FEMS Microbiology Letters, 368, 2021, fnab085

https://doi.org/10.1093/femsle/fnab085
Advance Access Publication Date: 5 July 2021
Full-length Review

FULL-LENGTH REVIEW -Food Microbiology
The forgotten role of food cultures

Francois Bourdichon®?*!, Emmanuelle Arias®, Andrzej Babuchowski?,
Anne Buckle®, Fabio Dal Bello®, Aurélie Dubois’, Alessandra Fontana?,
Duresa Fritz8, Rober Kemperman?®, Svend Laulund?!?, Olivia McAuliffel?,
Marta Hanna Miks!?13, Photis Papademas?!*, Vania Patrone?, Dinesh

K. Sharma®, Edward Sliwinski'®, Catherine Stanton!?!, Ueli Von Ah?3,

Su Yaol” and Lorenzo Morelli?

1Food Safety, Microbiology, Hygiene, 16 Rue Gaston de Caillavet, 75015 Paris, France, 2Facolta di Scienze
agrarie, alimentarie ambientali, Universita Cattolica del Sacro Cuore, Via Emilia Parmense,
Piacenza-Cremona, Italy, AGROSCOPE, Food Microbial Systems, Schwarzenburgstrasse 161, CH-3003 Bern,
Switzerland, *Dairy Industry Innovation Institute, Kormoranow St., Mragowo 11-700, Poland, *Milchpriifring
Baden-Wiirttemberg e.V., Marie-Curie-Straf3e 19, 73230 Kirchheim, u.T., Germany, ®Sacco S.r.1., Via Alessandro
Manzoni, Cadorago (Co), Italy, “International Dairy Federationiry Federation, 70 Boulevard Auguste Reyers,
1030 Brussels, Belgium, 8International Flavors and Fragrances, 20 rue Brunel, Paris 75017, France, °Lesaffre
International, 152 rue du Docteur Yersin, 59120 Loos, France, °Chr. Hansen A/S, Agern Allé 24, 2970
Hoersholm, Denmark, ' Teagasc Food Research Centre, Moorepark, Fermoy, Cork, Ireland, ?Glycom A/S, Kogle
Allé 4, 2970 Hgrsholm, Denmark, 3Faculty of Food Science, Food Biochemistry, University of Warmia and
Mazury in Olsztyn, Plac Cieszynski 1, 10-726 Olsztyn, Poland, *Department of Agricultural Sciences,
Biotechnology and Food Science, Cyprus University of Technology, Archiepiskopou Kyprianou, PO BOX 50329,
Limassol, Cyprus, *National Dairy Development Board, Anand 388001, India, *The European Federation of
Food Science & Technology, Nieuwe Kanaal 9a, 6709 PA, Wageningen, The Netherlands and ¥ China National
Research Institute of Food & Fermentation Industries, China Center of Industrial Culture Collection, Building
6, No.24, Jiuxiangiaozhong Road, Chaoyang District, Beijing 100015, PR China

*Corresponding author: Food Safety, Microbiology, Hygiene, 16 Rue Gaston de Caillavet, 75015 Paris, France. Tel: +33 6 24 75 21 49;

E-mail: francois.bourdichon@gmail.com

One sentence summary: Perspective on the potential of food cultures for the biopreservation of food products and applications to limit food waste.

Editor: Egon Hansen
Francois Bourdichon, http://orcid.org/0000-0003-0373-0407

ABSTRACT

Fermentation is one of if not the oldest food processing technique, yet it is still an emerging field when it comes to its
numerous mechanisms of action and potential applications. The effect of microbial activity on the taste, bioavailability and

Received: 14 August 2020; Accepted: 1 July 2021

© The Author(s) 2021. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits
non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or transformed in any way, and
that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

G20z AIrf G uo Jasn zjejduesing we ¥aylolaig Aq GZES L €9/S80GBUY/ L /89E/OIO1LE/B|SWS}/WO0Y"dNODILSPED.//:SA))Y WO PAPEOjUMOQ


http://www.oxfordjournals.org
mailto:francois.bourdichon@gmail.com
http://orcid.org/0000-0003-0373-0407
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com

2 | FEMS Microbiology Letters, 2021, Vol. 368, No. 14

preservation of the nutrients and the different food matrices has been deciphered by the insights of molecular
microbiology. Among those roles of fermentation in the food chain, biopreservation remains the one most debated.
Presumably because it has been underestimated for quite a while, and only considered - based on a food safety and
technological approach - from the toxicological and chemical perspective. Biopreservation is not considered as a traditional
use, where it has been by design - but forgotten — as the initial goal of fermentation. The ‘modern’ use of biopreservation is
also slightly different from the traditional use, due mainly to changes in cooling of food and other ways of preservation,
Extending shelf life is considered to be one of the properties of food additives, classifying — from our perspective -
biopreservation wrongly and forgetting the role of fermentation and food cultures. The present review will summarize the
current approaches of fermentation as a way to preserve and protect the food, considering the different way in which food
cultures and this application could help tackle food waste as an additional control measure to ensure the safety of the food.
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INTRODUCTION

Food preservation has been a key concern since the earliest days
of humanity. Among the numerous empirical processes that
have been developed and passed down, fermentation is one of
the oldest preservation techniques and still widely used in var-
ious food matrices. Fermentation produces beneficial effects in
foods that undergo chemical changes caused by microorganisms
such as bacteria or yeasts (Caplice and Fitzgerald 1999).

Fermentation plays different roles in food processing. Major
roles considered are as follows:

— Preservation of food through formation of inhibitory
metabolites such as organic acid (lactic acid, acetic acid,
formic acid, andpropionic acid), ethanol, bacteriocins and
so on, often in combination with decrease of water activity
(by drying or use of salt; Ross, Morgan and Hill 2002; Gaggia
et al. 2011.

- Improving food safety through inhibition of pathogens
(Adams and Mitchell 2002, Adams and Nicolaides 2008) or
removal of toxic compounds (Hammes and Tichaczek 1994.

- Improving the nutritional value (Poutanen, Flander and
Katina 2009, van Boekel et al. 2010.

- Organoleptic quality of the food (Marilley and Casey 2004;
Smit, Smit and Engels 2005; Lacroix et al. 2010; Sicard and
Legras 2011).

Biopreservation is a natural way to protect against spoilage
and harmful contamination in food. This helps keeping food
products fresh and safe throughout shelf life, opening for the
possibility of reducing food waste. The food industry is presently
looking for means of producing safe food products with an
extended shelf life thus reducing food waste and meeting the
consumer demands for natural, low salt, low sugar foods and for
reduced use of chemical preservatives. Fermented food products
have a longer shelf life and are less prone to spoilage than fresh
food products of the same matrix (e.g. cheese compared to milk).
There have been advances in the understanding of food micro-
biology, and the ability to screen for food cultures with better
ability to stabilize food provides food cultures with bioprotec-
tive effect (Bech Hansen 2002). The advances of science in this
field are eventually restricted by regulations in place, as this pro-
tective role of food cultures is mistakenly assimilated to the cat-
egory of food additives and is not considered as a traditional use
of food cultures in the food chain (Laulund et al. 2017). The aim of
the present review is to highlight how the use of food cultures is
already protecting the fermented food products, with enhanced
shelf life and reduced spoilage.

The microbial stability and safety as well as the sensory and
nutritive quality of foods are achieved by applying a combination
of several different preservative factors called hurdles. The most

important hurdles for keeping food fresh and safe are tempera-
ture (high or low), water activity (aw), acidity (pH), redox poten-
tial, preservatives (food additives), competitive microorganisms
(bacteria, moulds and yeasts) and their metabolites. The com-
petitive microorganisms with enhanced protective effect can be
indigenous or be added as specifically selected food cultures.

As proposed by the International Dairy Federation on its fact-
sheet on the topic (Available at: https://fil-idf.org/publications/fr
ee-of-charge/idf-factsheet-007-2019-bioprotection/) Biopreser-
vation refers to enhanced food safety and extended shelf life
of foods by indigenous and/or intentionally added microbiota,
inhibiting growth of pathogenic and spoilage organisms due
to microbiological competition and production of antimicrobial
metabolites. Among the different species of food cultures, lactic
acid bacteria have a major potential for use as biopreservation
supported by their long history of safe use, proven antimicrobial
properties, their capacity to naturally dominate the microflora
and occupy the ecological niche during storage.

Food cultures for fermentation do all have biopreservation
effects due to metabolically activities. While the traditional use
of cultures in fermented foods refers to their positive action on
product properties (texture, aroma, digestibility, ...), more spe-
cific focus is now on food cultures with appropriate biopreserva-
tive properties for a given application, inhibition of the spoilage
microflora and improvement of food safety.

Biopreservation enhances the effectiveness of a food man-
agement system, but is never an alternative to good cleaning
practices, hygienic design of the production and cold chain con-
servation (Motarjemi and Nout 1996). Food cultures with biop-
reservative effect create an extra protective hurdle against spe-
cific pathogens and/or spoilage microorganisms in the product
during processing and/or after the product has left the manufac-
turing facility, e.g. during transport, storage, retail display and
even after opening of the packaging by the consumer (Baka et al
2014).

The selection and application of protective food cultures
must comply with the same safety criteria as for all food cul-
tures used in the food industry. Food cultures are chosen for
their ability to control and reduce foodborne pathogens and
spoilage microorganisms by exploiting microbial competition
and dominance phenomena. Isolation, selection, detailed char-
acterization and validation of cultures are a way of taking advan-
tage of the natural way in which microorganisms compete with
each other in a complex environment in order to ensure that
the added biopreservative food culture has the specific charac-
teristics under specific condition(s). This allows more control
over the process than with spontaneous fermentation. A sponta-
neous fermentation is actually also what takes place in fresh and
ready to eat (RTE) foods resulting in spoilage New analytical tools
make it feasible to identify and characterize microorganisms
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present in a given environment. These enable the selection of
the best candidates from a very high number of food cultures to
protect against pathogenic and spoilage microorganisms. Indi-
vidual food culture strains within the same species have differ-
ent fermentation properties that can create variations in taste,
aromas and texture/viscosity that may or may not be wanted.
A careful selection of individual strains can be based on well-
known and commonly used species, but have to be tested indi-
vidually regarding properties contributing to fit the purpose of
certain biopreservative effects and possible side effects (Bourdi-
chon et al. 2012).

GENETIC BASIS AND PRODUCTION OF
SPECIFIC METABOLITES AND/OR ENZYMES

Microbes have the ability to produce an extraordinary array of
metabolic by-products exhibiting a bactericidal or bacteriostatic
activity such as organic acids, enzymes, bacteriocins and many
other secondary metabolites. Biopreservation involves applying
food-grade microorganisms to extend the shelf life of foods,
and preventing the development of undesirable microorganisms
(Elsser-Gravesen and Elsser-Gravesen 2014).

GENERAL AND LOW MOLECULAR WEIGHT
METABOLITES

The end products of fermentation may include organic acids
(lactate, acetate, succinate and formate), gases (CO,, H;
and SO,), hydrogen peroxide and other metabolites (ethanol,
diacetyl, aldehydes, ketones, fatty acids and so on). The propor-
tions of these end products vary between and within species.
Many of these metabolites display antagonistic effects against
other microbes through various modes of action (Ben Said et al.
2019). Examples include CO, which has long been documented
as inhibitory to certain pathogenic species. Heterofermentative
lactic acid bacteria (LAB) species produce CO, from formate,
creating an anaerobic environment in the food which is hos-
tile to aerobic species. Hydrogen peroxide (H,0,)-related inhibi-
tion occurs through oxidative damage of proteins and, at times,
an increased membrane permeability take place in the target
organisms. Another example is diacetyl (2,3-butanedione), pro-
duced by certain LAB species. While diacetyl can be employed
as a biopreservative, its contribution to the flavor and aroma of
a product means that it has limited preservative uses in foods
where diacetyl is not wanted ad a major flavor component.
(Drosinos et al. 2005).

ANTIFUNGAL COMPOUNDS

Antifungal compounds are key to avoiding spoilage with yeasts
and/or moulds, and a recent review describes the role and use
of LAB as bioprotective food cultures against fungal spoilage
in foods (Siedler, Balti and Neves 2019). Some compounds pre-
viously discussed, e.g. certain organic acids such as propionic
acid, and reuterin can be used to inhibit fungi as well as bacte-
ria (Corsetti et al. 1998, Cleusix et al. 2007). Phenolic acids pro-
duced by Lactiplantibacillus plantarum (formerly Lactobacillus plan-
tarum) are involved in the antifungal activity or in the reduction
of aflatoxin production in e. g. maize (Nazareth et al. 2020). In
other cases, antifungal compounds produced by LAB are pep-
tides by chemical nature, such as those against Aspergillus flavus
on maize (Muhialdin et al. 2020). Phenyllactic acid is another
compound that can be used to inhibit both bacteria and fungi.
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It is present in different forms such as 3-phenyllactic acid and
4-phenyllactic acid. Both are produced by LAB (Strom et al. 2002,
Mu et al. 2010), whereas 3-phenyllactic acid can also be produced
by G. candidum (Dieuleveux, Lemarinier and Guéguen 1998). In
the latter case, the inhibition can also be towards Fusarium spp.
and reducing the toxin concentration (Kawtharani et al. 2020).
Since phenyllactic acid is produced by many LAB, it is often also
naturally present in fermented foods and can be used in a vari-
ety of food products.

