resistance and their mode of actions. Finally, the study also entails a comparative analysis between
the synthetic and natural antibiotics to overcome the knowledge gap of comparative analysis of efficiency of antibiotics i.e. synthetic
antimicrobials, and that of bacteriocins and phytochemicals, which are considered as natural antimicrobials. The review article covers
data from articles, which are focused on the food pathogens and the diseases caused by them, the treatments used for the diseases, both
natural and synthetic. Articles, which focused on the sampling, isolation, and molecular identification of the food borne pathogens
were excluded as this review article focuses on the comparative analysis of the treatments used against them. To best of our knowledge,
this review article is a comparative analysis of the synthetic and natural treatment methods against food borne pathogens till date.

2. Food borne diseases
2.1. Listeriosis

The genus of Listeria is comprised of facultative anaerobic gram positive bacteria. The pathogenic species in this genus are
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L. ivanovii and L. monocytogenes. These two species have been responsible for the severe diseases caused in animals as well as humans,
however only L. monocytogenes is known to infect humans, causing listeriosis, a disease with mortality rate of around 30% [18].

Listeriosis can be either invasive or noninvasive gastroenteritis [19]. The more commonly people affected by listeriosis are
immunocompromised, pregnant women and older people. Once the listeriosis gets invasive it leads to further complications such as
meningitis, sepsis and neonatal infections along with miscarriage [20]. The classification of invasive listeriosis is done in three cat-
egories including maternal neonatal infection, bacteraemia and neurolisteriosis [21].

Listeria can survive freezing temperatures and grow at temperatures as low as 0 °C. The primary habitat of Listeria monocytogenes is
soil, from where it can spread to various food items grown, cattle or farmers and other workers, and enters the food chain. There are
certain properties of Listeria monocytogenes which make it highly resilient. The properties includes: i) ability to survive freezing
environment, ii) tolerating high salt concentration (up to 20% w/v) iii) biofilm production on surfaces of metals and plastics providing
protection against environmental stress [15,22]. Due to the presence of these properties L. monocytogens is not prevented properly
while food processing, and contaminate different types of food products such as meat, sausages, fish, dairy products, fruits and
vegetables [23,24].

It gets difficult to control listeriosis outbreak because of the longer incubation period and widespread food trade connections [25].
Presence of this pathogen in food items have been reported multiple times suggesting the importance of contamination control [26,
27].

2.2. Escherichia coli infections

Escherichia coli belongs to the family Enterobacteriaceae. The bacterium is gram negative, facultative anaerobe. Escherichia coli is a
versatile microorganism which has both pathogenic and non-pathogenic variants. The non-pathogenic variants are found in the normal
human gut flora. However, a number of pathogenic variants have been responsible to cause different types of intestinal or extra-
intestinal infections in animals and humans [28]. Moreover, some of the strains of E. coli are commensal as they do not possess any
virulence factors and do not harm the host [29].

Intestinal pathogenic E. coli (IPEC) are identified as obligate pathogens. Diseases like colitis or gastroenteritis is caused by IPEC. Six
categories of diarrheagenic E. coli pathotypes which belongs to the intestinal pathogenic E. coli have been identified including,
enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC),
enteroinvasive E. coli (EIEC) and diffusely adherent E. coli (DAEC) [30]. Enteropathogenic E. coli strain is a producer of shiga toxin
(STEC) which is responsible for various diseases such as hemorrhagic colitis, bloody diarrhea and severe hemolytic uremic syndrome
which can be life threatening [31].

Certain isolates such as uropathogenic E. coli (UPEC), neonatal meningitis associated E. coli (NMEC) and sepsis causing E. coli
(SEPEC) have been isolated from outside of the intestinal tract and they are classified as Extra-intestinal Pathogenic E. coli (EXPEC).
They are facultative pathogens [32] and can cause various infections at non-intestinal site such as prostate infections, bloodstream
infections and most commonly urinary tract infection [33].

Number of different food items such as vegetables, meat, and raw milk is contaminated by E. coli and it is one of the major
microorganism, which causes food borne diseases [34]. Pathogenic E. coli reside in the animal feces and are mostly found in soil and
water due to animal fecal contamination [35]. The diseases can also reach the host through different routes which gets contaminated
by feces [36].

2.3. Campylobacteriosis

Campylobacteriosis is any disease caused by the bacteria of genus Campylobacter. Campylobacter spp. Are Gram negative, spiral or
rod shaped, motile, non-endospore forming bacteria. Motility contributes to virulence of pathogens as it helps in adherence to the
intestinal walls. Campylobacter species are micro-aerophiles i.e., they require 5% Oxygen, 10% CO and 85% Nitrogen to survive. They
are thermophiles i.e. can grow between 30°C and 46 °C (optimally at 40—-42 °C) [37]. The size of Campylobacter ranges between 0.2 and
0.8 pm in width and 0.5-5 pm length. There is a total of 32 species and 12 sub species of Campylobacter but the infections in animals and
humans are mainly caused by C. jejuni (95%) and C. coli (5%) [37,38]. Campylobacteriosis in humans is one of the most prevalent cause
of Gastroenteritis. Depending on the severity of infection, the symptoms can range from mild diarrhea and vomiting to bloody
diarrhea, abdominal cramps, fever and in very severe cases, it can lead to Guillain-Barre syndrome, an autoimmune condition that can
ultimately lead to paralysis [38,39].

Zoonotic transmission by farm animals is one of the major sources of Campylobacter spread [40]. Natural habitat of campylobacter
is in the GI tract of animals and birds and therefore, the infection can spread via feces contaminating food and water or poor food
handling during slaughtering or food processing. Farm animals are one of the major sources of Campylobacter spread. The foods
associated with Campylobacteriosis are mainly poultry and meat products such as eggs, chicken, turkey, beef and many other [41,42].
A study has been reported related to Campylobacter contamination in various food sources such as chicken, beef, meat, raw milk, and
cheese, ready to eat foods and vegetables over a period of three years in Pakistan. It showed that raw chicken was the most frequently
contaminated meat product (48%) and vegetables and salads (40.9%) were the most contaminated among other foods [43]. According
to WHO, 550 million people are sick from diarrhea diseases with 33 million deaths due to food-borne illness, campylobacter being 1 of
the 4 key global cause of Gastroenteritis worldwide signifies the importance of intervention against Campylobacter related food safety
[44].
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2.4. Salmonellosis

Salmonellosis is any disease caused by species belonging to Salmonella genus. The bacteria belonging to this group are Gram
negative, facultative anaerobe, non-spore forming, motile (peritrichous flagella), straight bacilli and facultative pathogens. The
bacteria size ranges between 2 and 3 pm, belonging to the Enterobacteriaceae family and are divided into two species, S. bongori and
S. enterica, the latter specie is further divided into seven sub species and over 2600 serotypes. They are ubiquitous, and have the ability
to grow over a wide range of conditions. Temperature usually range between 8 and 45 °C with 37 °C as optimum. However, as there are
numerous bacteria in this genus, temperature ranges between 2 and 54 °C, pH of 4-9.5 with 6.5-7.5 being optimum, and can also grow
in low moisture environments where water activity is 0.94 or above [37,45].

