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Abstract

:

The use of lactic acid bacteria (LAB) in the fermentation process to produce fermented foods has a long history. Furthermore, LAB are beneficial microorganisms known for their health-promoting characteristics. During fermentation, LAB have the capacity to produce significant amounts of bioactive substances, such as peptides, bacteriocins, lactic acid, exopolysaccharides (EPSs), enzymes, and others. Lactococcus lactis as one of the best-known and well-characterized species of LAB serves as a model organism for studying LAB. For a very long time, L. lactis has been used in milk fermentation, both in well-monitored industrial settings and on a small scale in traditional operations. Furthermore, L. lactis is a vital microorganism in the dairy food fermentation industry due to its role in acidification, flavor development, and the creation of various dairy products, including cheese, fermented butter, and others. The novelty of this review is the comprehensive and organized presentation of the main benefits of the use of L. lactis in milk fermentation processes including technological and safety features relevant for the dairy industry, probiotic potential, the ability to produce bioactive compounds (e.g., bacteriocins, GABA), and the recent development of such bacteria research methods like whole genome sequencing (WGS).
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1. Introduction


Nowadays, consumers not only want to experiment with different flavors and ingredients in dairy products, but also are more careful about their food selections. This is due to the rising number of life-threatening chronic illnesses in Western countries; therefore, consumers also focus their attention on healthy nutrition [1]. In response to consumer demands, dairy companies are always seeking new ideas. This has resulted in the widespread use of probiotics in a variety of dairy products. Numerous companies have also looked into using culture manipulations as a tool for flavor diversification [2,3,4].



Consumer interest in a healthy lifestyle and demand for additional benefits from food apart from a nutritional effect have promoted a functional food market around the world. This growing consumer demand is leading to the increased consumption of dairy foods with functional properties [5]. There is no specific definition for functional foods, though functional food could be described as an ordinary food with components or ingredients that provide a specific health benefit besides a nutritional effect. When a desirable biological, medical, or physiological effect is exerted by microorganisms, such food is called biofunctional food [6]. The term biofunctional concept is typically applied when a beneficial metabolite that results from bacterial metabolic activity in the fermentation process appears in the food product itself. In this way, bacteria can enrich food products with bioactive compounds during fermentation and are not necessarily required to be alive when ingested to produce a beneficial metabolite [7].



The most common method for obtaining microorganisms useful for industrial applications is screening of microorganisms isolated from naturally occurring processes [8]. However, a careful selection of starter microorganisms must be carried out in order to achieve faster, more efficient, controlled, and large-scale fermentation and to ensure the reproducibility of food fermentation at the industrial scale and to have a product with specific properties [9,10]. Desirable technological, nutritional, and sensory qualities are the primary criteria used to select microbial starters because the selection of a starter culture has a significant influence on the final quality of fermented food products [10].



Lactic acid bacteria (LAB) have a long history of application in the food fermentation process, although recently more attention has been directed to their metabolites [11]. LAB are used in the food industry as functional starter cultures that can contribute to food safety and also offer one or more organoleptic, technological, nutritional, or health advantages [12]. LAB include a large amount of bacterial species from which many strains have proven to have multifunctional features such as high fermentative capacity and/or relevant beneficial skills for humans [13]. LAB are also known for production of antimicrobial substances such as organic acids and bacteriocins [14]. Furthermore, LAB can produce some bioactive compounds during fermentation, including enzymes, vitamins, conjugated linoleic acid, exopolysaccharides, and gamma-aminobutyric acid (GABA) [6].



Among all LAB, Lactococcus lactis plays a crucial role in the production of some dairy products including cheese, fermented butter, and other products and is a vital microorganism in the dairy food fermentation due to its role in acidification and flavor development; therefore, selected strains of this species can be considered as main components of starter cultures for dairy fermentation [2,15]. Also, in vitro and in vivo studies on the probiotic potential of L. lactis strains have suggested their use as a probiotic, besides their ability to improve nutritional value of foods [3].



In the past couple of years, several literature reviews concerning L. lactis were published. Several works reviewed probiotic characteristics of L. lactis [16,17]. A review by Li et al. [2] aimed to investigate fermentation characteristics of L. lactis subsp. lactis isolated from naturally fermented dairy products and its potential as starter cultures. Also, a review by Mahony et al. [18] aimed to highlight emerging lactococcal species that may play a role in culture performance and functional attributes of fermented dairy products.



The novelty of this review is the comprehensive and organized presentation of the main benefits of the use of L. lactis in milk fermentation processes including technological and safety features relevant for the dairy industry, probiotic potential, the ability to produce bioactive compounds (e.g., bacteriocins, GABA), and the recent development of such bacteria research methods like whole genome sequencing (WGS).




2. Lactic Acid Bacteria


LAB are a class of anaerobic, Gram-positive, catalase-negative microorganisms that can survive and grow in the presence of oxygen. They have the appearance of cocci or rods and do not form spores; the main byproduct of sugar fermentation is lactic acid [19,20]. The benefits of LAB consumption became apparent in the early 20th century when a scientist proposed that consuming the live microorganisms found in yogurt would lengthen the consumer’s life by improving host health and lowering the number of bacteria in the digestive tract that cause spoilage and toxins [21]. Following their discovery, LAB have been the subject of extensive research, and an impressive amount of data has been gathered about their contribution to the final product’s organoleptic qualities and nutritional value, as well as how they extend the shelf life of fermented foods. This is because LAB produce a wide range of compounds, such as ethanol, hydrogen peroxide, bacteriocins, and organic acids, among others, which work in concert to prevent or eradicate microbial contamination [22,23]. The ability of LAB strains to produce bacteriocins can be seen as a benefit and a functional role in the food industry to enhance food safety and quality [24]. Additionally, LAB produce metabolites, which are technologically attractive and explain how LAB are used in food to produce a wide range of fermented products [25].



LAB can grow in the majority of raw foods and are typically found in nutrient-rich environments [26]. Meat, dairy products, wine, beverages, sourdoughs for baked goods, fruits, vegetables, fish, and sea products are examples of food products that contain LAB. Based on the type of food product, handling techniques, and environment, different microflora predominate in these food products [26,27,28]. Since the majority of LAB’s properties are strain-dependent, the variety of LAB is intriguing overall both at the species and strain levels [25].



Since LAB have been used for centuries in food production and fermentation without posing any health risks, the American Food and Drug Agency (FDA) has classified the majority of LAB as Generally Recognized as Safe (GRAS) at the strain level [19,29,30]. The Qualified Presumption of Safety (QPS) status was also granted by the European Food Safety Authority (EFSA) to the majority of LAB genera at the species level, including Lactococcus, Lactobacillus, Leuconostoc, Pediococcus, and Streptococcus thermophilus [19,20,30]. Oenococcus, which is used in wine; Lactobacillus, which is used in meat, vegetables, dairy, and cereals; and Lactococcus, which is used in dairy products, are some of the most frequently chosen genera for industrial application [31].



2.1. Lactococcus lactis


Gram-positive cocci known as Lactococcus are found solely in pairs or in chains. They are catalase-negative, and facultatively anaerobic L-lactic acid is the main byproduct of the fermentation of glucose during the glycolytic pathway of L. lactis [32]. The lactic acid produced by the anaerobic conditions throughout the glycolysis pathway adds to the sour taste of fermented foods like yogurt [33]. While there are two types of fermentation, homo-lactic acid fermentation and hetero-lactic acid fermentation, Lactococcus is an example of homo-lactic acid fermentation because it produces only lactic acid (pyruvate is created by the glycolysis process using glucose as a carbon source, and lactate dehydrogenase converts it to lactic acid) [33].



L. lactis as one of the best known and characterized species of LAB serves as a model organism for studying LAB [29]. Taxonomically, L. lactis is a mesophilic species that belongs to the Streptococcaceae family. It is further divided into four subspecies: L. lactis subsp. hordniae, L. lactis subsp. lactis (which includes the biovar diacetylactis), L. lactis subsp. tructae, and L. lactis subsp. cremoris [34,35,36]. Known as “dairy” lactococci, L. lactis subsp. lactis and L. lactis subsp. cremoris together constitute the primary LAB components of a dairy starter, a costarter, or flavoring adjunct culture systems used in the production of cheese [31,37]. Recently, Li et al. [36] proposed that L. lactis subsp. cremoris should be elevated to the species level as L. cremoris sp. and L. lactis subsp. tructae should be transferred to L. cremoris as L. cremoris subsp. tructae. This was included in the official list of recognized prokaryotic species [38].



Strains that are isolated from raw milk or even non-dairy environments are referred to as “wild” lactococci. According to studies, wild lactococci isolated from dairy and non-dairy sources can produce particular flavors that are different from those of industrial strains [35,39]. For a very long time, L. lactis has been utilized in milk fermentation, both in well-managed industrial applications and small-scale traditional operations [40]. Technological contribution of lactococci has always been associated with the manufacturing stage; however, because of their proteolytic and amino acid conversion pathways, they can also affect the final texture and flavor of dairy products [41,42].




2.2. L. lactis Application in the Dairy Industry


A significant number of LAB components linked to dairy food fermentation are L. lactis strains. These strains are used in commercial mesophilic starter cultures or small-scale traditional processes like making artisanal cheese, or they are employed in carefully regulated industrial dairy fermentation to produce cheese and ripen it, as well as fermented milk products like buttermilk, butter, and sour cream [18,31,35,40,43,44]. In the dairy industry, mesophilic starter cultures are classified as D-, L-, DL-, or O-cultures according to the application of L. lactis biovar diacetylactis (D-), Leuconostoc (L-), or a combination of both species (DL-) for flavor formation in addition to L. lactis strain(s) that are the major contributors to acid formation. Likewise, O-cultures are those starter cultures that exclusively rely on L. lactis for acidification [18]. It is assessed that through the consumption of fermented dairy products, humans ingest up to 1018 lactococcal cells throughout the year [31]. In dairy starter cultures, the L. lactis primary function is to generate lactic acid at a sufficient rate and to aid in the fermentation process by breaking down milk proteins. These actions have a significant impact on the final dairy product’s microbiological quality and organoleptic characteristics (Table 1) [31].