KILLER YEASTS

The multitude of fermented bacterial substances and mech-
anisms to control growth of other microorganisms, are sim-
ilar known from yeasts fermentation. Killer yeasts produce
and excrete extracellular proteins which are lethal to sensitive
strains of other yeasts or other microorganisms (Starmer et al.
1987). These killer toxins (mycocins) were first detected in Sac-
charomyces cerevisiae and later in strains of other species such as
Debaromyces spp., Kluyveromyces spp., Pichia spp., Metschnikowia
spp. as well (reviewed in Mannazzu et al. 2019). Killer yeasts are
applied as biocontrol agents especially in winemaking to control
indigenous yeasts which produce offflavors (reviewed in Morata
et al. 2020). Moreover, they have been used as bioprotectors in
vegetables, olives, beer, sake, dry-cured ham, sausages, yogurt
and cheese (reviewed in Salas et al. 2017, Medina-Cérdova et al.
2018, Guimaraes et al. 2018, Mannazzu et al. 2019).

BACTERIOCINS

Bacteriocins are ribosomally synthesized peptides or proteins
that possess antimicrobial activity towards closely related bac-
terial species, whereas the producing bacterium is immune to
the specific bacteriocin itself (De Vuyst and Leroy 2007).

As examples, nisin has been chosen among lantibiotics
(Class I bacteriocins), and lactococcin G and pediocin A among
nonlantibiotics (Class II bacteriocins).

Nisin

Different strains of Lactococcus lactis subsp. lactis are known
as bacteriocin producers. One of the most intensively stud-
ied and used is the lantibiotic nisin. Nisin is an effec-
tive agent against several undesirable Gram-positive bacte-
ria in cheese and various other foods. It was also the first
antimicrobial peptide approved by the FDA to be utilized
as a food additive preservative (De Vuyst and Vandamme ).
The list of FDA approved food additives and GRAS (gener-
ally recognized as safe) notices with intended antimicrobial
effect is provided in Table 1 (As available on December 2020-
Available at: https://www.fda.gov/food/gras-notice-inventory/r
ecently-published-gras-notices-and-fda-letters).

Nisin is a ribosomally synthesized lantibiotic and many vari-
ants have been discovered, naturally produced by several strains
of L. lactis (i.e. Nisin A, Z, Q, F) and S. uberis (i.e. Nisin U, U2;
Gross and Morell 1971; de Vos et al. 1993; Zendo et al. 2003;
Wirawan et al. 2006; de Kwaadsteniet, Ten Doeschate and Dicks
2008). The most common variants are nisins A and Z, which
differ in one amino acid residue. The biosynthesis and regu-
latory machineries of lantibiotics are encoded by genes orga-
nized in operons. Single genes can vary their location within
the operon, but invariably they are clustered on the genome. For
bacteriocin synthesis up to three functions are required: produc-
tion, immunity and, optionally, quorum sensing. In the case of
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Table 1. List of FDA approved food additives and GRAS (generally recognized as safe) notices with intended antimicrobial effect.

Food additives

Intended use

Food matrix

Acetic acid
Hydrogen peroxide

Buffer and neutralizing agent

form peroxyacetic acid

Lactic acid Buffer and neutralizing agent

Propionic acid Preservative
Natamyecin (pimaricin) Antimycotic
Nisin preparation Antimicrobial

GRAS-Microorganisms
Lactobacillus curvatus DSM 18775
Lb. acidophilus, Lb. lactis and
Pediococcus acidilactici
Carnobacterium maltaromaticum
CB1 (viable and heat-treated)
Carnobacterium maltaromaticum
CB1

GRAS-Bacteriocins

Bacteriocin preparations
specific to Salmonella

Colicin preparations
Natamycin

Nisin Antimicrobial

Antimicrobial

Antimicrobial (Salmonella)

Antimicrobial

Used in combination with acetic acid to

Antimicrobial (Listeria monocytogenes)

Antimicrobial (Listeria monocytogenes)

Antimicrobial (Listeria monocytogenes)

Antimycotic (yeasts and molds)

Cheese

Wash water for fruits and vegetable that are not raw
agricultural commodities (59 ppm)

Bakery products, cheese, frozen desserts, fruit
butters, jellies and preserves

Swiss and Gruyere Cheese

Cheese (< 20 mg/kg finished product)

Cheese (< 250 ppm)

Ready-to-eat cooked meat, poultry products
Meat, poultry

Various foods

Ready-to-eat meat products

Red meats, poultry and egg products (max.
application rate 3 mg/kg or L)

Meat (application rate of 1-10 mg/kg)

Yogurt (levels < 5 ppm finished product)
Casings of frankfurters; cooked meat; poultry
products

nisin, these functions are scattered across the nisin biosynthesis
gene cluster nisABTCIPRKFEG which consists of 11 genes divided
into four operons (Lubelski et al. 2008). Bacteriocin production is
encoded by nisABTC and nisP, nisA encoding the bacteriocin pre-
cursor, nisT the transporter exporting the unmodified precursor,
nisBC encoding post-translational modification functions and
nisP encoding the leader peptidase (Kuipers et al. 1993). Immu-
nity is encoded by nisl and nisEFG, a dedicated immunity pro-
tein and an ABC-transporter, respectively (McAuliffe, Ross and
Hill 2001). Lastly, the two-component signal transduction sys-
tem responding to the mature nisin consisting of a response
regulator and histidine kinase is encoded by nisRK, respectively
(Ge et al. 2017). The self-protection mechanism of the food cul-
ture producers can involve more than one system. Comparative
genomic analyses by Wels and collaborators (Wels et al. 2019)
on publicly available genome sequences of L. lactis subsp. lactis
and subsp. cremoris revealed a complete nisin biosynthesis cas-
sette niSABTCIPRKFEG (Kuipers et al. 1993) on the chromosome
of the subspecies lactis strains CV56 and I0-1. This gene cluster
is flanked by transposase fragments. A complete nisin gene clus-
ter was also found in the subspecies lactis strains KF134, KF146,
KF196, KF282, K231, KF24, K337, KF67, KF7, Li-1 and LMG8526, at
the same chromosomal insert position as in strain CV56. It was
highlighted that all the strains of plant or vegetable origin can
produce nisin Z. On the contrary, the subspecies cremoris strain
V4 and the subspecies lactis strains LMG14418, LMG9446 and
KF147 present an incomplete chromosomal gene cluster and
cannot produce nisin, but they have maintained some immu-
nity genes (i.e. nisFEG and/or nisI) (Wels et al. 2019). Lactococcus
lactis ssp. cremoris FG2 and N41, from dairy starter and soil/grass,
respectively, present a partial nis gene cluster encoding only
nisP, nisl and a truncated nisC. This organization suggests a
localization typical of plasmid (Tarazanova et al. 2016). The orig-
inal nisin gene cluster is chromosome based. The detection of
a plasmid based nisin variant produced by Streptococcus capitis

(O’sullivan et al. 2020) and the detection of nisin variants in mul-
tiple species suggest that nisin like gene clusters can also be hor-
izontally transferred on mobile elements.

Lactococcus lactis cheese starter cultures may either produce
and/or tolerate the antimicrobial bacteriocin nisin. It is therefore
relevant upon the choice of food cultures to assess their natu-
ral resistance or sensitivity to potentially produced bacteriocins
(Van Gijtenbeek et al. 2021).

Pediocin PA-1

Pediocin, produced by Pediococcus acidilactici, belongs to the
class II bacteriocins (nonlantibiotics), a large and diverse
group of antimicrobial compounds that includes small heat-
stable, cationic and hydrophobic/amphiphilic peptides. They are
mainly active against other LAB, and they damage target cells by
pore formation or by interfering with the integrity of the mem-
brane (Nes et al. 1996). Though most have a limited activity spec-
trum, some, including pediocin PA-1, also inhibit more distantly
related bacteria. The key interest in pediocin PA-1 in relation to
biopreservation it its functionality in inhibition of the pathogen
Listeria monocytogenes. Where the nisin biosynthetic gene cluster
is an example of a tightly controlled complex bacteriocin expres-
sion system, the pediocin PA-1 genetic organization features the
other extreme, with a basic organization of a single gene clus-
ter composed of only four genes pedABCD expressed in a single
operon. Pediocin PA-1 production is ensured by the pedA, the
pediocin precursor gene and pedCD encoding a dedicated ABC-
transporter, while immunity is encoded by pedB (Rodriguez et al.
2002). Additional immunity systems as well as a quorum sensing
system are absent. Interestingly, the cluster encoding pediocin
PA-1 and highly similar bacteriocins is located on a plasmid
that can be and likely has been transferred between species (Cui
et al. 2012).
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Lactococcin G

Lactococcins belonging also to the class II bacteriocins (nonlan-
tibiotics). They are mainly active against other lactococci and they
damage target cells by pore formation or by interfering with the
integrity of the membrane (Nes et al. 1996). Of the two-peptide
bacteriocins (class IIb), lactococcin G (LcnG) is the most stud-
ied in relation to its mode of action. It is constituted of the pep-
tides LenG-a (39 residues) and LenG-8 (35 residues) (Rogne et al.
2008), and its bactericidal activity relies on causing leakage of
Na* and K* ions from the membrane of sensitive cells (Moll et al.
1996, 1998). The main target of lactococcin G is the membrane
protein UppP/BacA, involved in the synthesis of peptidoglycan
in the strains L. lactis ssp. lactis IL1403 and L. lactis ssp. cremoris
MG1363 (Kjos et al. 2014).

Lactococcin G cluster is composed of two structural genes
encoding the pre-bacteriocins (lagA and lagB), an immunity gene
(lagC), an ABC transporter gene (lagD) and, located downstream
of lagD, a gene coding for a transport accessory protein (lagk;
Oppergard et al. 2010). The mechanism responsible for the secre-
tion of lactococcin G by LagD and its dependency on the LagE
transport accessory protein are not yet clarified.

Lactococcus lactis strains LMG2081 and BGBM50 are known as
lactococcin G producers (Niessen et al. 1992; Mirkovic et al. 2015).
The complete sequence of lactococcin G operon (~4.9 kb) in L.
lactis LMGT 2081 has been deposited in the NCBI database (Gen-
Bank accession number FJ938036). BLAST alignment of the clus-
ter against the database revealed the presence of a nearly com-
plete LcnG operon (94% coverage, 97% identity) also on the chro-
mosome of L. lactis strain CBA3619 isolated from kimchi.

OTHER ANTIBACTERIAL COMPOUNDS

The term bacteriocin-like inhibitory substances (BLIS) is used
for presumptive bacteriocins still under investigation until their
amino acid structure is identified (Settanni and Corsetti 2008).
Other antibacterial substances fit into neither the low molecular
weight metabolites, bacteriocins nor BLIS categories. They are
not less active and sometimes have a broader spectrum of inhi-
bition. Some of the compounds show limited inhibitory effect
alone and are more active together with other substances or
in combination with lactic acid (pH) producing food culture(s)
(Niku-Paavola et al. 1999). This was demonstrated in cheese with
a mixture of strains (Settanni et al. 2011), where not only antimi-
crobial activity was measured, but also increased growth of the
starter cultures. Examples of such antimicrobial compounds
showing a broad-range inhibitory activity include reuterin, a
compound produced by Limosilactobacillus reuteri (formerly Lac-
tobacillus reuteri) that inhibits fungi but also Gram-negative bac-
teria (Schaefer et al. 2010), and indeed, inhibition of Clostridium
difficile has also been shown (Cleusix et al. 2007). A further exam-
ple is D-3-Phenyl-lactic acid, shown to have inhibitory activity
towards various pathogens like Salmonella enterica, L. monocyto-
genes and produced by several LAB but also Geotrichum candidum
(Dieuleveux, Lemarinier and Guéguen 1998, Rodriguez, Martinez
and Kok 2012).