There are two types of salmonellosis: typhoidal and non-typhoidal salmonellosis. Non-typhoidal salmonellosis is further divided
into invasive and non-invasive salmonellosis. Non-invasive Non-typhoidal salmonellosis causes gastroenteritis, usually the diarrhea is
self-limiting and patient does not require any antibiotic treatment. Invasive non-typhoidal salmonellosis is characterized by invading
sites that are otherwise free of microbes leading to systemic infections followed by localized infections such as meningitis [46,47].
Fatality rate of invasive salmonellosis is greater than non-invasive salmonellosis [47]. Serovar typhimurium and entriditis mainly
cause invasive salmonellosis [48,49].

Typhoidal Salmonella is caused by Salmonella enterica serovars typhi and paratyphi A, B and C. Rest of the S. enterica species are
responsible for non-typhoidal salmonellosis. Typhoidal strains are responsible for causing typhoid and paratyphoid fever collectively
called as enteric fever [48,50]. The enteric fever may be presented with GIT disturbances such as diarrhea, abdominal pain, nausea,
vomiting and cold-like symptoms such as sore throat, dry cough, headache and weakness [50].

Salmonellosis is one of the major food-borne disease, spreads via contaminated food such as beef, chicken/broilers, eggs pork [49,
51,52]. Fecal contamination by animals or humans can spread it to vegetables/fruits, milk and water [52]. GBD (2017) described the
prevalence of non-invasive and non-typhoidal salmonellosis globally from the year 1990-2017. The estimated cases ranged between
409.1000 and 622, 000 cases each year (2010-2017) with an average mortality rate of 14.5%. Majority of the infected population
being children under the age of five [47]. The globally estimated cases of typhoid (76.3%) and paratyphoid fever are 14-3 million with
a fatality rate of 0-95% [53]. These massive incidence rates indicates that variable intervention and control strategies must be adapted
in order to reduce food-borne diseases’ incidence and mortality rate.

3. Natural modes of treatment
3.1. Bacteriocins

Contamination by pathogens is an ongoing and a very major concern in food industry which causes many food borne diseases.
Regardless of the use of recent food preservation techniques, there is an increase in food related illness especially in those countries
which has a poor monitoring system of food safety. A population of one third across the globe is suffering because of consuming
intoxicated or contaminated food products such as meat, poultry, and dairy products [54].

The demand for safe food with minimum chemical additives is increasing. Biopreservation involves improvement of microbio-
logical safety of foods and extend their shelf life through the use of non-pathogenic microorganisms [55]. Due to the safe history of use
in fermented food products, lactic acid bacteria (LAB) has been of great importance and are attractive to be utilized as biopreservative
[56]. Many new novel peptides having antimicrobial properties have been characterized by the isolates of LAB producers [57].

Bacteriocins are antimicrobial peptides which are synthesized ribosomally. Bacteriocins can be produced by both gram negative
and gram positive bacteria as it has been suggested that this proteinaeous substance can be produced by all bacterial species [58,59].
However they are mostly produced by a wide range of LAB [60]. A large number of bacteriocins have been isolated from different
strains of LAB such as L. lactis, L. lactis, L. plantarus, L. bulgaricus and L. acidophilus [61].

As bacteriocins have been isolated from different strains of LAB and Lactobacillus species, their isolation is based on the inhibitory
activity against pathogenic bacteria, which is used as an indicator strain. Strains such as L. bavaricus, L. brevis, L. plantarum, and L. lactis
have been used to check the inhibitory activity against L. monocytogenes, S. aureus, E. coli. [62].

Bacteriocins have the ability to kill closely related species (narrow spectrum), and in some cases they are able to kill the species of
broad spectrum as well [63]. The growth of closely related species is inhibited by several mechanisms [64]. Microorganisms of
different species become sensitive because of the interaction of cell membrane or cell surface with bacteriocin and the major mech-
anisms by which the targeted bacterial cell is inhibited are cell permeabilization, and pore formation [65].

Due to the toxic property of bacteriocins, they also become lethal to the bacteria through which they are produced. However, they
get protected by a set of immunity proteins [66]. An operon cluster of genes that encode the bacteriocin, group of immunity proteins
along with some additional proteins is present either in plasmid or genome [67].

Some of the infectious diseases have been prevented by bacterioicins, which were caused by gram-positive bacterial pathogenic
strains such as Streptococci, Staphylococci and Micrococci. Along with these, bacterial strains by Gram-negative bacteria such as
Salmonella, Shigella, Vibrio and Listeria have also been tested against the antibacterial activity of bacteriocin protein [68].

Some of the very useful and important characteristics found in bacteriocins produced by LAB are: a) being able to be active over a
wide range of pH b) able to tolerate high thermal stress c¢) easily degradable by proteolytic enzymes d) highly specific in terms of
employing receptors. Due to these characteristics, bacteriocins have been considered ideal as a useful component in food preservation
[69,70].

Over the past years, a wide range of pathogenic bacteria is getting resistant to the conventional antibiotics and this emergence is
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leading towards the research and screening of natural compounds having effective mechanism of inhibition against the resistant
bacteria. There are several bacterial species, which are getting resistant to the conventional antibiotics. Bacterial strains that show
resistance to one or more antimicrobial agents are known as Multi Drug Resistant (MDR) bacteria. The use of such novel compounds
would be helpful to replace antibiotics, which already exist, or contributes to make antibiotics efficacious [69,71]. A bacteriocin
named as Nisin is produced by the specie Lactococcus lactis. It has been approved and has been granted Generally Regarded as Safe
(GRAS) status by the FDA and is commercially used as a food preservative in more than 60 countries [72]. It belongs to Class I of
bacteriocins which is known as lantibiotics, and is active against many gram positive bacteria which leads to their extensive use in food
industry [60]. Thus, due to the stable property of bacteriocins, they are considered as a favorable alternatives in food preservations.
Other than nisin, several bacteriocins have been isolated from probiotic organisms and have been found to be very effective against the
multi drug resistant pathogens. One of them is reported as KAEO1, isolated from Enterococcus faecium, has been found to have anti-
microbial activity against Pseudomonas aeruginosa [55]. KAEO1 was found to be stable at different physical parameters of temperature,
pH and in presence of enzymes. These findings lead to the fact that bacteriocins can be used as food preservatives.

