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Lactobacillus, the largest genus within the lactic acid bacteria group, has served diverse
roles in improving the quality of foods for centuries. The heterogeneity within this genus
has resulted in the industry’s continued use of their well-known functions and exploration
of novel applications. Moreover, the perceived health benefits in many applications have
also made them fond favorites of consumers and researchers alike. Their familiarity lends
to their utility in the growing “clean label” movement, of which consumers prefer fewer
additions to the food label and opt for recognizable and naturally-derived substances.
Our review primarily focuses on the historical use of lactobacilli for their antimicrobial
functionality in improving preharvest safety, a critical step to validate their role as
biocontrol agents and antibiotic alternatives in food animal production. We also explore
their potential as candidates catering to the consumer-driven demand for more authentic,
transparent, and socially responsible labeling of animal products.

Keywords: Lactobacillus, clean label antimicrobials, foodborne disease, food animal safety, preharvest and
postharvest factors

THE “CLEAN LABEL” APPROACH AND ITS IMPLICATION ON
FOOD SAFETY

Tremendous progress in processing methods over the past decades has extended the shelf life and
enhanced the microbiological safety of foods. In conjunction with these innovations, interest in
knowing how foods are produced has also increased among consumers in industrialized countries.
The potential health implications of unfamiliar additives that are perceived as “less natural” have
driven the popularity of the “clean label” movement in developed societies. Despite significance
in market trends and its growing popularity, a consensus on what constitutes a clean label has
yet to be established. However, several iterations and interpretations of the label were offered in
both scientific literature and popular media. These proposed definitions range from the number
of ingredients, their pronounceability, and their food preservation roles (Asioli et al., 2017).
The variety of interpretations highlights the clean label subjectivity and its dependence on an
individual’s familiarity with food ingredients and production methods.

Simply eliminating certain ingredients to meet the clean label criteria comes at the risk of
changes to food quality and safety that may do more harm than good. The absence of certain
preservatives may reduce the shelf life of food, leading to an increased rate of waste due to spoilage,
thus decreasing the sustainability of the production system (Delgado-Pando et al., 2021). Certain
additives also play an integral role in controlling pathogens. Therefore, its removal may increase
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the risk of foodborne illness if no alternatives were applied
to control pathogens appropriately (Papadochristopoulos et al.,
2021). This situation is particularly challenging for food
products with energy-dense compositions readily metabolized by
microorganisms, such as those derived from animals.

BACTERIAL PATHOGENS —AN IMMEDIATE
THREAT TO CLEAN LABEL INITIATIVES IN
FOOD ANIMAL PRODUCTION

Animal agriculture provides a valuable source of nutritious
products that play an essential role in global food security. As
with the production of other foods, there are many control
measures to ensure animal-derived products’ safety. However,
microbial pathogens, particularly bacteria, present one of the
most significant concerns for consumer health and industry
sustainability (Sofos, 2008). Food-producing animals may serve
as reservoir hosts for many microorganisms, some of which have
the potential to cause harm to humans. The presence of these
bacteria in the animals does not always result in symptoms of
infection, but they may cause illness in humans after ingestion
at disease-causing amounts. Therefore, the microbiological safety
of commodities derived from animals is a global concern as it
directly impacts public health and animal food production.

During production, there are multiple stages at which these
microbial hazards could be introduced to the animal or its
products, including farms or processing plants. Animal products
are among the most common food categories associated with
outbreaks and outbreak-related human illnesses. Despite only
accounting for 38% of outbreaks, foodborne outbreaks involving
products from land animals accounted for 53% of illnesses
and 27% of hospitalizations [CDC, 2019a. Although foodborne
viral pathogens cause a greater number of illnesses, bacterial
pathogens tend to cause more hospitalizations and deaths
(Scallan et al., 2011). The pathogens responsible for outbreaks
vary, with some pathogens more common than others. Among
the many bacterial pathogens present in animals, Salmonella,
Campylobacter, Escherichia coli, and Listeria are the predominant
outbreak-related agents of concern in food animal production.

The transmission of pathogens from animals to humans is not
limited to food consumption. However, only outbreaks where
food consumption is the primary mode of transmission will be
discussed in this review article. The major bacterial pathogens
and the food-producing animals involved in their transmission
are summarized in Table1 based on data available on the
National Outbreak Reporting System (NORS) (CDC, 2019b).

In 2017, 841 foodborne disease outbreaks in the United States
resulted in 14,481 illnesses with 827 hospitalizations, 20 deaths,
and 14 food recalls. Notably, animal-derived products were
responsible for many outbreak-related illnesses, particularly
poultry products. Turkeys came in first and chicken in
third with 609 and 487 illnesses, respectively. Mollusks (41),
fish (37), chicken (23), and beef (19) were also the most
implicated food categories associated with a significant number
of outbreaks (CDC, 2019b). Salmonella was the most common
bacterium among the pathogens confirmed as the cause of these

outbreaks. Although it came second to Norovirus in terms of
illness and number of outbreaks, Salmonella caused a larger
proportion of hospitalizations and deaths than all the other single
confirmed pathogens.

Salmonella caused the majority of illnesses in 2017, causing
580, 421, and 299 illnesses in turkeys, fruits, and chickens,
respectively (CDC, 2017). However, the report listed only
Salmonella in fruits as responsible for a greater proportion
of hospitalizations. This potentially indicates that infections
resulting from the consumption of contaminated poultry are
more common but less severe than those from fruits and
vegetables. One factor that may affect the difference in their
severity is the difference in preparation and consumption of
these foods. Poultry products, especially poultry meats, are always
consumed after cooking, whereas fruits and vegetables may be
consumed raw. This suggests that the frequency of foodborne
illness caused by animal products may potentially be reduced by
proper preparation before consumption. Although the severity
of the infection may be lesser, controlling the presence of the
pathogen in the raw products may help lessen the likelihood of
illness and lower the welfare and economic cost of foodborne
diseases (Scharff, 2012).

CONTROLLING BACTERIAL PATHOGENS

Producers and the food industry have strived to address
these dynamic hazards. Over the years, they continued to
develop more robust control measures to meet this challenge.
The ubiquity of these pathogens and their persistence in
environmental sources complicate the effort to keep them
out of the system and make their complete eradication
implausible (Hancock, 2001). However, limiting their presence
within the products is a more achievable objective that would
significantly reduce the magnitude of the risk associated with
foodborne pathogens.

One way to prevent illnesses is by monitoring and removing
the circulation of contaminated foods in the market. This is
facilitated in part by the authority of the Food and Drug
Administration (FDA) and the Food Safety and Inspection
Service (FSIS) of the United States Department of Agriculture
(USDA) to recall products that are suspected or confirmed to be
contaminated with these pathogens. The presence of microbial
pathogens like Salmonella in food products had accounted for
almost 27% of all product recalls between 2004 and 2013 (Page,
2018). Although recalls may reduce the likelihood of illness,
the initial contamination results in the waste of nutritious food
products and may incur significant losses for the producers.
The extent to which these incidences impact the market has
yet to be understood (Van Heerde et al., 2007). However, it has
become increasingly difficult to control with the globalization of
the food supply chain, improvement in technology for pathogen
detection, and changes in regulations and consumer demands
(Lyles et al., 2008). Employing interventions during production
would thus help prevent the incidence of foodborne illness,
enhancing the sustainability of food production by reducing food
waste (Gorton and Stasiewicz, 2017).
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TABLE 1 | Pathogens involved in foodborne outbreaks and their modes of transmission.

Pathogen Serotypes/serogroups Reservoir animal Transmission

Salmonella enterica Typhimurium
Enteritidis Poultry, pigs, cattle, fish, and Undercooked ground meat and
Heidelberg seafood poultry, eggs, and dairy
Reading products. Direct contact with

Campylobacter jejuni, C. coli

Shiga-toxin producing E. coli Serogroups: 0157 (most
common)

026, 045, 0103, O111,
0121, and O145 are

also important
Listeria monocytogenes

Clostridium perfringens

animals.

Poultry, pigs, and cattle Undercooked poultry is the
primary mode, though it could
also be transmitted from
seafood, meat, and produce.

Direct contact with animals.

Cattle, sheep, goats, other Undercooked ground meat, raw
ruminants. Pigs and birds may milk
pick up from the environment.