Reuterin

As a bacterium occurring in sourdough, dairy and meat prod-
ucts, Limosilactobacillus reuteri (formerly Lactobacillus reuteri)
has gained interest as a potential bioprotective food culture
due to its ability to synthesize reuterin, a broad-spectrum
antimicrobial system consisting of an isomeric mixture of
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3-hydroxypropionaldehyde (3-HPA; Vollenweider et al. 2003).
Reuterin displays inhibitory activity against bacteria, yeast,
moulds and protozoa, including food spoilage and pathogenic
organisms (Schaefer et al. 2010). Notably, metabolism of glyc-
erol has been demonstrated to improve the competitiveness of
L. reuteri in sourdough (Lin and Géanzle 2014). Limosilactobacil-
lus reuteri uses a CoA-dependent pathway, in which 3-HPA is
obtained from glycerol in a reaction catalysed by the coen-
zyme B12-dependent glycerol/diol dehydratase (GDH; Talarico
and Dobrogosz 1990); 3-HPA is subsequently converted to 3-
hydroxypropionic acid (3-HP) and 1,3-propanediol (1,3-PDO)
(Dishisha et al. 2014). The glycerol/diol dehydratase of L. reuteri
has been shown to be encoded by three genes located in
the propanediol-utilization (pdu) operon (PAduCDE; Morita et al.
2008); adjacent to this operon, L. reuteri possesses cbi-hem-cob
genes that encode the proteins for the biosynthesis of vitamin
B12 (Santos et al. 2008). In addition, Srimulu et al. (2008) found
that glycerol/diol dehydratase is associated with microcompart-
ments called metabolosomes, and their structural proteins are
encoded by genes located in the pdu operon. The structure of the
pdu-cbi-cob-hem cluster in L. reuteri, displaying a putative trans-
posase gene between the pdu and cbi-cob-hem operons and IS
elements within flanking regions, suggests this gene cluster may
be a genomic island that has been acquired through horizon-
tal gene transfer (Morita et al. 2008). Based on this hypothesis, it
seems reasonable to assume that other species of LAB besides L.
reuteri may have acquired this genetic island during evolution.
Indeed, glycerol metabolism leading to 3-HPA production has
been reported in Secundilactobacillus collinoides (formerly Lacto-
bacillus collinoides; Sauvageot et al. 2000), Loigolactobacillus coryni-
formis (formerly Lactobacillus coryniformis) isolated from cheese
(Martin et al. 2005), Levilactobacillus brevis (formerly Lactobacil-
lus brevis) and Lentilactobacillus buchneri (formerly Lactobacillus
buchneri; Schutz and Radler 1984), Lentilactobacillus diolivorans
(formerly Lactobacillus diolivorans) from ciders (Garai-Ibabe et al.
2008). Consistent with this, the pdu operon has been detected
in L. collinoides (Sauvageot et al. 2002) and in L. brevis (Makarova
et al. 2006).

Phenyllactic acid

3-phenyllactic acid (2-hydroxy-3-phenylpropanoic acid, PLA) is
acknowledged as a relevant contributor to the anti-microbial
activity of LAB in fermented foods. A wide range of LAB gen-
era, such as Lactobacillus, Leuconostoc, Weissella, Pediococcus and
Enterococcus (Magnusson et al. 2003; Valerio et al. 2004; Ndagano
et al. 2011; Li et al. 2014), have been demonstrated to produce
PLA, though PLA biosynthesis has been most extensively studied
in Lactiplantibacillus plantarum (formerly Lactobacillus plantarum;
Lavermicocca et al. 2000; Strom et al. 2002; Prema et al. 2010; Wu
et al. 2020). Remarkably, PLA exerts inhibitory effects in vitro and
in vivo on several spoilage and mycotoxigenic moulds from sour-
doughs and bakery products (Lavermicocca, Valerio and Visconti
2003; Dal Bello et al. 2007; Ryan et al. 2011; Valerio et al. 2016).

In LAB, PLA is a by-product of phenylalanine (Phe)
catabolism: phenylalanine is firstly transaminated to
phenylpyruvic acid (PPA) by an aromatic aminotransferase
(AAT; Yvon et al. 1997) and subsequently reduced to PLA by a
2-hydroxyacid dehydrogenase (2-HADH) such as lactate dehy-
drogenase (LDH; Vermeulen, Ganzle and Vogel 2006; Li, Jiang
and Pan 2007; Mu et al. 2010). Although the genes encoding such
enzymes are ubiquitously present in LAB, significant differ-
ences are recorded in the amount of PLA produced by different
strains, and this disparity was ascribed to varying enzymatic
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activity of LDH toward PPA (Li et al. 2008). Recently, it has been
demonstrated that Lactiplantibacillus plantarum (formerly Lacto-
bacillus plantarum) LY-78 synthesizes PLA de novo via the Phe
synthetic pathway and suggesting that panEl (ketopantoate
reductase), serAl (D-3-phosphoglycerate dehydrogenase) and
1dhD2 (D-lactate dehydrogenase 2) may be key genes of PLA
biosynthesis in LAB (Sun et al. 2019).

CONTROL OF ACIDITY OF FERMENTED FOOD
PRODUCTS AS A RESULT OF FERMENTATION

Acidification mechanism

Many parameters govern the survival and growth of microorgan-
isms in food. The acidity or pH of a food can affect the type and
number of microorganisms present. All microorganisms have
an optimum pH value for growth, and altering the hydrogen
ion concentration can influence the growth of an organism or
even inhibit growth. In general, bacteria prefer to grow at a
PH near neutrality (pH 6.5-7.5) but will tolerate a pH range of
4-9. Yeasts are more tolerant of lower pH values than bacte-
ria, while moulds survive across the widest range of pH values.
Foods with a pH value below 3.5 can support the growth of both
yeasts and moulds. Because of the sensitivity of organisms to
widely differing pH values, the pH provides a powerful selec-
tion which influences the species or group of microorganisms
that will predominate in unaltered food products. For exam-
ple, bacteria primarily spoil proteinaceous foods such as dairy,
meat, poultry and seafood with a pH range of 5.5-6.5. In con-
trast, yeasts and moulds more commonly proliferate on fruits
and vegetables with inherently lower pH values and little buffer-
ing capacity (Doores 2005).

One effective means to preserve food from spoilage is
to increase the acidity of the food thereby creating an
unfavourable environment for survival of undesirable microor-
ganisms through natural fermentation. Depending on the final
PH, this inhibition can be either biostatic or biocidal. The final
result will depend on the microbial species, the type and con-
centration of the acidulant, the time of exposure, the buffering
capacity of the food and most likely the compositional/chemical
properties of the food (Doores 2005).

Microorganisms display varied sensitivity to acids. In most
cases, they are vulnerable to the organic acids they produce
because they are by-products of primary metabolism and as
such are their natural ‘electron sink’. It may happen, however,
that in mixed culture fermentations, the produced acid is a
source of energy for another microorganism. For example, LAB
produce lactic acid as a by-product of their metabolism, which
serves as an energy source for propionic acid bacteria (PAB) and
the mould Penicillium roqueforti. St. thermophilus produces formic
acid as a by-product of their metabolism, which serves as an
energy source for L. bulgaricus in yogurt fermentation.

Organic acids are weak acids, so they do not dissociate com-
pletely in aqueous environments, and their antimicrobial activ-
ity depends on the degree of dissociation and the pH in the food
environment. Hence, the antibacterial activity of organic acids is
increased when the pH of the food is low. A decrease in pH leads
to an increase in protonated acid concentration, decreasing the
polarity of the molecules and consequently increasing the dif-
fusion of acids across the cell membrane and into the cyto-
plasm (Doores 2005; Mani-Lopez, Garcia and Lépez-Malo 2012).
The inhibitory effect of organic acids is based on pH, concentra-
tion, chain length, type and degree of branching. Indeed, effec-
tive use of an acidulant depends on the dissociation constant

(pKa) or the pH at which 50% of the total acid is dissociated. The
pKa of most organic acids is between pH 3 and 5. The pKa of the
acids most commonly found in fermented foods are: acetic acid,
pKa 4.75; lactic acid, 3.08 and propionic acid, 4.87. Because the
undissociated portion of the molecule is believed to be respon-
sible for the antimicrobial effect, it would be advantageous to
use the acids near these values from a biopreservation perspec-
tive. As the pH of a solution decreases, the concentration of the
undissociated form will increase for all acids. For weaker acids,
the undissociated proportion at any given pH will be higher than
for stronger acids, i.e. those with a lower pKa (Adams 2014).

In foods having a range of buffering components such as
proteins and amino acids, it is not easy (possible) to calculate
a degree of dissociation of weak acid using the Henderson-
Hasselbach equation. The issue may be further complicated by
the presence of oil or fat into which the acid might partition
preferentially. This would have the effect of decreasing the acid-
ity in the aqueous phase in which microbial growth occurs and
thereby the anticipated antimicrobial effect (Wilson, Wilson and
Waspe 2000).

Because pH values below 4.5 will stop or severely curtail the
growth of all the major bacterial pathogens and will, depending
on the conditions, ultimately lead to their death/inactivation,
food safety concerns tend to be much reduced when consid-
ering acidic/fermented foods. It has long been recognized that
Clostridium botulinum spores will not germinate and grow at pH
values below 4.6, and this is enshrined in various codes of prac-
tice. Usually, this organism can be well controlled by efficient
acid production. Levels of acidity which do not kill pathogens or
stop their growth entirely can still improve food safety. The risk
from infectious pathogens such as Salmonella spp. will be lower
if growth and thereby numbers of the organisms are restricted
and, at suboptimal pH, toxigenic organisms such as Staphylococ-
cus aureus cannot grow to levels sufficient to produce biologically
effective concentrations of toxin in the food. This is exemplified
in EU regulations where food safety criteria for milk powder and
some cheeses specify that only when levels of coagulase positive
staphylococci exceed 10> CFU/g, there is a requirement to test for
enterotoxin content (Adams 2014).

Lactic acid fermentation

Lactic acid is produced by many microorganisms of which the
most known are LAB belonging to genera former Lactobacil-
lus genus, Leuconostoc, Pediococcus, Lactococcus and Streptococcus
(Crowley, Mahony and van Sinderen 2013).

There are three different pathways leading to production
of lactic acid from glucose (lactose); substrate level phospho-
rylation (homofermentative process) leading to production of
two molecules of lactic acid from one of glucose; 6P-Gluconate
pathway (heterofermentative process) leading to production of
one molecule of lactate, ethanol and carbon dioxide from one
molecule of glucose; and the Bifidus pathway leading to pro-
duction of two molecules of lactate and three acetate from two
molecules of glucose (Kandler 1983). The produced acid is in the
form of L(+), D(-) or as racemic lactic acid D(-) and L(+). The
production and secretion of lactic acid and other weak organic
acids results in an acidic environment which generally restricts
growth of both bacteria and fungi, including many pathogenic
and spoilage microbes (Ross, Morgan and Hill 2002). Acid pro-
duction and a simultaneous reduction in pH are inevitable con-
sequences of LAB growth, and acidity levels in some fermenta-
tions can exceed 100 mM, reducing the pH to below 4.0 in weakly
buffered systems (Adams and Mitchell 2002).
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The rate of pH drops and the final pH value in lactic acid fer-
mentations depend on a number of factors such as the buffer-
ing capacity and water activity of the medium, the tempera-
ture and duration of fermentation, the inoculum size and the
metabolic activity of the bacteria. Ideally, the target pH would
be around 4.5, although this is not achieved in many common
fermented foods such as cheese. Even in very weakly buffered
media, the pH would tend to level off around 3.8 as lactic acid
production produces a lactate buffer. Maximum effect will also
be achieved if the pH drop occurs rapidly, within hours, to pre-
vent any pathogen growth occurring (Adams 2014).

Acetic acid fermentation

The microorganisms oxidizing ethanol to acetic acid are com-
monly called acetic acid bacteria (AAB). Acetic acid bacteria are
mesophilic obligate aerobes that oxidize sugars, sugar alcohols
and ethanol, with the production of acetic acid as the major end-
product. During acetic acid production, ethanol is almost quan-
titatively oxidized to acetic acid. Acetic acid bacteria exhibit
resistance to high acetic acid concentrations and low pH (Ras-
por and Goranovi¢ 2008; Yamada and Yukphan 2008). Physio-
logically, bacteria belonging to the genus Acetobacter sp. convert
alcohols to acids by oxidation.

Propionic acid fermentation

Propionic acid bacteria (PAB) are combined into the family Pro-
pionibacteriaceae, genus Propionibacterium and Acidipropionibac-
terium. They are isolated from milk, fermented dairy products
and cheese; they are also found in at least 24 different vegetables
and fruits species (Vorobjeva, Khodjaev and Vorobjeva 2008).
Depending on the strains, the ratio of PA to AA can vary
widely and well beyond theoretical 3:1. Their product, PA alone
or with AA, is inhibitory toward Aspergillus flavus, aerobic Bacil-
lus, Salmonella spp. and yeasts and has been used as a mould
inhibitor for animal feed, wet corn, silage and grain (Balamuru-
gan, Venkata and Panda 1999) as well as in the food industry to
prevent spoilage of foods such as bread and cake from moulding.

