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Abstract

:

Over the past decade, a variety of lactic acid bacteria have been commercially available to and steadily used by consumers. However, recent studies have shown that some lactic acid bacteria produce toxic substances and display properties of virulence. To establish safety guidelines for lactic acid bacteria, the Food and Agriculture Organization of the United Nations (FAO)/World Health Organization (WHO) has suggested that lactic acid bacteria be characterized and proven safe for consumers’ health via multiple experiments (e.g., antibiotic resistance, metabolic activity, toxin production, hemolytic activity, infectivity in immune-compromised animal species, human side effects, and adverse-outcome analyses). Among the lactic acid bacteria, Bifidobacterium and Lactobacillus species are probiotic strains that are most commonly commercially produced and actively studied. Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI have been used in global functional food markets (e.g., China, Germany, Jordan, Korea, Lithuania, New Zealand, Poland, Singapore, Thailand, Turkey, and Vietnam) as nutraceutical ingredients for decades, without any adverse events. However, given that the safety of some newly screened probiotic species has recently been debated, it is crucial that the consumer safety of each commercially utilized strain be confirmed. Accordingly, this paper details a safety assessment of B. bifidum BGN4 and B. longum BORI via the assessment of ammonia production, hemolysis of blood cells, biogenic amine production, antimicrobial susceptibility pattern, antibiotic resistance gene transferability, PCR data on antibiotic resistance genes, mucin degradation, genome stability, and possession of virulence factors. These probiotic strains showed neither hemolytic activity nor mucin degradation activity, and they did not produce ammonia or biogenic amines (i.e., cadaverine, histamine or tyramine). B. bifidum BGN4 and B. longum BORI produced a small amount of putrescine, commonly found in living cells, at levels similar to or lower than that found in other foods (e.g., spinach, ketchup, green pea, sauerkraut, and sausage). B. bifidum BGN4 showed higher resistance to gentamicin than the European Food Safety Authority (EFSA) cut-off. However, this paper shows the gentamicin resistance of B. bifidum BGN4 was not transferred via conjugation with L. acidophilus ATCC 4356, the latter of which is highly susceptible to gentamicin. The entire genomic sequence of B. bifidum BGN4 has been published in GenBank (accession no.: CP001361.1), documenting the lack of retention of plasmids capable of transferring an antibiotic-resistant gene. Moreover, there was little genetic mutation between the first and 25th generations of B. bifidum BGN4. Tetracycline-resistant genes are prevalent among B. longum strains; B. longum BORI has a tet(W) gene on its chromosome DNA and has also shown resistance to tetracycline. However, this research shows that its tetracycline resistance was not transferred via conjugation with L. fermentum AGBG1, the latter of which is highly sensitive to tetracycline. These findings support the continuous use of B. bifidum BGN4 and B. longum BORI as probiotics, both of which have been reported as safe by several clinical studies, and have been used in food supplements for many years.
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1. Introduction


Since “probiotics” first emerged in the 1960s [1], the term has been defined by various scholars and groups. In recent years, probiotics have been clearly defined by several regulatory organizations [2]. According to the FAO/WHO, probiotics can be defined as “live microorganisms which, when administered in adequate amounts, confer a health benefit to the host” [3]. Other experts similarly define probiotics as “live microorganisms which, when ingested or locally applied in sufficient numbers, provide the consumer with one or more proven health benefits” [4]. Edible microorganisms regarded as probiotic bacteria are derived from various strains, species, and genera, which have been studied with regard to various human health benefits [5]. A variety of microorganisms, including Bacillus spp., Lactobacillus spp., Bifidobacterium spp., Streptococcus spp., and Propionibacterium spp., are regarded as probiotics, and are known to be involved in the vitamin biosynthesis of the host’s nutrition metabolism and physiological function via immune-mediated effects [6,7]. Of these probiotic microorganisms, Lactobacillus spp. and Bifidobacterium spp. have been utilized globally in fermented food products and commercially-produced food supplements [8]. As of July 2010, the genomic sequences of approximately 11 Bifidobacterium and 21 Lactobacillus species have been completely analyzed, whose microbial genomic sequences offer exact evidence of the probiotics’ genera and species [9]. Some experts have found that consumer demand for food or food supplements containing lactic acid bacteria have led to the exponential growth of healthy trends in the global food market [10]. However, this phenomenon cannot disregard microbial safety standards or allow lactic acid bacteria to be used indiscriminately without scientific research or safety verification [3,11]. Also, a probiotic safety assessment should consider the probiotic’s physiological characteristics, treatment method (e.g., oral administration, skin spray, gel, capsule, etc.), exposure dosage, consumers’ health, and the physiological functions required for effective probiotic performance [12].



In 2002, the FAO created four basic guidelines for food industry probiotic application, because a variety of commercially-available microorganisms had been sold to consumers as probiotics without clear labeling standards. The FAO guidelines summarized by Huys et al. [13] are as follows: (i) “the assessment of strain identity (i.e., genus, species, and strain level); (ii) in vitro tests to screen potential probiotic strains (e.g., resistance to gastric acidity, bile acid, and digestive enzymes, antimicrobial activity against potentially pathogenic bacteria, etc.); (iii) assessment of safety: requirement of proof that a probiotic strain is safe and without contamination in its delivery form; and (iv) in vivo studies for the substantiation of the health effects in the target host”. In addition, the FAO recommended that various tests (e.g., analysis of antibiotic resistance, metabolic activity, toxin production, hemolytic activity, infectivity in immune-compromised animal models, human side effects, and adverse outcomes in consumers) be conducted with the probiotic microorganisms to demonstrate their safety to hosts and elaborate on section three of the aforementioned guidelines [3]. However, these safety assessment items are recommendations rather than legal requirements. Various research groups have evaluated the safety of probiotic bacteria according to their cell types and microbial functionalities by incorporating additional experimental methods [14,15,16]. In 2002, the European Union Scientific Committee on Animal Nutrition issued guidelines for the safety assessment and regulation of edible microorganisms utilized in food and animal feeds. The corresponding “qualified presumption of safety (QPS)” guidelines from 2016 are as follows [11]: (1) definition of the taxonomy of the microbe; (2) collection of sufficient information providing the basis for QPS status, including any scientific literature, history of use, industrial applications, ecological data, and human intervention data; (3) exclusion of pathogenicity; and (4) definition of the end use. Based on this guideline, QPS status may be granted to probiotic cells in European Union food markets if there are no safety problems with a particular taxon or if the safety problem is alleviated. It is commonly agreed that microbial safety should demonstrate the (i) species characteristics with genetic information, (ii) phenotypic evidence, (iii) isolation history, (iv) absence/presence of antibiotic-resistant properties, and (v) potential virulence and/or pathogenic factors [17].



One of the greatest safety concerns for commercially-produced lactic acid bacteria is that some of the microorganisms supplied in the form of diets may act as the donor of antibiotic-resistant plasmids to intestinal pathogens [18,19]. Several reports have found that in the presence of antibiotic treatment, some strains survive in the human gastrointestinal tract due to the transferred resistance of plasmids [20,21,22]. A variety of microbial genes can be transferred to enteric bacteria in the intestine via plasmids, resulting in the spread of antibiotic-resistance [23]. Therefore, ensuring the safety of a probiotic strain is necessary prior to the mass production of lactic acid bacteria for commercial purposes.