Proteolytic activity, lactose fermentation capabilities, exopolysaccharide (EPS) production, flavor production, and other isolate-dependent traits are among the many traits of L. lactis used as starter cultures for commercial purposes [2]. L. lactis subsp. cremoris and L. lactis subsp. Lactis, also L. lactis subsp. lactis biovar. diacetylactis, are the most common L. lactis subspecies found in dairy environments. L. lactis subsp. lactis is usually differentiated from L. lactis subsp. cremoris by its tolerance to higher temperatures and salt concentrations.



From the technological perspective, two characteristics of L. lactis strains are of significant importance—they can grow at 10 °C and at 40 °C, but not at 45 °C, and can also tolerate high concentrations of NaCl [32]. The strains’ ability to tolerate NaCl allows them to survive the negative effects of high osmotic pressure in the gastrointestinal tract’s high-salt environment and preserve a relative osmotic pressure balance in such circumstances. Because bacterial cells grown in high salt concentrations will experience a loss of turgor pressure that would affect the physiology, enzyme activity, water activity, and cell metabolism, the NaCl tolerance test indicates the degree of osmotolerance exhibited by a given LAB strain. It is known that homofermentative strains like L. lactis are more resistant to NaCl than heterofermentative strains [18]. LAB are described as homofermentative when an end product of fermentation is numerous amounts of lactic acid alone and heterofermentative when lactic acid is produced together with acetic acid, ethanol, and carbon dioxide [19].



The primary criterion for selection of L. lactis subsp. lactis starter cultures is acidification activity, as these cultures are frequently employed in the production of cheese, butter, and other fermented milk products. Slow or medium acid-producing strains are only employed if they have additional desirable qualities. Fast acid-producing strains are most commonly chosen as starter cultures [2]. Additionally, the dairy industry must consider the capacity for acid production during storage because low post-fermentation acidification is a crucial factor for commercial starters used to produce fermented milk because it impacts the quality of the finished product [2,49].



Some Lactococcus strains, such as L. lactis subsp. lactis biovar diacetylactis, exhibit additional fermentation capabilities, such as the fermentation of citrate, which results in the production of diacetyl, a flavor and aroma enhancer. Citrate can be converted by these strains into carbon dioxide and aroma compounds (C4), which enhance the organoleptic properties of fermented foods [2,47]. Diacetyl plays a crucial role in the flavor of many dairy products because, even in small amounts, it gives certain cheeses their distinctive creamy and buttery aroma [47].




2.3. Probiotic Features of L. lactis


Probiotics are defined as live microorganisms, which, when administered in adequate amounts, confer a health benefit on the host [30]. Probiotic-containing food products are also referred to as functional foods (the fastest-growing category of functional food development is probiotic foods) [50,51] and have a number of positive health effects, such as lowering blood pressure and serum cholesterol levels [52,53], improvement in lactose intolerance [54], production of numerous vital bioactive molecules, such as vitamins, amino acids, and gamma-aminobutyric acid, demonstrating health-promoting activity, stimulation of the growth of beneficial microorganisms and reduction in the amount of pathogens, and improving the intestinal microbial balance of the host and lowering the risk of gastro-intestinal diseases [29,55]. Thus, there is a great deal of interest in the isolation of novel probiotic strains that have the potential to enhance the quality of already-existing food products and promote health [56,57]. The optimal daily dosage of probiotic bacteria to achieve the desired effect is between 106 and 109 viable organisms [58,59], although studies have been performed that demonstrate dead cells can also have positive immunological effects [57].



Interesting probiotic potential has also been shown by certain L. lactis strains. Several previous studies have shown that some L. lactis strains that were isolated from raw and fermented milk were resistant to bile salts and acids (pH 2.5–3) and exhibited other properties like antimicrobial activity or growth in cholesterol, classifying them as probiotics [60,61]. The primary component of bile, bile salts, are toxic to living cells because they have the ability to alter the structure of cell membranes [62]. Consequently, in order for probiotic strains to reach the small intestine or colon alive, they must endure exposure to bile [63]. Human bile’s physiological concentration falls between 0.3 and 0.5% [64]. The concentration at which the growth lag time of LAB strains is measured is 0.3%; L. lactis has been reported to be resistant to 0.3–1.0% (w/v) of bile salt [60,65,66].



L. lactis has exhibited resilience in the severe conditions of the gastrointestinal tract, as well as the capacity to remain viable in the intestine and generate lactic acid, which contributes to the preservation of an acidic environment in the gut and prevents the growth of pathogenic bacteria [67]. It has been observed that L. lactis strengthens the tight junctions between intestinal epithelial cells, thereby enhancing the integrity of the gut barrier. This characteristic lowers intestinal permeability and stops harmful compounds from entering the bloodstream [68,69]. Bacteriocins, which inhibit the growth of pathogenic bacteria, are among the antimicrobial substances that L. lactis produces. In order to keep the gut microbiota balanced and healthy, these antimicrobial properties are essential [65]. Detailed information about L. lactis, isolated from dairy products, probiotic characteristics is given in Table 2.





3. Safety Assessment of L. lactis


Safety evaluation of microorganisms used in the food industry has become crucially important to ensure the health of consumers [77]. LAB have been used for different purposes for centuries, which has allowed them to be classified as GRAS microorganisms by the FDA and QPS by the European Food Safety Authority [78,79]. Lactococcus spp. are generally considered as safe; however, they can carry and also receive virulence genes and become a virulence reservoir in a food system [48,80]. Some studies describe that certain LAB produce toxic compounds and can cause problems such as bacteremia, endocarditis, and peritonitis, especially in individuals with previous pathological conditions [81]. Thus, safety assessment of L. lactis based on virulence, antibiotic resistance, and hemolytic activities is essential in the selection of these bacteria for application in food production [82].



3.1. Virulence Assessment


Virulence assessment of L. lactis is based on the testing for the harboring well-established different Enterococcus spp. virulence genes including gelE (gelatinase), hyl (hyaluronidase), asa1 (aggregation substance), esp (enterococcal surface protein), cylA (cytolisin), efaA (endocarditis antigen), ace (adhesion of collagen), and vanA and vanB (both related to vancomycin resistance) [83]. It is important to verify the presence of these virulence genes in L. lactis, in regard to close relation to Enterococcus spp., which have become important pathogens of nosocomial infections [84]. The gelE gene encodes a protein that is an extracellular protease and has been associated with biofilm formation in Enterococcus spp. [85]. The ability to form biofilms is also related to enterococcal surface protein (esp) and adhesion of collagen (ace) factors [85]. The hyl gene encodes an enzyme called hyaluronidase and the presence of the hyl gene can contribute to virulence and the ability of the bacterium to spread within host tissues [86]. The aggregation substance coded by the asa1 gene is enterococcal surface protein and it often acts as a virulence factor and it transfers antibiotic resistance genes [85,87]. The cell wall adhesin (efa A) is a virulence factor associated with infective endocarditis [86]. Cytolysin (cyl) is known for bactericidal properties toward Gram-negative bacteria and toxic properties (b-hemolysis) [86]. Testing of L. lactis on vancomycin resistance involves special attention because this antibiotic is considered as the drug of choice for C. difficile infection treatment [88].




3.2. Antibiotic Resistance


Antibiotic resistance is an urgent public health concern in the 21st century and is drawing interest all around the world [89]. Antibiotics are widely used in human and veterinary medicine to treat different bacterial infections. However, the antibiotic resistance of bacteria is on the rise. The biggest concern is the spread of antibiotic resistance coding genes in microbial communities. Thus, concerns have been raised about the existence of antibiotic resistance in beneficial bacterial species including LAB that can disseminate the antibiotic resistance through the entire food chain [58]. Gastrointestinal microbiota including LAB are potentially vulnerable to acquired antibiotic resistance [90]. Noteworthily, it is important to consider the genomic location of an antibiotic resistance gene when testing as unlike plasmid-mediated resistance genes, chromosome-mediated resistance genes have a much lower risk of transfer [91].



Safety assessment of L. lactis on the susceptibility to antibiotics is based on the testing of the antibiotics listed in EFSA scientific opinion and commonly used for the treatment of enterococcal infections [92,93]. The cutoff values (μg mL−1) indicated in EFSA include ampicillin (2 μg mL−1), clindamycin (1 μg mL−1), chloramphenicol (8 μg mL−1), erythromycin (1 μg mL−1), gentamicin (32 μg mL−1), kanamycin (64 μg mL−1), streptomycin (32 μg mL−1), tetracycline (4 μg mL−1), and vancomycin (4 μg mL−1). L. lactis isolated from different sources demonstrate different and in certain cases high resistance to antibiotics (Table 3).




3.3. Hemolytic Activity


Hemolytic activity of bacteria is related to the ability to destroy red blood cells and this is a typical property of pathogenic bacteria. Thus, this test provides important information about the tested strain‘s pathogenicity [91]. Only a L. lactis strain with a lack of hemolytic activity is considered as safe and not virulent and the lack of hemolysin ensures that opportunistic virulence will not appear among strains [97]. Evaluation of hemolytic activity is performed in nutrient agar supplemented with 5% defibrinated sheep blood. The hemolytic reaction is evaluated by observing the partial hydrolysis of the red blood cells and the production of a green zone (α-hemolysis), a clear zone around the bacterial colonies (β-hemolysis) or no reaction (γ-hemolysis).