ECOLOGICAL COMPETITION

Microorganisms inhabit almost every environment in the world,
including different food matrices. Interactions between differ-
ent microorganisms are unavoidable and can either be sym-
biotic or competitive. Mechanisms of interaction include e.g.
the production of inhibitory molecules and the competition for
nutrients. Andreevskaya et al. (2018) showed that Leuconostoc
gelidum, a spoilage LAB, in packaged cold-stored meat products
enhanced its nutrient-scavenging capabilities in the presence of
Lactococcus piscium and Paucilactobacillus oligofermentans by upreg-
ulation of carbohydrate catabolic pathways, pyruvate fermenta-
tion enzymes and ribosomal proteins. The slower growing Lc.
piscium and P. oligofermentans downregulated these functions in
the presence of Le. gelidum, but overexpressed prophage genes
and restriction modification systems, which are mechanisms
of DNA exchange and protection against it (Andreevskaya et al.
2018). Several studies on growth competition of spoilage organ-
isms and potential bioprotective strains in media or food mod-
els exist. The mechanism of action responsible for growth inhi-
bition is unfortunately often not examined. As an example:
Leyva Salas et al. (2018) tested the antifungal activity of 32 LAB
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strains against the four fungi Penicillium commune, Mucor racemo-
sus, Galactomyces geotrichum and Yarrowia lipolytica to find a com-
bination of food cultures, which has a bioprotective effect with-
outinfluencing the organoleptic properties nor inhibiting starter
cultures of the respective foods. They used a cheese and yogurt
model system and received different outcomes for the respec-
tive cultures in the different models, showing that food matrix
and production conditions play a significant role in determining
antifungal activity of potential bioprotective food cultures.

A way for microorganisms to colonize a favourable environ-
ment is either to colonize this environment as soon as it is avail-
able, e.g. through fast growth, or to actively displace already
existing microorganisms, e.g. by production of antimicrobial
compounds (Hibbing et al. 2010). When considering antifun-
gal activity of LAB, many studies have revealed that antifungal
compounds are often found in concentrations below the mini-
mal inhibitory concentration (MIC), thus pointing out that other
mechanisms must be responsible for the bioprotective effects of
LAB against yeasts and moulds as well (Siedler, Balti and Neves
2019). The competition for limited resources, for example nutri-
ents, carbon source and essential ions, can result in inhibition or
delay of growth of either protective cultures or spoilage organ-
isms. Honoré et al. (2016) found that the inhibition of Penicillium
spp. by Lacticaseibacillus. paracasei (formerly Lactobacillus paraca-
sei) in a defined medium was not only induced by metabolite for-
mation, but also by nutrient consumption, especially by the con-
sumption of glucose and glutamine. Reduced glucose availabil-
ity induced by Penicillium chrysogenum growth was also assumed
to be the reason for repressed Ochratoxin A (OTA) production of
Penicillium nordicum (Delgado et al. 2019).

Furthermore, nitrogen is a limiting factor for microbial
growth in dairy-based systems. Micro-organisms initially com-
pete for free amino acids and small peptides, while they com-
pete for peptides in later stages of fermentation. The ability
to utilize amino acids efficiently is essential for growth of the
respective microorganism (reviewed in Sieuwerts et al. 2008).
Transcriptome analysis was used to study the interactions of Lc.
lactis and Saccharomyces cerevisiae in coculture during the expo-
nential growth phase. Whereas the lactic acid concentration was
the same in a single culture of Lc. lactis and in the mixed culture
of Lc. lactis and S. cerevisiae, ethanol concentration and glucose
consumption were increased in the mixed culture. Also, pyrim-
idine metabolism of Lc. lactis was reoriented, most likely regu-
lated by the ethanol production of the yeast (Maligoy et al. 2008).

Manganese was found to be the limiting factor for dairy yeast
and mould growth in yogurt with Lacticaseibacillus rhamnosus
(formerly Lactobacillus rhamnosus) and Lb. paracasei as protective
food cultures (Siedler et al. 2020). The manganese transporter
(MntH1) is responsible for manganese uptake under acidic con-
ditions and gives strains expressing the mntH1 gene the abil-
ity to take up manganese. The resulting manganese depletion
ends up in delayed yeast and mould growth. Homologues of the
mntH1 gene were found in 15 different Lactobacillus species, indi-
cating that this mechanism of competitive exclusion could be a
general mechanism of LAB to interfere with yeast and mould
growth (Siedler et al. 2020).

Iron is another nutrient which is fundamental to bacte-
rial growth and thus a benefit for some micro-organisms if
they are able to produce iron scavenging molecules, so called
siderophores, to acquire iron from the environment (Hibbing
et al. 2010). This has been shown for ripening bacteria on the sur-
face of smear-ripened cheese. The addition of either iron or the
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siderophore desferrioxamine B stimulated growth of Arthrobac-
ter spp., Corynebacterium spp. and Brevibacterium spp. Further-
more, genes for iron-siderophore transporter binding proteins of
Arthrobacter arilaitensis were upregulated when the siderophore
was added, but not when iron was added to the medium (Mon-
net, Back and Irlinger 2012). Sipiczki (2006) hypothesized that
contrary to bacterial siderophore production, Metschnikowia spp.
inhibits growth of other micro-organisms by immobilizing iron
in the medium due to formation of an insoluble pigment. Addi-
tionally, iron depletion by the biocontrol yeast Metchnikowia
pulcherrima was successfully used to control the postharvest
apple-pathogens Botrytis cinereal and Alternaria alternata dur-
ing apple storage (Saravanakumar et al. 2008).

As soon as a microorganism encounters a favourable envi-
ronment, binding and attachment are crucial to colonize the
eological niche. Many pathogenic bacteria are secondary col-
onizers of biofilms (Giaouris et al. 2015). Shaping the biofilm
present on food (e.g. smear cheese) or processing environment
(e.g. stainless steel) through the application of protective cul-
tures is a challenging but promising approach. As an example:
Habimana et al. (2009) studied the attachment of L. monocyto-
genes on biofilms formed by different customized L. lactis strains
and found that the adhesion of planktonic cells was almost pre-
vented when exopolysaccharides were formed by the biofilm-
forming cells, but the adhesion was increased when biofilms had
a porous structure formed by chain-making strains.

FOOD CULTURES AND BIOPRESERVATION:
INDUSTRIAL APPLICATIONS

In ancient times, food fermentation was a spontaneous event
whose outcome was uncertain in terms of quality and safety.
Nevertheless, it was a first step for improving the shelf life (Farn-
worth 2008). Through the centuries, the monitoring of this pro-
cess regularly improved, from empirically developed good prac-
tices in households to a systematic documentation of HACCP
procedures in modern food processing industry. Next to pas-
teurization, salting and other hurdles, the application of food
cultures in traditional fermented foods such as yoghurt, cheese,
fermented meat, vegetables, beer and wine is nowadays strongly
established. There is also a trend towards the use of tradi-
tional biotechnology for developing new foods and beverages
(Laranjo, Potes and Elias 2019). Food cultures produce a high vari-
ety of compounds, including organic acids, alcohol and aroma
compounds, contributing to product texture, taste and safety.
This biopreservation contribution to safety meets the grow-
ing demand of the consumers for minimally processed food
products.

The application of food cultures, which is widespread in
dairy, meat and vegetable products, is already a form of bio-
preservation, but the addition of protective food cultures with
a better productive effect can add another hurdle against
pathogens or spoilage organisms. This is especially the case for
fresh and RTE food products which lack a heating treatment and
contain therefore potential spoilage organisms.

Applied research in the area of protective effect of food
cultures is a challenging task. Between the discovery of an
inhibitory activity in synthetic media and a commercially avail-
able food culture, a protective food culture has to pass the so-
called challenge tests. It is thereby inoculated in a given food
matrix together with the target microorganism and evaluated
for the ability to reduce or control the outgrowth of the target
organism over the desired shelf life. Applied research has been

carried out extensively in the last two decades focusing on inhi-
bition of pathogenic microorganisms such as L. monocytogenes,
Salmonella sp., Shigatoxin producing Escherichia coli and Staphylo-
coccus aureus as well as spoilage microorganisms such as yeasts,
moulds and Clostridium species (Settani et al. 2008; Castellano
et al. 2017; Leyva Salas et al. 2017; Bosse Née Danz et al. 2018;
Oliveira et al. 2018; Silva, Silva and Ribeiro 2018; Laranjo, Potes
and Elias 2019; Rouse and van Sinderen 2008). Well-adapted
microorganisms will provide a more efficient protection with
more effective inhibitory microorganisms often being isolated
from the investigated food itself (Austin-Watson, Grant and
Brice 2013; Lee et al. 2016; Scatasa et al. 2017). However, care must
be taken that those cultures do not have a negative impact on
the organoleptic characteristics of the end-product.

Studies covering a wide range of foods including all fer-
mented foods listed above as well as non-fermented foods are
presented below.

Dairy products

As first line of defence, fermented dairy products are preserved
through the acidification carried out by food cultures, as illus-
trated by the high safety of yoghurt. Thanks to its low pH,
yoghurt is only susceptible to yeast and moulds (Leyva Sala
et al. 2017), but recently a general mechanism of LAB to also
inhibit yeast and mould growth was discovered (Siedler et al.
2020). The careful selection of strains constituting mesophilic
food culture of mildly acidified products such as cheese can
already substantially increase the protection against pathogens
and spoilage agents, as extensively shown for the species L.
lactis (Silva, Silva and Ribeiro 2018). The applications mainly
cover the protection against L. monocytogenes and Clostridium
tyrobutyricum (Garde et al. 2011; Kondrotiene et al. 2018; Lianou
and Samelis 2014; Samelis and Kakouri 2018). Lactobacillus spp.
and Enterococcus spp. as an adjunct culture may also increase
food safety (Cocolin et al. 2007; Martinez et al. 2015). Raw milk
soft cheeses are highly sensitive to contamination by gram-
negative bacteria such as Salmonella spp. and Shigatoxin produc-
ing E. coli. Application of LAB together with the gram-negative
species Hafnia alvei was shown to protect those cheese types
(Callon, Arliguie and Montel 2016). Non-fermented dairy prod-
ucts such as cottage cheese also benefit from the addition of
selected protective food cultures as shown by numerous stud-
ies (Silva, Silva and Ribeiro 2018; Chhetri, Prakitchaiwattana and
Settachaimongkon 2019).

By analogy to bioprotection observed in traditional fer-
mented food, a combination of strains is often more powerful
than a single strain (Aljasir et al. 2020; Aljasir and D’Amico 2020;
Rodriguez et al. 2012; Chhetri, Prakitchaiwattana and Settachai-
mongkon 2019; Sindi et al. 2020).

While research mainly focuses on LAB, further microorgan-
isms isolated from the food microbiota may also contribute to
food safety. One research field focuses on the rind of ripen-
ing cheeses that may support survival of pathogens (Roth et al.
2011; Imran et al. 2013; Callon et al. 2014). As the biodiversity
of rind microbiota is by far higher than the core microbiota,
the development of future protective food cultures relies on a
deep understanding of the species interactions in this habitat. In
many cases, such added food cultures produce inhibitory com-
pounds against various pathogens or spoilage bacteria, but in
certain cases a combined effect of the starter together with the
protective food culture inhibits growth. In many cases, L. lac-
tis subsp. lactis is involved either as protective food culture or
as starter culture (Kondrotiene et al. 2018), but other species
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such as Latilactobacillus sakei (formerly Lactobacillus sakei) or Ente-
rococcus spp. can also be used and this demonstrates that no
regulatory difference should be made (Cocolin et al. 2007; Mar-
tinez et al. 2015). Another application is the use against Staphy-
lococcus aureus (Aljasir and D’Amico 2020). In certain cheeses
such as cottage cheese, halophilic food cultures can be used
also against S. aureus (Chhetri, Prakitchaiwattana and Settachai-
mongkon 2019).

The prevention of growth of Salmonella spp. in dairy prod-
ucts can also be achieved using specific cultures added to
dairy products. Salmonella spp. was inhibited in cheese using
a Hafnia alvei food culture, and the same authors showed the
increased inhibitory effect of the combination of selected food
cultures against L. monocytogenes (Callon, Arliguie and Montel
2016; Aljasir et al. 2020).

A combination of several species/strains for the inhibition of
pathogens, which was usually the case in the early days of fer-
mentation, can enhance the antimicrobial activity due to either
increased inhibitory power of a wider range of target organisms.
This is, for example, the case for kefir products which has been
described to have antimicrobial properties attributed to its low
pH and specific antimicrobial substances produced during the
fermentation process (Kim et al. 2016; Sindi et al. 2020).

