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Abstract

:

Folate is a B-vitamin required for DNA synthesis, methylation, and cellular division, whose deficiencies are associated with various disorders and diseases. Currently, most folic acid used for fortification is synthesized chemically, causing undesirable side effects. However, using folate-producing probiotics is a viable option, which fortify folate in situ and regulate intestinal microbiota. In this study, the folate production potential of newly isolated strains from raw milk was analyzed by microbiological assay. Latilactobacillus sakei LZ217 showed the highest folate production in Folic Acid Assay Broth, 239.70 ± 0.03 ng/μL. The folate produced by LZ217 was identified as 5-methyltetrahydrofolate. LZ217 was tolerant to environmental stresses (temperature, pH, NaCl, and ethanol), and was resistant to gastrointestinal juices. Additionally, the in vitro effects of LZ217 on human gut microbiota were investigated by fecal slurry cultures. 16S rDNA gene sequencing indicated that fermented samples containing LZ217 significantly increased the abundance of phylum Firmicutes and genus Lactobacillus, Faecalibacterium, Ruminococcus 2, Butyricicoccus compared to not containing. Short-chain fatty acids (SCFAs) analysis revealed that LZ217 also increased the production of butyric acid by fermentation. Together, L. sakei LZ217 could be considered as a probiotic candidate to fortify folate and regulate intestinal microecology.
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1. Introduction


Folic acid (namely vitamin B9) is one of the water-soluble B vitamins, which is an essential nutrient for humans. The folate is a cofactor in several major metabolic pathways, including the conversion of amino acid and nucleotide synthesis in healthy and proliferating cells [1,2,3]. Unsurprisingly, abnormal folate metabolism is causally related to numerous diseases [4]. A variety of research studies have documented the effects of folate deficiency on birth defects, it is folate deficiency that has been considered a crucial factor of neural tube defects [5]. Besides, folate deficiency has also been linked with increased cancer risk. Low folate homeostasis may lead to reduced DNA methylation, which promotes cancer of proliferating cells in the colon mucosa, supporting rapid and continuous epithelial renewal. The recommended daily intake for adults approved by the European Union is 400 μg/d [6]. Many plants, fungi, and bacteria are capable of synthesizing folate; nonetheless, humans and other mammals cannot synthesize folic acid de novo [7], these cofactors must be derived from exogenous dietary sources, such as vegetables, milk, and fermented dairy products. Unfortunately, the majority of folic acid used for fortification is synthesized chemically, which can cause undesirable side effects such as masking vitamin B12 deficiency [8]. The main derivatives of microbially synthesized folate are tetrahydrofolate, 5-methyltetrahydrofolate (5-MTHF), and 5-formyltetrahydrofolate. Among them, active folate, namely 5-MTHF, is stable folate, which can enter the circulation directly without metabolism and be absorbed and utilized by the human body. Regardless of whether the body takes natural folic acid or synthetic folic acid, it will eventually be converted to 5-MTHF, which is the main form of folate in cord blood. Patients with folate metabolic disorder can either obtain folate through it being absorbed or consumed, and there is no upper limit of active folate, which can be absorbed and utilized by the body, and it will not mask the deficiency of vitamin B12 [9]. In contrast, in situ fortification using folate-producing microbes is a viable option.



Utilizing food-grade bacterial fermentation is a preferred strategy for increasing the folate content and nutritional value of foodstuffs. Folic Acid Assay Broth is usually used to screen folate-producing bacteria. The total folate content of the bacterial fermentation broths and foods can be determined by microbiological assay [10]. The HPLC-MS method is able to discriminate folate derivatives [11]. Many lactic acid bacteria (LAB) strains have been demonstrated to be capable of producing folate, including Lactococcus lactis, Streptococcus thermophilus, and Lactiplantibacillus plantarum. However, the folate production capacity of different strains varies greatly. For example, no other Lactobacillus species has been shown to be as capable to produce folate except for Lactiplantibacillus plantarum [12]. LAB strains that produce large numbers of folate and survive in the gastrointestinal tract can be regarded as effective probiotics to resist folate deficiency. Currently, several LAB strains or folate-producing Lactobacillus are preliminarily applied in fermented food products to improve the folate concentrations [13]. Among fermented products, fermented milk is supposed to be a potential substrate for folate fortification, since the folate-binding protein in milk improves the stability of folate, the bioavailability of 5-MTHF, and other tetrahydrofolates may also be increased [14]. The research by Crittenden et al. suggested that the fermentation of skim milk with Streptococcus thermophilus alone can elevate folate levels, and when fermented in combination with Bifidobacterium animalis, significantly increased folate concentrations to more than six times [15]. Although the folate state in fermented foods is due to the presence of LAB strains, it is still relatively low in relation to the recommended daily intake for an adult (400 μg/d). Thus, it is of great significance to screen bacteria with high folate-producing ability, which could be used as folate fortifiers to replace chemically synthesized folic acid.



In recent years, strategies utilizing probiotics to improve and regulate the intestinal microbiota have received substantial attention. When administered in adequate amounts, probiotics can modulate the intestinal ecosystem, improve immunity, and confer health benefits on the host [16]. Previous research has proposed that folate-producing LABs colonized in the gut become a stable folate supplier to improve folate deficiency of the host [17,18]. However, it is rarely reported that folate-producing bacteria can modulate gut dysbacteriosis. The latest study by Zhang et al. confirmed that administration of Lactobacillus plantrum GSLP-7 V and its fermented yogurt restored the key genera (such as Prevotella, Dialister, Peptostreptococcus, Streptococcus) and recovered the serum folate to normal levels in folate-deficient rats [17]. Therefore, studying the interaction between folate-producing Lactobacillus and hosts’ microbiota can more comprehensively clarify its modulation of gut dysbacteriosis. Ideally, the experiment in humans is the most effective and direct method; however, collecting gut microbes of human volunteers is not always ethically and economically feasible. Generally, the results of in vitro experiments can be partially representative of the findings in human volunteers [19]. Moreover, in vitro models that mimic human colon ecology offer the possibility to study the interaction of probiotic strains with the intrinsic colonic microbiota, such as microbial composition and metabolism (production of volatile fatty acids, tryptophan derivatives).