3.4. Biogenic Amines


Biogenic amines (BAs) are low-molecular-weight organic nitrogen compounds formed in food and beverages during enzymatic activities of raw materials or are developed by microbial decarboxylation of amino acids [98,99]. Due to proteolysis, the content of free amino acids increases and decarboxylative activity of bacterial enzymes may favor the formation of BA [100,101,102]. The concentration of BA in fermented foods is influenced by the raw materials and processing hygiene. Fermentation conditions, such as the type of bacteria used, the process’s duration and temperature, and the food matrix, also play a significant role in the formation of these toxic compounds. It is essential to monitor BA content, especially in fermented foods and/or beverages, because higher amounts of these substances signal lower quality and safety of products, due to their potential toxicity to human health [98,103]. Also, the amount of BAs greatly depends on the release of specific amino acids (which are precursors of biogenic amines); for example, the amount of tyrosine affects the higher amount of tyramine, while arginine and ornithine are responsible for a higher putrescine concentration [102,104,105]. Moreover, it is known that LAB are responsible for BA generation in fermented products and Lactococcus spp. are no exception. Despite the broad application of L. lactis subsp. lactis, L. lactis subsp. lactis biovar diacetylactis, and L. lactis subsp. cremoris in the dairy industry, some of these bacteria have been reported to have aminobiogenic activity, both in vitro and in real systems [47,98,106,107].



L. lactis subsp. lactis and L. lactis subsp. cremoris are capable of generating putrescine from agmatine via the agmatine deiminase (AGDI) pathway, which involves the production of ATP and two ammonium ions, and it is a species-level trait. These bacteria strains together with E. faecalis, E. hirae, L. brevis, and L. curvatus are pivotal putrescine producers in dairy foods, especially cheese [99,105,108]. The concentration of putrescine, in different varieties of cheeses produced from cow, sheep, or goat milk and prepared with L. lactis spp. as a starter culture, can reach 1560 mg kg−1; however, there are no EU regulations that set the upper level of BAs in cheese and other foods, except of histamine [109,110,111,112]. The concentration of cadaverine in cheeses is associated with the presence of contaminating bacteria in the raw material; however, a small amount of this BA indicates good quality and hygiene of milk. It is known that cadaverine and putrescine concentrations correlate with ripening time of the cheeses, and in over-ripened cheeses, the amount of detected BA was higher compared with results before the ripening, as well as in products prepared from raw milk [110,113]. Also, the type and part of cheeses have an influence on cadaverine concentration in products. For instance, the content of this BA can vary from 2.57 to 64.22 mg kg−1 in the core, and from 3.70 to 38.17 mg kg−1 in the rind of the cheeses [114,115,116,117]. Histamine and tyramine are the most toxic BAs for humans and also are the most abundant biogenic amines in cheeses prepared from cow and sheep milk [101,114,118]. However, the amount of histamine varies depending on the product. For example, in both semi-hard and hard cheeses, the core has more histamine than the rind [101,114,119]. As previously noted, tyramine is the second most toxic base acid (BA). Other researchers found that this BA was the most prevalent amine, making up 75.4% of the amines in mold cheese, 41.3% in hard cheeses, and 35% in semi-hard cheeses [114,120,121,122]. However, it was reported that L. lactis has an ambiguous effect on tyramine concentration in cheeses. L. lactis, because of the ability to produce nisin, as also used as a starter culture (L. lactis subsp. lactis plus L. lactis subsp. cremoris), can reduce contents of tyramine after ripening [110,118]. However, other researchers published that the latter BA concentration increases during the ripening process of different cheese production, despite the use of starter cultures of loctococci alone or together with an adjunct culture [123,124,125]. Tyramine content in cheeses differs, for instance, in mold-ripened (from 0.97 to 710.5 mg kg−1), semi-hard (from 2.30 to 767.03 mg kg−1), and hard cheeses (from 1.33 to 236.33 mg kg−1) and in all cases, the latter BAs concentration in products’ core was found to be higher compared with the rind [104,114].



It is important to lower putrescine as well as cadaverine concentration in dairy foods, due to their ability to develop an undesirable flavor of cheese [110,126]. Moreover, the latter BAs have an ability to potentiate the toxicity of histamine and tyramine [109,126,127]. Histamine intolerance has become more common in recent years, and even low-histamine foods can cause a wide range of nonspecific gastrointestinal neurological, cardiovascular, respiratory, and skin symptoms. For this reason, it is crucial to reduce the amount of histamine in food [128]. In the European Union, a 50 mg kg−1 histamine concentration in foods is defined as the limit with no adverse effects [112] and it is known that this BA’s concentration is higher in raw milk cheeses than in processed ones [101,114]. Also, 100 to 800 mg kg−1 of tyramine has been described as toxic in foods. However, most EU countries do not establish limited concentrations of tyramine in foods, and 800 mg kg−1 can be considered as the upper legal limit, except for the 200 mg kg−1 limit of the latter BA in cheese applied in The Slovak Republic’s Nutritional Codex [98,127]. Flasarová et al. [104] determined that the higher tyramine concentration in cheese samples prepared with the strains of L. lactis subsp. cremoris CCDM 824 and L. lactis subsp. cremoris CCDM 946 could be explained by tested strains’ ability to decarboxylate tyrosine to form tyramine. Symptoms associated with the adverse effects of the tyramine are gastrointestinal (nausea, cytotoxic in the intestinal epithelium), neurological (headache, palpitation, and migraine), circulatory (sweating, chest pain), respiratory (chest tightness), etc., and these symptoms are called a tyramine reaction or cheese reaction [128]. Other BA contents, for instance, spermidine, spermine, tryptamine, and phenylethylamine, are low in mold-ripened, semi-hard, and hard cheese models during the ripening process [104,110,114,115].



The use of the nisin-producing strain of L. lactis subsp. lactis [110,125], pasteurization [108,110,118,129], which decreases the counts of microorganisms in raw milk, and appropriate ripening time [108,110,111,113,130] could lead to a lower putrescine concentration in the final product. Also, it was reported that there are L. lactis subsp. cremoris strains lacking genes for putrescine biosynthesis and hence do not produce this BA. However, other strains of lactococci have the AGDIc and produce putrescine [105,107]. Other researchers published results, suggesting that in order to lower histamine concentrations in dairy products, L. lactis spp. as a main starter together with other LAB strains as an adjunct culture can be applied [104,110,114,123]. Moreover, environmental conditions of the real food matrix, for instance, dry matter, NaCl content, and pH, have significant influence on BA content in the final product, so it is indispensable to analyze the abilities of microorganisms to produce BA not only in vitro, but also in a real system of foodstuffs. Another important factor for BA control is selection of starter cultures, which are decarboxylase-negative or can degrade these toxic compounds. And finally, a global safety assurance program, from raw milk quality and hygiene, within all processing durations, storage, and retailing of cheeses, is mandatory in order to lower the risk of BA formation in products.





4. Bioactive Compounds Produced by L. lactis


L. lactis has the ability to produce a great variety of bioactive compounds [131], which possess advantageous effects for technological aspects of food quality and safety parameters [132,133,134], as well as human health [68,135,136]. Bioactive compounds produced by L. lactis (exopolysaccharides (EPSs) [44,132]; organic acids, especially lactic acid (LA) [29,137,138]; bacteriocins [139,140,141,142]; bioactive peptides [143,144,145,146]; conjugated linoleic acid (CLA) [147,148]; gamma-aminobutyric acid (GABA) [70,149,150]; vitamins [151,152,153,154]; and enzymes [19,155,156,157]) are sometimes credited as the end byproducts of the fermentation process [44,139,158]. In this section, the advantages and impacts of the above-mentioned compounds produced by L. lactis for better human health and quality of food will be summarized.



4.1. Gamma-Aminobutyric Acid


Food and medicine are among the applications for gamma-aminobutyric acid (GABA), a four-carbon non-protein amino acid that is widely distributed in nature among prokaryotes and eukaryotes [159]. LAB isolates are the most valuable source of naturally produced GABA [55]. It is known that LAB produce GABA during fermentation as a defense mechanism to maintain viability under acidic conditions (below pH 5 in anaerobic conditions) [160,161]. However, GABA production can vary widely among LAB strains [162]. Primarily located in the brain, GABA serves as a crucial inhibitory neurotransmitter [163]. It directly affects the personality and stress management, and has hypotensive, tranquilizing, antidiabetic, and diuretic effects [55,164]. GABA is produced by L. lactis via the enzymatic decarboxylation of glutamic acid [165].



High concentrations of GABA are found in fermented products, especially in fermented dairy products [166]. As L. lactis is the LAB that is most widely used as a primary fermentation starter in the dairy industry for the production of matured cheese, unripened cheeses (cream cheeses and cottage cheese), fermented milk products, sour cream, and fermented butter [165], the ability of L. lactis to produce GABA as value-added property is of great interest. In a study by Mileriene et al. [70], the L. lactis strain, isolated from raw bovine milk, produced 0.372 µmol g−1 of GABA in fermented milk. In another study by Mileriene et al. [70], the same L. lactis strain was used to produce acid whey cheese and GABA concentration reached an average of 7.61 mg 100 g−1 cheese after 14 days of storage. In a study by Inoue et al. [167], Lactobacillus casei and L. lactis YIT 2027 naturally produced GABA in fermented low-fat milk. When this milk was consumed daily for 12 weeks, containing 10–12 mg of GABA, it reduced systolic blood pressure by 17.4 mmHg, diastolic blood pressure by 7.2 mmHg, and mean blood pressure by 10.6 mmHg [161]. Also, in a study conducted by Redruello et al. [165], isolation of six GABA-producing L. lactis subsp. lactis strains from raw camel’s milk collected in Algeria was reported. These strains were used individually as starter cultures for cheese production and generated high GABA concentrations with the mean concentration of 384 mg kg−1.