Meat and fish products

There are various hurdles used to preserve meat and fish prod-
ucts, including addition of salt, nitrite, starter cultures, smok-
ing and cold storage. There is increasing evidence that protec-
tive food cultures may also play a significant role against L.
monocytogenes, toxin-producing Staphylococcus aureus and further
pathogenic and spoilage microorganisms (Castellano et al. 2017,
Bosse Née Danz et al. 2018; Oliveira et al. 2018; Laranjo, Potes and
Elias 2019; Aljasir et al. 2020). In meat, nitrite is a salt with poten-
tial toxic effects, and there is pressure to reduce its use. A com-
bination of nitrite with a protective food culture demonstrated a
higher reduction of L. monocytogenes in fermented sausages than
without the addition of the protective food culture (Nikodinoska
etal. 2019). The combined effect of food cultures has been shown
to inhibit Ochratoxin A production in dry cured ham by Penicil-
lium chrysogenum and Debaryomyces hansenii (Cebrian et al. 2019).

Since fish and meat are not sterile (Just like RTE Food prod-
ucts), their own microbiota will be active during storage. Psy-
chrophilic microbiota already present on meat and fish such as
Carnobacterium spp. and Lactococcus piscium can inhibit growth
of pathogenic and spoilage bacteria. This is very promising, but
careful selection of strains has to be carried out, as those highly
adapted species will either spoil or protect the product, depend-
ing on their strain-specific phenotypes. (Castellano et al. 2017;
Zhang, Génzle and Yang 2019; Bazarnova et al. 2020)

Vegetables and cereal products

Moulds are the major spoilage issue when it comes to preserva-
tion of vegetables and cereal products. For a detailed overview
of antifungal protective cultures in this type of food, we suggest
reading the following recent review (Leyva Salas et al. 2017).
Listeria monocytogenes is also a pathogen of concern for veg-
etables. The application of protective cultures can be either
directly on the product or through the washing process. Ramos
et al. (2020) showed that a Pediococcus pentosaceus, prevented Lis-
teria sp. proliferation in vegetable. In cabbage, the application
of a Lactiplantibacillus plantarum (formerly Lactobacillus plantarum)
strain reduced L. monocytogenes but showed at the same time
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that it is also important to synchronize all hurdles since the
absence of oxygen increased the resistance of L. monocytogenes
against L. plantarum (Dong et al. 2020).

Sourdough bread is a fermented product using yeasts and
LAB. This microbiota can naturally protect the product from
spoilage such as moulds (Chavan and Chavan 2011). In the case
where the fermentation process for bread is mainly dominated
by yeast, the addition of specific LAB food cultures enables the
inhibition of for example Aspergillus spp., Penicillium spp. and
Fusarium culmorum (Russo et al. 2017), thereby increasing safety
(reduction of mycotoxins) and quality (reduction of off-flavour).

Industrial protective food cultures

Thanks to extensive scientific investigation in the last decades,
food producers start to have access to protective cultures specif-
ically developed to control a given pathogenic or spoilage
microorganism in a given food. Compared to the tremendous
number of studies dedicated to the development of protective
food cultures illustrated above, there are still only a few available
on the market. One cause may be that the protective food cul-
ture has to fitinto an already intricate hurdle concept. Therefore,
models used in future investigations should be as close as possi-
ble to the real processing conditions. In particular, care must be
taken for commercial bioprotective food cultures not to have a
negative impact on the organoleptic characteristics of the prod-
uct. The regulation of use and declaration of protective cultures
nevertheless remains an intricate topic for regulators in some
regions/countries. The protective and preservation effects are
seen as a key new effect of food cultures and it is regarded as
belonging to food additive.

SAFETY DEMONSTRATION OF FOOD
CULTURES FOR THEIR BIOPROTECTION
ACTIVITIES

There is currently no firmly established regulation for the safety
assessment of live micro-organisms added to food products as
cultures or ingredients. However, there are a number of guide-
lines, recommendations and expert reviews on possible steps to
document and validate the safety of live microorganisms used
in foods independent of the mode of action of the food cultures
(Laulund et al. 2017). Most industrial food strains used today are
bacteria from species with a history of use in food products with-
out apparent adverse effects. Four types of investigations have
been proposed as further detailed.

Opportunistic infections

Commensal bacteria have been described to cause infections in
patients with underlying disease (Berg and Garlington 1979; Berg
1985,1995). Owing to its natural presence in different sites of the
human body and in fermented food products, the genus Lacto-
bacillus has gained particular attention. Lactobacillus infections
occur at a very low rate in the generally healthy population -
estimated 0.5/1 million per year (Borriello et al. 2003; Bernardeau,
Guguen and Vernoux 2006). As stated in two reviews of Lactobacil-
lus infections: ‘Underlying disease or immunosuppression are
common features in these cases, whereas infection in previously
healthy humans is extremely rare’ (Aguirre and Collins 1993),
and ‘Lactobacillus bacteraemia is rarely fatal per se but serves
as an important marker of serious underlying disease’ (Husni
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et al. 1997) sporadic infections have been reported in immuno-
compromised patients. The underlying problems have mainly
been central venous catheter (CVC) in place, metabolic disor-
ders, organ failure, or invasive procedures as dental work (Axel-
rod et al. 1973; Liong 2008). Infections by other bacterial species
used as food cultures are also extremely rare (Horowitz et al.
1987; Barton, Rider and Coen 2001; Mofredj, Bahloul and Chanut
2007; Leuschner et al. 2010).

Infections with the commonly used yeast and mould
species are rare events as well (Enache-Angoulvant and Hen-
nequin 2005). Most of the infections are due to opportunistic
pathogens not recognized as food cultures and affect immuno-
compromised patients and hospitalized patients (Jacques and
Casaregola 2008; Miceli, Diaz and Lee 2011). In the 2018 re-
evaluation EFSA concluded: ‘The safety concerns described are
all considered linked to severe underlying health conditions and
therefore do not change the consideration of Lactobacillus spp.
for the QPS status’ (EFSA 2018).

Toxic metabolites and virulence factors

Biogenic amine formation in fermented foods by LAB has
recently been reviewed (Spano et al. 2010). Following food poi-
soning outbreaks (Sumner et al. 1985), metabolic pathways
have been elucidated (Straub et al. 1995) and screening pro-
cedures proposed to limit the level of production (Bover-Cid
and Holzapfel 1999, Bover-Cid, Izquierdo-Pulido and Vidal-Carou
2000).

The presence of mycotoxin genes also raises safety concerns,
although the level of expression within fermented food is very
unlikely to cause any health hazard (Barbesgaard, Heldt-Hansen
and Diderichsen 1992). Within fungi, the potential for antibiotic
production is also an undesired property.

The occurrence of virulence traits should not be present in
microorganisms used in a food fermentation. A specific risk
assessment should be conducted on strains presenting these
undesirable properties, even if they belong to a species with a
long history of use (Semedo et al. 2003a, b).

Antibiotic resistance

The emergence and spread of antibiotic resistance are a major
global health concern. The on-going Codex ad hoc intergovern-
mental task force on antimicrobial resistance is focused on the
non-human use of antimicrobials. Microorganisms intentionally
added to food and feed for technological purposes have not been
shown to aggravate the problem of spreading antibiotic resistant
pathogens (Anonymous 2011).

Intrinsic resistance or resistance that is caused by muta-
tion in an indigenous gene not associated with mobile ele-
ments would represent a very low risk of dissemination (Saarela
et al. 2007). Acquired antibiotic resistance genes, especially
when associated with mobile genetic elements (plasmids, trans-
posons), can be transferred to pathogens or other commensals
along the food chain from within the product until consumption
(FEEDAP 2005, 2008; Nawaz et al. 2011).

The role of microorganisms in the spread of antibiotic resis-
tance has been assessed in fermented foods (Nawaz et al. 2011).
Results of such studies confirm the role of a reservoir of antibi-
otic resistance genes from the food microbiota, without identi-
fying any major health concerns to date.

It is considered that strains carrying acquired antibiotic
resistance genes might act as a reservoir of transmissible
antimicrobial resistance determinants (FEEDAP 2005, 2008).

Gene transfer of antibiotic resistance between microorganisms
in the food and feed chain is thus considered to be a topic of
surveillance for the safety demonstration of microorganisms
(Borriello et al. 2003; Gueimonde et al. 2005).

Definition of ‘History of use’

The concept of ‘history of safe use’ has appeared recently in
regulations and in safety assessment guidance. One definition
of ‘history of safe use’ proposes “significant human consump-
tion of food over several generations and in a large, genetically
diverse population for which there exist adequate toxicological
and allergenicity data to provide reasonable certainty that no
harm will result from consumption of the food” (Health Canada
2003). In order to evaluate the history of safe use of a microor-
ganism, it is necessary to document not just the occurrence of
a microorganism in a fermented food product, but also to pro-
vide evidence of whether the presence of the microorganism is
beneficial, fortuitous, or undesired.

CONCLUSION

Biopreservation of a food product can be achieved by fermenta-
tion, in a targeted or untargeted way. While the different bac-
teriocins described (mostly from LAB) show a dedicated mech-
anism to ensure primarily the survival in an ecosystem of a
microbial species, but serve also as an additional hurdle to
ensure safe food, other metabolic pathways, such as acidifica-
tion, most specifically preserve initially short life stable food
matrices (uninoculated milk get spoiled within hours). The ini-
tial empiric use of fermentation in the food chain was done for
extended shelf life and avoiding food waste and food lost. Adap-
tation to texture and sensorial properties came after. The con-
sumer has adapted its taste preferences to the different food cul-
tures, and what is fermented food for one population and part of
its culture can be considered spoiled if not dangerous by others.

Biopreservation itself can be ensured by other biological
mechanisms than fermentation that were not considered in the
present review. They would require a different approach, both
for usage and safety demonstration. The potential of applica-
tion of food cultures for biopreservation should not be consid-
ered something ‘new’ per se requiring a specific regulation and
application process. It remains a traditional use of food cultures
in the food chain, most presumably its first use. The focus in
the initial steps of food microbiology on the sensorial properties
has had a counterproductive effect on the application of food
cultures for other applications. Fermentation applied to biop-
reservation should not be understood as a new approach, but
one that time made us forget. Its potential as an additional hur-
dle to tackle food waste in combination with the numerous con-
trol measures already in place should not be underestimated.
Enabling the delivering of safe, stable and tasty foods fittingin a
sustainable lifestyle.

ACKNOWLEDGMENTS

Although the present review is not endorsed by the International
Dairy Federation (IDF), the authors, most of them delegate of
their respective countries to the Standing Committee on Micro-
biological Hygiene (SCMH), are also members of an IDF action
team on Fermentation and biopreservation. They want to thank
the head office and the national committees for their support
on this project that will led to a publication to clarify the link
between fermentation and bioprotection through the action of

G20z AInf Gz uo Jasn zjeduesing we ¥aylolaig Aq GZES L €9/S80GBUY/ Y L /89E/OI01LE/B|SWSY/0Y"dNODILSPED.//:SA))Y WO PaPEOjUMOQ



Food Cultures to address eventual concern regarding the safe
use of microorganisms in fermented foods.

Conflicts of Interest. None declared.

REFERENCES

Adams M, Mitchell R. Fermentation and pathogen control: a risk
assessment approach. Int ] Food Microbiol 2002;79:75-83.

Adams MR, Nicolaides L. Review of the sensitivity of dif-
ferent foodborne pathogens to fermentation. Food Control
2008;8:227-39.

Adams MR. Acids and Fermentation. In Food Safety Management
— A Practical Guide for the Food Industry ed. Yasmine Motarjemi
and Huub Lelieveld, Elsevier, 2014, 467-79. DOI: 10.1016/B978-
0-12-381504-0.00019-6.

Aguirre M, Collins MD. Lactic acid bacteria and human clinical
infection. J Appl Bacteriol 1993;75:95-107.

Aljasir SF, D’Amico DJ. The effect of protective cultures on
Staphylococcus aureus growth and enterotoxin production.
Food Microbiol 2020;91:103541. DOI: 10.1016/j.fm.2020.103541.

Aljasir SF, Gensler C, Sun L et al. The efficacy of indi-
vidual and combined commercial protective cultures
against Listeria monocytogenes, Salmonella, 0157 and non-
0157 shiga toxin-producing Escherichia coli in growth
medium and raw milk. Food Control 2020;109:106924. DOI:
10.1016/j.foodcont.2019.106924.

Andreevskaya M, Jadskeldinen E, Johansson P et al. Food
spoilage-associated Leuconostoc, Lactococcus, and Lactobacillus
species display different survival strategies in response to
competition. Appl Environ Microbiol 2018;84:e00554-18.