In the present study, we isolated six folate-producing Lactobacillus strains from raw cow’s milk. We further investigated the probiotic properties of an isolate (LZ217) with the highest folate production, including tolerance to environmental stresses (temperature, pH, NaCl, and ethanol) and resistance to gastrointestinal juices. To explore the effects of LZ217 on human gut microbiota, the interaction between LZ217 and the intestinal microbiota of fresh human feces was investigated using an in vitro simulated intestinal fermentation model. The effects of LZ217 on gut microbiota structure and the content of short-chain fatty acids (SCFAs) were also studied.




2. Materials and Methods


2.1. Isolation of Folate-Producing Lactobacillus Strains


A total of 21 Lactobacillus strains were isolated from 40 raw milk samples, provided by the ranch New Hope in Hangzhou, China. Each 25 mL milk sample was suspended in 225 mL of sterilized 0.9% saline and a series of dilutions were prepared and applied to the surface of MRS agar plates (mixed with 2% CaCO3), incubating for 48 h. The bacterial colonies were isolated at random, which formed clear zones around it by dissolving CaCO3. Then each isolated strain was incubated overnight in MRS broth for without shaking. Different culture cells were collected, washed, and resuspended with sterilized 0.9% saline. Subsequently, the obtained suspensions were inoculated into Folic Acid Assay Broth, incubated overnight, and transferred several times in the Folic Acid Assay Broth. During incubation, each tube was wrapped in aluminum foil. Those with OD600 > 0.5 were initially identified as folate producers after eight rounds of growth. All bacteria mentioned were cultured at 37 °C. All culture mediums used were purchased from Luqiao, China.



The folate-producing ability of 6 isolates was evaluated by microbiological assay [20] to screen for LAB with efficient folate-producing ability. Cryoprotected Lacticaseibacillus rhamnosus ATCC 7469 (purchased from Guangdong microbial species preservation Center), an auxotrophic strain for folate, was used in the microbiological test to quantify the folate and its derivatives. Each strain was fermented overnight in Folic Acid Assay Broth. The supernatant and cell extracts were respectively obtained according to the method described by Koontz et al.: by centrifugation, then measuring the extracellular and intracellular folate content [21]. Various concentrations of folate standard ranging from 0.2 ng/mL to 0.8 ng/mL were prepared for standardization. The reaction mixture included a working buffer (0.01% sodium ascorbate in 0.1 M sodium phosphate buffer pH 6.8), different concentrations of folate standard solutions, double concentrated Folic Acid Assay Broth, and sterile water. The Folic Acid Assay Broth and diluted samples were mixed into a 96-well plate, which was internally coated with Lacticaseibacillus rhamnosus ATCC 7469. After the addition of the folic acid standard, the bacteria grew until the folic acid was completely consumed. These reagents were cultured in the dark for 48 h, and the growth was determined at 630 nm using a SpectraMax190 microplate reader (Microplate Reader, Molecular Devices, San Jose, CA, USA).



The isolate LZ217 with efficient folate-producing ability was further identified by physiological and biochemical assays, followed by 16S ribosomal DNA (rDNA) gene sequencing, and constructing the phylogenetic tree within the MEGA 5.1 package.




2.2. Analysis of 5-Methyltetrahydrofolate by LC-MS


To further determine whether 5-MTHF is present in the folate derivatives produced by L. sakei LZ217, the chromatographic analysis was performed using an Agilent Technologies LC-MS system (Agilent Technologies, Santa Clara, CA, USA). A folate standard, 5-MTHF, was procured from Sigma and used after dissolving. The isolated strain was incubated overnight in Folic Acid Assay Broth; fermentation broths were extracted by centrifuging treatment for LC-MS analysis. The inoculated medium before culture was used as a blank control. Solvents were 0.1% (v/v) HCOOH (solvent A) and acetonitrile (solvent B). The samples were subjected to gradient elution using the following procedure (% (v/v) mobile phase B): from 0–3 min, 10%; 3–5 min, 10–15%; 5–8 min, 15%; 8–13min, 15–50%; and 13–16 min, 50–10%, followed by isocratic elution at 10% B for 9 min.




2.3. Environmental Stress Tolerance Assay


The ideal strain with industrial potential should resist adverse conditions [22]. Thus, it would be necessary to evaluate the tolerance of LZ217 to extreme temperatures, presence of weak acids, osmotic stresses, and ethanol. In brief, to study the effect of several stress factors on LZ217, the strain was inoculated at 1% (v/v) in 10 mL of the MRS broth and incubated at 37 °C overnight. Fresh cells during stationary phases were collected by centrifugation (10,000 g, 8 min), washed at least three times, and resuspended in PBS (pH 7.2), for later tolerance assay use. The number of viable fresh cells was determined and diluted to about 2.5 × 109 CFU/mL before the assays. All the experiments were repeated three times.



For temperature stress tolerance assay, the bacterial suspension prepared as above was inoculated at 1% (v/v) into 10 mL of MRS broth and incubated in different temperatures (4 °C, 15 °C, 25 °C, 37 °C, and 42 °C). The growth of LZ217 was evaluated by measuring OD600 overnight. All the experiments were repeated three times.



To test the stress response features, a variety of MRS broths were prepared with different pHs (2.0, 3.0, 4.0, 5.0, and 6.0) and varying concentrations of NaCl (3%, 6%, and 8%) or ethanol (2.5%, 5%, and 10%) [23]. The bacterial suspension was prepared as above with 100 μL transferred into 10 mL of various MRS broths. Following incubation, 1 mL was removed from each fermented broth and diluted appropriately. Then, the total viable counts of cells were measured by the plate count method. All the experiments were repeated three times.