Although some Bifidobacterium and Lactobacillus spp. have shown promise in in vivo and in vitro studies, there is a lack of clear clinical evidence to support the health benefits of these microorganisms [24]. Therefore, many groups and researchers are trying to prove the efficacy of lactic acid bacteria through clinical experimentation. B. bifidum BGN4 and B. longum BORI were isolated from the feces of healthy breast-feeding infants, and have been commercially used as food ingredients since 2000 [25,26,27,28,29]. Some bifidobacteria strains, including B. bifidum and B. longum, are registered as functional ingredient, Probiotics (II.2.51) in Health Functional Food Code of Korea [30]. Over the years, many studies have revealed the functionalities of B. bifidum BGN4 [28], and its complete genomic sequence was reported to GenBank [31]. B. longum BORI, also isolated from a healthy breast-fed infant and deposited in KCCM (Korean Culture Center of Microorganisms, 14092), was proven to statistically shorten the duration of diarrhea in a clinical study of infants infected with rotavirus [25]. Both probiotic strains have been proven to effectively form healthy intestinal microflora without any adverse effects. However, further systematic research should be conducted to prove their safety for academic and commercial applications. The aim of this study was to validate the safety of B. bifidum BGN4 and B. longum BORI by conducting FAO/WHO recommended experiments and other published safety research.




2. Results and Discussion


2.1. Ammonia Production


Intestinal bacteria can degrade various nitrogen sources (e.g., proteins, peptides, and amino acids) present in the feces of the intestinal track [32]. These naturally-occurring microbiota and artificially-administered flora have the potential to produce various toxic substances during the deamination stage via nitrogen derivatives. Multiple potentially toxic products (i.e., phenol, ammonia, and indole [33], are possible products of the proteolytic process, especially in the large intestine. Thus, bacterial ammonia production is highly relevant to human intestinal health, and a necessary component of the evaluation to demonstrate the safety of commercial probiotics. Moreover, recent studies have also shown that ammonia produced by gut microorganisms can affect the liver and act as a cofactor in chronic liver damage. Vince and Burridge [34] reported that considerable amounts of ammonia were generated by the Gram-negative anaerobes, Clostridia (including Clostridium perfringens), Enterobacter, and Bacillus spp. Some strains of streptococci, micrococci, and Gram-positive non-spore forming anaerobes produced moderate concentrations of ammonia. By contrast, Gram-positive aerobic rods, in particular Lactobacilli, produced very little ammonia.



The ammonia production of B. bifidum BGN4 and B. longum BORI were assessed to verify the safety of these probiotics. In this study, B. bifidum BGN4, B. longum BORI, and other probiotic strains did not produce ammonia. By contrast, Bacteroides spp., Clostridium perfringens, and Enterobacter spp., which are known harmful bacteria and used as positive controls in this study, produced 12.9 ± 1.3 to 161.0 ± 6.6 μg/mL of ammonia (Table 1). This test included three replications, and the values presented are the means ± the standard deviations. This study found no indication of the production of ammonia by B. bifidum BGN4 and B. longum BORI.




2.2. Hemolytic Property Test


The 2002 FAO/WHO Guidelines on Probiotics Safety Considerations clearly states that “if the strain under evaluation belongs to a species with known hemolytic potential, determination of hemolytic activity is required” [3]. Microbial hemolysis properties are a common concern for pathogenic bacteria (e.g., enterococci, and streptococci) because of the potential for anemia and edema in the host. Although Bifidobacterium spp. are normal, naturally-occurring intestinal microbiota that have been widely included in functional foods and utilized by nutraceutical industries, they can potentially behave as opportunistic pathogenic microorganisms similar to common commensal microorganisms. Therefore, hemolysis assay tests should be conducted on potential probiotic bacteria. Visualizing the physical changes caused by hemolytic activity by culturing the microorganisms on a medium containing animal or human blood is a commonly used tool to evaluate the hemolytic properties of pathogens. In this study, the potential hemolytic activity of B. bifidum BGN4 and B. longum BORI were assessed using the blood agar plating method. Listeria ivanovii subsp. ivanovii ATCC 19119 (positive control) showed β-hemolysis colorless zones around the cell colonies, whereas B. bifidum BGN4 and B. longum BORI showed no hemolysis and no change of color in the periphery of the colonies (Figure 1).




2.3. Evaluation of Biogenic Amine Production


Biogenic amines (e.g., cadaverine, histamine, tyramine, and putrescine) have hydrophobic skeletons and naturally-occurring organic polycation molecules derived from the amino acids in animals and humans [35]. These molecules are involved in multiple metabolic and intracellular activities of mammals (e.g., synaptic transmission, blood pressure control, allergic response, and cellular growth control). Traditionally, a variety of probiotic bacteria have been artificially integrated into fermented foods, due to their beneficial effects and flavor-enhancing properties [36]. Their biogenic amine levels have been regarded as an indicator of microbial activity and food freshness due to the fact that biogenic amines are generated via microbial metabolic activities (i.e., decarboxylation and the transamination of protein molecules) [37]. While biogenic amines are commonly found in fresh meat, vegetables, and cheese, ingestion of large amounts of biogenic amines may cause symptoms in humans and animals that are similar to severe allergic reactions [38]. One of the most common issues in the probiotics field in recent years has been whether probiotics contribute to the production of biogenic amines, and how they contribute to the production of biogenic amines [15]. Complex biogenic amines (i.e., polyamines having more than one amino group) were initially thought to be naturally present in a variety of fresh foods, but recent studies have shown that these chemicals can accumulate as a result of microbial activity. Some edible microorganisms and probiotic strains were reported to produce biogenic amines [39,40,41]. Therefore, the aim of this study was to examine the biogenic amine production of B. bifidum BGN4 and B. longum BORI as a component of an overall probiotic safety evaluation. The biogenic amine content of the bifidobacteria is featured in Table 2.



The biogenic amine content of these strains was derived by subtracting the background content of the biogenic amines in each medium. B. bifidum BGN4 and B. longum BORI did not produce cadaverine, histamine, or tyramine; however, they produced 24.23 and 16.58 µg/mL of putrescine, respectively. The levels produced were not of concern. Putrescine is a natural substance present in various foods [42,43,44]. Putrescine, also naturally found in small amounts in living cells, is formed by the decarboxylation of ornithine and arginine. It is also a metabolite produced by various edible probiotic cells. Putrescine is also a precursor of spermidine and spermine. The polyamines putrescine, spermidine, spermine, and cadaverine are essential components of living cells, and play an important role in the formation of nucleic acid, protein synthesis, and membrane stability. Of the various biogenic amines detected in a variety of fruits, juices, and vegetables, putrescine was the most common. Kalač [42] reported that putrescine was commonly found in frozen spinach puree (average 12.9 mg/kg), ketchup (average 52.5 mg/kg), concentrated tomato paste (average 25.9 mg/kg), and frozen green pea (average 46.3 mg/kg). The putrescine content of fermented foods and beverages [43] was found to be 9 mg/kg (3–25 mg/kg, n = 28) in sherry, 154 mg/kg (6–550 mg/kg, n = 8) in sauerkraut, 19 mg/kg (1–71 mg/kg, n = 8) in Dutch cheese, and 52 mg/kg (1–190 mg/kg, n = 14) in fermented sausage. Furthermore, the putrescine found in the traditional cheeses made from ewe’s whole milk in Sardinia, Italy, increased to 1658 mg/L during ripening [44]. Bifidobacterium spps. (i.e., Bifidobacterium CCDM 94, B. adolescentis CCDM 223, B. animalis ssp. lactis CCDM 239, 240, 241, and 374, B. bifidum CCDM 559, and B. longum CCDM 569) are known to produce cadaverine, putrescine, tyramine, and spermidine [41]. According to Pollark et al. [45], putrescine is contained in human breast milk (0~3804 nmol/L) and commercial formula milk (0~1057 ± 25 nmol/L).



Therefore, it matters how much putrescine occurs naturally. Some researchers theorize that putrescine in food is likely to show synergistic effects on histamine toxicity. However, such synergy has not been proven or reported with experimental data, as far as we know. Moreover, the European Food Safety Authority (EFSA) [46] also identified a lack of research to identify the exact levels of putrescine required to increase the side effects of histamine. B. bifidum BGN4 and B. longum BORI did not produce any cadaverine, histamine, or tyramine during the fermentation process. B. bifidum BGN4 and B. longum BORI produced low levels of putrescine, which was also found in both media (i.e., whole milk medium = 24.43 µg/mL, B. bifidum BGN4 culturing medium (whole milk) = 48.67 µg/mL, MRS medium = 26.60 µg/mL, B. longum BORI culturing medium (MRS) = 43.17 µg/mL). The human oxidation system of mono-amine and diamine oxidase includes small amounts of biogenic amines that are usually metabolized and harmless, because humans and animals have the ability to decompose them in vivo.