Anonymous. Codex Alimentarius Guidelines for Risk Analysis of
Foodborne Antimicrobial Resistance. CAC/GL 77-2011, 2011, 1-29.
Available at: (August 2020) www.fao.org/input/download/sta
ndards/11776/CXG_077e.pdf.

Austin-Watson C, Grant A, Brice M. Suppression of Listeria mono-
cytogenes by the Native Micro-Flora in Teewurst Sausage.
Foods 2013;2:478-87.

Axelrod ], Keusch GT, Bottone E et al. Endocarditis caused by Lac-
tobacillus plantarum. Annales Internes de Médecine 1973;78:33-7.

Baka M, Fernandez EN, Mertens L et al. Protective role of indige-
nous Leuconostoc carnosum against Listeria monocytogenes on
vacuum-packed Frankfurter sausages at suboptimal temper-
atures. Food Res Int 2014;66:197-206.

Balamurugan K, Venkata DV, Panda T. Propionic acid produc-
tion by whole cells of Propionibacterium freudenreichii. Biopro-
cess Eng 1999;20:109-16.

Barbesgaard P, Heldt-Hansen HP, Diderichsen B. On the safety
of Aspergillus oryzae: a review. Appl Microbiol Biotechnol
1992;36:569-72.

Barron FH, Fraser AM. Acidified foods: food safety considera-
tions for food processors. In: Muzzalupo Innocenzo (ed). Food
Industry 2012, 231-9.

Barton LL, Rider ED, Coen RW. Bacteremic infection with
Pediococcus: vancomycin-resistant opportunist. Pediatrics
2001;107:775-6.

Bazarnova J, Korableva N, Ozerova O et al. Biochemical compo-
sition and quality of herring preserves with addition of bio-
protective cultures. Agron Res 2020;18:1629-39.

Bech Hansen E. Commercial bacterial starter cultures for fer-
mented foods of the future. Int]J Food Microbiol 2002;78:119-31.

Ben Said L, Gaudreau H, Dallaire L et al. Bioprotective culture:
a new generation of food additives for the preservation of

Bourdichonetal. | 11

food quality and safety. Ind Biotechnol 2019;15:138-47. DOI:
10.1089/ind.2019.29175.1bs.

Berg RD, Garlington AW. Translocation of certain indigenous
bacteria from the gastrointestinal tract to the mesenteric
lymph nodes and other organs in a gnotobiotic mouse model.
Infect Immun 1979;23:403-11.

Berg RD. Bacterial translocation from the gastrointestinal tract.
Trends Microbiol 1995;3:149-54.

Berg RD. Bacterial translocation from the intestines. Jikken
Dobutsu 1985;34:1-16.

Bernardeau M, Guguen M, Vernoux J. Beneficial lactobacilli in
food and feed: long-term use, biodiversity and proposals for
specific and realistic safety assessments. FEMS Microbiol Rev
2006,30:487-513.

Borriello SP, Hammes WP, Holzapfel W et al. Safety of probi-
otics that contain lactobacilli or bifidobacteria. Clin Infect Dis
2003;36:775-80.

Bosse Née Danz R, Miiller A, Gibis M et al. Recent advances
in cured raw ham manufacture. Crit Rev Food Sci Nutr
2018;58:610-30.

Bourdichon F, Casaregola S, Farrokh C et al. Food fer-
mentations: microorganisms with technological ben-
eficial use. Int ] Food Microbiol 2012;154:87-97. DOI:
10.1016/j.ijfoodmicro.2011.12.030. Epub 2011 Dec 31. Erra-
tum in: Int J Food Microbiol. 2012 Jun 1;156(3):301. PMID:
22257932.

Bover-Cid S, Holzapfel WF. Improved screening procedure for
biogenic amine production by lactic acid bacteria. Int J Food
Microbiol 1999;53:33-41.

Bover-Cid S, Izquierdo-Pulido M, Vidal-Carou MC. Mixed starter
cultures to control biogenic amine production in dry fer-
mented sausages. ] Food Prot 2000;63:1556-62.

Callon C, Arliguie C, Montel MC. Control of Shigatoxin-producing
Escherichia coli in cheese by dairy bacterial strains. Food Micro-
biol 2016;53:63-70.

Callon C, Retureau E, Didienne R et al. Microbial biodiversity in
cheese consortia and comparative Listeria growth on surfaces
of uncooked pressed cheeses. Int ] Food Microbiol 2014;174:
98-109.

Caplice E, Fitzgerald GF. Food fermentations: role of microorgan-
isms in food production and preservation. Int ] Food Microbiol
1999;50:131-49.

Castellano P, Pérez Ibarreche M, Blanco Massani M et al. Strate-
gies for pathogen biocontrol using lactic acid bacteria and
their metabolites: a focus on meat ecosystems and industrial
environments. Microorganisms 2017;5:38.

Cebridan E, Rodriguez M, Peromingo B et al. Efficacy of the
combined protective cultures of Penicillium chrysogenum and
Debaryomyces hansenii for the control of ochratoxin A hazard
in dry-cured ham. Toxins 2019;11:710.

Chavan RS, Chavan SR. Sourdough technology—a traditional
way for wholesome foods: a review. Comp Rev Food Sci Food
Saf 2011;10:170-83. DOI: 10.1111/j.1541-4337.2011.00148.x.

Chhetri V, Prakitchaiwattana C, Settachaimongkon S. A poten-
tial protective culture; halophilic Bacillus isolates with bac-
teriocin encoding gene against Staphylococcus aureus in salt
added foods. Food Control 2019;104:292-9.

Cleusix V, Lacroix C, Vollenweider S et al. Inhibitory activity
spectrum of reuterin produced by Lactobacillus reuteri against
intestinal bacteria. BMC Microbiol 2007;7:101.

Cocolin L, Foschino R, Comi G et al. Description of the bac-
teriocins produced by two strains of Enterococcus faecium
isolated from Italian goat milk. Food Microbiol 2007;24:
752-8.

20z AInp Gz uo Jesn zjejduesing we seyolaig Aq GZESLEY/SB0TBUY/Y | /8IE/B0ILE/BISWaY/W0D dNo"dlWapEdE//:Sd)Y WOlj Papeojumoq


http://www.fao.org/input/download/standards/11776/CXG_077e.pdf

12 | FEMS Microbiology Letters, 2021, Vol. 368, No. 14

Corsetti A, M. Gobbetti M, Rossi ] et al. Antimould activity of
sourdough lactic acid bacteria: identification of a mixture of
organic acids produced by Lactobacillus sanfrancisco CB1.
Appl Microbiol Biotechnol 1998;50:253-6.

Crowley S, Mahony J, van Sinderen D. Current perspectives on
antifungal lactic acid bacteria as natural bio-preservatives.
Trends Food Sci Technol 2013;33:93-109.

CuiY, Zhang C, WangY et al. Class Ila bacteriocins: diversity and
new developments. Int ] Mol Sci 2012;13:16668-707.

Dal Bello F, Clarke CI, Ryan LAM et al. Improvement of the qual-
ity and shelf life of wheat bread by fermentation with the
antifungal strain Lactobacillus plantarum FST 1.7. J Cereal Sci
2007;45: 309-18.

De Kwaadsteniet M, Ten Doeschate K, Dicks LM. Characteriza-
tion of the structural gene encoding nisin F, a new lantibiotic
produced by a Lactococcus lactis subsp. lactis isolate from
freshwater catfish (Clarias gariepinus). Appl Environ Microbiol
2008;74:547-9.

De Vos WM, Mulders JW, Siezen R.J et al. Properties of nisin Z and
distribution of its gene, nisZ, in Lactococcus lactis. Appl Environ
Microbiol 1993;59:213-8.

De Vuyst L, Leroy F. Bacteriocins from lactic acid bacteria: pro-
duction, purification, and food applications. J] Mol Microbiol
Biotechnol 2007;13:194-9.

Delgado J, Nunez F, Asensio M.A et al. Quantitative proteomic
profiling of ochratoxin A repression in Penicillium nordicum by
protective cultures. Int ] Food Microbiol 2019;305:108243.

Dieuleveux V, Lemarinier S, Guéguen M. Antimicrobial spectrum
and target site of d-3-phenyllactic acid. Int ] Food Microbiol
1998;40:177-83.

Dishisha T, Pereyra LP, Pyo SH et al. Flux analysis of the Lacto-
bacillus reuteri propanediol-utilization pathway for produc-
tion of 3-hydroxypropionaldehyde, 3-hydroxypropionic acid
and 1,3-propanediol from glycerol. Microb Cell Fact 2014;13:76.

Dong Q, Zhang W, Guo L et al. Influence of Lactobacil-
lus plantarum individually and in combination with low
02-MAP on the pathogenic potential of Listeria mono-
cytogenes in cabbage. Food Control 2020;107:106765. DOI:
10.1016/j.foodcont.2019.106765.

Doores S. Organic acids. In B. A. L. Davidson P.M. (Ed.), Antimicro-
bials in Foods. 3rd edn Marcel Dekker Inc, New York, NY, 2005,
95-136.

Drosinos EH, Mataragas M, Metaxopoulos ] Biopreservation: a
new direction towards food safety. In New Developments in
Food Policy, Control and Research. ed. Riley, A.P. Nova Science
Publishers. 2005.

EFSA BIOHAZ Panel (EFSA Panel on Biological Hazards), Ricci
A, Allende AEFSA BIOHAZ Panel (EFSA Panel on Biologi-
cal Hazards) et al. Statement on the update of the list of
QPS-recommended biological agents intentionally added to
food or feed as notified to EFSA 7: suitability of taxonomic
units notified to EFSA until September 2017. EFSA Journal
2018;16:5131, 43 pp.

Elsser-Gravesen D, Elsser-Gravesen A. Biopreservatives. Adv
Biochem Eng Biotechnol 2014;143:29-49.

Enache-Angoulvant A, Hennequin C. Invasive Saccha-
romyces infection: a comprehensive review. Clin Infect
Dis 2005;41:1559-68.

Farnworth ER. Handbook of fermented functional foods. In:
Mazza G (ed.). Functional Foods and Nutraceuticals Series, 2nd
edn. Boca Raton: CRC Press Taylor & Francis Group. 2008.

FEEDAP. Opinion of the scientific panel on additives and prod-
ucts or substances used in animal feed (FEEDAP) on the
updating of the criteria used in the assessment of bacteria

for resistance to antibiotics of human or veterinary impor-
tance. EFSA ] 2005;223:1-12.

FEEDAP. Technical guidance - Update of the criteria used in the
assessment of bacterial resistance to antibiotics of human or
veterinary importance. EFSA ] 2008;732:1-15.

Gaggia F, Di Gioia D, Baffoni L et al. The role of protective and
probiotic cultures in food and feed and their impact on food
safety. Trends Food Sci Technol 2011;22:558-66.

Garai-Ibabe G, Ibarburu I, BerregiI et al. Glycerol metabolism and
bitterness producing lactic acid bacteria in cidermaking. Int
J Food Microbiol 2008;121:253-61.

Garde S, Avila M, Arias R et al. Outgrowth inhibition of Clostrid-
ium beijerinckii spores by a bacteriocin-producing lactic cul-
ture in ovine milk cheese. Int J Food Microbiol 2011;150:
59-65.

Ge X, Teng K, Wang ] et al. Identification of Key Residues in the
NisK Sensor Region for Nisin Biosynthesis Regulation. Front
Microbiol 2017;08:106.

Giaouris E, Heir. E, Desvaux M et al. Intra- and inter-species
interactions within biofilms of important foodborne bacte-
rial pathogens. Front Microbiol 2015;6:841.

Gross E, Morell JL. The structure of nisin. ] Am Chem Soc
1971;93:4634-5.

Gueimonde M, Ouwehand AC, Salminen S. Safety of Probiotics.
Scand ] Nutr 2005;48:42-8.

Guimaraes A, Abrunhosa L, Pastrana L.M et al. Edible films and
coatings as carriers of living microorganisms: a new strategy
towards biopreservation and healthier foods. Comp Rev Food
Sci Food Saf 2018;17:594-614.

Habimana O, Meyrand M, Meylheuc T et al. Genetic features of
resident biofilms determine attachment of Listeria monocyto-
genes. Appl Environ Microbiol 2009;75:7814-21.

Hammes WP, Tichaczek PS. The potential of lactic acid bac-
teria for the production of safe and wholesome food (Das
Potential der Milchsaurebakterien bei der Produktion von
hygienisch sicheren und gesundheitsférdernden Lebensmit-
teln). Zeitschrift fiir Lebensmittel-Untersuchung und -Forschung
1994;198:193-201.