4.2. Exopolysaccharides (EPSs)


EPSs are defined as extracellular high-molecular-weight polymers that can be of animal and plant origin or excreted by LAB (Lactobacillus, Lactococcus, Bifidobacterium, Leuconostoc, Pediococcus, Streptococcus, Enterococcus, and Weissella sp.) [132,168,169]. EPS are homopolysaccharides (HoPSs) or heteropolysaccharides (HePSs), based on the composition of the main chain, whether it is composed of one or numerous monomers, mechanisms of synthesis, extra- or intra-cellular, respectively [170,171]. Generally, EPS produced by L. lactis plays an important role in food processing, especially in the dairy industry, due to its positive effect on product quality, safety, and sensory parameters. There are several reports that L. lactis strains produce two types of phenotypic products of EPS, mucoid and ropy, which can be neutral or acidic [40,132,172,173,174].



The latter EPSs have a more complex structure because they contain a uronic acid group compared with the neutral type, which has two or more different monosaccharides with the absence of organic acid [133,172,174]. For instance, ropy EPS-producing starter L. lactis ssp. cremoris DPC6532 [134,175], as well as L. lactis subsp. lactis [176,177], remarkably improved the low-fat cheese yield, texture, and cooking properties without negative impact on sensory parameters [178,179,180]. A ropy capsular EPS (LL-1+) contributed to higher gel stiffness, higher water retention, lower particle size, and improved creaminess texture, if compared with a non-ropy EPS (LL-2)-producing strain in low-fat cheese matrices [173,181,182]. In addition to this, rheological parameters (firmness, thickness, and sliminess) of dairy products, such as fermented milk drinks, yogurt, low-fat mozzarella, and semi-fat or low-fat cheddar cheese, depend on the capability of ropy strains of L. lactis subsp. lactis and L. lactis subsp. cremoris to generate nonidentical HePSs, which bestow the texture of the final product [134,181,182,183,184]. However, L. lactis strains have a limited capacity to produce HePS [185,186,187]; nevertheless, the potential to produce these types of EPS depends on the sugar nucleotide biosynthesis path, the genetic potential of the strain, as well as technological parameters (substrate chemical composition, acidity, temperature, and duration of fermentation) [188,189,190,191]. It was reported that the L. lactis subsp. lactis IMAU11823 strain has a potent ability to generate two groups of polysaccharides: i—EPS-1 (simple-structure EPS composed of mannose and glucose (molar ratio of 1.00:7:01)); ii—EPS-2 (non-linear polysaccharide composed of eight sugar residues, of which main sugars were mannose, rhamnose, and glucose (molar ratio of 7.45:1.00:2.34) [191]. Moreover, L. lactis-produced EPSs have strong antioxidant [191,192,193,194], antimicrobial [132,194,195,196], and immunomodulatory activities [170,193,197,198] and no cytotoxicity [170,191,198]. Also, some studies showed that EPS has the ability to reduce cholesterol content in blood, and showed anticancer and anti-diabetic effects; however, these results were observed in vitro or using animal models, leaving out human clinical trials [19,199]. These EPS characteristics could be of high interest not only in dairy but in bakery, meat, and animal feed industries as well as pharmacy and biotechnology development.




4.3. Lactic Acid and Citrate


Fermented products play an important role in the food industry as these foods are profuse sources of prospective advantageous microbes, which possess varieties of bioactive compounds, leading to longer shelf life, better organoleptic characteristics, and improved nutritional value [33,200]. During the fermentation process, sugar is metabolized in different organic acids, such as lactic acid (LA), acetic acid, butyric acid, and propionic acid, depending on the metabolic pathway [33,201]. LA is the main organic acid formed during the metabolic process and contains two isomers, L-lactic acid and D-lactic acid. The latter is a harmful enantiomer and can cause numerous health disorders, for instance, dysbiosis, which can lead to inflammatory bowel disease (IBD), metabolic disorders, autoimmune conditions, and psychiatric and neurological illnesses [202,203,204,205,206]. So, it is important to select an appropriate LAB strain, so that during fermentation, only an L-lactic isomer would be generated [202,203]. It is well documented that Lactococcus is known as the homo-lactic acid fermentation type of LAB, which also produces L-lactic acid [138,207,208,209,210]. Lactose utilization by lactococcus can occur in two ways: via the Leloir or tagatose-6-phosphate pathways [211,212]. Usually, Lactococcus spp. are mainly linked to the tagatose-6-phosphate pathway where lactose-6P is hydrolyzed by a phospho-β-galactosidase into glucose and galactose-6P. Tagatose-6 phosphate end products are triose-3 phosphates, Glyceraldehyde-3Phosphate and Dihydroxyacetone Phosphate, which can subsequently enter the glycolysis pathway [212]. For instance, in L. cremoris LA10, lactose must be utilized through the tagatose-6-phosphate pathway due to its lack of the β-galactosidase-encoding lacZ gene. However, L. garviae ATCC 49156, L. lactis IL 1403, L. lactis SK11, and L. lactis MG1363 utilize lactose and galactose through the Leloir pathway [213]. Moreover, recent studies showed that the L. lactis LA1 genome contains a β-galactosidase-encoding gene, which was located close to the Leloir pathway genes [211]. In the Leloir pathway, lactose is internalized by the product of galactose permease (galP), and then hydrolyzed by a β-galactosidase into glucose and β-galactose. Afterwards, galactose is metabolized into glucose-1P, which is then converted into glucose-6P, an intermediate of glycolysis, by the action of the phosphoglucomutase [212]. According to Rodríguez et al. [211], the gene collections required L. lactis LA1.



Fermentation with L. lactis is important in dairy processing, because of final co-products, such as LA. For instance, isolates of L. lactis subsp. lactis are fast acidifiers and are desirable in cheese and butter production [2,47,214], while L. lactis subsp. cremoris is preferred for less bitterness of the product [2,215,216,217]. Lactococci are able to produce an enzyme called lactase, which catalyzes the hydrolysis of lactose, the sugar found in milk, into its constituent sugars, glucose and galactose. This enzymatic activity is crucial for the fermentation of lactose and the production of LA, which acidifies the milk and is a defining characteristic of dairy products like yogurt [155,218]. Also, there are suggestions that L. lactis strains could be used for LA production from carbons [40,219,220], and used in the food industry as an additive.



Despite the fact that L. lactis mainly generates LA during fermentation, it is known that L. lactis subsp. lactis biovar diacetylactis utilizes citrate and has the ability to prosper at pH values that would interdict the growth of most L. lactis strains [221,222,223]. Moreover, L. lactis subsp. lactis biovar diacetylactis during citrate fermentation is able to produce diacetyl and acetoin, and these compounds furnish desirable flavor characteristics in ripened cheeses [47,123,224].




4.4. Bacteriocins


It is known that Lactococcus spp. generate more than 40 peculiar bacteriocins, antimicrobial proteins synthesized by ribosomes. These bacteriocins mainly belong to two classes: (I) Class I includes post-translationally modified, small (<10 kDa), heat-stable peptides, such as nisin A; (II) Class II involves non-modified, small (<10 kDa), mainly heat-stable peptides, such as lactococcin G [140,141]. Nisin A is generated by L. lactis and contains 34 amino acids. This bacteriocin belongs to a group of cationic peptide antimicrobials collectively called Type A (I) lantibiotics and is known for antimicrobial activity against Gram-positive bacteria, especially foodborne bacteria (Bacillus cereus, Listeria monocytogenes, Clostridium botulinum, and/or Enterococci) [225,226,227,228]. EFSA and FDA approved that nisin is generally regarded as safe (GRAS) to use in the food industry, and it is also nontoxic, odorless, colorless, and tasteless [229,230]. Despite its antibacterial properties, this bacteriocin has a broad application in the food industry due to its resistance to heat treatment [231,232,233,234,235], preservation effect extending the shelf life of the product [228,235,236,237], and effectiveness at low concentrations [226,235,236,237,238], and it can be used for cleaner-label food products [229,239,240]. However, nisin incorporation in food, especially dairy product matrices, has a few limitations. First of all, nisin solubility is strongly dependent on media acidity, and the most significant effect can be achieved at pH 3, so this bacteriocin is not suitable for nonfermented dairy products [237,241,242]. Also, fat content of the raw material and/or product has an influence on antimicrobial activity of nisin. It is known that nisin is a hydrophobic peptide and its distribution and activity strongly depend on fat globule concentration and integrity of the food matrix. For instance, nisin is more effective at inhibiting L. monocytogenes in skim milk compared with whole milk [243,244,245]. Also, the homogenization process has a negative impact on nisin effectiveness, because during this process, fat globules’ surface area increases, leading to stronger nisin adsorption to fat globules, where it is immobilized and loses its activity [237,245,246]. Also, nisin interaction with proteins has an ambiguous effect in the food industry, especially in dairy products. It was reported that at neutral pH, nisin is a cationic peptide; however, caseins and other milk proteins are anionic, proposing that there is a possibility of ionic interactions between nisin and milk proteins, leading to the absorption of nisin to caseins, and lower antimicrobial activity of this bacteriocin [225,237,247,248]. The same tendencies in the other food matrices with higher protein content, especially meat and fish, were observed [244,249,250,251]. On the other hand, the above-mentioned interaction between nisin and casein can be eligible in cheesemaking, guaranteeing a high preservation of nisin in the cheese matrix and reducing the loss of cheese whey, leading to more sustainable production [237,252].