2.4. Antimicrobial Susceptibility and Antibiotic Resistance Transferability


2.4.1. Antibiotic Susceptibility


Various lactic acid bacteria research groups have warned that some lactic acid bacteria consumed as food or feed may have antibiotic-resistant properties. Since this resistance capability could be transferred to other pathogens via plasmids, the assessment of antibiotic resistance is an important criterion for evaluating the safety of strains used in food and feed [47]. Moreover, the acquired transferable genes have been characterized in bifidobacteria and lactobacilli [48]. In order to distinguish antibiotic-resistant from antibiotic-susceptible microorganisms, the EFSA has established microbiological cut-off values for the antibiotic-resistance of microorganisms used as food and/or feed additives. These microbiological cut-off values were determined based on the distribution of the chosen antimicrobials’ minimum inhibitory concentrations (MICs) in cell populations belonging to a single taxonomical unit [49].



All Bifidobacterium spp. in this study were susceptible to ampicillin, chloramphenicol, clindamycin, erythromycin, penicillin G, rifampicin, and vancomycin (MIC ranging from 0.01 to 4 μg/mL) and generally resistant to aminoglycoside antibiotics, such as gentamicin, kanamycin, neomycin, and streptomycin (MIC ranging from >32 μg/mL, Table 3). The MIC values of B. bifidum BGN4 and B. longum BORI, with the exception of gentamicin and tetracycline, were equal to or lower than the established EFSA cut-off values suggested by the EFSA’s Panel on Additives and Products or Substances used in Animal Feed (FEEDAP) [49]. The susceptibility tendencies of B. bifidum BGN4 and B. longum BORI were similar to other studies [50,51,52], with the exception of high MIC to tetracycline in B. longum BORI. Penicillin G, ampicillin, vancomycin, gentamicin, erythromycin, trimethoprim–sulfamethoxazole, and metronidazole are known as frequently used antibiotics in pediatric patients [53]. B. bifidum BGN4 and B. longum BORI are resistant to trimethoprim–sulfamethoxazole but six of ten Bifidobacterium spp. strains also showed MIC values over 128 μg/mL in this research (Table 3).



Mättö et al. [54] reported Bifidobacterium strains displayed generally high MICs for streptomycin and gentamicin, and suggested their resistances were intrinsic. Ammor et al. [48] isolated probiotic bacteria from 21 food samples, such as yogurt, yogurt-type fermented milk, and pharmaceutical products, and found 22 strains of Bifidobacterium spp. In their study, Bifidobacteria were resistant to aminoglycoside (MIC90 ranges from 64 to 1000 μg/mL) and strongly resistant to kanamycin (MIC90 = 1000 μg/mL). They also demonstrated that some MIC ranges did not overlap, implying that the antibiotics related to these MIC ranges are usable as ingredients in selective media. They suggested the selective range of gentamicin was from 32 to 64 μg/mL and kanamycin was 64 to 500 μg/mL for Bifidobacterium. Therefore, gentamicin containing medium [55] and mupirocin containing medium [56,57] have been used for the selection and enumeration of Bifidobacterium. Accordingly, this resistance could be considered as intrinsic. Antibiotic resistance transferability studies were conducted to confirm the nature of this resistance.




2.4.2. Antibiotic Resistance Transferability


Since B. bifidum BGN4 and B. longum BORI showed high antibiotic resistance to gentamicin and/or tetracycline in these antimicrobial susceptibility tests, tetracycline resistance transferability tests were conducted using L. fermentum AGBG1, a recipient strain that is highly susceptible to tetracycline. In order to test the transferability of gentamicin resistance of B. bifidum BGN4 and B. longum BORI, L. acidophilus ATCC 4356 was used as a recipient strain, due to its high gentamicin sensitivity. The conjugation results are shown in Table 4.



L. fermentum AGBG1 did not grow when cultured alone or co-cultured with B. longum BORI in the media containing tetracycline. The antimicrobial susceptibility test reported herein found that while B. bifidum BGN4 was very susceptible to tetracycline (MIC 1.0 μg/mL), B. longum BORI was resistant to tetracycline (MIC 64 μg/mL). However, the tetracycline resistance of B. longum BORI was not transferred to the recipient, L. fermentum AGBG1, in this study. L. acidophilus ATCC 4356, which is highly susceptible to gentamicin, grew well in normal MRS medium; however, L. acidophilus ATCC 4356 did not grow in the MRS medium containing gentamicin or the media that was co-cultured with B. bifidum BGN4 or B. longum BORI. By contrast, B. bifidum BGN4 and B. longum BORI showed resistance to 64 μg/mL gentamicin in this study. Therefore, this proves B. bifidum BGN4′s resistance to gentamicin and B. longum BORI’s resistance to gentamicin and tetracycline were not transferred to the recipient strains. It is worth noting that a 2011 report published by the Agency for Healthcare Research and Quality (AHRQ) [58] extensively reviewed 622 studies on six genera (i.e., Lactobacillus, Bifidobacterium, Saccharomyces, Streptococcus, Enterococcus, and Bacillus spp.), and found no clinical evidence of the theoretical possibility of gene transfer from probiotics to other microorganisms.




2.4.3. PCR Results on Antibiotic Resistance Genes


Even though the whole genome of B. bifidum BGN4 (Accession no.: CP001361.1) and B. longum BORI show that neither contain a plasmid capable of transferring the antibiotic-resistance gene, PCR analysis on ten antibiotic genes such as gentamicin(aaac(6)–aph(2)), kanamycin(AphA3, aaaD), streptomycin(aadE), trimethroprim(dfrA), and tetracycline(tet(K), tet(L), tet(M), tet(O), tet(S)) were conducted. All the tested Bifidobacterium spp. in this study were identified using 16S rRNA Bifidobacterium genus specific primers (Figure 2). The PCR results on antibiotics genes are shown in Figure 3. There were no amplicons that indicate resistance genes in B. bifidum BGN4, B. longum BORI, and other Bifidobacterium spp. in this study.



Recently, the intrinsic gentamicin-resistance of Bifidobacterium spp. was putatively attributed to the presence of two genes, namely Bbr_0651 and Bbr_1586, which are enzymes present in the Bifidobacterium chromosome DNA, with both coding for putative phosphotransferase enzymes [59]. Tetracycline resistance genes (tet) are widely distributed in the Bifidobacterium genus; however, it is known as a ribosomal protection protein [48,60]. The tetracycline W (tet(W)) gene was found in B. longum BORI chromosome DNA. In the study of Mättö et al. [54], human- and probiotic-associated Bifidobacterium species (203 strains) showed high MIC values for tetracycline (i.e., ≥16 mg/mL; prevalence of 4–18%) that were attributed to the presence of tetracycline genes (tet), where tet(W), and tet(O) were detected. The tet(W), and tet(M) were found in 26, and 7%, respectively, of the Bifidobacterium isolates. The role of the tet(W) gene is presumed to be the translation factor GTPase of the TRAFAC family, which induces a noncovalent modification to the ribosome that destroys the effect of tetracycline, inhibiting protein synthesis [61].