Cattle, sheep, goats, and poultry Ready-to-eat deli meats, milk

products
Sheep, goats, buffaloes, and
cattle. Soil and irrigation water,
fresh produce

Beef, poultry, gravies, and dried
or pre-cooked foods, Direct
contact with animals

Historically, interventions targeted to enhance the microbial
safety of animal products were conventionally applied during
processing. Food safety control measures are currently explored
at the pre-harvest stage to alleviate the burden at later stages
of production. Implementing interventions at multiple points
of the food supply chain creates a network that minimizes the
risk of pathogens at the point of consumption. An additional
factor to consider in developing effective control measures
is the sustainability of the intervention and susceptibility to
resistance. For example, a life cycle analysis performed on
antimicrobial chemicals like peracetic acid (PAA) for processing
beef carcasses noted that PAA had a higher environmental and
human health impact than heat-based methods (Li et al., 2018).
In recent years, the growing interest in the clean label among
consumers and increasing restrictions on the use of antibiotics
have led producers to explore interventions that are naturally
derived and have greater familiarity with the general public,
including probiotics.

PROBIOTICS

Probiotic, a term translating to “for life,” was introduced at the
turn of the twentieth century. Elie Metchnikoff proposed that
ingestion of microbes could exert beneficial health-promoting
effects for humans, particularly regarding the treatment of
digestive diseases (Metchnikoff, 1908). In 2001, the Food and
Agricultural Organization (FAO) of the United Nations and the
World Health Organization (WHO) later defined probiotics as
live microorganisms that may confer a health benefit to the host
when consumed in adequate amounts (Preidis and Versalovic,
2009). The increased inclination toward preventative healthcare
among the general public has contributed to the continued rise of
the global market for probiotics.

Consumption of probiotics is not only restricted to humans,
as they have also been adapted for use in animal agriculture.
Producers supplement probiotics to animals for several reasons,
including improving animal wellbeing and growth performance.
Their utility as food safety interventions for reducing pathogens
has been explored more recently. Several authors have compiled
a list of characteristics that microorganisms should possess
to be defined as a probiotic. The proposed criteria include
(Dunne et al., 1999; Simmering and Blaut, 2001; Patterson and
Burkholder, 2003):

1. Originate from the host

2. Display no pathogenic characteristics

3. Retain their viability and activity in delivery vehicles and other
technological processes

. Capable of withstanding gastric acid and bile

. Adhere to intestinal epithelial tissue

. Persist in the gastrointestinal tract, albeit for short periods

. Produce antimicrobial substances

. Modulate the immune system

. Influence metabolic and microbial activities

O 0 N O Ul W

In the context of animal agriculture, the term “direct-fed
microbial” products (DFMs) are also used to refer to certain
probiotic products (FDA, 1995). By contrast, the Bovine Alliance
on Management and Nutrition argues that the two terms can
be used interchangeably (Quigley, 2011). In their definition,
probiotics are “live microbial feed supplement which beneficially
affects the host by improving its intestinal microbial balance”
(Heyman and Ménard, 2002).

Several microbes have also been utilized in food processes
beyond their use in probiotics. Food biotechnologists are
exploring the potential application of microbes to shorten
the ingredients list, namely through in situ transformation
of substrates within a food matrix into active molecules that
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contribute a specific function. Although many have been
explored for their longstanding applications, such as in the
production of fermented foods, its utility in non-fermented foods
is also gaining interest (Perpetuini et al., 2021).

With the growing use of these live microorganisms,
regulations have been put into place that may make it difficult
for certain probiotics to obtain approval. Several countries have
established lists of microorganisms allowed for use as probiotics.
In 1995, the FDA issued Compliance Policy Guidelines (Sec.
689.100 Direct-Fed Microbial Products) outlining the specific
requirements that a probiotic product must meet, including their
labeling and claims made about the product (FDA, 1995). A
key component to the guideline is the use of microorganisms
listed under Section 36 of the official publication of the
Association of American Feed Control Officials (AAFCO).
If one or more microorganisms in the product are not on
the list, it would be considered a food additive and must
abide by the food additive regulation. Those containing only
microorganisms listed under the AAFCO official publication
without any therapeutic or function claims will be regulated as
food and would not typically require FDA regulatory attention.
Hence, products containing microorganisms not currently on the
list would require additional investment to market. The list of
microorganisms that have been reviewed and presented no safety
concerns regarding use in DFM products by the FDA include
many under the Lactobacillus species (AAFCO, 2018). Their
familiarity with both regulatory agencies and the public may also
lend to the potential utility of lactobacilli for the production of
foods with clean labels.

Lactobacillus

Taxonomy

Lactobacilli are fastidious non-spore-forming Gram-positive
rods. Bacteria within this genus are strictly fermentative and
can tolerate or thrive under acidic conditions. They are also
aerotolerant or anaerobic (Tannock, 2004). Their complex
nutritional requirements impact their preferred habitats, as
lactobacilli often populate nutrient-rich niches associated with
plants and foods and in the bodies of humans and animals.
The Lactobacillus genus within the Firmicutes phylum possesses
a phylogenetic and metabolic diversity commonly observed
among bacterial families. Most genera of lactic acid bacteria
employ either glycolysis (homolactic metabolism) or utilize
the phosphoketolase pathway (heterolactic metabolism) to
metabolize glucose (Génzle, 2015). By contrast, the Lactobacillus
genus includes species that use one or the other, allowing
for further differentiation among them. Homofermentative
lactobacilli produce mainly lactic acid (>85%), whereas
heterofermentative lactobacilli produce lactic acid, carbon
dioxide, ethanol, and/or acetic acid in similar amounts (Tannock,
2004).

In addition to classification based on their metabolic
repertoire, modern molecular tools have further categorized
the genera into 24 phylogenetic groups, including members
of the Pediococcus species. The diversity of phylogenetic
groups within the genus has served as justification for
their formal recognition as a separate genus, as illustrated

with Pediococcus. Despite justification based on taxonomic
considerations, the term “Lactobacillus” is deeply rooted within
the food and health-related industries, in regulations, and among
the public. Therefore, researchers have proposed using the term
Lactobacillus sensu lato to include pediococci or the Lactobacillus
Genus Complex when related genera such as Leuconostoc are
included (Zheng et al., 2015).

The classification and nomenclature of this genus have
changed considerably since it was first described in 1901 by
Beijerinck. The interest in bacteria of this genus is partly
exemplified by the number of species identified throughout
the years. The number of species and subspecies in this genus
had grown from 55 in 1986 to 103 in 2003 and 152 by 2005
(Bernardeau et al., 2006). As of 2015, more than 200 species
and subspecies of Lactobacillus have been formally recognized
(Sun et al., 2015). Whole-genome sequencing methods further
demonstrated the heterogeneity of the Lactobacillus genus,
leading to the proposed reclassification into 25 novel genera,
which included the emended Lactobacillus genus (Zheng et al.,
2020). The proposed genera names of the lactobacilli discussed
in the review and select species reclassified under them are
summarized in Table 2.

Historical Perspectives and Applications

Organisms under the genus Lactobacillus have played a historical
role in various applications, including food production and
biotechnology. They were among the first organisms used in food
processing and preservation by inhibiting other microorganisms
that cause spoilage or illness (Bernardeau et al., 2006).
Additionally, foods that require lactic acid fermentation often
involve lactobacilli. These include applications as starter cultures

TABLE 2 | Summary of selected genera proposed, and the Lactobacillus species
reclassified under them.

Proposed genera name Lactobacillus species reclassified

Lactobacillus Lactobacillus acidophilus, L. gasseri,
L. johnsonii, L. delbrueckii, L.
crispatus

Lacticaseibacillus Lactobacillus casei, L. paracaseli, L.

“lactis”—milk; “caseus”—cheese rhamnosus

Ligilactobacillus
“ligare”—to unite (host adapted)

Lactobacillus salivarius, L. ruminis, L.
aviarius

Lactiplantibacillus
“lactis” — milk;
“planta” —plantarum group

Lactobacillus plantarum, L. pentosus

Limosilactobacillus
“limosus”—slimy (biofilm-forming)

Lactobacillus reuteri, L. ingluviei, L.
fermentum

Levilactobacillus
“levare”—to lift up (dough leavening)

Lactobacillus brevis, L. cerevisiae

Lentilactobacillus
“lentus”— slow (slow-growing)

Lactobacillus kefir, L. parakefiri, L.
buchneri

Latilactobacillus
“latus”—wide (wide-spread)

Lactobacillus curvatus, L. sakei

Loigolactobacillus
“loigo”— destruction (spoilage)

Lactobacillus coryniformis
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in sourdough bread, fermented plants (kimchi, sauerkraut, and
pickles), fermented meat (salami), and dairy products (yogurt,
kefir, cheese). The use of lactobacilli in food fermentation
predates even bacteriology, and their function in this application
has since been studied extensively (Aryana and Olson, 2017).