Health Canada. Amendment (Schedule No. 948) to Division 28 of
the Food and Drug Regulations, Sections B.28.001-003. Food and
Drugs Regulations. 2003.

Hibbing ME, Fuqua C, Parsek M.R et al. Bacterial competition: sur-
viving and thriving in the microbial jungle. Nat Rev Microbiol
2010;8:15-25.

Honoré AH, Aunsbjerg SD, Ebrahimi P et al. Metabolic footprint-
ing for investigation of antifungal properties of Lactobacillus
paracasei. Anal Bioanal Chem 2016;408:83-96.

Horowitz HW, Handwerger S, van Horn KG et al. Leuconostoc, an
emerging vancomycin-resistant pathogen. Lancet North Am
Ed 1987;330:1329-30.

Husni RN, Gordon SM, Washington J.A et al. Lactobacillus bac-
teremia and endocarditis: review of 45 cases. Clin Infect Dis
1997;25:1048-55.

Imran M, Bré JM, Guéguen M et al. Reduced growth of Liste-
ria monocytogenes in two model cheese microcosms is not
associated with individual microbial strains. Food Microbiol
2013;33:30-39.

Jacques N, Casaregola S. Safety assessment of dairy microor-
ganisms: the hemiascomycetous yeasts. Int J Food Microbiol
2008;126:321-6.

Kandler O. Carbohydrate metabolism in lactic acid bacteria.
Antonie Van Leeuwenhoek 1983;49:209-24.

Kawtharani H, Snini SP, Heang S et al. Phenyllactic acid produced
by Geotrichum candidum reduces Fusarium sporotrichioides and

20z AInp Gz uo Jesn zjejduesing we seyolaig Aq GZESLEY/SB0TBUY/Y | /8IE/B0ILE/BISWaY/W0D dNo"dlWapEdE//:Sd)Y WOlj Papeojumoq



F. langsethiae growth and T-2 toxin concentration. Toxins
2020;12:209.

Kim DH, Jeong D, Kim H et al. Antimicrobial activity of Kefir
against various food pathogens and spoilage bacteria. Kor J
Food Sci Anim Resour 2016;36:787-90.

Kjos M, Oppegard C, Diep D.B et al. Sensitivity to the two-peptide
bacteriocin lactococcin G is dependent on UppP, an enzyme
involved in cell-wall synthesis. Mol Microbiol 2014;92:1177-87.

Kondrotiene K, Kasnauskyte N, Serniene L et al. Characterization
and application of newly isolated nisin producing Lactococcus
lactis strains for control of Listeria monocytogenes growth in
fresh cheese. LWT Food Sci Technol 2018;87:507-14.

Kuipers OP, Beerthuyzen MM, Siezen RJ et al. Characterization
of the nisin gene cluster nisABTCIPR of Lactococcus lactis.
Requirement of expression of the nisA and nisI genes for
development of immunity. Eur ] Biochem 1993;216:281-91.

Lacroix N, St Gelais D, Champagne C.P et al. Characterization of
aromatic properties of old-style cheese starters. J Dairy Sci
2010;93:3427-41.

Laranjo M, Potes ME, Elias M. Role of starter cultures on
the safety of fermented meat products. Front Microbiol
2019;10:853.

Laulund S, Wind A, Derkx PMF et al. Regulatory and safety
requirements for food cultures. Microorganisms 2017;5:28.
Lavermicocca P, Valerio F, Evidente A et al. Purification and char-
acterization of novel antifungal compounds from the sour-
dough Lactobacillus plantarum strain 21B. Appl Environ Micro-

biol 2000;66:4084-90.

Lavermicocca P, Valerio F, Visconti A. Antifungal activity of
phenyllactic acid against molds isolated from bakery prod-
ucts. Appl Environ Microbiol 2003;69:634—40.

Lee JY, Shim JM, Yao Z et al. Antimicrobial activity of Bacillus
amyloliquefaciens EMD17 isolated from Cheonggukjang and
potential use as a starter for fermented soy foods. Food Sci
Biotechnol 2016;25:525-32.

Leuschner R-GK, Robinson T, Hugas M et al. Qualified pre-
sumption of safety (QPS): a generic risk assessment
approach for biological agents notified to the European
Food Safety Authority (EFSA). Trends Food Sci Technol 2010;21:
425-35.

Leyva Salas M, Mounier J, Valence F et al. Antifungal micro-
bial agents for food biopreservation—a review. Microorgan-
isms 2017;5:37.

Leyva Salas M, Thierry A, Lemaitre M et al. Antifungal ativity of
lactic acid bacteria combinations in dairy mimicking mod-
els and their potential as bioprotective cultures in pilot scale
applications. Front Microbiol 2018;9:1787.

Li L, Shin SY, Lee KW et al. Production of natural antimi-
crobial compound D-phenyllactic acid using Leuconostoc
mesenteroides ATCC 8293 whole cells involving highly
active D-lactate dehydrogenase. Lett Appl Microbiol 2014;59:
404-11.

LiX, Jiang B, Pan B et al. Purification and partial characterization
of Lactobacillus species SK007 lactate dehydrogenase (LDH)
catalyzing phenylpyruvic acid (PPA) conversion into phenyl-
lactic acid (PLA). J Agric Food Chem 2008;56:2392-9.

Li X, Jiang B, Pan B. Biotransformation of phenylpyruvic acid to
phenyllactic acid by growing and resting cells of a Lactobacil-
lus sp. Biotechnol Lett 2007;29:593-7.

Lianou A, Samelis J. Addition to thermized milk of Lacto-
coccus lactis subsp. cremoris M104, a wild, novel nisin a-
producing strain, replaces the natural antilisterial activity
of the autochthonous raw milk microbiota reduced by ther-
mization. J Food Prot 2014;77:1289-97.

Bourdichonetal. | 13

Lin XB, Ganzle MG. Effect of lineage-specific metabolic traits of
Lactobacillus reuteri on sourdough microbial ecology. Appl Env-
iron Microbiol 2014;80:5782-9.

Liong MT. Safety of probiotics: translocation and infection. Nutr
Rev 2008;66:192-202.

Lubelski], Rink R, Khusainov R et al. Biosynthesis, immunity, reg-
ulation, mode of action and engineering of the model lantibi-
otic nisin. Cell Mol Life Sci 2008;65:455-76.

Magnusson J, Strom K, Roos S et al. Broad and complex antifungal
activity among environmental isolates of lactic acid bacteria.
FEMS Microbiol Lett 2003;219:129-35.

Makarova K, Slesarev A, Wolf Y et al. Comparative genomics of
the lactic acid bacteria. Proc Natl Acad Sci 2006;103:15611-6.

Maligoy M, Mercade M, Cocaign-Bousquet M et al.. Appl Environ
Microbiol 2008;74:485-94.

Mani-Lépez E, Garcia HS, Lopez-Malo A. Organic acids as antimi-
crobials to control Salmonella in meat and poultry products.
Food Res Int 2012;45:713-21.

Mannazzu I, Domizio P, Carboni G et al. Yeast killer toxins: from
ecological significance to application. Crit Rev Biotechnol 2019.
10.1080/07388551.2019.1601679.

Marilley L, Casey MG. Flavors of cheese products: metabolic
pathways, analytical tools and identification of producing
strains. Int J Food Microbiol 2004;90:139-59.

Martin R, Olivares M, Marin ML et al. Characterization of a
reuterin-producing Lactobacillus coryniformis strain isolated
from a goat’s milk cheese. Int ] Food Microbiol 2005;104:
267-77.

Martinez RCR, Staliano CD, Vieira ADS et al. Bacteriocin produc-
tion and inhibition of Listeria monocytogenes by Lactobacillus
sakei subsp sakei 2a in a potentially synbiotic cheese spread.
Food Microbiol 2015;48:143-52.

McAuliffe O, Ross RP, Hill C. Lantibiotics: structure, biosynthesis
and mode of action. FEMS Microbiol Rev 2001;25:285-308.
Medina-Cérdova N, Rosales-Mendoza S, Hernandez-Montiel LG
et al. The potential use of Debaryomyces hansenii for the
biological control of pathogenic fungi in food. Biol Control

2018;121:216-22.

Miceli MH, Diaz JA, Lee SA. Emerging opportunistic yeast infec-
tions. Lancet Infect Dis 2011;11:142-51.

Mirkovic N, Radulovic Z, Uzelac G et al. Isolation and charac-
terisation of bacteriocin and aggregation-promoting factor
production in Lactococcus lactis ssp. lactis BGBMS50 strain. Food
Technol Biotechnol 2015;53:237-42.

Mofredj A, Bahloul H, Chanut C. Lactococcus lactis: an opportunis-
tic bacterium? Médecine et Maladies Infectieuses 2007;37:200-7.

Moll G, Hauge HH, Nissen-Meyer ] et al. Mechanistic properties
of the two component bacteriocin lactococcin G. ] Bacteriol
1998;180:96-99.

Moll G, Ubbink-Kok T, Hildeng-Hauge H et al. Lactococcin G is
a potassium ion-conducting, two component bacteriocin. J
Bacteriol 1996;178:600-5.

Monnet C, Back A, Irlinger F. Growth of aerobic ripening bacteria
at the cheese surface is limited by the availability of iron. Appl
Environ Microbiol 2012;78:3185-92.

Morata A, Escott C, Banuelos A et al. Contribution of
Non-Saccharomyces yeasts to wine freshness. A review.
Biomolecules 2020;10:34.

Morita H, Toh H, Fukuda S et al. Comparative genome analy-
sis of Lactobacillus reuteri and Lactobacillus fermentum reveal a
genomic island for reuterin and cobalamin production. DNA
Res 2008;15:151-61.

Motarjemi Y, Nout MJR, Joint FAO/WHO Workshop on Assess-
ment of Fermentation as a Household Technology for

20z AInp Gz uo Jesn zjejduesing we seyolaig Aq GZESLEY/SB0TBUY/Y | /8IE/B0ILE/BISWaY/W0D dNo"dlWapEdE//:Sd)Y WOlj Papeojumoq



14 | FEMS Microbiology Letters, 2021, Vol. 368, No. 14

Improving Food Safety. Food fermentation: a safety and
nutritional assessment. Bull World Health Organ 1996;74:
553-9.

Mu W, Yang Y, Jia J et al. Production of 4-hydroxyphenyllactic
acid by Lactobacillus sp. SK007 fermentation. J Biosci Bioeng
2010;109:369-71.

Muhialdin BJ, Algboory HL, Kadum H et al. Antifungal activ-
ity determination for the peptides generated by Lactobacillus
plantarum TE10 against Aspergillus flavus in maize seeds. Food
Control 2020;109:106898.

Nawaz M, Wang J, Zhou A et al. Characterization and transfer of
antibiotic resistance in lactic acid bacteria from fermented
food products. Curr Microbiol 2011;62:1081-9.

Nazareth TM, Luz C, Torrijos R et al. Potential application of lactic
acid bacteria to reduce Aflatoxin B1 and Fumonisin B1 occur-
rence on corn kernels and corn ears. Toxins 2020;12:21.

Ndagano D, Lamoureux T, Dortu C et al. Antifungal activity of 2
lactic acid bacteria of the Weissella genus isolated from food.
J Food Sci 2011;76:305-11.

Nes IF, Diep DB, Havarstein LS et al. Biosynthesis of bacteri-
ocins in lactic acid bacteria. Antonie Van Leeuwenhoek 1996;70:
113-28.

Nikodinoska I, Baffoni L, Di Gioia D et al. Protective cultures
against foodborne pathogens in a nitrite reduced fermented
meat product. LWT 2019;101:293-9.

Niku-Paavola ML, Laitila A, Mattila-Sandholm T et al. New types
of antimicrobial compounds produced by Lactobacillus plan-
tarum. ] Appl Microbiol 1999;86:29-35.

Nissen-Meyer ], Holo H, Havarstein L.S et al. A novel lactococcal
bacteriocin whose activity depends on the complementary
action of two peptides. ] Bacteriol 1992;174:5686-92.

O’Sullivan JN, O’Connor PM, Rea MC et al. Nisin J, a novel
natural Nisin variant, is produced by Staphylococcus capitis
sourced from the human skin microbiota. J Bacteriol 2020;202:
e00639-19.

Oliveira M, Ferreira V, Magalhaes R et al. Biocontrol strategies
for Mediterranean-style fermented sausages. Food Res Int
2018;103:438-49.

Oppegard C, Emanuelsen L, Thorbek L et al. The lactococcin G
immunity protein recognizes specific regions in both pep-
tides constituting the two-peptide bacteriocin lactococcin G.
Appl Environ Microbiol 2010;76:1267-73.

Poutanen K, Flander L, Katina K Sourdough and cereal fermenta-
tion in a nutritional perspective. Food Microbiol 2009;26:693-9.