2.5. Mucin Degradation


The intestinal mucus gel layer is an important constituent of the intestinal barrier that consists of a glycoprotein family. Multiple groups have reported that bacterial translocation can occur in infants and immunocompromised hosts, even if the intestinal mucus acts as a biological shield from microbes. This bacterial translocation has the potential to cause sepsis, and is one of the most serious probiotic safety concerns. Some scientists have also reported the possibility of bacteremia—endocarditis due to the administration of probiotic strains [62,63]. According to Ruas-Madiedo et al. [64], some Bifidobacterium spp. demonstrate mucolytic activities and have genes that induce mucin degrading enzymes. However, the majority of Bifidobacterium spp., such as B. longum and B. pseudocatenulatum, did not display mucolytic activity.



In order to confirm their microbial safety, it is necessary to evaluate translocation ability via mucolytic capacity analysis of each strain. In this study, the translocation capabilities of B. bifidum BGN4 and B. longum BORI were measured using in vitro mucolytic assays. The cell growth rates after incubation were examined in five kinds of modified MRS media by measuring their absorbances at 550 nm: basal medium (glucose-free MRS, ◇), basal medium with 0.5% mucin (×), 1.0% mucin (⚪), 0.5% glucose (Δ), and 1.0% glucose (□) (Figure 4).



In general, when simple sugars (e.g., glucose, fructose, maltose, and sucrose) are added, mucinase production can be inhibited due to catabolic repression. A false negative result can be obtained despite the microorganisms’ potential to produce mucinolytic enzymes. Therefore, to obtain accurate data, glucose, which is generally used as a carbon source in the MRS medium, was intentionally removed from the medium in which the experimental cells were cultivated. If B. bifidum BGN4 and B. longum BORI were able to produce mucinase, they would be able to source carbon and grow actively through mucin digestion. As shown in Figure 2, the growth of both probiotic strains was actively induced when glucose was added as a carbon source. However, when mucin was added instead of glucose, no growth was observed in either strain. These observations clearly indicate that B. bifidum BGN4 and B. longum BORI did not use mucin as a carbon source for their growth. This study, as suggested by other studies [65,66], shows that neither B. bifidum BGN4 nor B. longum BORI degrade mucin, indicating that the strains are not capable of damaging intestinal surfaces and do not have translocational abilities.




2.6. Genetic Stability


The genetic variation of edible microorganisms possibly results in indels (i.e., gene deletion and insertion) and mutations. A critical consideration of commercializing probiotics is whether it is possible to maintain genetic safety over the long term. However, the genetic stability of commercial probiotic strains has not yet been reported. Theoretically, an evaluation of genetic stability requires the entire genome sequence of the strain.



The entire genome sequence of B. bifidum BGN4 has been published [31], and consists of a 2,223,664 bp circular chromosome (62.65% G+C) with no plasmids. A total of 1835 coding sequences (CDSs), 7 pseudogenes, 3 rRNA operons, and 52 tRNAs were compiled from the nucleotide sequence. This study shows that the similarity in the genomic comparison between 1st generation and 25th generation samples were 99.9996~99.9998% via the Orthologous Average Nucleotide Identity (OrthoANI) value. (Table 5).



The difference between 0.0002% and 0.0004% is equivalent to 4.4 to 8.8 bp mutation of the entire nucleotide sequence, which can be assumed to be due to sequencing errors or spontaneous evolutionary mutations. Therefore, it is concluded that there was little genetic mutation, and the genetic information did not change in the process of cultivating 25 generations.




2.7. Virulence Factors


The genome sequences of B. bifidum BGN4 and B. longum BORI were compared with the genome sequences of four well-known pathogens (E. coli, Enterococcus, Listeria, and Staphylococcus aureus). The virulence factors included E. coli Shiga toxin gene and S. aureus exoenzyme genes, host immune alteration or evasion genes and toxin genes. No virulence factors were found in the genomic sequences of B. bifidum BGN4 and B. longum BORI. Thus, this result shows that the genomic sequences of B. bifidum BGN4 and B. longum BORI do not include toxic or pathogenic genes related to E. coli, Enterococcus, Listeria, and S. aureus.





3. Materials and Methods


3.1. Microorganisms


The bacterial strains, including origin, culture medium, and test methods used in this study are presented in Table 6.




3.2. Ammonia Production Test


B. bifidum BGN4, B. longum BORI, B. breve ATCC 15701, L. plantarum KFRI 708, B. fragilis ATCC 25285, B. thetaiotaomicron ATCC 29741, C. perfringens ATCC 13124, E. cloacae ATCC 13047, and E. faecalis ATCC 19433 were anaerobically cultured in brain heart infusion (BHI) (BD BBL™, Franklin Lakes, NJ, USA) media at 37 °C for 5 days. The production of ammonia by catalyzed indophenol reaction was determined according to the method of Chaney and Marbach [67]. To evaluate the generated extracellular ammonia levels, the media supernatants of each strain were obtained by centrifuging at 10,000× g at 4 °C for 30 min. The media was then adjusted to pH 7 using 1 N NaOH. Two solutions were prepared as follows: Solution 1 consisted of 2 g phenol and 0.01 g sodium nitroferricyanide dehydrate dissolved in 200 mL distilled water and Solution 2 consisted of 1 g sodium hydroxide and 0.08 g sodium hypochlorite dissolved in 200 mL distilled water. Aliquots (10 μL) of Solutions 1 and 2 were added to 96 well plates with 100 μL of the media supernatants of each strain. Three replications of this test were conducted on each strain. The 96 well plates were maintained at room temperature for one hour, and the absorbance was measured at 625 nm. Bacteria-free BHI medium was used as a negative control and the ammonia concentration was calculated using a standard curve.




3.3. Hemolytic Test


B. bifidum BGN4 and B. longum BORI were anaerobically cultured in blood agar (BHI broth medium supplemented with 1.5% agar and 5% sheep blood) at 37 °C for 2 days. Listeria ivanovii subsp. ivanovii ATCC 19119, a positive control for hemolysis, was aerobically cultivated in blood agar at 37 °C for 2 days. The plates were then analyzed for the presence or absence of microbial hemolysis properties by holding the plate up to a light source and viewing through both sides of the plate. Strains that produced green-hued zones around the colonies (α-hemolysis) or did not produce any hemolysis on the blood plates (γ-hemolysis) were considered non-hemolytic. Strains that displayed blood lyses zones (white-hued zones) around the colonies were classified as microorganisms with hemolytic (β-hemolysis) properties.




3.4. Biogenic Amine Production Test


B. bifidum BGN4 and B. longum BORI were anaerobically cultured in whole milk (Seoul Milk, Korea) or de Man–Rogosa–Sharpe (MRS) broth (BD Difco™, Franklin Lakes, NJ, USA)) with supplementation of 0.05% (w/w) l-cysteine-HCl (Sigma, St. Louis, MO, USA) at 37 °C for 15 h. Four biogenic amines (cadaverine (≥97.0%, Cat. #33211), histamine (≥97.0%, Cat. #H7125), putrescine (≥98.5%, Cat. #51799), and tyramine (99%, Cat. #T90344)) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,7-Diaminoheptane (internal standard; ISTD, 98%, Cat. #D174708), dansyl chloride (≥99.0%, Cat. #39220), and l-proline (≥99.0%, Cat. #P0380) were also purchased from Sigma-Aldrich (St. Louis, MO, USA). Whatman No. 4 filter paper was obtained from Whatman Intl., Ltd. (Maidstone, UK). Sodium carbonate (99.0%, Cat. #433401201), ether (99.0%, Cat. #33475S1280), and acetone (99.7%, Cat. #A0108) were obtained from Samchun Pure Chemical Co., Ltd. (Pyeongtaek, Korea).