Another L. lactis subsp. lactis-produced bacteriocin is lactococcin G, which belongs to Class II, subclass II-B, which comprises two peptides. The bacteriocin consists of two peptides, LcnG-α and LcnG-β, consisting of 39 amino acid residues and 35 amino acid residues, respectively [24,253,254]. Lactococcin G possesses antimicrobial activity against various LAB as well as some Clostridia strains [254,255,256]. The use of lactococcin G as a food additive is not regulated, but L. lactis that secretes this substance during fermentation is desirable, as the antimicrobial properties of this bacteriocin can help ensure product safety and prolong shelf life.




4.5. Bioactive Peptides


Unique, low-molecular-weight peptide sequences that typically start with two to twenty amino acid residues are known as bioactive peptides, and these substances possess antimicrobial, antihypertensive, and antioxidant activities; blood-lipid-lowering effect; opioid role; antiobesity; ability to bind minerals; and antidiabetic effects. These peptide sequences are inactive within the parent protein but, upon hydrolysis, are liberated from the native polypeptide sequence and become physiologically active [257,258,259].



LAB fermentation of various food matrices, particularly dairy products, is one of the techniques for generating bioactive peptides from precursor protein molecules [259,260]. In general, milk protein and their fractions are valuable sources of bioactive peptides with miscellaneous biological effects, for instance, antithrombotic, antimicrobial, antioxidative, antihypertensive, and immunomodulatory activities [158,258].



Milk fermentation processes executed by LAB are preferable ways to generate peptides due to the GRAS status of these organisms. The proteolytic system of L. lactis has been comprehensively analyzed with respect to the genes and enzymes involved, as well as their regulation [261,262,263,264]. It was reported that during bovine milk fermentation with L. lactis, numerous casein-derived bioactive peptides can be generated, most of which have angiotensin-converting enzyme (ACE) inhibitory activity, leading to an antihypertensive effect [36,260,265]. In addition to this, it was reported that L. lactis NRRL B-50571 and NRRL B-50572 strains in fermented milk produced, not only ACE, but also type 2 diabetes (DPP-IV) and thrombin inhibition enzymes, and their activity was improved after digestion in vitro. So, peptides with multiple enzyme-inhibitory activities can have a significant effect in the management of hypertension, type 2 diabetes, and thrombosis [257,266,267]. Also, in order to increase the quantities and variety of bioactive peptides separated from fermented milk, the proteolytic system of L. lactis can be modulated [257,260,261]. Metal binding peptides or caseinphosphopeptides produced during milk fermentation with L. lactis subsp. cremoris NCFB 712 has the capacity to enlarge the absorption of calcium and other divalent minerals, such as iron. Quantities of released calcium-binding peptides are correlated with proteolytic activity of the strains. L. lactis spp. with such peptides could be used as a starter culture in order to develop higher-functional-value cheese [180,268,269]. Furthermore, different types of dairy matrices (milk, fermented milk, cheese, kefir, yogurt, etc.), milk of different animals (bovine, donkey, goat, camel, etc.), as well as milk and dairy processing have an influence on diversity and bioactivity of peptides [146,257,260,270,271]. For instance, in donkey milk, fermented with L. lactis, production of only ACE inhibitory peptides was observed, while in bovine and human milk treated with the same strain, antimicrobial peptides, against E. coli and S. aureus, were also found [143,146,272,273]. As mentioned before, bioactive peptides, possessing an inhibitory effect of ACE, can be found in goat cheese Festivo fermented with a mixture of Lactococcus sp., Leuconostoc sp., Propionibacterium sp., Lactobacillus sp., and Bifidobacterium sp. strains, and it was reported that bioactivity of these peptides increased during ripening of cheese and activity was forsaken until a certain level of proteolysis was exceeded. Also, antihypertensive peptides β-lactoglobulin f147–148, lactoferrin f288–289, and lactoferrin f319–320 were isolated from mature and vintage cheddar as well as Feta cheese, respectively [274,275,276]. Moreover, anticarcinogenic peptides were found in cheese slurry prepared with L. lactis subsp. lactis as a starter culture [274,277]. Recent studies showed that starter cultures containing L. lactis subsp. lactis, L. lactis subsp. cremoris, L. lactis subsp. lactis biovar diacetylactis, Streptococcus thermophilus, and Lactobacillus delbrueckii subsp. bulgaricus, used for whey of different milk (ewe, cow, and goat) fermentation, generated a specific novel β-casein-derived bioactive polypeptide with an unusual and potent dual antibacterial and anti-gelatinase bioactivity [258,278]. L. lactis, as a biotechnological microorganism, could be used not only for novel and higher-functional-value dairy food development as a starter culture, but also for the production and isolation of bioactive peptides for food supplements.




4.6. Vitamins


Vitamins are essential micronutrients for the smooth functioning of the organism; however, they cannot be generated by humans, so they must be gained with food. The loss of vitamins during food processing can result in inadequate intake, potentially causing public health issues attributed to unbalanced diets [6,279]. Some vitamins, especially water-soluble, which belongs to the B-group (riboflavin, folates, thiamine, and cobalamin), can be synthesized by lactobacilli, bifidobacteria, or lactococci [279,280,281].



It is known that in L. lactis MG1363, a cluster of folate genes, folA, folB, folKE, folP, and folC, are responsible for this vitamin biosynthesis [282]. Folate is generated from the precursors, such as guanosine triphosphate, para-amino benzoic acid, and glutamate, which act as building blocks for the production of various folate derivatives such as tetrahydrofolate, 5-formyl tetrahydrofolate, 5,10-methenyl tetrahydrofolate, 10-formyl tetrahydrofolate, and 5,10-methylene tetrahydrofolate in a number of enzymatic steps. Also, among various LAB, L. lactis is the only organism known to possess a complete biosynthesis route for folate [87,283,284]. L. lactis genes, menF, menA, preA, and mvk, are responsible for vitamin K2 (menaquinone) production. In L. lactis, menaquinones are generated from acetyl-CoA, phosphoenolpyruvate, and D-erythrose-4-phosphate. The precursors are transformed step by step to a hydrophobic polyprenyl diphosphate chain and a hydrophilic naphtoquinone ring, 1,4-dihydroxy-2-napthoate (shikimate and menaquinone pathways) [154]. Also, riboflavin (vitamin B) can be synthesized by the above-mentioned bacteria strains, because it contains riboflavin biosynthetic genes (ribG, ribH, ribB, and ribA) [285].



It is well known that vitamins play different roles in the proper functioning of the organism and that the best source of health benefits is natural food. Folate, or vitamin B9, has a significant part in many metabolic pathways, and shows antioxidant capacity; however, its shortage has been related to poor cognitive function, some types of cancer, neural tube defects, and coronary heart diseases [286,287]. Vitamin B2 is also an essential component of basal cellular metabolism and is the precursor of the enzymes flavin mononucleotide and flavin adenine dinucleotide that are electron acceptors and involved in many oxidation–reduction reactions [288]. A lack of riboflavin results in problems with metabolization, which can cause fatigue, skin conditions, hyperemia, and angular stomatitis. On the other hand, a severe vitamin B deficiency can cause anemia and cataract development [289]. In addition to vitamins B2 and B9, menaquinone also has a positive effect on kin health and bone metabolism, promotes proper brain function, and prevents heart-related diseases by regulating calcium homeostasis [6,290].



One of the strategies to improve folate daily intake could be inclusion of fermented milk in the diet. Milk fermentation with L. lactis subsp. lactis can be used for folate-fortified food development to mitigate folate insufficiency effectively [281,283,284,288]. Fermented milks could be considered one of the best product matrices for folate fortification due to folate-binding proteins of milk increasing folate stability, improving the bioavailability of both 5-methyltetrahydrofolate and folic acid [281,291,292].The same approach could be applied in order to increase daily intake of riboflavin. For instance, the use of starter cultures of L. lactis spp. for cow milk fermentation significantly increased the riboflavin concentration in milk, and final products such as cheese could be achieved [279,285,293,294,295]. In addition to this, goat milk is known to contain about the same amount of riboflavin and folate as cow’s milk, but most of these nutrients are lost during the cheesemaking process. Because of this, adding vitamin-producing L. lactis isolated from a similar kind of product to cheeses could boost folate and riboflavin content and provide the health benefits linked to consuming these vitamins with food [279,288,292,296]. In addition, apart from water-soluble vitamin production, L. lactis can synthesize fat-soluble vitamin K2, which principally is of bacterial origin. It is known that cheese prepared with L. lactis is the main source of vitamin K2 in the Western diet and the content of this vitamin can reach up to 110 μg 100 g−1 [154,297,298]. The concentration of menaquinone found in L. lactis is strain-dependent, and fermentation (medium, temperature, aerobic vs. anaerobic conditions) and product processing conditions play a significant role, and when these conditions are optimized, it is possible to increase vitamin K2 concentration in fermented milk up to 50% [152,154,299]. Also, menaquinone can be biosynthesized by L. lactis in industrially fermented cheese, buttermilk, sour cream, cottage cheese, and kefir [6,299,300].