Furthermore, novel applications of these organisms have also
been explored for their potential applications for clean label
strategies. Lactic acid bacteria, including lactobacilli, can produce
a variety of exopolysaccharides that possess various bioactivity.
For example, in situ production of exopolysaccharides from
sucrose by certain cereal-associated lactobacilli have the potential
to replace the use of additives such as hydrocolloids in bread
(Tieking et al, 2003). Lactic acid bacteria have also served
as an essential component of starter cultures in products
such as fermented meats. They contribute many functions,
from reducing meat pH to the development of flavor. More
recently, their utility in reducing nitrate to nitrites has been
explored for meat production. Several lactobacilli have exhibited
nitrate-reducing capabilities, including Lactobacillus plantarum,
L. farciminis, and L. coryniformis from spinach extract (Kim et al.,
2017).

Lactobacilli can also inhabit vertebrate hosts, such as humans
and food-producing animals, and have a particular affinity for
organs that store food like the forestomach or crop (Duar et al,,
2017). Although less is known about the lactobacilli found
in live hosts than those involved in food fermentation,
many have explored and studied their functionality as
probiotics (Tannock, 2004).

The historical applications of bacteria within this genus have
led to its acceptance as “Generally Recognized as Safe” (GRAS)
by the FDA and a Qualified Presumption of Safety by the
European Food Safety Authority (EFSA) (Sun et al,, 2015). Their
utility, approval by national and international regulations, and
widespread recognition among consumers have contributed to
its dominance within the probiotic market. Many commercially
available probiotics for humans and animals today include
lactobacilli. Because of these factors, it is no surprise that studies
investigating the lactobacillus species have continued to this day,
including exploration of their utility against foodborne illness-
causing pathogens.

Food Safety Applications in Animal Production
The genus Lactobacillus is exceptional not only in diversity
from a taxonomic perspective but also in its applications. Many
factors contribute to their role for various purposes, such as
fermentation, preservation, and contribution to food texture.
This section focuses on the traits with which lactobacilli can be
utilized to improve the food safety of animal-derived products.
In this regard, factors that do not directly impact the microbial
safety of animal production are beyond the scope of this review.
Extensive reviews of the potential applications of lactobacilli and
their metabolites for other applications related to clean label
food production are available (Papadochristopoulos et al., 2021;
Perpetuini et al., 2021; Vargas and Simsek, 2021).

The mechanisms behind lactobacilli’s antimicrobial activity
against bacterial pathogens appear to be multifactorial, and
each Lactobacillus strain may have unique properties. Several

significant mechanisms of action that have been studied against
bacterial pathogens include competitive exclusion, enhancement
of epithelial barrier function, modulation of the immune system,
and production of antimicrobial metabolites (Figure 1).

Mechanisms of Action Against Bacterial Pathogens
Competitive Exclusion

Animals are typically exposed to microorganisms from their
parents and environments at birth, which may confer protection
against pathogenic organisms. Many attribute the concept behind
competitive exclusion to the work of Nurmi and Rantala, who
administered the intestinal microflora from healthy adult broilers
to newly hatched chicks as an intervention against S. enterica
serovar Infantis (Nurmi and Rantala, 1973). This protection
involves competition for attachment sites and nutrients between
the bacterial populations in the gastrointestinal tract. Therefore,
inoculation of young animals with beneficial microbes would
allow those organisms to establish in the intestinal tract before
exposure to other microorganisms, thus preventing potential
colonization with pathogenic microorganisms. Studies on the
competitive exclusion of pathogens by lactobacilli dates back
to 1985, where Reid and associates explored the use of
autochthonous Lactobacillus casei against uropathogens in rats
(Reid et al., 1985). The idea has since been explored to more
extraordinary lengths, and many other lactobacilli strains were
found effective in preventing colonization and invasion of
pathogenic bacteria in vitro. Lactobacillus rhamnosus DR20 and
Lactobacillus acidophilus HNO17 were effective against E. coli
015:H7 colonization and invasion in vitro (Gopal et al., 2001).
Lactobacillus crispatus Z]J001 inhibited the adhesion of E. coli
0157:H7 and S. enterica serovar Typhimurium, and the surface
layer proteins contributed to this inhibition (Chen et al., 2007).

Enhance Epithelial Barrier Function

The gastrointestinal tract represents one of the largest interfaces
where the external environment interacts with the body. In
addition to its role in nutrient digestion, it also serves as a
critical physical barrier separating commensal and pathogenic
microbes from the underlying cells. Hence, the integrity of
the epithelial layer is important to protect the host against
pathogens. Disruption to the epithelial barrier may lead to
loss of immune tolerance to the microflora. It could also
cause inflammatory responses that may facilitate pathogen
colonization and infection. In this regard, several probiotic
organisms have demonstrated the ability to enhance the epithelial
barrier function through several approaches. For example,
Lactobacillus casei prevented cytokine-induced epithelial barrier
dysfunction in human intestinal epithelial cells (Eun et al,
2011). Similarly, Lactobacillus acidophilus ATCC 4356 enhanced
intestinal epithelial barrier function and prevented invasion of
entero-invasive E. coli in vitro (Resta-Lenert, 2003). Lactobacillus
casei strain DN114 001 was also found to reduce paracellular
permeability due to entero-pathogenic E. coli (Ingrassia et al.,
2005; Parassol et al., 2005). Live Lactobacillus rhamnosus strain
GG was found to prevent morphological changes to the epithelial
cell barrier due to entero-hemorrhagic E. coli (Parassol et al.,
2005). Additionally, Lactobacillus plantarum 299v was found to
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protect against E. coli-induced increase in intestinal permeability
of rats (Mangell et al., 2002). Colonization of Lactobacillus
reuteri ATCC 55730 was found to influence local immune cell
populations and contribute to maintaining the health of healthy
recipients’ gastrointestinal tract (Valeur et al., 2004). Similarly,
Lactobacillus frumenti supplemented by oral gavage to early-
weaned piglets improved the intestinal epithelial barrier function
(Hu et al., 2018).

Modulation of Immune System

Lactobacilli may exert beneficial effects in reducing pathogenic
organisms within the host through immunomodulation.
This may include up-regulation of anti-inflammatory factors,
suppression of pro-inflammatory factors, as well as overall
enhancement of immunity (Haller, 2000; Lin et al, 2008).
Several studies have also explored the immunomodulation
properties of lactobacilli, including work by Koenen and
associates demonstrating that contact with lactobacilli resulted in
a proliferation of spleen lymphocytes and induction of humoral
response to model antigens in vitro (Koenen et al, 2004).
Mice fed Lactobacillus rhamnosus strain HNOO1 displayed a
lower mortality rate following S. enterica serovar Typhimurium
challenge and a reduced rate of translocation of S. enterica
serovar Typhimurium to visceral organs like the spleen and
liver. The lactobacilli-fed mice also exhibited less severe
pathophysiological impact following the challenge than the
control group; the effect was attributed to the stimulation of the
immune system as determined by higher titers of anti-Salmonella
antibodies in the serum and intestinal tract (Gill et al., 2001).
A study involving IL-10-deficient mice found a decrease in
colonic Lactobacillus levels and increases in other organisms,
which were associated with the development of colitis. However,
repopulation with Lactobacillus reuteri alleviated the defect in
bacterial colonization and thus prevented the development of
colitis (Madsen et al., 1999).

The way by which lactobacilli exert their effects on the
intestinal tract is not restricted to their ability to colonize.
Lactobacilli which do not colonize their hosts, indirectly
exert their effect either through their transient presence or
by modulating the existing microbial community. Metabolites
secreted by Lactobacillus acidophilus ATCC 53103 were found
to protect the intestinal barrier and preserve tight junction
permeability in Caco-2 cells (Guo et al., 2017). Another study
explored the lysate of Lactobacillus casei DN-114 and found
that it could improve gut barrier function and modulate
mucosal immune response even in the absence of live bacteria
(Zakostelska et al., 2011). Furthermore, Lactobacillus reuteri
ATCC PTA 6475 converted L-histidine into histamine, which
suppressed the production of pro-inflammatory cytokines
(Thomas et al., 2012).