The biogenic amine analysis extraction procedure was conducted as described by Kim and Ji [68]. Each 5 g sample was weighed and vortexed with 25 mL of 0.1 N HCl for 5 min. After the resulting homogenate was centrifuged at 10,000× g for 15 min at 4 °C (2236R high-speed centrifuge; Labogene Aps, Lillerød, Denmark), the aqueous layer was collected, and the residue was re-extracted as described above. The collected extracts were filtered through Whatman No. 4 filter paper. One milliliter of each extract was transferred to a glass test tube, and the following was added: 0.1 mL of internal standard (1,7-diaminoheptane, 100 mg/L), 0.5 mL of saturated sodium carbonate, and 1 mL of 1% dansyl chloride in acetone. After thoroughly mixing, the test tubes were incubated in a dark water bath (WBC 1510A; Jeio Tech. Co., Ltd., Seoul, Korea) at 45 °C for 60 min. Subsequently, 0.5 mL of 10% proline and 5 mL ether were added to each sample and allowed to rest for 5 min to remove the residual dansyl chloride. The supernatants were suspended and evaporated (Scanvac Speed Vacuum Concentrator; Labogene Aps, Lillerød, Denmark) at 20 °C until dry. The dry residue was diluted with 1 mL of acetonitrile (Sigma-Aldrich, St. Louis, MO, USA). The reconstituted sample and standard were filtered through a 0.2 µm syringe filter for HPLC analysis. The HPLC analysis of the biogenic amines was performed at the National Instrumentation Center for Environmental Management (NICEM) at Seoul National University (Seoul, Korea). The HPLC determinations were performed as described in Table 7.




3.5. Antimicrobial Susceptibility and Antibiotic Resistance Transferability Test


3.5.1. Antimicrobial Agents


Twenty antimicrobial agents were used: ampicillin sodium salt (Sigma, Lot#BCBW1243), carbenicillin disodium salt (Sigma, Lot#116M4834V), cephalothin sodium salt (Sigma Lot#056M4858V), chloramphenicol (Sigma, Lot#SLBR8869V), clindamycin hydrochloride (Sigma, Lot#021M1533), dicloxacillin sodium salt hydrate (Sigma, Lot#SZBD263XV), erythromycin (Sigma, Lot#WXBC4044V), gentamicin sulfate (Sigma, Lot#SLBP3082V), kanamycin sulfate (Sigma, Lot#066M4019V), metronidazole (Sigma, Lot#MKBZ3056V), mupirocin (Sigma, Lot#106M4733V), neomycin sulfate (Sigma, Lot#LRAB3300), penicillin G (Sigma, Lot#087M4834V), phosphomycin disodium salt (Sigma, Lot#096M4031V), polymyxin B sulfate salt (Sigma, Lot#027M4002V), rifampicin (Sigma, Lot#MKCC2435), streptomycin sulfate salt (Sigma, Lot#SLBT8451), tetracycline (Sigma, Lot#126M4769V), trimethoprim–sulfamethoxazole (trimethoprim (Sigma, Lot#097M4017V), sulfamethoxazole (Sigma, Lot#BCBT3855)), vancomycin hydrochloride (USP, Lot#R07250). vancomycin hydrochloride was purchased from USP (Rockville, MD, USA), and the remaining 19 antimicrobiotics were purchased from Sigma (St. Louis, MO, USA). Each of the antibiotic powders was dissolved and diluted in appropriate diluents and filter sterilized prior to addition to LSM-Cys broth medium, composed of 90% of IST and 10% of MRS broth medium. IST broth was purchased from KisanBio Co., Ltd. (Mbcell Iso-Sensitest Broth, Seoul, Korea) and MRS was purchased from Becton, Dickinson and Company (BD Difco™ MRS Lactobacilli broth, Franklin Lakes, NJ, USA). Serial dilutions of antimicrobial agents ranging from 1024 to 0.0032 μg/mL were prepared.




3.5.2. Antimicrobial Susceptibility Test


Minimal inhibitory concentration (MIC) values for all bacterial isolates were determined by the ISO 10932:2010 broth microdilution procedure [69]. The LSM-Cys broth medium supplemented with 0.03% (w/v) l-cysteine HCl containing antibiotics at different concentrations was used to prepare each well of a microwell plate. The inoculum was adjusted to a turbidity equivalent to 0.16 to 0.2 at 625 nm as measured by a Hitachi Spectrophotometer (Hitachi High-Technologies Co., Tokyo, Japan). The solution corresponded to approximately 3 × 108 cfu/mL. Each inoculum was added to a double strength LSM-Cys broth medium at a rate of 0.2%. A 50 μL diluted bacterial suspension was added to each well; no negative control well was employed. The microdilution plates were prepared with a series of twofold dilutions of antibiotics. The microdilution plates were incubated at 37 °C for 48 h in an anaerobic (5% CO2, 10% H2 and 85% N2) chamber. The MIC was defined as the lowest concentration of antibiotic giving a complete inhibition of visible growth in comparison to an antibiotic-free control well. The experiments were replicated three times.




3.5.3. Antibiotic Resistance Transferability Test


Conjugal transfer of antibiotic resistance was assessed via the methods of Tannock [70]. Equal bacterial cell volumes (1 mL) of the donor and recipient strains were mixed and centrifuged at 7000× g for 10 min (2236R high-speed centrifuge; Labogene Aps, Lillerød, Denmark) (see Table 8). After disposing of the supernatant, the bacterial cell pellet was resuspended in the MRS broth medium and cultivated at 37 °C for 12 h in an anaerobic chamber. The collected bacterial cells were filtered through a 0.45 μm microfilter membrane (Whatman Intl., Ltd., Maidstone, UK) and the membrane was placed on the surface of MRS agar and incubated anaerobically at 37 °C for 24 h. The bacterial cells were washed with 4 mL of 0.9% sterile saline, diluted to 10−3, 10−4, and 10−5, respectively, and then plated on MRS agar containing gentamicin or tetracycline. The plates were incubated aerobically or anaerobically at 37 °C for 36 h. Three replicates of all experiments were conducted.




3.5.4. PCR Assay on Antibiotic Resistance Genes


The experimental conditions of Guo et al. [71] were used for these tests. The genomic DNA of the pure culture bacteria was extracted using MG™ Cell Genomic DNA Extraction SV miniprep (MGmed, Seoul, Korea). The extraction was performed according to the manufacturers’ instructions, and the total bacterial DNA was eluted with 200 μL of sterile water. To ensure that the ratio of absorbance at 260 nm to absorbance at 280 nm was 1.8–2.0., DNA extracts were aliquoted and stored at −20 °C. Polymerase chain reactions (PCR) were used to detect antibiotic resistance genes by gene-specific primers (Table 9). The following reaction mixture was added to each sample: 1.5 μL DNA (50 ng), 2 μL primer (100 pmol), dNTP mixture 8 μL, 2XGC buffer I, and adjusted to 50 μL volume by sterilized distilled water. The amplification program was an initial denaturation step of 94 °C for 5 min, and then 30 cycles of: 94 °C for 30 s, annealing temperature (Table 9) for 30 s, 72 °C for 1 min, and 72 °C for 7 min. The amplicons were analyzed on 1.5% agarose gel to confirm the DNA fragment size.





3.6. Mucin Degradation Test


Partially purified Mucin from porcine stomach—Type III, was purchased from Sigma (St. Louis, MO, USA). An MRS broth medium without a carbon source (i.e., basal medium containing yeast extract 0.75% (w/v), soy peptone 0.25% (w/v), fish extract 0.25% (w/v), sodium acetate 0.25% (w/v), ammonium citrate 0.1% (w/v), sodium phosphate monobasic 0.05% (w/v), sodium phosphate dibasic 0.025% (w/v), Tween 80 0.05% (w/v), l-cysteine HCl 0.05% (w/v), maleic acid 0.005% (w/v), taurine 0.00625% (w/v), magnesium sulfate 0.005% (w/v), manganese sulfate 0.0025% (w/v), and distilled water 98.2% (v/v)) was used as a negative control. To each of the four MRS broth media, 0.5% (w/v) mucin, 1.0% (w/v) mucin, 0.5% (w/v) glucose, and 1% (w/v) glucose were added. After the inoculation of the microorganisms in each MRS medium, the samples were cultured at 37 °C for 48 h under anaerobic conditions. After incubation, the bacterial growth was assessed by measuring absorbance at 550 nm at 12, 24, 36, and 48 h. The initial optical density value of the media was subtracted from the final value for each test sample.