Due to the fast acting mechanism of bacteriocins, they are able to make pores in the target membrane even at very low concen-
trations. This reason is of great importance as it leads to lower chances of resistant development in bacteria. Whereas conventional
antibiotics gets easily resistant in comparison of a specific and potent bacteriocin. Another advantage of bacteriocin being replaced by
the antibiotics is the nature of these peptides, which is a primary metabolite and antibiotics are the secondary metabolites. The
biosynthetic mechanism of a primary metabolite is comparatively simpler than the secondary metabolite and they can easily go
through the bioengineering process to become more specific or active against a target microorganism [65]. Summarized data of the
bacteriocins, their producers and the organisms against which they have antimicrobial activity have been summarized in Table 1.

In some approaches, two different genes of bacteriocins are integrated together through recombinant PCR technique such as
enterocin CL35 and microcin V genes which results in a combined bacteriocin named as Ent35-MccV. This combined bacteriocin is
active against Listeria and Enterohemmorhagic E. coli [61].

Initially, these antimicrobial peptides (bacteriocins) produced by Gram positive bacteria were classified broadly into two cate-
gories: 1) Peptides which are ribosomally synthesized and post translationally modified, and 2) peptides which are unmodified [65]. As
bacteriocins are produced by both Gram positive and Gram negative bacteria, therefore they are classified into different categories.
Bacteriocins produced by Gram negative bacteria predominantly arise from Enterobacteriaceae and are divided into two classes: 1)
colicins which are larger peptides and have high molecular mass; and 2) microcins which are smaller peptides and have relatively low
molecular mass [83]. Due to the production of more prominent and potent bacteriocins by different species of LAB, they are considered
as true bacteriocins and based on their genetic characteristics, molecular weight and presence of amino acid sequence, they were
initially divided into four classes [84] along with some sub divisions depending on the taxonomy of the microorganism [85]. However,
due to the composition of bacterioicins with large complexes of lipids and carbohydrates in class IV, it has been terminated and has
been named as bacteriolysins [86]. Therefore, bacteriocins are majorly divided into three classes [87].

Bacteriocins in class I are broadly post translationally modified peptides and are further divided into two classes. Class Ia containing
dehydrated amino acids and f-methyl lanthionine. They are known as lantibiotics. The peptides are linear, positively charged typically
<5 kDa in size. Class Ib peptides are negatively charged and globular in shape [88].

Class II bacteriocins are relatively smaller in size with unmodified peptides. It is further divided into four sub classes:

IIa) This class include pediocin like petides.

IIb) This class have unmodified bacteriocins formed by two peptides.

IIc) This class has circular peptides.

1Id) This class has linear peptides which are unmodified and are non pediocin like bacteriocins.

Among all of the four classes, pediocin like bacteriocins are the most dominant ones because of their distinctive features [66,89,90].
Bacteriocins of Class III are heat labile are larger peptides typically >30 kDa in size. An example of this class is colicin [91]. Recently, a
novel bacteriocin helviticin M produced by Lactobacillus helveticus has been characterized. It is known to be effective against both Gram
negative and Gram-positive bacteria due to the disruption of their cell wall [92].

Table 1

Some of the bacteriocins, their producer species and the pathogenic species against which they are active.
Bacteriocin Produced by Active against Reference
Enterocin KAEO1 Enterococcus faecium Pseudomonas aeruginosa [55]
Lacticin 3147 Lactococcus lactis Staphylococcus aureus [73]
Mutacin B-Ny266 Streptococcus mutans Staphylococcus aureus [74]
Mutacin B-Ny266 Streptococcus mutans Escherichia coli [75]
Pediocin PA-1 Listeria monocytogenes [76]
ST151BR Lactobacillus pentosus Escherichia coli [77]
Thermophylin Streptococcus thermophiles Listeria monocytogenes Salmonella typhimurium [78]
B602 Paenibacillus polymyxa Campylobacter jejuni [79]
OR-7 Lactococcus salivarius Campylobacter jejuni [80]
Enterocin E—760 Enterococcus sp. Campylobacter jejuni [81]
Albusin B Ruminococcus albus 7 Salmonella [82]
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3.2. Plant-based antimicrobials

Phytochemicals have gotten a lot of attention by researchers due to their diversity and numerous beneficial properties. Many
researches have been done on the antimicrobial effects of various plant products. There are numerous plant species/varieties and even
more products that could be used to treat food-borne diseases. Plant extracts of different parts such as leaves, stems, flowers, seeds,
roots etc. Are used to obtain purified secondary metabolites, such as essential oils which are being tested for their antimicrobial
potential. For the sake of simplicity, plant antimicrobials could be divided into three categories: 1st generation: Crude antimicrobials;
2nd generation: purified active compounds; and 3rd generation: Purified compounds with detailed pharmacological and biochemical
assessment [93].

3.2.1. Mechanism of action

Mechanism of action of various phytochemicals is dependent upon their chemical nature. These compounds have the ability to
either be bacteriostatic or bactericidal. Generally, there are many mechanisms by which plants exhibit the antimicrobial activity such
as destabilizing plasma membrane, inhibition of biofilm synthesis, inhibition of intracellular enzymes, neutralization of bacterial
toxins such as enterotoxins released by food borne pathogens responsible for causing diarrhea [94]. The phytochemicals inhibit cell to
cell signaling in the neighboring bacteria. The signaling has the significance of stimulating various functions such as toxin production
and biofilm production, which helps the bacteria in the invasion of the host and resist the environmental factors. Other mechanisms
involve inhibition of efflux pumps, which are responsible for multidrug resistance in bacteria, inhibition of DNA synthesis, inhibition of
cell wall synthesis or impairment of energy metabolism [12,93]. Different mechanisms of actions have been illustrated in Fig. 1.

3.2.2. Classification of phytochemicals and their antimicrobial properties

There are hundreds of plant-based compounds, each differing in its properties. Primarily, plant secondary metabolites are divided
into three classes: 1) Alkaloids 2) Phenols 3) Terpenoids. Alkaloids are diverse group of compounds characterized by being basic,
nitrogen containing compounds. The compounds belonging to this class are variable in their structures and possess a broad range of
antimicrobial activity. They are further divided into two classes. Typical alkaloids which contain heterocyclic ring with nitrogen
attached and atypical alkaloids which do not possess the heterocyclic ring. Typical alkaloids are much more commonly found in nature
such as morphine, codeine. Typical alkaloids are further divided into many categories [12,95]: Erythromycin, a common macrolide
antibiotic belongs to atypical class of alkaloids. Some of the typical alkaloids having antimicrobial activity against food borne path-
ogens are Piperine, a piperidine type alkaloid, isolated from black pepper. Berberine, is an isoquinoline alkaloid isolated from Berberis
species, reserpine isolated from tropical plant Rauwolfia, tomatidine isolated from the leaves of tomatoes and many more, summarized
by Khameneh et al.