Antimicrobial Metabolite Production

In addition to lactobacilli’s competitive exclusion and mucosal
immunity stimulation, they were also found to produce
antimicrobial substances that contributed to their mechanism of
action against pathogens. Competition between microorganisms
within a habitat as diversely populated as the gastrointestinal

tract has driven the development of antimicrobial metabolite
production to aid in an organism’s survival. These characteristics
may also be utilized to help control the presence of pathogenic
microorganisms in animal production. Acetic acid, lactic acid,
hydrogen peroxide, and antimicrobial compounds are among
the metabolites produced by lactobacilli that have demonstrated
inhibitory activity against pathogens.

Hydrogen Peroxide

Hydrogen peroxide (H,0,) is a common antibacterial the FDA
has affirmed as generally recognized as safe for specific use in food
production (CFR 21 § 184.1) (FDA, 2021). Production of H,O,
by bacteria is also a documented mechanism to inhibit the growth
of other organisms. That is why H,O,-producing lactobacilli
have been sought by scientists for their potential antimicrobial
properties (Berthier, 1993). Due to the lack of heme, lactobacilli
do not utilize the cytochrome system for terminal oxidation. The
cytochrome system produces water from the reduction of oxygen.
Instead, they use flavoproteins that generally convert oxygen to
H,0,. Furthermore, in the absence of heme protein catalase,
the generated H,O, accumulates to amounts that can exert
antagonistic activity against other microorganisms (Eschenbach
et al.,, 1989). Furthermore, lactobacilli were also found more
resistant to H,O, compared to pathogens. In the absence of
catalase, it was hypothesized that the greater resistance was due
to their development of a mechanism to utilize H,O; using
riboflavin (Seeley and Del Rio-Estrada, 1951; Wheater et al.,
1952).

Production of H;O; is strain-specific and is also affected
by environmental factors. The factors affecting the formation
of H,O; by lactobacilli include aeration, carbohydrate source,
storage conditions, and the Lactobacillus strain itself. Aerated
cultures were found to have between two to three times greater
concentrations of H;O, compared to unaerated -cultures
of Lactobacillus delbrueckii subspecies bulgaricus (PMID:
10618234). Dahiya and Speck (1968) observed the most
significant accumulation of H,O, with Lactobacillus lactis in
neutral pH at 5°C when dextrose was the carbohydrate source.
Starvation of Lactobacillus delbrueckii subspecies lactis 1 also
impacted H,O, production. The results also indicated that
lactate oxidase was involved in the production of H,O, from
D-lactate (Villegas and Gilliland, 2006). Static incubation of
Lactobacillus acidophilus strains yielded smaller amounts of
H,0; than those incubated with continuous shaking (Collins
and Aramaki, 1980). These studies also indicated that different
strains of the same Lactobacillus species produce varying
amounts of these metabolites. Brashears et al. (1998) discovered
that H,O, production was the primary mechanism by which
Lactobacillus lactis exhibited antagonistic activity against E. coli
0157:H7 when co-cultured in Tryptic Soy broth at 7°C.

Organic Acids

Lactobacilli are part of a collective group commonly referred
to as lactic acid bacteria due to their formation of lactic acid
from carbohydrate metabolism. Although bacteria within the
Lactobacillus species are known for lactic acid production, they
may also produce other acids among the metabolites generated.
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FIGURE 1 | The mechanisms behind the antimicrobial activity of lactobacilli against bacterial pathogens.
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Production of these acidic metabolites that lower the pH of the
environment is part of the mechanism by which some lactobacilli
inhibit the growth and survival of other bacteria, including
pathogens. Acidification is a well-characterized method for
food preservation used for animal products such as fermented
sausages (Ammor and Mayo, 2007).

As the name implies, lactic acid is the primary acid associated
with lactobacilli, and it is an abundant, naturally occurring
organic acid. In addition to its natural presence in foods
as a product of in situ microbial fermentation, lactic acid
is also a metabolic intermediate for most living organisms,
including humans (Datta and Henry, 2006). Lactic acid is
also currently applied as a rinsing agent for the processing of
beef, pork, and chicken carcasses. The antimicrobial property
of lactic acid is generally attributed to the acidification of
the cytoplasm that affects the transmembrane pH gradient,
decreasing the amount of available energy for cells to grow.
Acidification of the medium was found to be the mechanism
by which Lactobacillus casei strain GG inhibited S. enterica
serovar Typhimurium as the inhibition was found to be pH-
dependent (Hudault et al., 1997; Lehto and Salminen, 1997).
Similarly, pH adjustment of Lactobacillus culture supernatants
reduced the magnitude by which they inhibited Campylobacter
jejuni. Among the four strains tested, Lactobacillus crispatus

JCM 5810 was the most effective against Campylobacter jejuni in
vitro. It was also found to produce more acid than Lactobacillus
acidophilus and Lactobacillus gallinarum (Neal-McKinney et al.,
2012).

However, different strains of lactobacilli produce different
metabolites at varying concentrations making it challenging to
distinguish the role of individual compounds. It is reported
that multiple Lactobacillus strains exerted antimicrobial effects
on §. enterica serovar Typhimurium that is strain-specific and
could be attributed to other substances, not lactic acid (Fayol-
Messaoudi et al., 2005). Although the extent to which lactic
acid contributes to the antibacterial activity of lactobacilli varies
between strains, its presence may contribute to a synergistic
action with other compounds that the bacteria produce. For
example, lactic acid impacts the integrity of E. coli O157:H7
and S. enterica serovar Typhimurium outer membrane, which
sensitizes the pathogens to detergents and lysozyme (Alakomi
et al,, 2005). Against Salmonella, it was observed that lactic acid
caused the release of substantial portions of lipopolysaccharide
on the outer membrane. Furthermore, the impact of lactic
acid was stronger on the pathogen than hydrochloric acid
at the same pH (Midolo et al, 1995). Therefore, lactic acid
may increase the potency of other antimicrobial substances.
Particularly those unable to effectively penetrate the outer
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membrane of Gram-negative bacteria due to their size or
lipophilic nature.

Antimicrobial Substances

The catalog of lactobacilli-produced antimicrobial substances
effective against pathogens continues to grow as more have
been studied. These include a heterogeneous group of ribosome-
synthesized bactericidal peptides collectively referred to as
bacteriocins. The discovery and successful commercialization
of nisin is part of the catalysts that led to the resurgence in
investigations of these proteinaceous antimicrobial compounds
(Nes et al, 1996). They are typically small, heat-stable, and
may have a broad or narrow spectrum of activity against
other bacteria. The producer is often immune to their
bacteriocin, though it typically targets closely related organisms
and occupies similar ecological niches as the producing
organism (Cotter et al, 2005). Bacteriocins produced by
lactobacilli can be found in one of four major classes of
antimicrobial proteins.

Class I consists of small gene-encoded peptides that contain
modified amino acids lanthionine or 3-methyl-lanthionine.
Hence they are often referred to as lantibiotics (Jung, 1991).
These residues are responsible for the unique structural
characteristics of lantibiotics. Additionally, lantibiotics often
undergo extensive post-translational modification, such as
the substitution of D-alanine for L-serine that further add
unique residues to their structure (Xie and van der Donk,
2004). This class also includes the widely utilized food
preservative nisin produced by Lactococcus lactis. Though
this class is not prominent among Lactobacillus species, it
is produced by several strains, including Lactobacillus sake
L45 (Mortvedt et al., 1991).

The Class II bacteriocins are more common and mainly
grouped based on the absence of lanthionine in their structure.
They are typically small, heat-stable, hydrophobic peptides that
undergo minimal post-translational modification. They also
possess a heterogeneity that allows further classification into
sub-groups. However, these categorizations have changed over
time with the accumulation of knowledge regarding bacteriocins
and their functionality (Nes et al., 1996). Historically, there are
four subclasses in which bacteriocins in Class II may be sorted,
including subclasses A through D. Subclass A are pediocin-
like single peptides with a characteristic amino acid sequence
motif near its N-terminus (Eijsink et al., 1998). They have
demonstrated a narrow spectrum of activity and high specificity
against Listeria monocytogenes (Montville and Chen, 1998).
Subclass B is known as the two-peptide bacteriocin because it
typically requires the interaction of two peptides for its total
activity (Garneau et al., 2002). Subclass C, formerly classified
as Class V bacteriocins, are grouped based on their cyclic
structure (Maqueda et al., 2004). Several lactobacilli, including
Lactobacillus gasseri LA39 and Lactobacillus reuteri LA6, have
demonstrated the production of cyclic bacteriocins (Kawai et al.,
2004). The remaining Class II bacteriocins that fit neither
subclasses mentioned above are then categorized in subclass D.
This miscellaneous subclass includes non-pediocin, single linear
peptides that have in some cases been further grouped based on

their leader sequences (Diep and Nes, 2002). More recently, the
fifth subclass of Class II bacteriocins was proposed, including
peptides rich in serine residues at its carboxy-terminal region
and with non-ribosomal siderophore-type post-translational
modification (Cotter et al., 2013).