3.7. Genetic Stability Test


B. bifidum BGN4 was plated on a MRS agar plate via streaking from a stock stored at −80 °C and incubated anaerobically at 37 °C for 24 h to obtain a single colony. A single colony was inoculated into 10 mL of MRS broth supplemented with 0.05% (w/v) l-cysteine HCl and regarded as the 20 (1st) generation (about 106 CFU/mL) of B. bifidum BGN4. B. bifidum BGN4 was incubated at 37 °C for about 12 h under anaerobic conditions to reach about 109 cfu/mL and obtain 210 generations. In the second subculture, 0.1 mL (1% inoculation, about 106 cfu/mL) of the primary culture was inoculated with 10 mL of MRS broth and cultured under the same conditions to obtain 220 generations of B. bifidum BGN4. For the third subculture, 0.1 mL (1% inoculation, approximately 106 CFU/mL) of the secondary culture was inoculated with 10 mL of MRS broth and incubated to 107 or 108 CFU/mL to obtain 225 generations of B. bifidum BGN4. The viable count during cultivation was measured to confirm the generation number. The genomic DNA of the pure culture bacteria was extracted using MG™ Cell Genomic DNA Extraction SV Miniprep (MGmed, Seoul, Korea), according to the manufacturer’s instructions. Whole genome sequencing and analysis were completed using an Illumina MiSeq sequencer and a Nextera XT Library Preparation kit (Illumina, San Diego, CA, USA). Nextera XT sequencing indices were used for multiplexing, and the participants were free to choose any sample index combination. The run acceptance criteria were a sequencing output of 5.6 Gb (to achieve an average sequencing coverage of 100-fold for the 20 samples with genome sizes of 2.8 Mb) and a Q30 read quality score of 75% [79]. The bioinformatics analysis was performed using Miseq raw data, and the comparative genomics analysis was completed with three Miseq raw data sets in ChunLab Co., Ltd. (Seoul, Korea).




3.8. Virulence Factors Researching


The search for virulence factors in B. bifidum BGN4 and B. longum BORI was completed using the VirulenceFinder1.5 Server, which is a component of the publicly available web-based tool for whole-genome sequencing(WGS) analysis hosted by the Center for Genomic Epidemiology (CGE) (http://www.genomicepidemiology.org/). The database system is designed to detect homologous sequences for the virulence genes related to E. coli, Enterococcus, Listeria, and Staphylococcus aureus in WGS data [80]. The output consists of best-matching genes from BLAST analysis of the selected database against the submitted genome of B. bifidum BGN4 or B. longum BORI. The selected %ID threshold was set at 90.00%, and the selected minimum length was set at 60%. If there is a matching result, the output shows information on the predicted virulence gene, the % ID, the length of query and database gene, the position of the hit in the contig, and the accession number of the hit.





4. Conclusions


Although probiotics have been widely used for their health benefits in food markets around the world, safety issues, including the side effects of probiotics, should be considered even more carefully than their clinical effects on consumers’ health. In this study, it is shown that B. bifidum BGN4 and B. longum BORI did not produce ammonia or biogenic amines such as histamine, tyramine, or cadaverine. A trace amount of putrescine was found in both strains; however, the quantities were similar to or less than the amount detected in various foods regularly consumed. Neither probiotic demonstrated hemolysis activity nor mucin degrading activity. Their resistance to antibiotics, however, was not transferable in this study. These finding suggest that B. bifidum BGN4 and B. longum BORI are suitable for use in foods with little risk of harmful effects on the consumer.
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Figure 1. B. bifidum BGN4 ((a); back light) and B. longum BORI ((b); back light) growth with no blood cell lysis. Complete lysis of red blood cells was observed, with clear zones around the Listeria ivanovii subsp. ivanovii ATCC 19119 colonies ((c); positive control, back light). 
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Figure 2. PCR analysis results of various Bifidobacterium spp.: Lane 1: marker; Lane 2: without loading; Lane 3: B. lactis AS60; Lane 4: B. bifidum KCTC 3440; Lane 5: B. longum BORI; Lane 6: B. longum KCCM 91563; Lane 7: B. lactis BB-12; Lane 8: B. longum RD47; Lane 9: B. bifidum BGN4; Lane 10: B. thermophilum KCCM 12097; Lane 11: B. adolescentis ATCC 15703; Lane 12: B. lactis AD011; Lane 13: B. infantis ATCC 15697; Lane 14: B. breve M-16V; Lane 15: B. animalis ATCC 25527. 
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Figure 3. PCR analysis results of the antibiotic resistance gene in B. bifidum BGN4 and B. longum BORI: (a) B. bifidum BGN4; (b) B. longum BORI; Lane 1: Bifidobacterium genus-specific primers; Lane 2: gentamicin(aaac(6)-aph(2)), Lane 3: kanamycin(AphA3), Lane 4: streptomycin(aadE), Lane 5: trimethoprim(dfrA); Lane 6: tetracycline K(tet(K)); Lane 7: tetracycline L(tet(L)); Line 8: tetracycline M(tet(M)), Lane 9: tetracycline O(tet(O)), Lane 10: tetracycline S(tet(S)); Lane 11: kanamycin(aaaD). 
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Figure 4. Growth curves of B. bifidum BGN4 (a) and B. longum BORI (b) in modified MRS with various carbon sources: basal medium (glucose-free MRS, ◇), basal medium with 0.5% mucin (×), 1.0% mucin (⚪), 0.5% glucose (Δ), and 1.0% glucose (□). 
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Table 1. Mean value and standard deviation of ammonia level variables of B. bifidum BGN4, B. longum BORI, and other commercial microorganisms (n = 3).
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	Strain
	Ammonia (μg/mL)





	Bifidobacterium bifidum BGN4
	negative



	Bifidobacterium longum BORI
	negative



	Bifidobacterium breve ATCC 15701
	negative



	Lactobacillus plantarum KFRI 708
	negative



	Bacteroides fragilis ATCC 25285
	14.7 ± 1.5



	Bacteroides thetaiotaomicron ATCC 29741
	23.3 ± 3.0



	Clostridium perfringens ATCC 13124
	23.5 ± 1.6



	Enterobacter cloacae ATCC 13047
	161.0 ± 6.6



	Enterobacter faecalis ATCC 19433
	12.9 ± 1.3
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Table 2. Biogenic amine levels of B. bifidum BGN4 and B. longum BORI.
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	Strains
	Cadaverine (µg/mL)
	Histamine (µg/mL)
	Putrescine (µg/mL)
	Tyramine (µg/mL)





	B. bifidum BGN4
	N/D 1
	N/D 1
	24.23
	N/D 1



	B. longum BORI
	N/D 1
	N/D 1
	16.58
	N/D 1







1 N/D; not detected.
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Table 3. Antimicrobial susceptibility (MIC values) of B. bifidum BGN4 and B. longum BORI and other Bifidobacterium spp.
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	Antibiotics
	EFSA Cut-Off of Bifidobacterium spp.
	B. longum ATCC 15707
	B. longum BB536
	B. longum KCCM 91563
	B. longum BORI
	B. infantis ATCC 15697
	B. lactis BB-12
	B. bifidum BGN4
	B. bifidum KCTC 3440
	B. adolescentis ATCC 15703
	B. breve M-16V
	E. faecalis ATCC 29212





	Penicillin G
	
	0.25
	0.125
	0.5
	1
	0.125
	0.125
	0.063
	0.063
	0.25
	0.25
	0.5



	Carbenicillin disodium salt
	
	2
	2
	4
	8
	0.5
	2
	0.5
	0.5
	4
	4
	8



	Methicillin
	
	8
	4
	16
	16
	1
	2
	1
	0.5
	8
	8
	16



	Ampicillin sodium salt
	2
	0.5
	0.25
	1
	0.5
	0.125
	0.125
	0.063
	0.063
	0.25
	0.25
	0.25