2.4. Simulated Gastrointestinal Tolerance Assay


The tolerance of L. sakei LZ217 to simulated gastrointestinal juices was studied as described by P. Li et al. [23]. In order to prepare artificial gastric juice, pepsin (Sigma–Aldrich, St. Louis, MO, USA) was dissolved in sterile PBS to a final concentration of 0.3% (w/v), and the mixture was adjusted to pH 2.0, 3.0, and 4.0. Similarly, simulated intestinal juices were prepared by suspending 1 g trypsin (Sigma–Aldrich) in sterile PBS, containing 0.1%, 0.3%, and 0.5% pig bile salts (Sigma–Aldrich), respectively. A 400 μL bacterial suspension, as mentioned in Section 2.3, was mixed with 600 μL NaCl (0.5% w/v) and 2 mL simulated gastric juice and simulated small intestinal juice, respectively. A fermented liquid containing 200 μL was removed from each sample after 37 °C of incubation at 0 h, 2 h, and 4 h, then diluted appropriately and determined for the viable counts of cells on MRS plates. All the experiments were repeated three times.




2.5. The In Vitro Effects of Lactobacillus on Human Gut Microbiota in the Fecal Slurry Cultures


2.5.1. Study Design and Sampling


Fecal samples were collected from 10 healthy human volunteers (the following paragraphs are denoted by 1, 2, 3, 4, 5, 6, 7, 8, 9, 10) living in Hangzhou, China, ranging in age from 22 to 35 years old. These volunteers were in good health and had not been taking any medications and antibiotics in the previous 3 months. All donors provided their informed, written consent, and the study was supported by the Ethics Committee of the Zhejiang Gongshang University and Zhejiang Academy of Agricultural Sciences (Zhejiang, China). The fresh fecal samples were collected immediately from these volunteers after defecation. Each 0.2 g sample was homogenized in 0.1 M phosphate-buffer solution (PBS, pH 7.2) to generate 10% (v/v) fecal suspension. After filtration, the different supernatants were transferred to a new tube and stored anaerobically; the other section of each sample was stored at −80 °C for later use.



The fermentation model utilized was based on the protocol of Rycroft et al. [24] and Lei et al. [25] with some modifications. The VIS medium contained the following: starch (8 g/L), tryptone (3.0 g/L), peptone (3.0 g/L), NaCl (4.5 g/L), bile salts No. 3 (0.4 g/L), L-cysteine hydrochloride (0.8 g/L), hemin (0.05 g/L), KCl (2.5 g/L), MgCl2·6H2O (0.45 g/L), CaCl2·6H2O (0.2 g/L), yeast extract (4.5 g/L), KH2PO4 (0.4 g/L), 1 mL Tween 80, and 2 mL of a solution of trace elements. The above reagents were purchased from Changqing Chemical Co., Ltd. (Hangzhou, China). To assess the effect of L. sakei LZ217 on human fecal microorganisms, L. sakei LZ217 cells were added to the VIS medium to reach a population of approximately 1 × 108 CFU/mL, which is a VIL medium. The 500 μL fecal supernatant was added to the VIS and VIL medium (5 mL) and fermented anaerobically overnight. The 2 mL samples of fermentation broth were stored at −80 °C, which were used for DNA sequencing and gut microbiota structure. The fermentation broth was centrifuged in a sterile centrifuge tube at 12,000 rpm for 3 min. The separated supernatant was stored at −20 °C, which was used for the determination of SCFAs content.




2.5.2. DNA Extraction and 16S rDNA Gene Sequencing


Bacterial genomic DNA was obtained from fermented manure samples using the QIAamp DNA Stool Mini Kit (cat 51604) following the manufacturer’s instructions (QIAGEN, Hilden, Germany). 16S rDNA gene sequencing for the V3-V4 region of all extracted DNA was conducted by Genetalks Biotechnology Co., Ltd. (Beijing, China). The amplification primers were 338F with 806R, the fragment was 450 bp, and the PCR reaction was repeated at least 3 times for each sample. The PCR products were verified, quantified, and then mixed according to the sequencing requirements of each sample. In Miseq library construction and sequencing, the collected fluorescent signal results were counted to obtain the sequence of the template DNA fragment. The obtained sequences were spliced according to overlap relationship, and the operational taxonomic units (OTUs) clustering analysis was performed after distinguishing the samples.




2.5.3. Detection of Short-Chain Fatty Acids by Gas Chromatography


The contents of SCFAs from filtered frozen supernatants were determined by gas chromatography (GC) as a reported approach with some modifications [26,27]. Briefly, peak identity and quantification were determined using a crotonic acid as an internal standard, including standards of acetic, propionic, and butyric. 500 μL of the filtered supernatant was mixed with 100 μL of crotonic acid, 20 μL mixture was injected into the injection bottle for detection. An InertCap FFAP gas chromatography column (0.25 mm × 30 m × 0.25 μm) was used, and compounds were quantified from the peak areas using the external standard method. The determination program for SCFAs was as follows: the initial column temperature was 70 °C, then increased to 180 °C at the rate of 15 °C/min, and maintained at this temperature for 2 min, thereafter, increasing at a rate of 40 °C/min until reaching 240 °C, which was held there for 3 min. The injection volume of the sample was 1 μL, the temperature of the detector was 250 °C, and the column flow was 2.93 mL/min. Each sample was analyzed three times.




2.5.4. Statistical Analysis


Diversity statistical analyses of gut microbiota were performed using the Visual Genomics-AS Software (Shanghai Infinity Biotechnology Co., Ltd., Shanghai, China). The values of p < 0.05 were regarded as statistically significant. All data were shown as mean ± standard deviation (SD). Significant differences among the sample were analyzed using one-way ANOVA, followed by Tukey’s test at p < 0.05.






3. Results and Discussion


3.1. Isolation of Folate-Producing Lactobacillus Strains


Six of the 21 isolates from milk were regarded as folate producers, which expressed growth in the folate-free medium after several rounds of subculture. The folate production of the six isolates was measured by microbiological assay [20]. As shown in Supplemental Table S1, folate yield by the six isolates varied from 5.50 ± 0.02 ng/mL to 239.70 ± 0.03 ng/mL. LZ217 exhibited the highest folate production of 239.70 ± 0.03 ng⁄mL. This isolate was chosen for further studies, including the study of folate forms and characterization of the probiotic properties. LZ217 was identified by the physiological and biochemical assays (data not shown) and 16S rDNA sequencing. The sequence analysis showed 98% similarity to Latilactobacillus sakei, phylogenetic analysis indicated that LZ217 was closely related to the strain L. sakei NBRC 107130 (Figure S1). Therefore, LZ217 was identified as L. sakei and named Latilactobacillus sakei LZ217.