In order to avoid the use of synthetic folate, as excessive usage could be linked to colorectal cancer, fermented milks could be a good source of natural folate. However, the concentration of this substance depends on the composition and processing conditions of raw milk, strain and species of starter bacteria, size of inoculum, incubation time, and storage conditions [87,284,301]. Moreover, Sybesma et al. [302] reported that direct mutagenesis followed by selection and metabolic engineering could modify L. lactis (strain NZ9000), resulting in simultaneous overproduction of both folate and riboflavin. For instance, this method can be used for controlling secondary metabolism, such as folate biosynthesis by overexpressing folKE and folC. Such a pathway leads to higher production of folate, which remains intracellular. These findings are explained by the fact that increased potency of folate synthetase leads to higher retention of this vitamin in the cell due to an increased enzymatic capacity to elongate the glutamyl tail of the extra folate produced by the overexpression of folKE [282]. Moreover, L. lactis subsp. cremoris NZ9000, which generates riboflavin, can be used in biotechnology processes for vitamin production [285,294,303,304,305,306,307,308]. Riboflavin (vitamin B2) is an essential component of basal cellular metabolism and is the precursor of the enzymes flavin mononucleotide and flavin adenine dinucleotide that are electron acceptors and involved in many oxidation–reduction reactions [288]. The genes mvk, preA, menF, and menA are important contributors to menaquinone levels as single overexpression of these genes double and more than triple the total menaquinone content in the culture. Combined overexpression of mvk, preA, and menA increased menaquinone levels to a higher level than obtained individually. When the overproducing strains were applied for milk fermentations, vitamin K2 content was effectively increased three-fold compared to the wild type [154].




4.7. Conjugated Linoleic Acid (CLA)


Conjugated linoleic acid (CLA) has many positive effects on health, for instance, decreasing cancer incidence and atherosclerosis severity. Nevertheless, dietary CLA intake is relatively low in order to gain the desired physiological effects. The recommended intake of CLA is approximately 3 g day−1, and through its consumption, many health effects are manifested in humans. The CLA bacterial production in foods is a technological challenge and the ability of probiotics to produce CLA is currently under research [309,310,311,312]. In the literature, there is ambiguous information about the ability of lactococci to produce CLA. For instance, L. lactis subsp. cremoris MRS 47 increased CLA and polyunsaturated fatty acid content while simultaneously decreasing saturated fatty acids in fermented whole milk. These findings can be explained by the L. lactis subsp. cremoris MRS 47 ability to produce CLA in whole milk during fermentation, through the lipolysis of milk fat [309,313,314,315]. It is known that during fermentation in dairy products, CLA precursor fatty acids, for instance, vaccenic acid, linoleic acid, and ricinoleic acid, as well as oils containing a high level of these fatty acids, can be turned into CLA [312]. In addition to this, Salam et al. [314] found that it is possible to increase CLA content to 21.6 mg 100 mL−1 in milk, fermented with probiotic L. lactis subsp. Lactis using sesame oil processed by lipases as the lipid source. Also, it is important to control the microbial growth phase, pH, temperature, and incubation time and select an appropriate bacterial strain, in order to obtain the amount and type of CLA wanted [312]. However, according to Renes et al. [315], strains producing CLA do not generate GABA, and vice versa.




4.8. Enzymes


Microbial enzymes have a broad spectrum of catalytic activities and high yields, and their rapid growth on inexpensive media and the stability of their enzyme products make bacteria the preferred enzyme source in the food industry, especially dairy [316,317]. It is known that enzymes such as esterase, lactase, lipases, proteases, and catalase are used in dairy and food technology [19]. The combination of L. lactis subsp. lactis biovar. Diacetylactis and L. lactis subsp. cremoris strains is very popular for fermented milks, while L. lactis subsp. lactis is used in cheesemaking, and the mix of Lactococcus strains is applied in cheddar, most Dutch cheese, Camembert, and farmhouse-made goat milk cheese preparation [19,318]. During cheese ripening, after the acidification period, the Lactococcus level decreases due to early self-degradation of the peptidoglycan by specific hydrolases. Such changes have an influence on further destruction of the cell and the release of the intracellular content outside the cell, for instance, enzymes, lipases, esterases, peptidases, and DNAases, which have an influence on cheese ripening time acceleration [318,319]. Lactococcus’ proteolytic enzyme can hydrolyze caseins and peptides, and there are enzymes able to degrade amino acids, for instance, transaminases transfer amino acids into α-cetoacids, which can be further converted into aldehydes, alcohols, hydroxyacids, all aroma compounds, or aroma precursors [106,153,318,320]. Moreover, it is known that L. lactis subsp. lactis possesses an arginine dehydrolase, which enables the release of ammonia from arginine, and L. lactis subsp. lactis biovar. diacetylactis is also able to produce diacetyl from citrate [47,321,322]. Due to enzymatic activity of Lactoccocus, all the above-mentioned compounds are very important in dairy product processing, because these substances have a significant influence on nutty, creamy, and buttery aroma that develops in cheeses, creams, and butters [15,19,156,322]. Lipolysis is hydrolysis of triglycerides by the enzyme lipase, resulting in formation of free fatty acids, which may be precursors of aromatic components such as methyl ketones, secondary alcohols, esters, and lactones, which have a significant influence on the cheese flavor development. However, Lactoccocus, as well as other LAB species, is considered as not possessing or showing weak lipase activity [15,157,318,323]. Also, L. lactis isolated from dairy products does not show any esterase activity outside the cell [15,93,318]; however, environmental L. lactis strains have opposite traits [157]. Lactate dehydrogenase is another Lactococcus-utilized enzyme, which is responsible for carbon source conversion to L-lactate from pyruvate. Due to metabolic engineering efforts in L. lactis, and the use of lactate dehydrogenase, α-acetolactate in place of lactate, where the former is a reduced carboxylated form of diacetyl, was generated. These findings suggested that modified L. lactis during fermentation could produce important flavor compounds for dairy products, such as diacetyl, acetaldehyde, and acetoin [44,106,156,324].



In conclusion, the above-mentioned bioactive compounds generated by Lactococcus strains have many advantageous characteristics not only for human health but also in the dairy industry (Figure 1). The application of bioactive compounds could lead to innovative (bio) technology expansion and/or new product formulation development in a sustainable manner. This contemporary approach could lead to higher food security as well as improve people’s nutrition by valorizing raw materials and creating functional products and/or foods, as well as food additives or pharmaceuticals.





5. Bioinformatic Tool Application for L. lactis Evaluation


The field of genomics has experienced a transformative revolution with the introduction of high-throughput sequencing (HTS) technologies, which allow for the rapid analysis of vast quantities of genetic material. Over the past decade, whole genome sequencing (WGS) has become an essential tool in routine laboratory practices, enabling high-speed and high-resolution investigations, as well as surveillance of a wide range of microorganisms, including Lactococcus species [325,326]. DNA sequencing technologies, such as next-generation sequencing (NGS), and third-generation sequencing techniques like PacBio or Nanopore sequencing, are employed to identify and characterize Lactococcus species within the sample. By utilizing sequencing data and bioinformatic tools, it is possible to accurately determine the specific type or species of Lactococcus by comparing the genetic information to reference sequences [83,326].



5.1. Prediction of Potential Antimicrobial Resistance and the Detection of Antimicrobial Resistance Genes (ARGs)


A significant concern revolves around the possibility that probiotic bacteria could inherently possess antibiotic resistance genes (ARGs) or harbor transferable antibiotic resistance genes that should not be disseminated to other organisms. Consequently, when contemplating their commercial use, and in light of the presence and potential transfer of these genes to humans or animals, meticulous monitoring becomes imperative. This monitoring involves analyzing antibiotic resistance genes using whole genome sequences as a data analysis tool. Advancements in bioinformatics have significantly transformed the ability to explore antibiotic resistance by studying and characterizing ARG and providing insights into the genetic basis of resistance within L. lactis [327,328,329,330,331]. By comparing the sequenced genomes to comprehensive databases of AMR genes, we can precisely identify the presence of known resistance genes. This helps in characterizing the potential resistance profile of L. lactis strains. To predict antibiotic resistance/virulence related to AMR/virulence genes, the ABRicate pipeline can be used [332], which conducts mass screening of contigs against multiple databases, including the Comprehensive Antibiotic Resistance Database (CARD) [333], ResFinder [334], Antibiotic Resistance Gene-ANNOTation (ARG-ANNOT) [335], and MEGARes [336]. ABRicate generates a tab-separated output file containing essential outputs such as gene names, proportion of the gene in the query sequence, information about alignment gaps (potentially indicating pseudogenes), gene coverage percentage, exact nucleotide match percentage, sequence database details, and other important information (Table 4) [332].



CARD stands as a widely recognized and inclusive repository encompassing an extensive array of meticulously curated antibiotic resistance genes and their corresponding mutations. Its scope extends across a diverse spectrum of bacterial species, as well as L. lactis. The database boasts a repository of high-quality, thoroughly annotated data, solidifying its status as a dependable resource for the identification and delineation of AMR genes. Moreover, the integration of the Resistance Gene Identifier (RGI) tool [337] within CARD amplifies its utility by furnishing users with a user-friendly and potent platform for AMR detection. RGI identifies open reading frames (ORFs) through the use of Prodigal [338], detects homologs using DIAMOND [339], and assesses matches against CARD’s database, applying model cutoff values for prediction [340,341].




5.2. Metabolic Pathway Prediction


Clarifying the probiotic effects of Lactococcus or any other probiotic microorganism involves a multidisciplinary approach that combines microbiological experiments, in vitro assays, and bioinformatic analyses. Databases like KEGG [342], MetaCyc [343], and EggNOG [344] help annotate the functional potential of microbial communities, including the probiotic strain, by identifying metabolic pathways, functional genes, and enzymes that might play a role in probiotic effects [68].