Prema P, Smila D, Palavesam A et al. Production and characteri-
zation of an antifungal compound (3-phenyllactic acid) pro-
duced by Lactobacillus plantarum strain. Food Bioprocess Technol
2010;3:379-86.

Ramos B, Brandao TRS, Teixeira P et al. Biopreservation
approaches to reduce Listeria monocytogenes in fresh vegeta-
bles. Food Microbiol 2020;85:103282.

Raspor P, Goranovi¢ D. Biotechnological applications of acetic
acid bacteria. Crit Rev Biotechnol 2008;28:101-24.

Rodriguez JM, Martinez MI, Kok ]. Pediocin PA-1, a wide-
spectrum bacteriocin from lactic acid bacteria. Crit Rev Food
Sci Nutr 2002;42:91-121.

Rodriguez N, Salgado JM, Cortés S et al. Antimicrobial activity of
d-3-phenyllactic acid produced by fed-batch process against
Salmonella enterica. Food Control 2012;25:274-84.

Rogne P, Fimland G, Nissen-Meyer ] et al. Three-dimensional
structure of the two peptides that constitute the two-
peptide bacteriocin lactococcin G. Biochim Biophys Acta
2008;1784:543-54.

Ross RP, Morgan S, Hill C. Preservation and fermentation: past,
present and future. Int ] Food Microbiol 2002;79:3-16.

Roth E, Schwenninger SM, Eugster-Meier E et al. Facultative
anaerobic halophilic and alkaliphilic bacteria isolated from
a natural smear ecosystem inhibit Listeria growth in early
ripening stages. Int ] Food Microbiol 2011;147:26-32.

Rouse S, van Sinderen D. Bioprotective potential of lactic acid
bacteria in malting and brewing. ] Food Prot 2008;71:1724-33.

Russo P, Fares C, Longo A et al. Lactobacillus plantarum with broad
antifungal activity as a protective starter culture for bread
production. Foods 2017;6:1101-9.

Ryan LAM, Zannini E, Bello DF et al. Lactobacillus amylovorus DSM
19280 as a novel food-grade antifungal agent for bakery prod-
ucts. Int J Food Microbiol 2011;146:276-83.

Saarela M, Maukonen ], von Wright A et al. Tetracycline sus-
ceptibility of the ingested Lactobacillus acidophilus LaCH-5
and Bifidobacterium animalis subsp. lactis Bb-12 strains dur-
ing antibiotic/probiotic intervention. Int J Antimicrob Agents
2007;29:271-80.

Salas ML, Mounier ], Valence F et al. Antifungal microbial agents
for food biopreservation. A review. Microorganisms 2017;5:37.

Samelis J, Kakouri A. Hurdle factors minimizing growth of Lis-
teria monocytogenes while counteracting in situ antilisterial
effects of a novel nisin A-producing Lactococcus lactis subsp.
cremoris costarter in thermized cheese milks. AIMS Microbiol
2018;4:19-41.

Santos F, Vera JL, van der Heijden R et al. The complete coenzyme
B12 biosynthesis gene cluster of Lactobacillus reuteri CRL1098.
Microbiology 2008;154:81-93.

Saravanakumar D, Ciavorella A, Spadaro D et al. Metschnikowia
pulcherima strain MACH1 outcompetes Botrytis cinereal,
Alternaria alternata and Penicillium expansum in apples
through iron depletion. Postharvest Biol Technol 2008;49:
121-8.

Sauvageot N, Gouffi K, Laplace JM et al. Glycerol
metabolism in Lactobacillus collinoides: production of 3-
hydroxypropionaldehyde, a precursor of acrolein. Int ] Food
Microbiol 2000;55:167-70.

Sauvageot N, Muller C, Hartke A et al. Characterisation of the
diol dehydratase pdu operon of Lactobacillus collinoides. FEMS
Microbiol Lett 2002;209:69-74.

Scatassa ML, Gaglio R, Cardamone C et al. Anti-listeria activity
of lactic acid bacteria in two traditional Sicilian cheeses. Ital
J Food Saf 2017;6:6191.

Schaefer L, Auchtung TA, Hermans KE et al. The antimicrobial
compound reuterin (3-hydroxypropionaldehyde) induces
oxidative stress via interaction with thiol groups. Microbiol-
ogy 2010;156:1589-99.

Schiitz H, Radler F. Anaerobic reduction of glycerol to
propanediol-1.3 by Lactobacillus brevis and Lactobacillus
buchneri, Syst Appl Microbiol 1984;5:169-78.

Semedo T, Almeida SM, Martins P et al. Comparative study
using type strains and clinical and food isolates to examine
hemolytic activity and occurrence of the cyl operon in Ente-
rococci. J Clin Microbiol 2003a;41:2569-76.

Semedo T, Santos MA, Lopes MF et al. Virulence factors in food,
clinical and reference Enterococci: a common trait in the
genus? Syst Appl Microbiol 2003b;26:13-22.

Settanni L, Corsetti A. Application of bacteriocins in vegetable
food biopreservation. Int ] Food Microbiol 2008;121:123-38.
Settanni L, Franciosi E, Cavazza A et al. Extension of Toséla
cheese shelf-life using non-starter lactic acid bacteria. Food

Microbiol 2011;28:883-90.

20z AInp Gz uo Jesn zjejduesing we seyolaig Aq GZESLEY/SB0TBUY/Y | /8IE/B0ILE/BISWaY/W0D dNo"dlWapEdE//:Sd)Y WOlj Papeojumoq



Sicard D, Legras JL. Bread, beer and wine: yeast domestication
in the Saccharomyces sensu strict complex. C R Biol 2011;334:
229-36.

Siedler S, Balti R, Neves AR. Bioprotective mechanisms of lac-
tic acid bacteria against fungal spoilage of food. Curr Opin
Biotechnol 2019;56:138-46.

Siedler S, Rau MH, Bidstrup S et al. Competitive exclusion is a
major bioprotective mechanism of lactobacilli against fungal
spoilage in fermented milk products. Appl Environ Microbiol
2020;86:€02312-19.

Sieuwerts S, de Bok FAM, Hugenholtz ] et al. Unraveling
microbial interactions in food fermentations: from classi-
cal to genomics approaches. Appl Environ Microbiol 2008;74:
4997-5007.

Silva CCG, Silva SPM, Ribeiro SC. Application of bacteriocins and
protective cultures in dairy food preservation. Front Microbiol
2018;9:594. https://www.frontiersin.org/article/10.3389/fmic
b.2018.00594.

Sindi A, Badsha MB, Nielsen B et al. Antimicrobial activity of
six international Artisanal Kefirs against Bacillus cereus, Lis-
teria monocytogenes, Salmonella enterica serovar Enteritidis, and
Staphylococcus aureus. Microorganisms 2020;8:849.

Sipiczki M. Metschnikowia strains isolated from botrytized grapes
antagonize fungal and bacterial growth by iron depletion.
Appl Environ Microbiol 2006;72:6716-24.

Smit G, Smit BA, Engels WJ. Flavor formation by lactic acid bacte-
ria and biochemical flavor profiling of cheese products. FEMS
Microbiol Rev 2005;29:591-610.

Spano G, Russo P, Lonvaud-Funel A et al. Biogenic amines in fer-
mented foods. Eur J Clin Nutr 2010;64:595-100.

Sriramulu DD, Liang M, Hernandez-Romero D et al. Lactobacillus
reuteri DSM 20016 produces cobalamin-dependent diol dehy-
dratase in metabolosomes and metabolizes 1,2-propanediol
by disproportionation. ] Bacteriol 2008;190:4559-67.

Starmer WT, Ganter PF, Aberdeen V et al. The ecological role of
killer yeasts in natural communities of yeasts. Can ] Microbiol
1987;33:783-96.

Straub BW, Kicherer M, Schilcher SM et al. The formation
of biogenic amines by fermentation organisms (Die Bil-
dung von biogenen Aminen durch Fermentationsorganis-
men). Zeitschrift fiir Lebensmittel-Untersuchung und Forschung
1995;201:79-82.

Strom K, Sjogren J, Broberg A et al. Lactobacillus plantarum MiLAB
393 produces the antifungal cyclic dipeptides cyclo(l-Phe-1-
Pro) and cyclo(l-Phe-trans-4-OH-1-Pro) and phenyl lactic acid.
Appl Environ Microbiol 2002;68:4322-7.

Sumner SS, Speckhard MW, Somers EB et al. Isolation of
histamine-producing Lactobacillus buchneri from Swiss
cheese implicated in a food poisoning outbreak. Appl Environ
Microbiol 1985;50:1094-6.

Sun D, Li H, Song D et al. Genome, transcriptome and fer-
mentation analyses of Lactobacillus plantarum LY-78 provide
new insights into the mechanism of phenyllactate biosyn-
thesis in lactic acid bacteria. Biochem Biophys Res Commun
2019;519:351-7.

Talarico TL, Dobrogosz W]J. Purification and characterization of
glycerol dehydratase from Lactobacillus reuteri. Appl Environ
Microbiol 1990;56:1195-7.

Bourdichonetal. | 15

Tarazanova M, Beerthuyzen M, Siezen R et al. Plasmid comple-
ment of Lactococcus lactis NCDO712 reveals a novel pilus gene
cluster. PLoS ONE 2016;11:e0167970.

Valerio F, Di Biase M, Lattanzio VMT et al. Improvement
of the antifungal activity of lactic acid bacteria by addi-
tion to the growth medium of phenylpyruvic acid, a pre-
cursor of phenyllactic acid. Int ] Food Microbiol 2016;222:
1-7.

Valerio F, Lavermicocca P, Pascale M et al. Production of phenyl-
lactic acid by lactic acid bacteria: an approach to the selec-
tion of strains contributing to food quality and preservation.
FEMS Microbiol Lett 2004;233:289-95.

Van Boekel M, Fogliano V, Pellegrini N et al. A review on the
beneficial aspects of food processing. Mol Nutr Food Res
2010;54:1215-47.

Van Gijtenbeek LA, Eckhardt TH, Herrera-Dominguez L et al.
Gene-trait matching and prevalence of Nisin tolerance
systems in Lactococus lactis. Front Bioeng Biotechnol 2021;9:
622835.

Vermeulen N, Ganzle MG, Vogel RF. Influence of peptide
supply and cosubstrates on phenylalanine metabolism
of Lactobacillus sanfranciscensis DSM20451T and Lacto-
bacillus plantarum TMW1.468. ] Agric Food Chem 2006;54:
3832-9.

Vollenweider S, Grassi G, Konig I et al. Purification and struc-
tural characterization of 3-hydroxypropionaldehyde
and its derivatives. ] Agric Food Chem 2003;51:
3287-93.

Vorobjeva L, Khodjaev EY, Vorobjeva NV. Propionic acid bacteria
as probiotic. Microb Ecol Health Dis 2008;20:109-12.

Wels M, Siezen R, van Hijum S et al. Comparative genome
analysis of Lactococcus lactis indicates niche adaptation
and resolves genotype/phenotype disparity. Front Microbiol
2019;10:4.

Wilson PDG, Wilson DR, Waspe CR. Weak acids: dissociation in
complex buffering systems and partitioning into oils. J Sci
Food Agric 2000;80:471-6.

Wirawan RE, Klesse NA, Jack RW et al. Molecular and
genetic characterization of a novel nisin variant pro-
duced by Streptococcus uberis. Appl Environ Microbiol 2006;72:
1148-56.

Wu W, Deng G, Liu C et al. Optimization and multiomic basis of
phenyllactic acid overproduction by Lactobacillus plantarum. J
Agric Food Chem 2020;68:1741-9.

Yamada Y, Yukphan P. Genera and species in acetic acid bacteria
- a review. Int J Food Microbiol 2008;125:15-24.

Yvon M, Thirouin S, Rijnen L et al. An aminotransferase from
Lactococcus lactis initiates conversion of amino acids to
cheese flavor compounds. Appl Environ Microbiol 1997;63:
414-9.

Zendo T, Fukao M, Ueda K et al. Identification of the lantibiotic
nisin Q, a new natural nisin variant produced by Lactococ-
cus lactis 61-14 isolated from a river in Japan. Biosci Biotechnol
Biochem 2003;67:1616-9.

ZhangP, Ganzle M, Yang X. Complementary antibacterial effects
of bacteriocins and organic acids as revealed by comparative
analysis of Carnobacterium spp. from meat. Appl Environ Micro-
biol 2019;85:01227-01219.

20z AInp Gz uo Jesn zjejduesing we seyolaig Aq GZESLEY/SB0TBUY/Y | /8IE/B0ILE/BISWaY/W0D dNo"dlWapEdE//:Sd)Y WOlj Papeojumoq


https://www.frontiersin.org/article/10.3389/fmicb.2018.00594