	Dicloxacillin sodium salt hydrate
	
	4
	4
	8
	8
	0.5
	4
	0.5
	1
	256
	8
	4



	Gentamicin sulfate
	64
	32
	64
	32
	32
	16
	128
	128
	256
	128
	128
	256



	Streptomycin sulfate salt
	128
	32
	128
	64
	64
	>256
	128
	64
	32
	128
	256
	>256



	Kanamycin sulfate
	N/R 1
	512
	1024
	1024
	512
	32
	1024
	1024
	1024
	1024
	1024
	256



	Neomycin sulfate
	
	1024
	512
	512
	512
	64
	512
	1024
	512
	512
	1024
	1024



	Cephalothin sodium salt
	
	8
	4
	16
	32
	4
	8
	4
	2
	16
	16
	16



	Tetracycline
	8
	1
	1
	1
	64
	2
	16
	1
	1
	8
	16
	32



	Polymyxin B sulfate salt
	
	256
	32
	256
	256
	128
	256
	512
	512
	512
	1024
	>1024



	Erythromycin
	1
	0.125
	0.5
	0.5
	0.5
	0.125
	0.125
	0.125
	0.125
	0.125
	0.125
	8



	Metronidazole
	
	8
	8
	>256
	>256
	8
	4
	4
	64
	>256
	8
	>256



	Vancomycin hydrochloride
	2
	0.5
	<0.25
	<0.25
	1
	0.5
	0.5
	1
	2
	0.5
	0.5
	2



	Chloramphenicol
	4
	2
	2
	2
	4
	2
	2
	2
	2
	2
	2
	8



	Rifampicin
	
	<0.125
	<0.125
	<0.125
	0.25
	<0.125
	2
	0.5
	0.25
	0.5
	1
	0.5



	Clindamycin hydrochloride
	1
	<0.032
	0.063
	0.063
	0.125
	0.25
	<0.032
	0.063
	0.063
	<0.032
	<0.032
	>16



	Phosphomycin disodium salt
	
	128
	256
	256
	256
	16
	64
	128
	256
	64
	32
	32



	Mupirocin
	
	>128
	>128
	>128
	>128
	>128
	>128
	>128
	>128
	>128
	>128
	64



	Trimethoprim–Sulfamethoxazole
	
	128
	256
	128
	256
	256
	1
	128
	64
	1
	2
	32







1 N/R denotes not required.













[image: Table] 





Table 4. Transferability of tetracycline resistance from donors (B. longum BORI and B. bifidum BGN4) to recipients (L. fermentum AGBG1 and L. acidophilus ATCC 4356) (cfu/mL).
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Antibiotics

	
AGBG1 (Aerobic)

	
AGBG1 + BORI

	
BORI (Anaerobic)




	
Aerobic

	
Anaerobic






	
None 1

	
4.38 × 108

	
3.38 × 108

	
2.27 × 108

	
4.56 × 108




	
T8 2

	
0

	
0

	
4.44 × 106

	
7.11 × 107




	
Antibiotics

	
ATCC 4356 (Aerobic)

	
ATCC 4356 + BORI

	
BORI (Anaerobic)




	
Aerobic

	
Anaerobic




	
None 1

	
3.65 × 108

	
1.67 × 108

	
2.34 × 108

	
3.14 × 108




	
G64 3

	
0

	
0

	
2.78 × 106

	
1.46 × 108




	
Antibiotics

	
ATCC 4356 (Aerobic)

	
ATCC 4356 + BGN4

	
BGN4 (Anaerobic)




	
Aerobic

	
Anaerobic




	
None 1

	
3.65 × 108

	
3.29 × 108

	
2.54 × 108

	
3.86 × 108




	
G64 3

	
0

	
0

	
4.64 × 106

	
1.43 × 108








1 No antibiotics were included in the counting agar medium. 2 Tetracycline (8 μg/mL) was included in the counting agar medium. 3 Gentamicin (64 μg/mL) was included in the counting agar medium.
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Table 5. OrthANI value






Table 5. OrthANI value





	Strain/Sample
	B. bifidum BGN4-1/13075.BBGN41.1 1
	B. bifidum BGN4-2/13075.BBGN42.1 2
	B. bifidum BGN4-3/13075.BBGN43.1 3





	B. bifidum BGN4-1/13075.BBGN41.1 1
	100
	99.9997
	99.9996



	B. bifidum BGN4-2/13075.BBGN42.1 2
	99.9997
	100
	99.9998



	B. bifidum BGN4-3/13075.BBGN43.1 3
	99.9996
	99.9998
	100







1B. bifidum BGN4-1/13075.BBGN41.1 denotes the 1st generation; 2 B. bifidum BGN4-2/13075.BBGN42.1 denotes the 25th generation; 3 B. bifidum BGN4-3/13075.BBGN43 and B. bifidum BGN4-2 are the 25th generations.
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Table 6. Strain list and methods.
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	Strains
	Origin
	Medium
	Method





	Bifidobacterium bifidum BGN4
	BIFIDO Co., Ltd. (Hongcheon, Korea)
	BHI 1, Blood agar 2, whole milk 3, LSM-Cys 4, MRS 5–8
	3.2., 3.3., 3.4., 3.5.2., 3.5.3., 3.5.4., 3.6., 3.7



	Bifidobacterium longum BORI
	BIFIDO Co., Ltd. (Hongcheon, Korea)
	BHI 1, Blood agar 2, MRS 3,5–7, LSM-Cys 4
	3.2., 3.3., 3.4., 3.5.2., 3.5.4., 3.6



	Bacteroides fragilis ATCC 25285
	American Type Culture Collection (Manassas, VA, USA)
	BHI 1
	3.2



	Bacteroides thetaiotaomicron ATCC 29741
	American Type Culture Collection (Manassas,VA, USA)
	BHI 1
	3.2



	Bifidobacterium adolescentis ATCC 15703
	American Type Culture Collection (Manassas,VA, USA)
	LSM-Cys 4, MRS 6
	3.5.2., 3.5.4



	Bifidobacterium animalis ATCC 25527
	American Type Culture Collection (Manassas,VA, USA)
	MRS 6
	3.5.4



	Bifidobacterium animalis subsp. lactis AD011
	BIFIDO Co., Ltd. (Hongcheon, Korea)
	MRS 6
	3.5.4



	Bifidobacterium animalis subsp. lactis AS60
	BIFIDO Co., Ltd. (Hongcheon, Korea)
	MRS 6
	3.5.4



	Bifidobacterium animalis subsp. lactis BB-12
	Isolated from a pharmaceutical product, USA
	LSM-Cys 4, MRS 6
	3.5.2., 3.5.4



	Bifidobacterium bifidum KCTC 3440
	Korean Collection for Type Cultures, (Jeongeup, Korea)
	LSM-Cys 4, MRS 6
	3.5.2., 3.5.4



	Bifidobacterium breve ATCC 15701
	American Type Culture Collection (Manassas,VA, USA)
	BHI 1
	3.2



	Bifidobacterium breve M-16V
	Isolated from a pharmaceutical product, USA
	LSM-Cys 4, MRS 6
	3.5.2., 3.5.4



	Bifidobacterium infantis ATCC 15697
	American Type Culture Collection (Manassas, VA, USA)
	LSM-Cys 4, MRS 6
	3.5.2., 3.5.4



	Bifidobacterium longum ATCC 15707
	American Type Culture Collection (Manassas,VA, USA)
	LSM-Cys 4
	3.5.2



	Bifidobacterium longum BB536
	Isolated from a pharmaceutical product, USA
	LSM-Cys 4
	3.5.2



	Bifidobacterium longum KCCM 91563
	Korean Culture Center of Microorganisms (Seoul, Korea)
	LSM-Cys 4, MRS 6
	3.5.2., 3.5.4