L. lactis primarily metabolizes carbohydrates through glycolysis, and using the KEGG database can provide detailed information on the enzymes and reactions involved in glycolysis and its reverse process, gluconeogenesis, and also about the biosynthesis and metabolism of amino acids, which are crucial for protein synthesis and various cellular processes [106,345]. Using different bioinformatic pipelines can provide information related to utilizing cofactors and vitamins of L. lactis, which are essential for various enzymatic reactions. Tools like BLAST [346] and InterProScan [347] can help in the prediction of the functions of genes and proteins related to cofactor and vitamin utilization based on sequence homology and functional annotation. Using comparative genomics can predict cofactor and vitamin utilization pathways in L. lactis with related species to identify unique features or differences.



One more of the quick and valuable computational mining tools associated with probiotic functions is iProbiotics [348], which utilizes k-mer composition and the support vector machine (SVM) algorithm to identify potential strain-specific markers. The tool incorporates three SVM models trained on different datasets. Upon uploading bacterial genome sequences in FASTA format, iProbiotics generates probabilities for various classifications, including the likelihood that the microbe is a probiotic, a probiotic Lactococcus, a probiotic Bifidobacterium, or another probiotic strain. Additionally, iProbiotics can explore gene expression patterns within the probiotic’s datasets.



KBase and Pathway Tools are specialized software platforms for predicting metabolic pathways and reactions in L. lactis, which can be used for metabolic modeling and pathway analyses. Kbase [349], short for the DOE Systems Biology Knowledgebase, is a comprehensive platform that includes a variety of tools for predicting metabolic pathways in L. lactis based on genome annotations. These tools use complex algorithms to infer potential metabolic reactions and pathways. KBase allows for the creation and analysis of metabolic models for L. lactis, which can be used to simulate and predict cellular metabolism under different conditions, making it possible to study how the organism utilizes various nutrients and produces metabolites. Pathway Tools is a versatile software package designed for the prediction, visualization, and analysis of metabolic pathways and cellular functions in a wide range of microorganisms. This tool provides capabilities for the exploration of metabolic networks, genome-scale modeling, and pathway analyses. Pathway Tools uses a combination of genome annotation data, enzyme databases, and reaction databases to infer potential metabolic reactions and pathways. In the context of metabolic modeling, an Integrated Flux Balance Analysis (FBA) is a crucial technique. FBA is a constraint-based modeling approach seamlessly integrated into the Pathway Tools platform. This integrated FBA capability allows the investigation and forecasting of metabolic fluxes within L. lactis across a range of growth conditions. It facilitates simulating the bacterium’s growth and metabolic behavior [350,351,352].




5.3. Bacteriocin and Other Bioactive Compound Prediction and Identification


Bacteriocins, antimicrobial peptides produced by bacteria, including L. lactis, are essential for inhibiting the growth of other microorganisms. Identifying bacteriocin genes in L. lactis is a multifaceted process that requires a combination of computational and experimental approaches.



Identifying bacteriocin genes in L. lactis using bioinformatics tools involves a systematic approach to predict, annotate, and validate these antimicrobial peptide-encoding genes. Several bioinformatics tools are designed specifically for bacteriocin prediction. Tools such as BAGEL (Bacteriocin Genome Mining Tool) [353] and BaPreS (Bacteriocin PredictionTool) [354] are commonly employed for the identification of bacteriocin gene clusters.



BAGEL is a publicly available online tool that scans the genomic sequences for genes encoding bacteriocins, as well as associated genes involved in bacteriocin production and transportation. BAGEL classifies predicted bacteriocins into different classes or groups based on structural and functional features and helps with understanding the diversity of bacteriocins within a given genome. BAGEL can integrate external databases and known bacteriocin information to enhance prediction accuracy and functional annotation of the identified bacteriocins [353].



BaPreS is a software package that utilizes a high-performing machine learning model and an easy-to-use graphical interface to generate essential features for precise protein sequence prediction. BaPreS is flexible for evaluating multiple sequences and integrating new data, whether related to bacteriocins, to enhance prediction accuracy. The software is designed to automatically extract optimal features and can predict bacteriocin sequences, and its performance is compared to the sequence-matching-based tool BLASTP [354].



BACTIBASE is also an available online tool that curates experimentally validated and annotated bacteriocins and provides comprehensive information, including sequences, classifications, and functional data. BACTIBASE may also provide structural data for some bacteriocins. This information can be useful for predicting the 3D structures of bacteriocins and helps with understanding their potential modes of action [355].



The widely used tool for protein sequence similarity searches, BLASTP, can also be utilized to identify putative bacteriocin sequences through homology to known bacteriocins [356]. BLASTP [356,357] is not a specialized bacteriocin prediction tool, but it is a versatile and commonly used approach to identify potential bacteriocins. While BLASTP is a valuable tool for identifying potential bacteriocin sequences based on sequence similarity, it has limitations, particularly when it comes to identifying sequences that are highly dissimilar to known bacteriocins. These limitations are not unique to BLASTP but apply to similarity-based approaches in general. Bacteriocins can undergo various post-translational modifications, which can change their structure and function, and these modifications may not be captured by sequence similarity searches. Purposely addressing these limitations can employ combinations of some approaches, for example, HMMER [358], PSI-BLAST [359], a structural analysis, and functional annotation. HMMER is a tool that can be used to search for hidden Markov models (HMMs) of known bacteriocins in Lactococcus genomes. After creating custom HMMs from known bacteriocin sequences, HMMER is used to search for homologous genes. For the prediction of bacteriocins using HMMER, a profile HMM representing bacteriocin families or domains needs to be created or obtained. Profile HMMs can be built based on known bacteriocin sequences or specific protein domains associated with bacteriocins or can use existing profiles from databases, e.g., Pfam or many of the databases that participate in Interpro. The effectiveness of HMMER-based bacteriocin prediction depends on the quality of the profile HMM and the specificity of the database you are searching against. Using profile HMMs specific to bacteriocin domains or families is crucial for accurate prediction [360,361].



The functional annotation is a crucial step in bacteriocin prediction and characterization, as it involves assessing the functional properties of potential bacteriocins. Many aspects of functional annotation for bacteriocins can be determined or at least predicted using bioinformatic tools. The gene cluster analysis can be used to identify and analyze gene clusters associated with bacteriocin production. The gene cluster analysis is an important part of predicting bacteriocins because many bacteriocins are produced as part of gene clusters that include not only the structural genes encoding the bacteriocin itself but also genes responsible for transport and regulation. Analyzing gene clusters provides data regarding the genetic context and functional properties of bacteriocins. Some bacteriocins share structural features even if their primary sequences are dissimilar [362,363,364,365]. Structural analysis tools, e.g., SWISS-MODEL [366] and I-TASSER [367], can help identify these common structural elements. The combination of the selection of suitable bioinformatic tools can help to comprehensively analyze the structural features of bacteriocins of L. lactis.



AntiSMASH (Antibiotics & Secondary Metabolite Analysis Shell) is another comprehensive bioinformatics tool specifically designed to identify and analyze secondary metabolite gene clusters. While AntiSMASH was initially developed to identify a wide range of secondary metabolites, it can also be used to predict the presence of bioactive compounds, including those involved in the biosynthesis of bacteriocins produced by Lactococcus strains. AntiSMASH identifies gene clusters and predicts specific modules, and algorithms of bacteriocins based on gene cluster characteristics, structural motifs, and known bacteriocin features [368,369].




5.4. Genetic Element Annotation and Identification


For the additional annotation of specific bacterial genetic features, PlasmidFinder [370], PlasFlow [371], or plasmidSPAdes [372] can be employed to identify plasmids within the genome. A genomic analysis goes beyond plasmids and encompasses the identification of other important genetic elements. Tools like IslandViewer [373], PHASTER, and Phigaro are used for annotating prophages [374], while CRISPR/Cas Finder [375] is a valuable tool in annotating CRISPRs.



To facilitate the comprehensive annotation of genetic elements in L. lactis, a valuable tool is Proksee. This tool can assist in predicting and identifying specific genetic elements [376]. This user-friendly web server facilitates the assembly and annotation of bacterial genomes and enables the visualization of predictions from various third-party tools on a single graphical map. The integration of a variety of tools, e.g., FastANI [377], mobileOG-db [378], CRISPR/Cas Finder, pLannotate [379], and CGView Builder [380], and their associated visualization capabilities facilitates the identification of genome elements of interest. Maps generated using Proksee (Figure 2) allow rapid identification and evaluation of specific regions, resulting in the creation of visually appealing and informative maps that can be downloaded in SVG format.



The FastANI tool integrated into the Proksee platform is designed for fast and efficient whole genome Average Nucleotide Identity (ANI) calculations. FastANI provides efficient genomic comparisons, taxonomy verification, and quality control and gives data about the relatedness and diversity of Lactococcus species. The use of ANI calculations is helpful in characterizing L. lactis strains and confirming their taxonomic identity.





6. Conclusions


In conclusion, L. lactis, a versatile bacterium in dairy fermentation, reveals its potential and offers both technological and health-promoting advantages to the dairy industry and consumers.



The application of L. lactis in dairy fermentation provides numerous benefits in terms of flavor development, acidification, and the production of bioactive compounds like GABA, bacteriocins, and others. As consumers increasingly seek healthy and functional dairy food options, L. lactis has gained attention in the dairy industry due to its probiotic potential apart from the already known and applied technological properties, which can enhance the nutritional value of dairy products and promote health and makes L. lactis a valuable choice for the dairy industry.



However, safety assessment of these bacteria remains critical in strain selection for dairy product development. The antibiotic resistance of L. lactis is a significant concern, emphasizing the need for prudent evaluation of antibiotic susceptibility in various strains. Strategies such as use of specific starter cultures and proper ripening should be considered to mitigate and monitor formation of biogenic amines in dairy products linked to Lactococcus spp. to ensure the quality and safety due to their potential health risks. The application of bioinformatic tools has enabled the prediction of metabolic pathways of L. lactis and provides comprehensive insights of L. lactis functions based on its genetic features.