The other class of secondary metabolites is Phenols (phenyl ring attached to a hydroxyl group), are compounds usually released as
antimicrobials for defense against microbes, pests or animals. Phenols having strong reducing power are potent antioxidants, scav-
enges free radicals and can chelate metal ions therefore, prevent lipid or protein oxidation. Phenols are divided into many sub divisions
based on their chemical nature such as simple phenols, phenolic acids, flavonoids, tannins, coumarins, quinines, lignans, stilbenes and
xanthones [96]. Some of the phenolic compounds having antimicrobial activity are Resveratrol, effective against Campylobacter jejuni
possessing cmeABC efflux pump [97]. Coumarin is effective against various food borne pathogens as shown in Tables 2a and 2b along
with Quercetin and Luteolin, plant flavonoids found in many fruits and vegetables [95].

Terpenes are a diverse group of compounds present in various parts of plants such as flowers, fruits, vegetables etc. Characterized
by the presence of isoprene units (C5H8). C5HB is a major component of resins and essentials oils, responsible for the unique fragrance
of the plant. They are also responsible for providing defense against biotic stress to the plant [95]. Essential oils contain significant
quantity of terpenes but also contain other compounds that may have to do with their antimicrobial properties. Along with the isoprene
units, terpenes have other chemical moieties attached such as alcohols, aldehydes, phenols, ketones, ether etc. Based on the chemical
composition the properties of the molecule and essential oil will vary. In a study, antimicrobial activity of thirty-three free terpenes,
commonly present in essential oils, was identified against common food pathogens E. coli, S. Typhimurium, S. aureus and B. cereus.
Sixteen terpenes had possessed antimicrobial activity against the pathogens, six being bactericidal [98].
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Fig. 1. Mechanism of action of natural antimicrobials.
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Table 2A
Some phytochemicals with antimicrobial properties.
Compound Susceptible Zone of inhibition MIC (mg/ MBC (mg/ Reference
pathogen ml) ml)
Coumarin Extraction in DMSO (100 mg/ml) 10 pl solution  E. coli 25.5 + 2.12 1.25 >5 [100]
per disc S. typhimurium 14+1.41 2.5 >5
S. infantis 10.5 + 2.12 5 >5
Enterobacter 19.5 £ 0.7 0.625 5
aerogenes
Blueberry (Vaccinium corymbosum L.) extract 75% ethanol L. monocytogenes NA 300-750 450-900 [14]
(20 g/10 ml final concentration) S.Enteritidis 450-1200 600-1800
Flowers of Punica granatum L. var. Pleniflora (Ethanol Staphylococcus 32-21 + 0.6 (500-1.95 3.12-0.19 0.78-12.50 [101]
extract) aureus mg/ml)
Bacillus cereus 28 +£0.6-11 +0 3.12-0.19 1.56-12.50
Listeria 32+1-11 + 0.6 6.25-1.56 6.25-25.00
monocytogenes
Escherichia coli 22 +1-10 £+ 0 (500-62.5 12.5-3.12 12.50-50.00
mg/ml)
Shigella dysantriae 30+1-18+0 6.25-0.39 1.56-25.00
Salmonella typhi 27 £ 0.6-11 £ 0.6 1.56-6.25 6.25-25.00
(500-7.8 mg/ml)
Clove (Syzygium aromaticum) (Aqueous extract, ethanol L. monocytogenes 11.0-26.6 1.0-2.5 1.5-5.0 [102]
extract, Essential oil) S. aureus 14.0-25.5 1.5-2.5 2.0-5.0
V. parahaemolyticus 11.3-21.5 1-5.5 1.5-10.0
E.coli 13.0-18.0 2.5 5.0
S. Enteritidis 14.2-17.0 2.5 5.0
Bacillus cereus 12.5-14.2 2.5 5.0
P. aeruginosa 11.5-15.4 5.0-5.5 6.0-10.0
P. putida 13.4-22.0 5.0-5.5 6.0-10.0
A. faecalis 19.8-22.5 0.5-5 0.6-10.0
A. hydrophila 9.7-32.0 0.8-5.0 0.6-5.5

3.2.3. Some antimicrobial compounds

Chakraborty et al., reported the antimicrobial activity of Guava leaves against many diarrhea causing food pathogens including
E. coli, Salmonella, Shigella and more. 7-9% concentration of the ethanol and aqueous extracts were found to be either significantly or
moderately effective against majority of the pathogens [99]. Another study carried out by Simpore and Dianou utilized isolated
phenolic compounds, Coumarin and quercetin against enteropathogens. Coumarins are composed of benzene rings fused with
a-pyrone rings, and quercetin is made up of aromatic ring with multiple hydroxyl groups attached [100]. Quercetin did not possess any
antimicrobial properties but coumarin was effective in controlling the bacterial growth. Klancnik et al., identified two phenolic
compounds to be active against both antibiotic susceptible and resistant strains of Campylobacter indicating that the mechanism of
action of the tested compounds is different, and it possess potential in treating drug resistant pathogens [97].

Effects of some of the phytochemicals on food-borne pathogens is summarized in Tables 2a and 2b These phytochemicals can be
used solely or in combination with the available antibiotics against the food pathogens.

It is important to know that the studies summarized above were conducted with different methods of extraction such as aqueous,
ethanol, methanol, chloroform etc. With variable composition and concentration of the active compound, all of which may affect the
end results. Along with that, the pH of the tested compound may also play a significant role in the antimicrobial activity as identified by
Hoque et al. (2008), that the optimum activity of clove and cinnamon essential oil was noted at the pH of 7 [102].

3.2.4. Synergism between plant-based microbials and natural/synthetic antimicrobials

Along with the use of plant extracts and its isolated compounds, these antimicrobials can also be used as supportive therapy to
provide a synergistic action when used in combination with other natural or synthetic antimicrobials such as bacteriocins or antibi-
otics. Iseppi et al., carried out a study to check the antimicrobial activity of sage (phenolic acids, flavonoids and terpenes), thyme
(carvacrol and thymol as active components) essential oils and bacteriocin Lpl7 extracted from E. mundtii against Listeria mono-
cytogenes [105]. All three were effective in controlling L. monocytogenes and biofilm production. However, synergism was observed in
both combination of the essential oils, and the combination of each essential oil with bacteriocin. Lowest MIC was for the combination
of T. vulgaris EO/bacLP17 and antibiofilm activity of both T. vulgaris EO/bacLP17 and bacLP17/S. officinalis was significantly greater
than individual activity of each [105]. Another study performed by Abdollahzadeh et al., also demonstrated the synergistic action of
bacteriocin Nisin with essential oils of thyme against L. monocytogenes in minced fish meat [106]. A number of essential oils were tested
along with nisin and pediocin against common food pathogens by Turgis et al., [107]. Nisin plus oregano EO showed synergism against
L. monocytogenes, Thyme EO plus nisin against S. typhimurium, and pediocin plus Satureja montana against E. coli. [107]. Another study
reports the activity of bacteriocin and plant extract as food additive [108]. Lemongrass and hot pepper extract along with bacteriocin
isolated from Bacillus velezensis showed bactericidal activity similar to commercially available Nisin against spoilage organisms in
dried squid. In a nut shell, nisin can be used in solo as well as in combination with other phytochemicals as antimicrobial agent against
the food pathogens. Using in combination will have an increased antimicrobial efficacy of phytochemicals along with nisin.