	Bifidobacterium longum RD47
	BIFIDO Co., Ltd. (Hongcheon, Korea)
	MRS 6
	3.5.4



	Bifidobacterium thermophilum KCCM 12097
	Korean Culture Center of Microorganisms (Seoul, Korea)
	MRS 6
	3.5.4



	Clostridium perfringens ATCC 13124
	American Type Culture Collection (Manassas,VA, USA)
	BHI 1
	3.2



	Enterococcus faecalis ATCC 29212
	American Type Culture Collection (Manassas,VA, USA)
	LSM-Cys 4
	3.5.2



	Enterobacter cloacae subsp. cloaca ATCC 13047
	American Type Culture Collection (Manassas,VA, USA)
	BHI 1
	3.2



	Enterobacter faecalis ATCC 19433
	American Type Culture Collection (Manassas,VA, USA)
	BHI 1
	3.2



	Lactobacillus acidophilus ATCC 4356
	American Type Culture Collection (Manassas,VA, USA)
	MRS 5
	3.5.3



	Lactobacillus fermentum AGBG1
	BIFIDO Co., Ltd. (Hongcheon, Korea)
	MRS 5
	3.5.3



	Lactobacillus plantarum KFRI 708
	Korea Food Research Institute (Wanju, Korea)
	BHI 1
	3.2



	Listeria ivanovii subsp. ivanovii ATCC 19119
	American Type Culture Collection (Manassas,VA, USA)
	Blood Agar 2
	3.3







1 Ammonia production test (3.2.): B. bifidum BGN4, B. longum BORI, B. breve ATCC 15701, L. plantarum KFRI 708, B. fragilis ATCC 25285, B. thetaiotaomicron ATCC 29741, C. perfringens ATCC 13124, E. cloacae ATCC 13047, and E. faecalis ATCC 19433 were anaerobically cultured in brain heart infusion (BHI) (BD BBL™, Franklin Lakes, NJ, USA) medium at 37 °C for 5 days. 2 Hemolytic test (3.3): B. bifidum BGN4 and B. longum BORI were anaerobically cultured in Blood agar (BHI broth medium supplemented with 1.5% agar and 5% sheep blood) at 37 °C for 2 days. Listeria ivanovii subsp. ivanovii ATCC 19119, a positive control for hemolysis, was aerobically cultivated in Blood agar at 37 °C for 2 days. 3 Biogenic amine production test (3.4): B. bifidum BGN4 and B. longum BORI, were anaerobically cultured in whole milk (Seoul Milk, Seoul, Korea) or de Man–Rogosa–Sharpe (MRS) broth (BD Difco™, Franklin Lakes, NJ, USA) with supplementation of 0.05% (w/w) l-cysteine-HCl (Sigma, St. Louis, MO, USA) at 37 °C for 15 h. 4 Antimicrobial susceptibility test (3.5.2.): LSM-Cys broth medium supplemented with 0.03% l-cysteine-HCl, which is composed with 90% of IST and 10% of MRS broth medium. 5 Antibiotic resistance transferability test (3.5.3.): Bifidobacterium strains were anaerobically cultured in MRS broth medium with supplementation of 0.05% (w/v) l-cysteine-HCl and Lactobacillus strains were cultured without l-cysteine-HCl at 37 °C for 18 h. 6 PCR assay on antibiotic resistance gene (3.5.4.): Bifidobacterium strains were anaerobically cultured in MRS broth medium with supplementation of 0.05% (w/v) l-cysteine-HCl at 37 °C for 18 h. 7 Mucin degradation test (3.6.): B. bifidum BGN4 and B. longum BORI were anaerobically cultured in MRS broth medium with supplementation of 0.05% (w/v) l-cysteine-HCl at 37 °C for 48 h. 8 Genetic stability test (3.7.): B. bifidum BGN4 was anaerobically cultured in MRS broth medium with supplementation of 0.05% (w/v) l-cysteine-HCl.
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Table 7. HPLC conditions.
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Parameters

	
Conditions






	
HPLC

	
Thermo Dionex Ultimate 3000 HPLC (Thermo Fisher Scientific, St Peters, MO, USA)




	
Column

	
VDSpher C-18 column (4.6 × 250 mm, 5 µm) (VDS optilab Chromatographietechnik GmbH, Berlin, Germany)




	
Mobile solvent

	
Time (min)

	
Distilled Water (%)

	
Acetonitrile (%)




	
0

	
40

	
60




	
1

	
40

	
60




	
20

	
0

	
100




	
25

	
0

	
100




	
26

	
40

	
60




	
30

	
40

	
60




	
Flow rate

	
0.8 mL




	
Column temperature

	
30 °C




	
Injection volume

	
20 µL




	
Detector

	
UV 250 nm
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Table 8. Test scheme.






Table 8. Test scheme.





	Donor Strains Recipient Strains
	B. bifidum BGN4
	B. longum BORI





	L. fermentum AGBG1
	N/A 1
	BORI + AGBG1



	L. acidophilus ATCC 4356
	BGN4 + ATCC 4356
	BORI + ATCC 4356







1 N/A denotes not applicable because B. bifidum BGN4 was highly susceptible to tetracycline, which resulted in no growth on the media containing tetracycline.
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Table 9. Primers and conditions for PCR detection 1.
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	No.
	Primer Name
	
	Oligo Sequence
	TM (°C)
	Product Size
	Reference





	1
	Bifidobacterium genus-specific primers
	-
	F: 5′-TCGCGTCYGGTGTGAAAG-3′

R: 5′-GGTGTTCTTCCCGATATCTACA-3′
	55
	128 bp
	[72]



	2
	Gentamicin
	aaac(6)-aph(2)
	F: 5′-CCAAGAGCAATAAGGGCATA-3′

R: 5′-CACTATCATAACCACTACCG-3′
	60
	220 bp
	[73]



	3
	Kanamycin
	AphA3
	F: 5′-GCCGATGTGGATTGCGAAAA-3′

R: 5′-GCTTGATCCCCAGTAAGTCA-3′
	52
	292 bp
	[74]



	4
	Streptomycin
	aadE
	F: 5′-ATGGAATTATTCCCACCTGA-3′

R: 5′-TCAAAACCCCTATTAAAGCC-3′
	50
	565 bp
	[74]



	5
	Trimethoprim
	dfrA
	F: 5′-AAAAGGGGCAGAGCATG-3′

R: 5′-AGAAAATGGCGTAATCGGTA-3′
	50
	474 bp
	[75]



	6
	Tetracycline(K)
	tet(K)
	F: 5′-TTAGGTGAAGGGTTAGGTCC-3′

R: 5′-GCAAACTCATTCCAGAAGCA-3′
	55
	169 bp
	[76]



	7
	Tetracycline(L)
	tet(L)
	F: 5′-GTTGCGCGCTATATTCCAAA-3′

R: 5′-TTAAGCAAACTCATTCCAGC-3′
	55
	
	



	8
	Tetracycline(M)
	tet(M)
	F: 5′-GTTAAATAGTGTTCTTGGAG-3′

R: 5′-CTAAGATATGGCTCTAACAA-3′
	55
	401 bp
	[77]



	9
	Tetracycline(O)
	tet(O)
	F: 5′-GATGGCATACAGGCACAGAC-3′

R: 5′-CAATATCACCAGAGCAGGCT-3′
	55
	
	



	10
	Tetracycline(S)
	tet(S)
	F: 5′-TGGAACGCCAGAGAGGTATT-3′

R: 5′-ACATAGACAAGCCGTTGACC-3′
	55
	1923 bp
	[78]



	11
	Kanamycin
	aaaD
	F: 5′-TGCGTTTTGACACATCCAC-3′

R: 5′-GGTGTTTATGGCTCTCTTGG-3′
	55
	
	







1 The experiment conditions are secondary quoted from Guo et al. [71].
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