3.2. Analysis of the Folate Forms by LC-MS


As above, LZ217 exhibited the highest folate production. To further confirm whether 5-MTHF is present in the folate derivatives produced by L. sakei LZ217, LC-MS analyses were performed. The chromatograms (Figure 1) displayed the presence of 5-MTHF as a form of folate biosynthesized by LZ217. Figure 1A shows the retention time at 5.65 min and Figure 1B shows the molecular masses at 458.1809 Da of the standards 5-MTHF. Figure 1C shows the retention time at 5.86 min and Figure 1D shows the molecular masses at 458.1835 Da of the samples. Compared with the folate standard, we demonstrated that L. sakei LZ217 can produce 5-MTHF. 5-MTHF, as natural folate, accounts for 98% of all folates in plasma and does not require conversion by dihydrofolate reductase to be active [8]. Consequently, L. sakei LZ217 contained the naturally occurring folate, which has great potential in folate fortification.




3.3. Environmental Stress Tolerance Assay


LAB strains considered as probiotics may encounter various environmental stress factors during the fermentation of milk and dairy products (e.g., extreme temperatures, presence of weak acids, osmotic stresses, and ethanol) [23]. We focused on stress response features of LZ217 to various incubation temperatures, pH, different concentrations of NaCl (3%, 6%, and 8%) and ethanol (2.5%, 5%, and 10%). Figure 2A shows the growth of LZ217 under a range of temperatures (4–42 °C). During the fermentation of LAB strains, different fermentation temperatures would affect the production of flavor substances. Ideal probiotic strains should be able to adapt to different temperature conditions. For example, the temperature of yoghurt fermented by strains is usually 42°C and the storage temperature is 4 °C [28]; LZ217 grew at 4 °C and 42 °C, although not as well at 37 °C, indicating it can tolerate well to the temperature of the dairy industry. Additionally, the pH of the fermented yoghurt generally maintains its shelf life at about pH 4. Figure 2B shows that LZ217 still maintained a relatively high survival rate (57.11%) even in pH 4. When a LAB strain produces lactic acid during fermentation, a base will subsequently be applied to prevent excessive pH reduction, which will render the conversion of the free acid to its salt form, thereby increasing the osmotic pressure of bacteria [29]. Therefore, osmotolerance will be a prerequisite for the commercial application of LAB strains. Ethanol is also one of the most common stress factors; too high concentration of ethanol would affect the metabolism and physiological activity of bacteria. The survival rates of L. sakei LZ217 in 3%, 6%, and 8% of NaCl were 84.08%, 46.15%, and 5.26% (Figure 2C), respectively, indicating that this strain exhibited growth in appropriate osmotic concentration of NaCl. Moreover, previous research has shown that the majority of LAB strains were tolerant to 5% ethanol [30]. Although the tolerance decreased with increasing ethanol concentration, the survival rate of L. sakei LZ217 was still 41.54% in 10% of ethanol (Figure 2D). Together, Lactobacillus isolate was capable of surviving harsh conditions.




3.4. Simulated Gastrointestinal Tolerance Assay


The effective effect of probiotic strains depends on their ability to survive in the host’s defense system and colonize the gastrointestinal tract [31,32]. Thus, evaluating their tolerance to the gastrointestinal tract (low pH and the presence of bile salts) is a priority. Here, we assessed the survival ability of LZ217 within 4 h of simulated gastric transportation at various pHs (pH 2.0, 3.0, and 4.0) (Figure 3A). It showed that the tolerant ability increased with the rise of pH, L. sakei LZ217 had good tolerance at pH 4.0. The survival rates of L. sakei LZ217 at 2 h and 4 h of pH 2.0 were 11.53% and 8.54% respectively. Studies reported have shown that most Lactobacillus can survive well at pH 3.0, but rarely at pH 2.0. In comparison, L. sakei LZ217 can survive better under a harsh gastric juice environment [33]. Moreover, the presence of bile salts will also affect the viability of intestinal microbiota [34]. Bile salts at a concentration of 0.15–0.3% are generally considered as the appropriate concentration of probiotics. In the presence of 0.3% bile salts, the survival rate of LZ217 for 2 h and 4 h was 31.89% and 20.81%, respectively (Figure 3B). LZ217 exhibited a high tolerance to small intestinal transit and did not completely lose viability even after 4 h incubation in simulated small intestinal juices with 0.5% bile salts. In summary, L. sakei LZ217 exhibits acid-fastness and salt-tolerance properties.




3.5. Evolution of the Gut Microbiota and the SCFAs Concentrations in the Fecal Slurry Cultures


3.5.1. In Vitro Effect of the L. sakei LZ217 on the Structure of Gut Microbiota


The bacterial genomic DNA of the fermentation broth was gained and analyzed to comprehend the effect of LZ217 on gut microbiota. The Shannon curves and rarefaction curves were used to evaluate the sequence quality (Figure S2A,B). The top five phyla (Figure 4A) and top 30 genera (Figure 4B) ranked microflora structure of the VIS group and VIL group were listed visually in the chart. At the phylum level, the five phyla detected in all of the samples were Firmicutes, Actinobacteria, Fusobacteria, Bacteroidetes, and Proteobacteria. Overall, bacterial species were similar between the two groups. The gut microbiota of each volunteer had a common feature after fermentation in both media, with more Firmicutes in the VIL medium than in the VIS medium. This result suggested that the addition of LZ217 to the medium probably increased the number of Firmicutes and promoted the growth of other bacteria (such as Ruminococcus 2) in Firmicutes. Consistent with this result, Firmicutes became the dominant flora after Lactiplantibacillus plantarum ZJ316 inoculation [35].