N. Farid et al. Heliyon 9 (2023) e17021

Table 2B
Some phytochemicals with antimicrobial properties.
Compound Susceptible Zone of MIC (mg/ml) MBC (mg/ Reference
pathogen inhibition ml)
Cinnamon (Cinnamomum cassia) (Aqueous extract, ethanol L. monocytogenes 27.3-38.4 1.25-2.5 2.5 [102]
extract, Essential oil) S. aureus 24.0-44.0 2.0-2.5 2.0-5.0
V. parahaemolyticus 11.4-20.5 1.0-5.0 1.5-5.0
E.coli 20.0-21.5 2.5 5.0
S. Enteritidis 19.8-23.1 2.5 5.0
Bacillus cereus 46.5 1.25 2.5
P. aeruginosa 12.0 5.0 10.0
P. putida 11.0 5.0 10.0
A. faecalis 22.2 1.25 2.5
A. hydrophila 29.5-31.9 1.25 2.5
Epigallocatechin gallate Carnosic acid (Pure phenols/plant C.coli, C - 78 pg/ml - [97]
phenolic extracts) Jjejuni 19.5 pg/ml
S. officinalis [103]
T. capitatus E. coli, S. 7.0-17.3 22.78 22.78-45.55
R. officinalis enterica, P. 15.0-30.0 0.73-2.94 0.73-2.94
O. majorana aeruginosa, B. 8.3-25.3 11.38-91.00 22.75-182.0
(Essential oil) subtilis, S. aureus 6.0-14.0 22.50-45.0 22.50-45.0
Cardamom (Amomum subulatum) (Essential oil) S. typhi - 3.7-6.6 - [104]
S. paratyphi 4.1
E. coli 2.83
S. aureus 9.4
B. licheniformis 4.7
P. fluorescens 7.5
Cumin (Cuminum cyminum) (Essential oil) S. typhi - 3.4-6.1 — [104]
S. paratyphi 14
E. coli 3.4
S. aureus 29.7
B. licheniformis 4.3
P. fluorescens 12.2
Salvia officinalis L. monocytogenes - - [105]
Thymus vulgaris 2-16 pl/ml
Thymus vulgaris 0.5-4 pl/ml
Salvia officinalis (Essential oil) 0.312-0.5 pl/
ml

Rakholiya & Chanda identified that methanolic extracts of Carica papaya leaves were inactive on its own against multiple Gram
positive and negative bacteria but also showed that synergism with different type of antibiotics, enhanced their activity against these
pathogens [109]. Garvey et al. identified the ability of Levisticum officinale and other plant extracts to inhibit the activity of efflux
pumps in gram-negative bacteria such as Enterobacteriaceae and S. typhimurium, thus providing a promising solution towards the
control of resistant pathogens [110]. Sanhueza et al. investigated the antimicrobial activity of grape pomace extract, which is rich in
phenolic compounds against S. aureus, and E. coli, and the extract reduced the MIC levels of all different class of antibiotics [111]. The
extract was also non-toxic to HeLa cell lines, thus, it can further be tested on animal models as it has the potential of becoming cheap
and harmless candidate as supportive antimicrobial against pathogenic bacteria [112-114].

3.2.5. Phytochemicals as food preservatives

Along-with the potential of phytochemicals to be used as treatment against food borne pathogens, these can also be utilized to
prevent the contamination of pathogens in food, in order to enhance food safety and reduce the prevalence of food borne diseases.
Secondary metabolites are also potent antioxidants, preventing oxidative deterioration of food [115]. Hoque et al. identified clove
essential oil (10%) to be effective in controlling Listeria monocytogenes population within a single day of inoculation in ground chicken
meat and then throughout 15 days of incubation [102]. Cinnamon oil was also tested, which decreased the cell count but was not
successful in completely eliminating the pathogen. Pomegranate peel extract has shown anti-bacterial properties, and active coatings
of it have increased the shelf-life of pork by 3 days [116]. Kanatt et al. carried out another study on pomegranate peel extract; the
extract showed antimicrobial and antioxidant properties, and increased the shelf life of chicken products by 2-3 weeks when stored
under refrigeration [117]. Combination of carvacrol and 1, 8-cineole, which are the major constituents of Rosemary, reduced the total
viable count of Listeria monocytogenes, in fresh cut vegetables and vegetable broth. However, it was ineffective against Aeromonas
hydrophila and Pseudomonas fluorescens [118]. On the other hand, rosemary extract was useful in reducing C. jejuni contamination in
chicken meat juice, but only if the sample was frozen before inoculation to reduce the viable count of bacteria [119].

By the above-mentioned data, we can conclude that the plant-based preservatives could possibly be used in food products, however
there are certain drawbacks to it as well. Essential oils have strong aroma and may disrupt the flavor of the food [120]. For that
problem, edible coatings could be used so that the compound is not incorporated into the food. These phytochemicals could also be
used along with other commercially available preservatives or bacteriocins to provide a synergistic effect, thus will reduce its con-
centration. Other factors such as storage time and conditions of food such as pH, temperature, chemical nature, processing can also
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affect their mainstream use as a food preservative [120].
4. Antibiotic resistance

Antibiotic resistance is a term used when microorganisms such as bacteria grow resistant to antimicrobial substances that they were
once susceptible to. It is one of the most pressing health problems due to rapid increase in antibiotic resistance in the recent years.
Excessive use of antibiotics to treat human and animal infections is the major reason behind this emerging resistance [121]. There are
numerous classes of antibiotics which act on different part of the microbial cells such as cell membrane, cell wall, protein or nucleic
acid synthesis. Fluroquinolones and macrolides are used as first line treatment for Campylobacter species, gentamycin and erythro-
mycin can be used to treat systemic infections [122]. For Salmonella species, enteric fever could be treated by fluroquinolones or
azithromycin [13]. For Listeria infections, the drug of choice usually is f-lactam and aminoglycosides. Other antibiotics such as
erythromycin, chloramphenicol or sulfonamides may also be used based on the severity of infection and other factors [15]. For
diarrhea caused by Shiga toxin producing Escherichia. Coli (STEC), antibiotic therapy is usually not recommended, however for severe
systemic infections, bactericidal antibiotics are preferred over bacteriostatic antibiotics [123].