Most bacteriocins in Class II act on the bacterial membrane,
resulting in membrane permeability in the target bacteria.
The class IIa bacteriocin produced by Lactobacillus salivarius
NRRL B-30514 isolated from broiler ceca demonstrated in vitro
inhibition of Campylobacter jejuni and reduced colonization
in chickens (Stern et al., 2006). Similarly, the broad-spectrum
class IT bacteriocin, Abp118, produced by Lactobacillus salivarius
UCC118, was found to be the primary mechanism by
which the probiotic exerted its antimicrobial effect against
Listeria monocytogenes infection in mice (Corr et al, 2007).
They also observed protection against S. enterica serovar
Typhimurium UKI1, a pathogen that is naturally resistant
to the bacteriocin. This suggests that Lactobacillus salivarius
UCCI118 may also confer protection against pathogens through
a mode independent of bacteriocin production and possibly
either through competitive exclusion or immunomodulatory
mechanisms. Although Abp118 had only demonstrated activity
against closely related bacteria in vitro, supplementation with
Lactobacillus salivarius UCC118 had affected the Gram-negative
microorganisms in the murine and swine microbiota (Riboulet-
Bisson et al., 2012).

Class III bacteriocins typically have higher molecular weights
(>30 kDa) and are more sensitive to heat than other
classes. Cotter et al. proposed that these proteins be called
“bacteriolysins” instead of bacteriocins. They possess a distinct
mechanism of action through catalyzing cell-wall hydrolysis
leading to lysis of sensitive cells (Cotter et al., 2005). However,
this definition would exclude that large molecular weight, non-
Iytic, and heat-labile bacteriocins such as Helveticin ] produced
by Lactobacillus helveticus 481 (Joerger and Klaenhammer, 1990).

Klaenhammer’s class IV bacteriocins are associated with non-
proteinaceous, lipid, or carbohydrate moieties that contribute
to their activity (Klaenhammer, 1993). Similar to Class III
bacteriocins, Cotter et al. (2005) proposed that this classification
be excluded due to the lack of convincing evidence of those
within this class. However, Stepper and associates countered this
point based on their demonstration of glycopeptide bacteriocin
Glycocin F produced by Lactobacillus plantarum KW30 (Stepper
et al., 2011). The first Lactobacillus bacteriocin to be purified
and characterized was the macromolecular lipo-carbohydrate
protein produced by Lactobacillus fermenti 466 (De Klerk, 1967;
De Klerk and Smit, 1967). In contrast, restructuring the classes
altogether has been proposed, dividing Class III as lysins and
non-lytic proteins and creating a new Class IV in which the cyclic
bacteriocins of Class IIc would be categorized (Heng et al., 2007).

PRE-HARVEST APPLICATIONS

Several major foodborne pathogens like Salmonella,
Campylobacter jejuni, and E. coli O157:H7 share common
epidemiological characteristics, including initiation into the food
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cycle through ingestion of contaminated feed or water by a food-
producing animal, leading to the pathogens’ colonization within
their gastrointestinal tract. Once colonized, the transmission
of these pathogens through fecal shedding or gastrointestinal
contents may contaminate the environment. This further
exacerbates the challenge by potentially propagating the initial
pathogen population, increasing the risk of foodborne illness.
Furthermore, the presence of these pathogens in animal
production systems may also result in contamination of other
food products where byproducts of animal agriculture are
utilized. For example, cattle were named the potential source of
the E. coli O157:H7 implicated in the 2018 multistate outbreak
involving romaine lettuce (FDA, 2018). Therefore, developing
interventions that target pathogens in live animals is critical to
enhancing food safety.

Evidence supporting the antimicrobial properties by which
lactobacilli inhibit foodborne bacterial pathogens has continued
to grow since their mechanisms of action continue to be
elucidated. Likewise, the inventory of products that have
incorporated lactobacilli for use in animal agriculture has grown
over the past few decades. Many products that utilize live
microorganisms can be grouped into two categories based
on their intended functions. The first and more predominant
category includes products that broadly target the improvement
or maintenance of animal health without making specific claims
regarding their effect on particular pathogens of concern to food
safety. These products are often fed to livestock and poultry
to improve their performance. Although improvements to
animal health theoretically would make them less susceptible to
colonization with pathogens, many of the foodborne pathogens
of concern to humans are carried asymptomatically in the
intestinal tract of livestock and poultry. By contrast, the
other category of products establishes claims based on direct
and potentially quantifiable impact on the presence of these
pathogens within the animals (Joerger and Ganguly, 2017). The
efficacy of lactobacilli-based products against foodborne-illness-
causing pathogens has been tested in several food-producing
animals at the pre-harvest production stage. The studies suggest
that not only are the effects of Lactobacillus-containing products
different based on the strain of lactobacilli used but that one
strain may also vary in its efficacy against different pathogenic
bacteria. Utilizing lactobacilli-based strategies at the pre-harvest
stage of production would help fortify the interventions
applied during processing by limiting the initial pathogen load.
Alleviating this burden would allow post-harvest interventions
to meet the clean label requirements without increasing food
safety risks.

Poultry

The earliest investigation into the use of microbiota interventions
for food safety can be dated back to the 1950s, when Milner
and Schaffer observed resistance to Salmonella infection in
chicks provided mature microbiota (Milner and Shaffer, 1952).
However, the commercialization of microbial preparations was
not available until the 1970s (Nurmi and Rantala, 1973). Since
then, a growing body of research has investigated the use of a
variety of lactobacilli against different pathogens. Lactobacillus

acidophilus given to gnotobiotic chicks effectively reduced
fecal shedding and mortality due to E. coli (Watkins et al.,
1982). A single oral dose of Lactobacillus johnsonii FI9785 in
specific pathogen-free chicks reduced Clostridium perfringens
colonization and delayed invasion of organs by E. coli but were
not effective against S. enterica serovar Enteritidis (La Ragione
et al.,, 2004). By contrast, Lactobacillus salivarius CTC2197 given
in conjunction with S. enterica serovar Enteritidis by oral gavage
into the proventriculus of day-old chicks resulted in complete
clearance of the pathogen after 21 days (Pascual et al., 1999). The
use of Lactobacillus salivarius and other organisms in competitive
exclusion products demonstrated efficacy in reducing Salmonella
carriage in challenged chicks by up to 2.5 log CFU/cecal
content (Zhang et al, 2007). A cocktail of 11 Lactobacillus
isolates, including 3 Lactobacillus fermentum, 2 Lactobacillus
casei, 2 Lactobacillus cellobiosus, and 1 Lactobacillus helveticus,
reduced S. enterica serovar Enteritidis populations in the ceca
of broiler chicks (Wolfend et al., 2007). The same probiotic mix
administered 1 h after the challenge with either S. enterica serovar
Enteritidis, S. enterica serovar Typhimurium, or S. enterica
serovar Heidelberg was also found to reduce their recovery from
the day of hatch broiler chicks and turkey poults (Higgins et al.,
2007; Menconi et al., 2011). A systematic review of competitive
exclusion products found that products containing lactobacilli
reduced the prevalence of Salmonella over time and were effective
in lowering cecal Salmonella concentration in broiler chickens
(Kerr et al., 2013). More recently, a study investigating the use of
kefir-originated Lactobacillus kefiranofaciens DN1 also observed
a reduction in S. enterica serovar Enteritidis colonization
in chickens (Bae et al, 2020). A study investigating four
homofermentative Lactobacillus strains found that Lactobacillus
crispatus yielded the greatest reduction in the number of chicks
colonized with Campylobacter jejuni and lowered the microbial
load (Neal-McKinney et al., 2012). The use of avian-specific
probiotics containing Lactobacillus acidophilus resulted in a
reduction in Campylobacter jejuni shedding and colonization in
market age broilers (Morishita et al., 1997). However, the efficacy
of lactobacilli against Campylobacter jejuni is not limited to the
use of live cultures. Supplementing feed with purified bacteriocin
produced by broiler chicken-derived Lactobacillus salivarius also
reduced Campylobacter jejuni colonization in chickens (Stern
et al., 2006).