The sample cluster heatmap analysis (phylum level) with varying volunteers is exhibited in Figure 4C. Consisting of the aforementioned chart analysis results, it can be seen that Firmicutes in each volunteer in the VIL group was markedly varied from that in the VIS group.



At the genus level, the percentages of Lactobacillus in the gut microbiota of each volunteer were significantly increased in the VIL group compared to the VIS group. There are two possible explanations for this. The first is that L. sakei LZ217 was inoculated in the VIL group, which increased the abundance of Lactobacillus. Additionally, previous reports showed that most Lactobacillus species, with the exception of Lactiplantibacillus plantarum, cannot produce folate [12]. It was speculated that the presence of L. sakei LZ217 can supply the adequate folate for folate-consuming Lactobacillus to grow. However, the proportion of increase was inconsistent, with Lactobacillus of some samples showing very significant, most visually in volunteer 10. The dominant gut microbiota of humans has host specificity and can be divided into three intestinal types, as described by Arumugam et al.: Bacteroides (enterotype 1), Prevotella (enterotype 2), and Ruminococcus (enterotype 3) [36]. As shown in Figure 4B, the dominant bacteria of volunteers 4, 6, and 10 was Prevotella, and the others were Bacteroides. Overall, the Bacteroides in the gut microbiota of each volunteer generally decreased in the VIL medium. But there were exceptions with Bacteroides of volunteers 5 and 7, found to only have a slight change. Compared with volunteers with enterotype 1, the gut microbiota of volunteers with enterotype 2 easily changed, and Lactobacillus had changed significantly. These results were parallel with previous enterotype studies, the intestinal microbiota in enterotype Bacteroides was not easily altered [37]. Moreover, Prevotella in the gut microbiota of volunteers 1 and 3 increased.



LEfSe analyses was carried out in both groups in taxon abundance to estimate whether there were remarkable discrepancies (Figure 5). The strikingly enriched bacterial communities in each group were represented by the corresponding nodes in Figure 5A. LEfSe results with a 6.0 LDA score of the VIS and VIL group were exhibited in Figure 5B. At the phylum level, the Proteobacteria of group VIS and the Firmicutes of group VIL were dramatically enriched. At the class level, the Gammaproteobacteria and Chloroplast of group VIS were observably enriched, the former showing greater differences. The Bacilli in group VIL were markedly different. At the order level, the microflora of the VIL group was notably more abundant than that of the VIS group. In the VIL group, g: Lactobacillales, n: Rhodocyclales, t: Pasteurellales, w: Xanthomonadales, and g: Lactobacillales showed significant differences. Only q: Enterobacteriales in group VIS was significantly enriched. At the family level, f: Lactobacillaceae, d: Enterococcaceae, b: Paenibacillaceae, k: Burkholderiaceae, m: Rhodocyclaceae, s: Pasteurellaceae, and v: Xanthomonadaceae showed significant differences in group VIL, and f: Lactobacillaceae showed the most significant difference. Only p: Enterobacteriaceae in group VIS was significantly enriched. At the genus level, e: Lactobacillus, c: Enterococcus, a: Brevibacillus, j: Cupriavidus, l: Methyloversatilis, r: Haemophilus, u: Stenotrophomonas, and e: Lactobacillus in group VIL were significantly enriched. In descending order of differences, these were o: Escherichia_Shigella, h: LachnospiraceaeND3007 g, and i: Megasphaera in group VIS. Overall, Firmicutes of the VIL group showed the most significant difference. We proved the addition of L. sakei LZ217 promoted the growth of phylum Firmicutes and genus Lactobacillus, Faecalibacterium, Ruminococcus 2, and Butyricicoccus compared with the VIS group. Some studies have shown that 87% of intestinal microbiota lack the genes required for folate synthesis, indicating possible effects of folate-producing LABs on the microbiota if they are introduced into the gut [38]. Similar studies showed that L. plantarum GSLP-7 V introduced can promote the abundance of the Faecalibacterium, thus, Firmicutes became the dominant phylum in the gut [17]. Butyricicoccus is an efficient butyrate-producing clostridial cluster IV genus, first isolated from the caecal content of a chicken by Eeckhaut V et al. [39]. The results indicated that LZ217 has modulation effects on human intestinal microbiota and may have great prospects for the future. But further research evaluating the influences of LZ217 on the gut microbiota metabolism of the host utilizing in vivo models will provide additional insight into the interactions between LZ217, enteric microorganisms, and the host.




3.5.2. Effect of LZ217 on Short Chain Fatty Acid Content in the Fecal Slurry Cultures


The SCFAs including acetic acid, propionic acid, and butyric acid of the fermentation samples by the gut microbiota were determined accurately by GC. The molar concentrations of SCFAs after fermented are shown in Figure 6. Figure 6A–C represents acetic acid, propionic acid, and butyric acid contents in the fermentation liquid, respectively. The acetic acid contents from VIS and VIL groups had no significant difference. The content of propionic acid of the VIS group was observably higher than the VIL group (p < 0.01). Notably, butyric acid concentrations in the VIL group were much higher than in the VIS group (p < 0.01).



Acetic acid, which is able to provide energy for intestinal microbiota, is the major metabolite of numerous bacteria according to previous trials [40]; propionic acid is the most dominant metabolite of Bacteriodetes, which reduces the serum cholesterol level [41] and prevents diet-related obesity [42], thus is significant to the health on the host; butyric acid, which is mainly produced by Firmicutes, is also closely associated with intestinal health [43]. Butyric acid, as an essential energy source of enteric epithelial cells, lays the foundation for the modern symbiosis theory between intestinal epithelial cells and microflora [44]; butyrate can be quickly absorbed, stimulate the growth of the small intestinal epithelium, and promote wound healing, while it dampens proliferation in colonic cancer cells [45]. Reportedly, the production of SCFAs was related to the species and quantities of gut microflora, Alistipes can promote the production of acetic acid [46], Bacteroides favorably promotes propionic acid production [47], Roseburia, Faecalibacterium, Ruminococcus, and Butyricicoccus havehealth-associated genera with a positive potential of producing butyric acid [48,49]. We demonstrated that butyric acid significantly increased, whereas acetic acid and propionic acid tended to be decreased due to the addition of L. sakei LZ217 in fecal slurry culture fermentation compared with the VIS group. This may be attributable to the fact that L. sakei LZ217 altered the abundance of gut microflora. The increase of phylum Firmicutes and genus Lactobacillus, Faecalibacterium, Ruminococcus 2, and Butyricicoccus may promote the production of butyric acid. The decrease of Bacteroides and Alistipes may directly affect the concentrations of acetic acid and propionic acid. In short, LZ217 can promote the production of butyric acid by the gut microbiota, which plays a critical role in maintaining healthy homeostasis.