4.1. Mechanism of resistance

Microorganisms confers resistance to a single or multiple class of antibiotics usually by three basic ways: 1) Modification of the
target site; 2) Modification of the antibiotic; 3) Reduced internalization of antibiotics either by decreased membrane permeability or
expression of efflux pumps [17]. These mechanisms have been comprehensively demonstrated in Fig. 2.

Throughout the years all the food pathogens have various mechanisms of antimicrobial resistance. For Campylobacter infections, as
mentioned above, macrolide and fluroquinolones are used. Resistance against macrolides is due to rRNA methylase Erm (B) gene or
point mutations in the 23sRNA, both of which modifies the ribosomal target site. Synergism in resistance is identified in efflux pump
cmeABC which is responsible for multi drug resistancent. Mutations in the gene encoding the target site of fluroquinolones (gyrA)
along with the expression of an efflux pump (cmeABC) confers resistance to quinolones. Other mechanisms of resistance include
Tetracycline resistance by cmeABC and cmeG efflux pumps or tet(O) protein which provides ribosomal protection [122]. In Listeria
monocytogenes, resistance to f-lactams can be achieved either by reduced membrane permeability or by PASTA domains (PBPs
associated with serine threonine kinases) (PrkA) which binds to the beta lactam ring of the p-lactams inactivating the antibiotic [124].
Multi drug resistance is caused by the presence of efflux pump coded by MdrL and Lde genes. Fluroquinolone’s resistance can be due to
mutations in gyrA and parC genes coding for topoisomerase ii and iv subunits. Macrolide resistance such as clindamycin is due to the
presence of Isa(A) and Inu(A) genes which inactivates the drug [125], and erythromycin resistance is by ermC genes. Whereas
tetracycline resistance is exhibited by tet(A), tet(L) genes which code for efflux proteins, and tet(M) and tet(S) are responsible for
providing ribosomal protection [126]. Escherichia. Coli strains can poses genes coding for f-lactamases such as blaTEM-1/ESBLs or
cephalosporinases (ampCs) and carbapenemases. Other gene include 16 S rRNA methylases (against aminoglycosides), mcr genes
(polymyxins) and PMQR genes (plasmid-mediated quinolone resistance) (fluoroquinolones) [127]. In general, resistance in Salmonella
can be due to genes such as floR, cat 1 and cat 2 (chloramphenicol), tetC (tetracyclines), BlaTEM (ampicillin) strA, strB, aaddA1 and
aaddA2 (streptomycin), and sul 1, sul 2 and sul 3 (sulphamethoxazole) [128]. Table 3 entails about the various sources of food borne
pathogens which are antibiotic resistant and the frequency of their occurrence.

5. Membrane proteins in food pathogens

Membranous proteins of pathogens play essential roles such as adhesion, invasion, toxin release and other interactions of pathogen
to the host in order to cause infections [135-137]. A pathogen such as Cronobacter sakazakii utilizes transmembrane regulatory
proteins present in gram negative bacteria for its virulence which helps in production of biofilm and also evading the immune system
[138]. Along with transmembrane proteins, outer membrane proteins including OmpA and OmpX are involved in the process of
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Fig. 2. Mechanism of antibiotic resistance in bacteria.
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Table 3
Frequency and sources of antibiotic resistant food-borne pathogens.
Antibiotics Organism Percentage of resistant strains ~ Source of Sample Reference
Ciprofloxacin C. jejuni 1111/1997 (55.63%) Feces/blood (human) [16]
168/200 (84.0%) Broiler meat [129]
C. Coli 270/419 (64.44%) Feces/blood (human) [16]
12/27 (44.4%) Broiler meat [129]
S. enteritidis/S. typhimurium  3/11 (27.27%) Raw chicken meat [130]
Erythromycin C. jejuni 9/1197 (0.45%) Feces/blood (human) [16]
76/200 (38.0%) Broiler meat [129]
C. Coli 49/419 (9.3%) Feces/blood (human) [16]
9/27 (33.0%) Broiler meat [129]
C. fetus 1/100 (1%) Feces/blood (human) [16]
Tetracycline C. jejuni 944/1197 (47.29%) Feces/blood (human) [16]
181/200 (90.5%) Broiler meat [129]
C. Coli 294/419 (70.17%) Feces/blood (human) [16]
17/27 (63.0%) Broiler meat [129]
C. fetus 17/100 (17%) Feces/blood (human) [16]
L. monocytogenes 9/24 (34.7%) RTE animal-based foods [131]
Salmonella spp. 17/53 (32.1%) Meat/butcher shops [131]
S. typhimurium 9/11 (81.8%) Meat products [132]
— 22/49 (44.9%) Danish pigs [133]
E. coli 15/48 (31.3%) - -
Ampicillin C. jejuni 695/1197 (34.80%) Feces/blood (human) [16]
13/200 (6.5%) Broiler meat [129]
C. Coli 124/419 (9.59%) Feces/blood (human) [16]
3/27 (11.1%) Broiler meat [129]
Salmonella spp. 47/53 (88.7) Meat/butcher shops [131]
S.typhimurium 58/58 (100%) Chicken farms [128]
S. enteritidis/S. typhimurium 8/11 (72.73%) Raw chicken meat [130]
E. coli 13/48 (27.1) Danish pigs [133]
Amoxicillin Salmonella spp. 35/53 (62.3) Meat/butcher shops [131]
S. enteritidis/S. typhimurium 3/8 (3 (27.27) Raw chicken meat [130]
Nalidixic acid L. monocytogenes 12/24 (50%) RTE animal-based foods [131]
S. enteritidis 20/37 (54%) Meat products [132]
S. infantis 11/15 (73.3%) - -
S. hadar 5/7 (71.4%) - -
Gentamycin S. typhimurium 2/11 (18.2%) Meat products [132]
Clindamycin L. monocytogenes 72/206 (35%) RTE meat products/surfaces with food contact [134]
Penicillin L. monocytogenes 16/24 (66.7%) RTE animal based foods [131]
S. enteritidis/S. typhimurium 11/11 (100%) Raw chicken meat [130]
Sulfamethoxazole- Salmonella spp. 16/53 (30.2) Meat/butcher shops [131]
Trimethoprim S.typhimurium 3/58 (5.2%) Chicken farms [128]
26/49 (53.1%) Danish pigs [133]
E. coli 13/48 (27.1%) -
Chloramphenicol S.typhimurium 58/58 (100%) Chicken farms [128]
2/49 (4.3) Danish pigs [133]
E. coli 5/48 (10.4) - -
Streptomycin E. coli 25/48 (52.1%) Danish pigs [133]
S.typhimurium 25/49 (51%) - -

adhesion and invasion of the human cells [139-141]. It was reported by Kothary et al. that the protein responsible for the spread of
C. sakazakii in the bloodstream might be due to the cell bound zinc containing protein metalloprotease, encoded by zpx gene [142].
However concrete evidence is yet to be established regarding the membrane proteins responsible for virulence in various C. sakazakii
strains. Proteomics has emerged as one of the vital fields of science, can be used to identify proteomic virulence factors, by comparing
pathogenic and non-pathogenic forms of these bacteria [143-145].