Swine

Lactobacillus represents one of the significant bacterial genus
reported in the porcine gastrointestinal tract (Pedersen and
Tannock, 1989; Valeriano et al., 2017). The efficacy of lactobacilli-
based treatments has also been explored in swine models, though
most studies measured their impact based on performance
metrics. Several more general studies have demonstrated
that supplementation of Lactobacillus plantarum 4.1 and
Lactobacillus reuteri 357 had decreased the Enterobacteriaceae
population in pigs (De Angelis et al., 2007). Oral supplementation
of Lactobacillus fermentum 15007 in piglets reduced Clostridium
populations in their gastrointestinal tracts (Liu et al, 2014).
Weaned piglets fed Lactobacillus rhamnosus GG was observed to
reduce inflammation due to S. enterica serovar Infantis infection
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(Yangetal., 2017). Feed fermented by Lactobacillus zeae exhibited
a protective effect against Salmonella infection in pigs (Yin
et al., 2014). Supplementation of weaned piglets with cultures
that include Lactobacillus murinus, Lactobacillus salivarius, and
Lactobacillus pentosus was found to reduce fecal S. enterica
serovar Typhimurium (Casey et al., 2007). A Lactobacillus-based
probiotic consisting of Lactobacillus reuteri was found to reduce
S. enterica serovar Typhimurium in the feces of challenged piglets
but had negligible impact on E. coli numbers (Sonia et al., 2014).
In contrast, Lactobacillus sobrius DSM 16698 was found to reduce
enterotoxigenic E. coli F4 in ileal lumen samples of weaned piglets
(Konstantinov et al., 2008). A cocktail of Lactobacillus gasseri,
Lactobacillus reuteri, Lactobacillus acidophilus, and Lactobacillus
fermentum was found to enhance resistance against E. coli in
weaned piglets (Huang et al., 2004).

Ruminants

Escherichia coli O157:H7 is a pathogen of significant concern in
beef production following the outbreak it caused in the early
1990s (Bell, 1994). Hence, the use of lactobacilli-containing
products to improve the safety of cattle-derived products
often explores their utility against this pathogen. Among the
lactobacilli of commercial use, Lactobacillus acidophilus is a
prominent strain that has been extensively studied, including
its effect on pathogen carriage in livestock. A Lactobacillus-
based DFM product consisting of a combination of Lactobacillus
acidophilus NP51 and Lactobacillus crispatus was found to
reduce the prevalence of E. coli O157:H7 in cattle (Brashears
et al., 2003). Daily supplementation of 9 Log CFU Lactobacillus
acidophilus NP51 per steer was also found to reduce E. coli
0157 prevalence in fecal and hide samples (Elam et al., 2003;
Russell and Axtell, 2005). Similarly, Lema et al. (2001) found a
reduction in fecal shedding of E. coli O157:H7 was observed in
sheep fed a dried fermentation product consisting of a mixture
of Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus
fermentum, Lactobacillus plantarum, and Streptococcus faecium
(Lema et al., 2001). Lactobacillus-containing products may also
vary in their efficacy against different pathogenic bacteria. For
example, it may reduce fecal shedding of E. coli O157:H7 but have
limited effects on Salmonella (Tabe et al., 2008). However, these
effects are not always consistent as a reduction in Salmonella
shedding has been reported (Stephens et al, 2007). Using
autochthonous Lactobacillus casei and Lactobacillus salivarius
of bovine origin was also observed to reduce the severity of S.
enterica serovar Dublin infection in calves (Frizzo et al., 2012).

POST-HARVEST OR PROCESSING
APPLICATIONS

Monitoring foodborne illness-causing pathogens is especially
critical at the post-harvest stages of production following the
products’ departure from the farm and moving closer to
the consumers. The products are either prepared for further
processing, packaged, or sent to retail stores or restaurants at
this phase. Animal agriculture and the products it generates
make up a major industry contributing to the United States’

economy, and multiple Federal agencies closely oversee the
production processes. For example, the USDA’s FSIS inspects
production facilities and routinely performs evaluations to
ensure compliance with the performance standards designated
for specific pathogens of interest. For this reason, many
facilities had employed post-harvest interventions before pre-
harvest interventions were explored. Furthermore, investigations
into effective interventions have also been incentivized by the
implementation of the Pathogen Reduction: Hazard Analysis
and Critical Control Point PR:HACCP Systems rule in 1996
(9 CFR Part 304) (FSIS, 1996). The ruling emphasized the
importance of controlling foodborne illness-causing pathogens at
all stages in the farm-to-table continuum because introduction
and propagation can happen at any point (Hogue et al,
1998). Interventions designated for this purpose include physical
approaches such as using High-Pressure Processing (HPP)
or chemicals such as organic acids. The use of lactic acid
bacteria and their metabolites have been explored for use
against spoilage, as exemplified by the commercial success of
nisin (Delves-Broughton et al., 1996). However, investigations
on their applications against foodborne pathogens are scarce
in comparison.

Lactobacilli had historical applications in food preservation
by fermentation, which has been a part of human cultural
history all over the globe. It is the root of food biotechnology
and was used to elongate the shelf life and enhance the safety
of many foodstuffs, including animal-derived products such as
milk and meat. However, several strains of lactobacilli may
be involved in spoilage and the development of undesired
sensory properties in animal-derived food products. For
instance, the presence of Lactobacillus plantarum was found
to accelerate the spoilage of vacuum-packaged beef (Egan
and Shay, 1982). Similarly, Lactobacillus alimentarius was also
found to contribute to spoilage of marinated herring by gas
production (Lyhs et al., 2001). However, different lactobacilli
play different roles for the same category of products. For
example, some lactobacilli are important in cheese ripening,
whereas others may cause defects (Khalid and Marth, 1990).
Exploration of lactobacilli isolated from Danbo cheese found
that Lactobacillus paracasei strains were beneficial for cheese
flavor, whereas Lactobacillus plantarum introduced oft-flavors
(Antonsson, 2003). Lactobacillus plantarum was also considered
a contaminant in the production of Cheddar cheese due to their
production of diacetyl (Keenan and Lindsay, 1968). Therefore,
careful consideration of the specific desired properties in a food
product is necessary when deciding on which lactobacilli or the
myriad of metabolites they produce to select.

The earliest description of the preservation of foods through
the antagonistic growth of microorganisms was discussed several
decades ago (Hurst, 1972). Lactic acid bacteria and their
bacteriocins in products like milk and vacuum packaged meats
were discussed. This was later termed “biological preservation”
or “biopreservation” to distinguish the use of naturally occurring
metabolites from synthetic, chemical preservatives (Stiles, 1996).
There are multiple routes by which an organism can be
utilized for biopreservation. The first is the injection of live
protective bacterial cultures into the food product for the purpose
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of competitive exclusion, potentially by in situ production
of inhibitory metabolites. Alternatively, they could forgo the
bacterial cultures and add the antagonistic substances alone,
either purified or within the spent culture medium in which the
bacteria were cultivated. Several lactobacilli have been explored
in this regard.

Live Lactobacillus Culture

Lactobacilli have been associated with a variety of animal-derived
food products. Lactobacillus delbrueckii subspecies bulgaricus
and Lactobacillus helveticus are the prominent strains in Swiss-
type cheese. Lactobacillus bulgaricus is similarly crucial in
yogurt production, whereas Lactobacillus acidophilus is known
in acidophilus milk. Lactobacillus sake and Lactobacillus curvatus
can grow under refrigerated conditions and thus are often
isolated from raw and fermented meat. In such cases, the growth
of the lactobacilli and its metabolites during fermentation may
help preserve and protect the products. Several investigations
into the use of live lactobacilli cultures for biopreservation
have observed their antimicrobial potential against several
foodborne pathogens in foods. For example, the addition of
Lactobacillus sakei 2a in cheese spread was found to inhibit
Listeria monocytogenes at 4°C, and an even more significant
reduction to below detection limits was observed at 15°C
(Martinez et al.,, 2015). The addition of Lactobacillus lactis
cells to raw chicken breast meat was found to reduce the
survival of E. coli O157:H7 during storage at 5°C (Brashears
et al,, 1998). Similarly, the use of Lactobacillus fermentum ACA-
DC179 was shown to be effective against S. enterica serovar
Enteritidis in raw chicken meat (Maragkoudakis et al., 2009).
Another example involving lactocin-producing Lactobacillus
curvatus CRL705, and Lactobacillus sake was found effective
against Listeria in vacuum-packaged beef and cured raw pork,
respectively (Schillinger et al., 1991; Castellano et al., 2010).
Lactobacillus sakei TH1 was also effective as a protective culture
in cooked ham and servelat sausage (Norwegian non-fermented
cooked sausage) (Bredholt et al., 2001). Furthermore, studies
have also demonstrated that the antimicrobial activity of certain
bacteriocin-producing lactobacilli differs between the product
in which it was applied and that combination of different
strains can enhance their potential. For example, bacteriocin-
producing Lactobacillus sakei CWBI-B1365 and Lactobacillus
curvatus CWBI-B28 effectively inhibited Listeria monocytogenes
in raw beef, and could only impede the pathogen in poultry
meat when both strains were combined (Dortu et al., 2008).
Furthermore, the availability of the substrates within the
product that the lactobacilli could utilize also influences their
activity against the pathogens. For example, the meat-derived
Lactobacillus bavaricus MN was also found to inhibit Listeria
monocytogenes during refrigerated storage in vacuum packaged
beef that was minimally heat-treated. Greater inhibition was
observed with the addition of glucose available through the
gravy and higher inoculum of the lactobacilli (Winkowski et al.,
1993).