4. Conclusions


Folate is essential to metabolic function and the health of its hosts. LAB strains, as excellent candidates, can supply folate to human hosts due to their advantage of in situ fortification. Lactobacillus has benefits for human health, which is considered in the majority of critical functional foods. Preliminary investigation of a novel probiotic strain is vital to verify their qualification as good probiotics. In this study, a folate-producing strain, L. sakei LZ217, as a potential folate in situ producer for the food industry, was isolated from raw cow’s milk. The folate produced by LZ217 was identified as 5-MTHF by LC-MS; its probiotic properties were investigated showing that it can survive in vitro environmental stresses (NaCl and ethanol) and simulated human gastrointestinal tract conditions. On the other hand, based on in vitro fermentation studies, we demonstrated the interaction between LZ217 and human gut microflora, which regulates human gut microflora and promotes the production of butyric acid. The addition of L. sakei LZ217 promoted butyric acid production after sample fermentation and altered the abundance of gut microflora in human fecal microbiota. However, whether the effect of this strain on gut microbiota is related to human enterotype or not needs to be further explored with the participation of more volunteers.



In conclusion, L. sakei LZ217, as an excellent candidate, has high folate production and superior traits, and may in situ enhance the folate state. It has considerable probiotic potential by promoting intestinal health. In the future, additional studies, including animal models and human populations, could be combined with molecular biology techniques to confirm whether folate produced by L. sakei LZ217 exerts health benefits by modulating the gut microbiome.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods11020234/s1. Figure S1: The phylogenetic tree of Latilactobacillus sakei LZ217 based on 16S rDNA sequence, Figure S2: Shannon curves and rarefaction curves. (A) Shannon index of sample sequence. (B) The rarefaction curve obtained from the sample sequencing. Note: 1–10 indicates volunteer number, “_ A” for the VIS group, “_ L” for VIL group. Table S1: Screening of folate producers from raw cow milk.





Author Contributions


Investigation, writing—original draft, M.L.; methodology, investigation, Q.C.; investigation, Y.S.; investigation, L.Z.; investigation, H.W.; conceptualization, writing—review and editing, funding acquisition, P.L.; writing—review and editing, funding acquisition, Q.G. All authors have read and agreed to the published version of the manuscript.




Funding


This project was funded by the National Natural Science Foundation of China (No.31972974), the Chinese Academy of Engineering Academy-Locality Cooperation Project (2019-ZJ-JS-02), and the Major Science and Technology Projects of Zhejiang Province (No.2020C04002).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of the Zhejiang Gongshang University and Zhejiang Academy of Agricultural Sciences (the approvel code is 20172204-01).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets generated for this study are available on request to the corresponding author.




Conflicts of Interest


The authors declare that there are no conflict of interest regarding the publication of this paper.




References


	



Jacob, R.A. Folate, DNA methylation, and gene expression: Factors of nature and nurture. Am. J. Clin. Nutr. 2000, 72, 903–904. [Google Scholar] [CrossRef]

	



Brattström, L.; Wilcken, D.E. Homocysteine and cardiovascular disease: Cause or effect? Am. J. Clin. Nutr. 2000, 72, 315–323. [Google Scholar] [CrossRef] [PubMed]

	



Shen, H.; Wang, L.; Chen, W.; Menard, K.; Hong, Y.; Tian, Y.; Bonacorsi, S.J.; Humphreys, W.G.; Lee, F.Y.; Gan, J. Tissue distribution and tumor uptake of folate receptor-targeted epothilone folate conjugate, BMS-753493, in CD2F1 mice after systemic administration. Acta Pharm. Sin. B 2016, 6, 460–467. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Cantley, L.C. Toward a better understanding of folate metabolism in health and disease. J. Exp. Med. 2019, 216, 253–266. [Google Scholar] [CrossRef] [PubMed]

	



Liao, X.G.; Li, Y.L.; Gao, R.F.; Geng, Y.Q.; Chen, X.M.; Liu, X.Q.; Ding, Y.B.; Mu, X.Y.; Wang, Y.X.; He, J.L. Folate deficiency decreases apoptosis of endometrium decidual cells in pregnant mice via the mitochondrial pathway. Nutrients 2015, 7, 1916–1932. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, M.; Amaretti, A.; Raimondi, S. Folate production by probiotic bacteria. Nutrients 2011, 3, 118–134. [Google Scholar] [CrossRef] [PubMed]

	



Donnelly, J.G. Folic acid. Crit. Rev. Clin. Lab. Sci. 2001, 38, 183–223. [Google Scholar] [CrossRef]

	



Ferrazzi, E.; Tiso, G.; Di Martino, D. Folic acid versus 5- methyl tetrahydrofolate supplementation in pregnancy. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 253, 312–319. [Google Scholar] [CrossRef]

	



Scaglione, F.; Panzavolta, G. Folate, folic acid and 5-methyltetrahydrofolate are not the same thing. Xenobiotica 2014, 44, 480–488. [Google Scholar] [CrossRef]

	



Tamura, T. Determination of food folate. J. Nutr. Biochem. 1998, 9, 285–293. [Google Scholar] [CrossRef]

	



Araya-Farias, M.; Gaudreau, A.; Rozoy, E.; Bazinet, L. Rapid HPLC-MS method for the simultaneous determination of tea catechins and folates. J. Agric. Food Chem. 2014, 62, 4241–4250. [Google Scholar] [CrossRef] [PubMed]