5.1. Outer membrane

All Gram-negative bacteria have an additional outer membrane surrounding the peptidoglycan cell wall, and is absent in Gram
positive bacteria. The outer membrane is asymmetric and is composed of phospholipids on the inside, and the outer portion mainly
constitutes of lipopolysaccharides. The lipopolysaccharide layer of Gram-negative bacteria consists of 3 parts: I) A conserved hy-
drophobic membrane made up of Lipid A, ii) A phosphorylated, anionic, core oligosaccharide, and iii) O-antigen, a polysaccharide
made up of different type of sugar monomers providing a hydrophilic surface and is highly variable among different bacteria
[146-147].

In E. coli, the core-OS is divided into two regions. Outer region being made of various sugar residues and the inner region is
composed of 2-keto-3- deoxy-p-manno-octulosonic acid (Kdo) and r-glycero-p-manno-heptose. The inner region is highly conserved
among the family of Enterobacteriaceae providing stability to its outer membrane [148]. In E. coli, further modifications within the
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inner region of core-OS, depending upon its types can be achieved by variable non-stoichiometric substitutions [149]. Unlike the
conserved inner region, the outer region of the core-OS shows variability. There are five types of cores in E. coli based on this variability
including R1, R2, R3, R4 and K12. All these are composed of a (hexose)3 Carbohydrate backbone with two side chains. These are
categorized based upon their difference in the order and position of the carbohydrate backbone along with the chemical nature and
type of linkage of the side chain with the backbone. Smooth lipopolysaccharide (LPS) which contains three components is more
prevalent in as clinical isolates, than rough LPS. E. Coli lacks the O-antigen and may have a shortened core-OS.

Outer membrane is crucial for pathogenic gram-negative bacteria to maintain cell viability, and protects it by acting as a
permeability barrier [147,150,151]. The outer membrane being crucial, is highly conserved among various species of gram-negative
bacteria with very little variation (Vaara, 1992). LPS plays a significant role in maintaining its integrity and selective permeability.
This selective diffusion allows limited entry of hydrophobic molecules and inability of charged molecules to enter the prokaryotic cells
[151]. The core-OS of LPS is mainly responsible for the semi permeability against non-polar molecules due to the presence of anionic
phosphate groups. These phosphate residues bind to other core-OS molecules via divalent cations usually Magnesium or Calcium and
form intermolecular electrostatic bonds between the neighboring LPS [152]. This interlinking provides a barrier against harmful
hydrophobic molecules. Negatively charged lipid A and the inner core-OS play vital roles to maintain the integrity of the outer
membrane [153].

5.2. LPS and other PAMPs

Based on the experimental results, it is indicated that the innate immune response against the outer membrane vesicles is due to the
recognition of the combination of LPS and vesicle pathogen-associated molecular patterns (PAMPs). Proteins and lipoproteins of the
outer membrane are active biological molecules having the tendency to activate immune system and initiate leukocyte migration
[154]. Investigation of mutants lacking particular proteins or other components in the outer membrane can be beneficial for the
identification immune stimulators. LPS is the most potent and abundant immune cell activator of the outer membrane. LPS is found in
high amount in the membrane vesicles in comparison to other proteins even when combined. Toll-like receptor 4 (TLR4) complex
senses LPS and induces a pro-inflammatory response in the body. High levels of LPS in the form of endotoxins and excess inflammation
due to the TLR4 can lead to LPS toxicity and in severe cases, septic shock [155]. Due to abundancy of LPS in the outer membrane
vesicles, all studies focused on host immune system activation must focus on its contribution. These vesicles deliver LPS and can
increase the bacterial clearance but may also cause tissue damage in the host due to excessive inflammation.

For studying these immune regulations in-vivo, it is important to know that LPS that is purified and LPS that is bound to outer
membrane vesicles are not the same in terms of chemical nature and immune system activation. These differ in terms of distribution
and clearance in the host tissues. Vesicles provides amphipathic and heterogenous environment rich in proteins which enhances LPS
diffusion across tissues. Pure LPS is much more hydrophobic and easily enters lipid bilayers of host cells. The vesicle bound LPS can
penetrate deeper into the tissues where phagocytes are present. Therefore, the vesicles may also cause increased recognition and
clearance by these phagocytes. Size of the LPS complexes is directly proportional to the immune response in host cells. A study found
direct correlation between the size of LPS aggregated and LPS internalization by CD14 system [156].

5.3. Effector proteins in enterohemorrhagic Escherichia coli (EHEC)

There are a number of diseases which are caused by a commonly known pathogen called Enterohemorrhagic Escherichia coli
(EHECQ), diseases include colitis, diarrhea along with some severe infections which leads to acute kidney failure, hemolytic uremic
syndrome and acute encephalopathy [157]. Shiga toxins produced by E. coli and effector proteins are major proteins which are held
accountable for the pathogenicity of EHEC. Cell death of eukaryotic host cells occurs due to the impairment of ribosomal activity which
leads to inhibition of protein synthesis caused by shiga toxin [158]. In epithelial cells A/E lesions are induced to attach due to the
binding of some host proteins to effector proteins [159,160]. The characterization of A/E lesions are done by certain factors and under
certain conditions: i) when gut epithelial microvilli gets disrupted, ii) when bacterial attaches to the plasma membrane of host cell, and
iii) when actin gets accumulated in the host cells [161]. A structure which is needle like and is termed as type III secretion system
(T3SS) secretes effector proteins through a transport complex. Host cells are targeted via EspA, EspB and EspD which are the trans-
locator proteins [160]. A polymeric filamentous structure is formed by EspA proteins which facilitate effector proteins to translocate
into the host cells [162,163]. EspA also delivers EspB and EspD and a pore structure complex is formed by them on the cell membrane
of host [164]. First effector protein known as Intimin receptor (Tir) is transported into the host cell and once it reaches to the host
plasma membrane, it gets re-translocated [161]. The family of outer membrane proteins is comprised of p-barrel which is eight
stranded along with membrane spanning regions, main members of the family are OmpA, OmpW and OmpX [165]. High conservation
of these proteins have been found in several Gram-negative bacteria, and they play a major role in bacterial pathogenesis. Their
characterization have been observed in various pathogens such as Vibrio cholera, Yersinia pestis, E. coli, Salmonella enteria, Klebsiella
pnueumoniae and Pseudomonas aeruginosa [166,167]. Pathogenesis of various strains of E. coli is associated with the interference of
OmpA and OmpX. By deleting the OmpA gene of meningitic strains, bacterial invasion is decreased in microvascular cells of brain
while surviving within the macrophages [166,168]. Defect in adhesion to the epithelial cells of colon and mouse bladder colonization
is exhibited by certain mutants such as ompA in uropathogenic E. coli (UPEC) and EHEC [169,170]. Meanwhile, in comparison with the
ompX mutants in UPEC and pig lung disease related strain, it has been observed that there is lower mortality rate of mouse and reduced
flagellar production and colonization in the mouse kidney is exhibited by these wild type mutants [171,172].
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5.4. Spore forming food pathogens