Although the introduction of these cultures may confer
protection against potentially pathogenic microorganisms,
the presence of live bacterial cultures, especially at greater
concentrations, also risks potential adventitious growth that may

contribute to the exacerbation of spoilage. One way lactobacilli
may contribute to organoleptic changes is by accumulating
metabolic end products such as hydrogen sulfide, resulting in
an undesirable sulfur odor (Egan et al., 1989). However, this
was associated with the predominance of only certain strains of
Lactobacillus sake. It was noted that the production of hydrogen
sulfide is also related to the growth of other organisms such as
Shewanella putrefaciens and psychrotrophic Enterobacteriaceae
in vacuumed packaged meat with a pH greater than six.
Part of the mechanism by which lactobacilli may inhibit the
growth of these organisms in these anaerobic conditions is
through lowering the pH by the production of acids. Previous
investigations have found that in situ production of lactic acid
had been possible with Lactobacillus plantarum in pork and beef
(Guerrero et al., 1995). Nonetheless, exploration of the use of
the metabolites and inhibitory substances has been increasing to
maintain uniformity.

Postbiotics —Antimicrobial Metabolites

The presence of live lactobacilli strains may confer many health
benefits in addition to their potential inhibition of pathogenic
microorganisms. However, changes in environmental conditions
can result in unanticipated growth within the product. This
may inadvertently result in physicochemical and microbiological
changes, affecting the sensory attributes of the inoculated
product. This risk of adventitious growth of the lactobacilli may
be mitigated by eliminating the live cultures and using only
their metabolites within these products. Additionally, the use of
metabolites may be an avenue whereby spent culture media from
growing the lactobacilli for use as probiotics may be valorized.

As previously outlined, several antimicrobial metabolites
from lactobacilli have been explored as interventions against
pathogenic organisms. They do not fit into the traditional
definition of probiotics due to the absence of the live lactobacilli
and are instead referred to as “postbiotics.” Postbiotics include
the bioactive compounds generated within a matrix after
fermentation by lactobacilli or other probiotics. Their historical
use has allowed for a generally agreed-upon definition outlining
what constitutes a “prebiotic” and “probiotic.” By contrast, no
consensus exists for postbiotics due to their relative novelty
compared to the two latter “-biotics” (Guerrero et al.,, 1995).
Martin and Langella have defined it as “non-viable bacterial
products or metabolic products from microorganisms that have
biologic activity in the host” (Martin and Langella, 2019).
Therefore, the individual components or the compounds within
the matrix will be discussed separately in this section.

Lactic acid is one of the most prominent metabolites that is
widely adopted in part for this purpose. However, it is not always
the primary product of lactobacilli fermentation, depending on
the strain and substrate conversion. For instance, lactobacilli
like Lactobacillus pentosus produce primarily acetic acid in
hydrolysates of vine shoots (Bustos et al., 2008). By contrast,
homofermentative strains such as Lactobacillus plantarum are
known to metabolize pentose or hexose sugars primarily to lactic
acid (Okano et al,, 2009). Additionally, metabolic engineering
may also be employed to produce enantiomerically pure L-Lactic
acid, as demonstrated with modified Lactobacillus helveticus
CNRZ32 (Kyla-Nikkild et al., 2000). Organic acids like lactic acid
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have shown potential in reducing foodborne pathogens in various
food products (Castillo et al., 1998, 2001; Carpenter et al., 2011;
Mikotajczyk, 2015). However, the extent to which lactobacilli
produce the acids used for these purposes is unclear. However,
the fermentation process is still the leading method in lactic
acid production, with several drawbacks, such as the challenges
associated with isolation of the chemical after fermentation.
These factors have driven the development of chemical synthesis
methods that have also been incentivized by the widespread
use of lactic acid for applications outside of food products
such as in chemical, pharmaceutical, and cosmetic industries.
Significant progress has been observed after several decades of
intense investigation into the chemo-catalyzed conversion of
the traditional feedstock into lactic acid without fermentation
(Shuklov et al., 2016).

Another prominent metabolite that is of interest in food
production is bacteriocins. Despite the increasing number of
bacteriocins gaining the GRAS status by the FDA, their adoption
for commercial applications has been limited. The Lactococcus
lactis-produced bacteriocin, nisin, remains the most widely used
in food products (Soltani et al.,, 2021). However, studies have
also explored the utility of bacteriocins produced by lactobacilli.
Plantaricin BM-1, produced by Lactobacillus plantarum BM-1,
from traditionally fermented Chinese meat products, was found
effective in controlling the growth of Listeria monocytogenes
in cooked ham (Zhou et al., 2015). Similarly, pentocin 31-
1 from Lactobacillus pentosus 31-1 was found effective in
suppressing the growth of Listeria during chilled storage of pork
meat (Zhang et al., 2010). Katla et al. (2001, 2002) reported
that Sakacin P produced by Lactobacillus sakei was effective
against Listeria monocytogenes in chicken cold cuts and vacuum
packaged salmon. Mills et al. (2011) reported that the use
of Lactobacillus plantarum LMG P-26357 culture supernatant,
which contained plantaricin 423, demonstrated anti-listerial
activity against Listeria innocua that is more effective than
the nisin producer alone (Mills et al., 2011). Furthermore, a
combination of the bacteriocin produced by Lactobacillus reuteri
INTA PRO 137, reuterin, with nisin resulted in a reduction
of Listeria monocytogenes and Staphylococcus aureus in milk
(Arqués et al., 2011). Lactobacillus plantarum ALC 01 secreting
the bacteriocin pediocin AcH was also found effective against
cheese-borne outbreak causing Listeria monocytogenes (Loessner
et al., 2003). Combining nisin with curvaticin 13, produced by
Lactobacillus curvatus SB13, also exhibited a more significant
inhibitory effect against Listeria monocytogenes than individual
bacteriocins (Bouttefroy and Milliere, 2000). Incorporating cell-
free supernatants from Lactobacillus curvatus P99 into films
demonstrated the ability to control Listeria monocytogenes in
sliced cheese (Marques et al., 2017). Ghalfi et al. (2006) explored
several approaches to utilizing bacteriocin from Lactobacillus
curvatus CWBI-B28 against Listeria monocytogenes in cold-
smoked salmon. They found that all tested methods were effective
against Listeria, though the use of immobilized lactobacilli
suspension was the most effective in obtaining complete
inactivation of the pathogen (Ghalfi et al., 2006).

Isolation and purification of individual bacteriocins present
additional challenges to commercializing these antibacterial

peptides. Thus, the antimicrobial efficacy of these substances is
often evaluated within the culture supernatant of the organism.
Arakawa et al. (2009) assessed the effectiveness of bacteriocins
produced by Lactobacillus gasseri LA39 and LA158 (gassericins)
by adding the neutralized de Man, Rogosa and Sharpe (MRS)
culture supernatants. They reported that this method is a
viable option for evaluating antibacterial properties as no other
matrix component was found to have antimicrobial properties
(Arakawa et al., 2009). In addition to the challenges associated
with purification, the large-scale production of bacteriocins
is still limited. Like organic acids, the chemical synthesis of
certain bacteriocins is possible and may employ one of many
approaches and methodologies. However, in contrast to lactic
acid production, this process is in its infancy and has several
setbacks it must overcome before commercialization. Particularly
regarding low yield and optimization for large-scale production
has not been demonstrated (Hemu et al, 2016). However,
peptide synthesis continues to gain attention, particularly toward
methods that could improve their antimicrobial potency and
stability. Therefore, with the need for bioactive bacteriocins in
the food and pharmaceutical industries, it is likely that progress
in chemical synthesis approaches will continue in addition to
recombinant technologies. These are not the only challenges
with using bacteriocins as interventions in food systems, as
there are additional factors to consider that may affect their
efficacy. For example, certain bacteriocins are limited in their
spectrum of activity, and their hydrophobic nature may limit
their distribution within the food matrix to the fat phase.