	



Sybesma, W.; Starrenburg, M.; Tijsseling, L.; Hoefnagel, M.H.; Hugenholtz, J. Effects of cultivation conditions on folate production by lactic acid bacteria. Appl. Environ. Microbiol. 2003, 69, 4542–4548. [Google Scholar] [CrossRef]

	



Mo, H.; Kariluoto, S.; Piironen, V.; Zhu, Y.; Sanders, M.G.; Vincken, J.P.; Wolkers-Rooijackers, J.; Nout, M.J. Effect of soybean processing on content and bioaccessibility of folate, vitamin B12 and isoflavones in tofu and tempe. Food Chem. 2013, 141, 2418–2425. [Google Scholar] [CrossRef]

	



Jones, M.L.; Nixon, P.F. Tetrahydrofolates are greatly stabilized by binding to bovine milk folate-binding protein. J. Nutr. 2002, 132, 2690–2694. [Google Scholar] [CrossRef] [PubMed]

	



Crittenden, R.G.; Martinez, N.R.; Playne, M.J. Synthesis and utilisation of folate by yoghurt starter cultures and probiotic bacteria. Int. J. Food Microbiol. 2003, 80, 217–222. [Google Scholar] [CrossRef]

	



Im, S.-H.; Kang, H.-J. Probiotics as an Immune Modulator. J. Nutr. Sci. Vitaminol. 2015, 61, S103–S105. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Cai, D.; Yang, M.; Hao, Y.; Zhu, Y.; Chen, Z.; Aziz, T.; Sarwar, A.; Yang, Z. Screening of folate-producing lactic acid bacteria and modulatory effects of folate-biofortified yogurt on gut dysbacteriosis of folate-deficient rats. Food Funct. 2020, 11, 6308–6318. [Google Scholar] [CrossRef]

	



LeBlanc, J.G.; Chain, F.; Martín, R.; Bermúdez-Humarán, L.G.; Courau, S.; Langella, P. Beneficial effects on host energy metabolism of short-chain fatty acids and vitamins produced by commensal and probiotic bacteria. Microb. Cell Factories 2017, 16, 79. [Google Scholar] [CrossRef] [PubMed]

	



Alander, M.; Smet, I.D.; Nollet, L.; Verstraete, W.; Mattila-Sandholm, T.D. The effect of probiotic strains on the microbiota of the Simulator of the Human Intestinal Microbial Ecosystem (SHIME). Int. J. Food Microbiol. 1999, 46, 71–79. [Google Scholar] [CrossRef]

	



Li, P.; Zhou, Q.; Gu, Q. Complete genome sequence of Lactobacillus plantarum LZ227, a potential probiotic strain producing B-group vitamins. J. Biotechnol. 2016, 234, 66–70. [Google Scholar] [CrossRef]

	



Koontz, J.L.; Phillips, K.M.; Wunderlich, K.M.; Exler, J.; Holden, J.M.; Gebhardt, S.E.; Haytowitz, D.B. Comparison of total folate concentrations in foods determined by microbiological assay at several experienced U.S. commercial laboratories. J. AOAC Int. 2005, 88, 805–813. [Google Scholar] [CrossRef]

	



Wu, C.; Huang, J.; Zhou, R. Progress in engineering acid stress resistance of lactic acid bacteria. Appl. Microbiol. Biotechnol. 2014, 98, 1055–1063. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Gu, Q.; Yang, L.; Yu, Y.; Wang, Y. Characterization of extracellular vitamin B12 producing Lactobacillus plantarum strains and assessment of the probiotic potentials. Food Chem. 2017, 234, 494–501. [Google Scholar] [CrossRef] [PubMed]

	



Rycroft, C.E.; Jones, M.R.; Gibson, G.R.; Rastall, R.A. Fermentation properties of gentio-oligosaccharides. Lett. Appl. Microbiol. 2010, 32, 156–161. [Google Scholar] [CrossRef] [PubMed]

	



Lei, F.; Yin, Y.; Wang, Y.; Deng, B.; Yu, H.D.; Li, L.; Xiang, C.; Wang, S.; Zhu, B.; Wang, X. Higher-level production of volatile fatty acids in vitro by chicken gut microbiotas than by human gut microbiotas as determined by functional analyses. Appl. Environ. Microbiol. 2012, 78, 5763–5772. [Google Scholar] [CrossRef] [PubMed]

	



Valdés-Varela, L.; Hernández-Barranco, A.M.; Ruas-Madiedo, P.; Gueimonde, M. Effect of Bifidobacterium upon Clostridium difficile Growth and Toxicity When Co-cultured in Different Prebiotic Substrates. Front. Microbiol. 2016, 7, 738. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, W.; Yan, Y.; Mi, J.; Zhang, H.; Lu, L.; Luo, Q.; Li, X.; Zeng, X.; Cao, Y. Simulated Digestion and Fermentation in Vitro by Human Gut Microbiota of Polysaccharides from Bee Collected Pollen of Chinese Wolfberry. J. Agric. Food Chem. 2018, 66, 898–907. [Google Scholar] [CrossRef]

	



Lopes, R.P.; Mota, M.J.; Sousa, S.; Gomes, A.M.; Delgadillo, I.; Saraiva, J.A. Combined effect of pressure and temperature for yogurt production. Food Res. Int. 2019, 122, 222–229. [Google Scholar] [CrossRef]

	



Mohd Adnan, A.F.; Tan, I.K. Isolation of lactic acid bacteria from Malaysian foods and assessment of the isolates for industrial potential. Bioresour. Technol. 2007, 98, 1380–1385. [Google Scholar] [CrossRef]

	



Masuda, M.; Ide, M.; Utsumi, H.; Niiro, T.; Shimamura, Y.; Murata, M. Production potency of folate, vitamin B12, and thiamine by lactic acid bacteria isolated from Japanese pickles. Biosci. Biotechnol. Biochem. 2012, 76, 2061–2067. [Google Scholar] [CrossRef] [PubMed]

	