There are many causative agents which causes food borne illness, Bacillus cereus is one of them. It is a spore forming organism and a
human pathogen. Once it is consumed, emetic and diarrheal syndromes occur due to certain toxins which are synthesized by this
organism [173]. In the manufacture of safe and stable food, B. cereus, which are spore forming bacteria are a major challenge to be
controlled. During the production of food, inactivation of these spore forming bacteria is hard as the spores which are formed by
B. cereus are highly resistant to radiation, heat, UV, desiccation and chemicals. Dipicolinic acid is present in the core therefore there is
thermal resistance for a part and the dipocolinic acid is replaced into water to a major extent [174]. A structure in which a spore forms
multi layers also results due to the high resistance, each layer helps to protect the core and localizes the macromolecules which are
essential to live, inner membrane surrounds the macromolecules. Layers starts from the spore core, and then comes towards the germ
cell wall, after that the outer membrane and the coat is assembled. The outermost layer is the exosporium.

Spores return to the vegetative stage once they sense favorable environmental condition though germination and their high stress
resisting properties gets released. Germinant receptors which are present on the inner membrane of spore give out the signals of
germination for transduction. The inner membrane of the spore acts as a strong permeability barrier to small molecules which are
hydrophobic and hydrophilic in nature [175]. In order to deal with the spore stress resistance, it is required that the inner membrane
should have strong integrity. There are chances of inner membrane to expand approximately up to two folds in the initial stage of spore
germination process. This happens without the production of ATP and without the formation of new membrane [176,177]. Several
types of membrane proteins are assembled and supported by the inner membrane of spore. Not only germinant receptor but there are
other localized proteins as well which are involved in the process of germination. These localized proteins play a crucial role in certain
processes such as environmental cues transduction, information flow is an example. They are also crucial for metabolite transportation
and for the catalysis of reactions [178]. There are some inner membrane proteins which are critical to the spore’s life cycle, specifically
for germination. Furthermore, up till now 60% of the drug targets are made up by membrane proteins [178].

Development of inner membrane from the spore to vegetative cell membrane takes places after the process of germination. By
attaining a deeper understanding about formation of spore inner membrane proteins and how the comparison can be done with protein
composition of the vegetative cell membrane, new insights can be gained into how survival of B. cereus spore in adverse conditions is
done and how the germination is regulated.

5.5. Bacterial small proteins

Small open reading frames (sORFs) encodes bacterial small proteins, and it is a class of functional molecules which is recognized as
an emerging class. These molecules were largely unnoticed in the past. Some of them were uncovered accidently. Recently, in order to
detect these small opening reading frames approaches have been made across the globe. Most part of the small proteins seems to be
hydrophobic in nature, and are placed in the bacterial membrane [179]. In this review, it is described that in pathogenic bacteria, some
functional small hydrophobic proteins have been discovered, and there are also some new advances which tends to discover the
additional ones. The ability of bacteria to adapt to changing environmental conditions is contributed by small membrane proteins.
Either the stability or the function of larger membrane proteins gets modulated, and these small membrane proteins tend to implicate
in negative feedback regulation loops. Toxin-antitoxin modules comprise a subset of these proteins. Small proteins that are charac-
terized as hydrophobic and functional small proteins between novel sORFs are discovered. New and unique therapeutic interventions
can be obtained through the identification of naturally occurring small hydrophobic proteins of pathogenic bacteria as recently dis-
played with synthetic peptides and their development which exhibit antibacterial properties [180].

6. Conclusion

In conclusion, the use of synthetic and natural antimicrobials as a control against foodborne pathogens is a promising approach in
the food industry. This review has shown that both synthetic and natural antimicrobials have their own advantages and limitations.
Synthetic antimicrobials i.e. antibiotics are effective, and have a longer shelf life but are becoming narrow spectrum as well due to the
problem of multi drug resistance. It has been found that Campylobacter sp. Have become resistant to several antibiotics such as cip-
rofloxacin, erythromycin, tetracycline and ampicillin. Other antibiotics such as gentamicin, clindamycin and penicillin are effective
against certain microbes such as L. monocytogenes and S. typhimurium. On the other hand, natural antimicrobials which include plant
extracts and bacteriocins are generally safer for consumption, and have a better potential as a food preservative or as a substitute for
antibiotics. As per the findings, cardamom, cumin and cinnamon have been found to have broad spectrum antimicrobial activity as
compared to that of other phytochemicals. Bacteriocins extracted from probiotics are gaining importance as they have been found to be
effective against many Gram positive and Gram negative organisms. Some of them are Enterocin KAEO1, Pediocin PA, Lp17, Ther-
mophylin and Mutacin B-Ny266. Natural antimicrobials despite having substantial research, rarely get attention for commercial
application as drugs or food preservatives. This is due to several facts such as: limited antimicrobial activity against specific microbes
only, limited data on the in-vivo effects of natural compounds against food borne pathogens, and impact of variable environmental and
experimental factors affecting the activity and stability of the compound. Along with that, further research is needed to determine the
optimal conditions and concentrations for their use, as well as to evaluate their safety and potential side effects. Additionally, the
combination of different types of antimicrobials may be a promising approach to enhance the efficacy of both the synthetic and natural
antimicrobials. This is evident from a study which reports the increased antimicrobial activity of sage, thyme essential oils and
bacteriocin Lp17 extracted from E. mundtii against Listeria monocytogenes. Nisin has also been reported to show increased efficacy when
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used with different antimicrobials. Along with this, methods to ensure safe delivery of these compounds could be explored, such as
edible coatings and nanoparticles/nanovesicles which are made safe to consume. Thus, the use of synthetic and natural antimicrobials
as a control against foodborne pathogens has the potential to improve food safety and reduce the risk of foodborne illness. Careful
consideration should be given to the selection and application of antimicrobials, based on their effectiveness, safety, and potential
impact on product quality and consumer acceptance. Overall, this review highlights the importance of ongoing research into the
development and application of safe and effective antimicrobial strategies to ensure the safety and quality of our food supply.
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