The future research and industry development of L. lactis in dairy fermentation are likely to be directed at disclosure of new opportunities of this versatile bacterium, which enables the development of a broad range of innovative and health-promoting dairy products, reflecting challenges caused by changing consumer preferences and regulatory developments.
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Figure 1. Some beneficial effects resulting from the consumption of biofunctional fermented dairy foods or probiotic dairy foods containing L. lactis. 
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Figure 2. Example of Proksee generated map of L. lactis, facilitating rapid identification and evaluation of specific regions. 
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Table 1. Properties of L. lactis strains, isolated from dairy sources, useful for dairy food production.
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	Source of Isolation
	Strain
	Application
	Properties
	Reference





	Traditionally fermented dairy foods
	L. lactis subsp. lactis (IMAU11823)

L. lactis subsp. lactis (IMAU11919)
	Fermented milk
	Good fermentation capacity, good sensory profiles
	Li et al. [2]



	Raw bovine milk
	L. lactis subsp. lactis LL16
	Fermented milk
	Positive impact on sensory properties and increased shelf life of cheese
	Mileriene et al. [45,46]



	Indigenous Montenegrin dairy products
	L. lactis subsp. lactis
	Tested as starter cultures for cheese production
	Possible starter cultures for the production of traditional Montenegrin cheese as strains displayed rapid acidification ability and proteolysis
	Bojanic Rasovic et al. [15]



	Goat milk

Cow milk
	L. hircilactis

L. laudensis
	Strains were tested as acidifying and/or flavoring cultures in small-scale cheesemaking
	Interesting technological and functional characteristics (production of aromatic compounds, ability to enhance the flavor in cheese, antioxidant activity) suitable for an application as complementary cultures in the dairy industry, in particular, as flavoring cultures in cheese and butter production
	Tidona et al. [35]



	Raw milk
	L. lactis subsp. cremoris M104

L. lactis subsp. cremoris M78
	Graviera mini cheeses
	L. monocytogenes count reduction
	Samelis et al. [37]



	Fresh Feta cheese
	L. lactis subsp. lactis

L. lactis subsp. garvieae
	Strains were tested as starter cultures for the production of cheese
	Possible starter cultures for the production of cheese (evaluation of acidifying and proteolytic activities, autolysis)
	Bozoudi et al. [39]



	Traditional Spanish, starter-free cheese made of raw milk
	L. lactis subsp. lactis

L. lactis subsp. cremoris
	Strains were tested for bacteriocin production for application in fermented dairy products
	Production of bacteriocins, possible application as protective cultures for cheese and other fermented products, possible application as adjunct cultures aimed at improving and accelerating cheese ripening
	Alegria et al. [43]



	Dairy products (milk and cheese)
	L. lactis subsp. lactis biovar. diacetylactis
	Strains were tested as starter cultures for the application in dairy food products
	Interesting technological features for potential application in fermented food production (ability to produce proteases, acidifying activity, growth at different NaCl concentrations)
	Fusieger et al. [47]



	Raw goat milk
	L. lactis
	Tested for application as starter or biopreservative cultures
	Possible starter or biopreservative cultures in fermented milk production
	Perin et al. [48]
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Source of Isolation

	
Strain

	
Features

	
Reference






	
Kefir grains

	
L. lactis subsp. lactis

	
High hydrophobicity, bile salt deconjugation

	
Yerlikaya [3]




	
Raw bovine milk

	
L. lactis subsp. lactis LL16

	
GABA production in fermented milk, safety confirmation, probiotic property confirmation

	
Mileriene et al. [70]




	
Fermented milk

	
L. lactis subsp. lactis

	
Good antimicrobial activity, probiotic potential

	
Akbar et al. [61]




	
Mexican artisanal milk kefir grains

	
L. lactis subsp. lactis

	
Probiotic potential including antibiotic susceptibility, GABA production

	
Hurtado-Romero et al. [71]




	
Camel milk

	
L. lactis

KX881782

L. lactis KX881768

L. lactis KX881782

	
Probiotic characteristics including auto-aggregation ability, high cholesterol removal ability, high co-aggregation, strong antimicrobial activity, and EPS production.

KX881768 and KX881782 exhibited remarkable cholesterol removal abilities

	
Abushelaibi et al. [56]




	
Raw and fermented milk

	
L. lactis subsp. lactis

	
Probiotic characteristics including antibiotic resistance, enzymatic activity, hemolytic and gelatinase activities, resistance to bile salts and acid, growth in bile acids and cholesterol, cell surface hydrophobicity

	
Kondrotiene et al. [60]

	




	
Ricotta cheese

	
L. lactis subsp. lactis R7

	
Anti-carcinogenic potential against colorectal cancer, an immune response was observed, and the biochemical parameters showed that L. lactis strain reversed the stress caused by 1,2-dimethylhydrazine and a hypercaloric diet in rats

	
Jaskulski et al. [72]

	




	
Sliced mozzarella cheese

	
L. lactis subsp. cremoris LL95

	
Probiotic properties such as resistance in a simulated gastric tract model and survival at different concentrations of NaCl and bile salts, and antioxidant activity. Depressive- and anxiety-like behavior in mice was proven

	
Ramalho et al. [73]

	




	
Camel milk

	
L. lactis

	
Probiotic properties including tolerance and deconjugation of bile salts, antimicrobial activity, surface hydrophobicity, and adhesion potential

	
Sharma et al. [74]

	




	
Artisanal, home-made products or raw milk

	
L. lactis IBB109

L. lactis IBB417

	
Probiotic properties including bile salts and acid tolerance, adhesion properties, functional and safety aspects

	
Sałański et al. [68]

	




	
Goat milk

	
L. lactis DF04Mi

	
Safety-related virulence factors (hemolytic activity, gelatinase production, coagulase, and sensitivity to antibiotics), functionality (exopolysaccharide (EPS) production, proteolytic activity, auto-aggregation, gas production, survival in the gastrointestinal tract, and antimicrobial activity against bacteria that impair oral health)

	
Silva et al. [75]

	




	
Tulum cheeses

	
L. lactis

	
Probiotic properties including resistance to acid and bile salt; resistance to gastric and pancreatic juices; resistance to antibiotics; auto-aggregation; co-aggregation; diacetyl, hydrogen peroxide, and exopolysaccharide productions

	
Kazancıgil et al. [76]

	











 





Table 3. Antibiotic resistance of L. lactis isolated from different sources.
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Antibiotic

	
Number of Resistance L. lactis Strains/Number of Tested L. lactis Strains (Percentage of Resistance L. lactis Strains)

	
Confirmed MIC Range (μg/mL)

	
Bacteria Isolation Source

	
Reference

	
EFSA Cutoff Value (μg mL−1)






	
Streptomycin

	
4/6 (66.67%)

	
128

	
Commercial probiotics

	
Shin et al. [94]

	
32




	
8/33 (24.24%)

	
96−>1024

	
Raw and fermented milk

	
Kondrotiene et al. [60]




	
11/75 (14.67%)

	
64

	
Rainbow trout and rearing environment

	
Araujo [95]




	
14/40 (35%)

	
64–256

	
Montenegrin dairy products

	
Bojanic Rastovic et al. [15]




	
Tetracycline

	
6/33 (18.18%)

	
12–32

	
Raw and fermented milk

	
Kondrotiene et al. [60]

	
4




	
3/50 (6%)

	
64–128

	
Dairy and different environments

	
Ammor et al. [96]




	
18/75 (24%)

	
8–64

	
Rainbow trout and rearing environment

	
Araujo [95]




	
Vancomycin

	
3/75 (4%)

	
64

	
4




	
Gentamicin

	
1/75 (1.33%)

	
256

	
32




	
Kanamycin

	
8/75 (10.67%)

	
128

	
64




	
Clindamycin

	
6/75 (8%)

	
6

	
1




	
Erythromycin

	
2/40 (5%)

	
2

	
Montenegrin dairy products

	
Bojanic Rastovic et al. [15]

	
1











 





Table 4. Example of ABRicate pipeline output with description.
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	1
	#FILE
	L. lactis_16.fasta
	Indication of the Filename or Name of the File Related to the Sequence





	2
	SEQUENCE
	NODE_1_length_50065_cov_17.999680
	Specifies details of the sequence



	3
	START
	38,077
	Indicates the start coordinate of the sequence



	4
	END
	40,071
	Indicates the end coordinate of the sequence



	5
	STRAND
	-
	Denotes the directionality of the sequence, typically represented as + (positive) or − (negative)



	6
	GENE
	lmrD
	Specifies the name of the gene



	7
	COVERAGE
	1-1995/1995
	Provides details on the coverage of the sequence in the specific segment, often represented as the proportion of the gene in the sequence



	8
	COVERAGE_MAP
	===============
	Represents a visual representation of the alignment status; ==—denotes aligned regions, .=—indicates unaligned segments, and /=—signifies regions with gaps



	9
	GAPS
	0/0
	Indicates the presence of any gaps or openings in the subject and query sequences, potentially suggesting the existence of a pseudogene



	10
	%COVERAGE
	100.00
	Represents the percentage of the gene covered by the sequence



	11
	%IDENTITY
	99.80
	Indicates the percentage of exact nucleotide matches found in the sequence



	12
	DATABASE
	card
	Specifies the database from which this particular sequence comes from



	13
	ACCESSION
	CP033607.1:310893-312888
	Provides details about the genomic source of the sequence



	14
	PRODUCT
	lmrD is a chromosomally encoded efflux pump tha