These pathogens may also develop resistance to purified
bacteriocins as with other established antimicrobials. This is
particularly challenging to mitigate for antimicrobials with
single-hit mechanisms like the Lactobacillus plantarum-
produced bacteriocin pediocin AcH (Loessner et al., 2003).
As not all pathogens are initially susceptible to bacteriocins,
it is uncertain whether the resistance observed developed
among previously susceptible pathogenic strains. However,
the spontaneous emergence of mutants resistant to high
concentrations of bacteriocins has been reported in bacteriocin-
sensitive pathogens populations (Gravesen et al, 2002).
Therefore, approaches to overcome these drawbacks have been
explored. One method to increase their antibacterial activity
while reducing the likelihood of resistance includes coupling
lactobacilli-based treatments with other interventions.

COMBINATION OF LACTOBACILLI-BASED
TREATMENTS WITH OTHER
INTERVENTIONS

One of the compelling challenges in employing any intervention
targeted against foodborne pathogens is minimizing the impact
on the final food product. This is an ongoing challenge for
current commercialized interventions such as High-Pressure
Processing (HPP). HPP is a non-thermal, commercialized
processing method that has been found effective in reducing
foodborne pathogens. Several investigations have noted that
Gram-negative bacteria like E. coli and Salmonella were more
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susceptible to high pressure than Gram-positive organisms
like Listeria monocytogenes, potentially due to differences in
their peptidoglycan layer (Kelemen and Sharpe, 1979; Vachon
et al, 2002; Wuytack et al., 2002). This method is favored
particularly for clean label prospects as it employs only physical
methods for pathogen control that would not lengthen the
ingredients list. Although HPP may contribute less to sensory
attributes alterations than chemical or thermal interventions,
changes still occur and are not negligible. HPP use at higher
pressure may induce irreversible modifications to the texture
and color of meat that would affect consumer acceptability.
However, these higher pressures are often necessary to ensure
microbial inactivation and prevent their recovery during
storage (Garriga et al, 2004). Other interventions against
foodborne pathogens, including those that utilize lactobacilli
and their metabolites, face a similar challenge to balance
the intensity to which their application yields a considerable
reduction of pathogens and that the product remains acceptable
for the market.

In this regard, the combination of multiple interventions
has been explored to enhance their efficacy against foodborne
pathogens. Hurdle technology involves combining more than
one approach to ensuring the control of pathogens in food
products. The earliest descriptions of the concept suggest that it
was conceived in the early 1990s by Leistner, who discussed the
importance of several factors that contribute to preserving most
foods (Leistner, 1992). The more prominent preservative factors
in food production included temperature, water activity, acidity,
preservatives, and competitive microorganisms. Leistner dubbed
each factor as hurdles selected and intentionally applied based
on their targeted applications (Leistner, 2000). Combination
of multiple hurdles allowed for careful adjustments with each
intervention. The conditions are optimized to ensure microbial
safety without any deleterious effects on the sensory properties of
the product.

Several studies have explored the effect of different
combinations of interventions, including those paired with
lactobacilli-based treatments. For example, combinations of
bacteriocins from either different strains of lactobacilli or
other lactic acid bacteria were found to enhance pathogen
reduction and mitigate resistance (Bouttefroy and Milliere, 2000;
Arqués et al., 2011). This was also exemplified by combining a
Lactobacillus-based probiotic culture with a commercial organic
acid mix, which yielded a more consistent reduction of S. enterica
serovar Enteritidis in the ceca and crop of broiler chicks than
the organic acid mix alone (Wolfend et al., 2007). Reduction in
cecal S. enterica serovar Heidelberg has also been observed in
turkey poults provided a combination of Lactobacillus salivarius
and Lactobacillus ingluviei with trans-cinnamaldehyde, the
primary component of cinnamon bark essential oil (Dewi et al.,
2021). Lactobacillus plantarum, in combination with essential
oils, reduced the presence of undesired microorganisms in
mayonnaise, thereby enhancing food safety while maintaining
desirable organoleptic traits (Teneva et al., 2021). Additionally,
HPP in combination with extracts from Lactobacillus casei OSY-
LB6A exhibited synergy against a strain of Listeria monocytogenes
resistant to pressure (Chung and Yousef, 2010). Permeabilization
of the outer membrane of Gram-negative pathogens like E. coli

by high pressure may sensitize the organism to other treatments,
including bacteriocins (Hauben et al., 1996).

ADDITIONAL CONSIDERATIONS AND
CONCLUDING REMARKS

Consumer-driven changes have led the industry to pursue
more authentic, transparent, simple, and socially responsible
production of foods from animals. However, meeting these
demands is complex as animal-derived products often go through
many stages, from their origins in hatcheries and breeding units
to primary production, transport, harvest, processing, and post-
processing steps. Furthermore, food animal production systems
are burdened by a myriad of emerging pathogenic organisms that
require timely refinement of control measures that potentially
need the inclusion of novel compounds to preserve the quality
and safety yet may not be familiar to the average consumer.
Thus, producers must consider the public perception of the
intervention they employ in addition to its safety and efficacy.

Lactobacillus has been historically used at various stages in
animal food production systems, and technological advances
have allowed researchers to characterize these organisms
in greater depth, including investigating their genomic and
metabolic activities for process improvements along the chain.
Despite the advances made over the last decade, further
exploration into the efficacy of lactobacilli-based interventions is
necessary to recognize the full potential of this diverse bacterial
genus. Ongoing investigations have also begun characterizing
their synergism with other approaches that are either established
or emerging and fitting to the demands of the clean label
movement. Furthermore, the “Long-standing Presumption of
Safety” status conferred to lactobacilli will minimize regulatory
obstacles to their advancement.

Although the potential utility of lactobacilli in enhancing the
microbial safety of animal-derived foods is the main subject
of interest, the consumers’ perception of the ingredients and
manufacturing processes are also critical factors to consider
for the development of interventions. Thus, elements such as
regional preferences, consumer profiles, and how the products
will be marketed are essential considerations in this context.
Consumer research conducted by Ingredion found that products
such as yeast extract and ascorbic acid were found to have
varying levels of acceptability across different countries in
Europe. By contrast, terms such as “natural flavors” and “natural
colors” received unanimous acceptance (Ingredion, 2014). In this
regard, consumers may be more receptive to lactobacilli-based
ingredients if their association with familiar and healthy foods is
addressed. The rise in popularity of fermented foods is associated
with increasing evidence of its health-promoting properties and
has brought even regional fermented foods and beverages to a
global market.

Regional differences also exist regarding food safety concerns,
which may not be as prominent for consumers in advanced
economies with greater confidence in their respective food safety
systems (Sutherland et al., 2020). However, special consideration
may be observed with animal-derived products such as meat and
poultry, considering their increased demand in emerging nations.
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Greater willingness to pay for environmentally certified lamb
products was observed among consumers in India compared
to their counterparts in China and the United Kingdom (Tait
et al., 2016). Similarly, consumers were found to accept direct-
fed microbials to enhance the food safety of beef against E. coli.
They were willing to pay a premium to reduce the food safety risk
(Britwum and Yiannaka, 2019). The challenge is to find a way to
effectively communicate the use of preharvest interventions on
the food label such that consumers are aware of its utility.

With growing enthusiasm for beneficial microbes among
the general public, Lactobacillus-based clean label approaches
can be envisioned and applied at different levels of production
and processing, taking the financial implications of adoption
also into consideration. Although a comprehensive approach
targeting all segments from animal care on farms to the
product sold in retail stores would be ideal, investigating
the impact of their use in pre-slaughter stages on the clean
label prospects of the final product without compromising
the quality and safety, could also be assessed. The future
is bright for Lactobacillus-based approaches as the industry
moves forward in this direction using well-characterized
strains or identifying novel strains catering to the clean
label needs.
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