Todorov, S.D.; Dicks, L.M.T. Evaluation of lactic acid bacteria from kefir, molasses and olive brine as possible probiotics based on physiological properties. Ann. Microbiol. 2008, 58, 661. [Google Scholar] [CrossRef]

	



Rupa, P.; Mine, Y. Recent advances in the role of probiotics in human inflammation and gut health. J. Agric. Food Chem. 2012, 60, 8249–8256. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.Y.; Lin, P.R.; Ng, C.C.; Shyu, Y.T. Probiotic properties of Lactobacillus strains isolated from the feces of breast-fed infants and Taiwanese pickled cabbage. Anaerobe 2010, 16, 578–585. [Google Scholar] [CrossRef] [PubMed]

	



Charteris, W.P.; Kelly, P.M.; Morelli, L.; Collins, J.K. Development and application of an in vitro methodology to determine the transit tolerance of potentially probiotic Lactobacillus and Bifidobacterium species in the upper human gastrointestinal tract. J. Appl. Microbiol. 1998, 84, 759–768. [Google Scholar] [CrossRef]

	



Hang, S.T.; Zeng, L.z.; Han, J.r.; Zhang, Z.q.; Zhou, Q.; Meng, X.; Gu, Q.; Li, P. Lactobacillus plantarum ZJ316 improves the quality of Stachys sieboldii Miq. pickle by inhibiting harmful bacteria growth and degrading nitrite, promoting the gut microbiota health in vitro. Food Funct. 2022; accepted manuscript. [Google Scholar] [CrossRef]

	



Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.M.; et al. Enterotypes of the human gut microbiome. Nature 2011, 473, 174–180. [Google Scholar] [CrossRef]

	



Silk, D.B.; Davis, A.; Vulevic, J.; Tzortzis, G.; Gibson, G.R. Clinical trial: The effects of a trans-galactooligosaccharide prebiotic on faecal microbiota and symptoms in irritable bowel syndrome. Aliment. Pharmacol. Ther. 2009, 29, 508–518. [Google Scholar] [CrossRef] [PubMed]

	



Engevik, M.A.; Morra, C.N.; Röth, D.; Engevik, K.; Spinler, J.K.; Devaraj, S.; Crawford, S.E.; Estes, M.K.; Kalkum, M.; Versalovic, J. Microbial Metabolic Capacity for Intestinal Folate Production and Modulation of Host Folate Receptors. Front. Microbiol. 2019, 10, 2305. [Google Scholar] [CrossRef] [PubMed]

	



Eeckhaut, V.; Van Immerseel, F.; Teirlynck, E.; Pasmans, F.; Fievez, V.; Snauwaert, C.; Haesebrouck, F.; Ducatelle, R.; Louis, P.; Vandamme, P. Butyricicoccus pullicaecorum gen. nov., sp. nov., an anaerobic, butyrate-producing bacterium isolated from the caecal content of a broiler chicken. Int. J. Syst. Evol. Microbiol. 2008, 58, 2799–2802. [Google Scholar] [CrossRef] [PubMed]

	



Peng, X.; Li, S.; Luo, J.; Wu, X.; Liu, L. Effects of dietary fibers and their mixtures on short chain fatty acids and microbiota in mice guts. Food Funct. 2013, 4, 932–938. [Google Scholar] [CrossRef] [PubMed]

	



Hosseini, E.; Grootaert, C.; Verstraete, W.; Van de Wiele, T. Propionate as a health-promoting microbial metabolite in the human gut. Nutr. Rev. 2011, 69, 245–258. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.V.; Frassetto, A.; Kowalik, E.J., Jr.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, J.A.; Szeto, D.; Yao, X.; Forrest, G.; et al. Butyrate and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent mechanisms. PLoS ONE 2012, 7, e35240. [Google Scholar] [CrossRef] [PubMed]

	



Willing, B.P.; Dicksved, J.; Halfvarson, J.; Andersson, A.F.; Lucio, M.; Zheng, Z.; Järnerot, G.; Tysk, C.; Jansson, J.K.; Engstrand, L. A pyrosequencing study in twins shows that gastrointestinal microbial profiles vary with inflammatory bowel disease phenotypes. Gastroenterology 2010, 139, 1844–1854.e1. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W.; Si, Y.; Xu, J.; Lin, Y.; Wang, J.Z.; Cao, M.; Sun, S.; Ding, Q.; Zhu, L.; Wei, J.F. Methyltransferase like 3 promotes colorectal cancer proliferation by stabilizing CCNE1 mRNA in an m6A-dependent manner. J. Cell. Mol. Med. 2020, 24, 3521–3533. [Google Scholar] [CrossRef]

	



Spalinger, M.R.; Schmidt, T.S.; Schwarzfischer, M.; Hering, L.; Atrott, K.; Lang, S.; Gottier, C.; Geirnaert, A.; Lacroix, C.; Dai, X.; et al. Protein tyrosine phosphatase non-receptor type 22 modulates colitis in a microbiota-dependent manner. J. Clin. Investig. 2019, 129, 2527–2541. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W.; Liu, Y.; Duan, X.; Xiao, C.; Lan, Y.; Luo, L.; Wu, C.; Yang, Z.; Mai, X.; Lu, S.; et al. Alteration of the gut microbiota by vinegar is associated with amelioration of hyperoxaluria-induced kidney injury. Food Funct. 2020, 11, 2639–2653. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; Li, Y.; Han, H.; Chen, S.; Gao, J.; Liu, G.; Wu, X.; Deng, J.; Yu, Q.; Huang, X.; et al. Melatonin reprogramming of gut microbiota improves lipid dysmetabolism in high-fat diet-fed mice. J. Pineal Res. 2018, 65, e12524. [Google Scholar] [CrossRef]

	



Lordan, C.; Thapa, D.; Ross, R.P.; Cotter, P.D. Potential for enriching next-generation health-promoting gut bacteria through prebiotics and other dietary components. Gut Microbes 2020, 11, 1–20. [Google Scholar] [CrossRef]

	



Huang, C.B.; Xiao, L.; Xing, S.C.; Chen, J.Y.; Yang, Y.W.; Zhou, Y.; Chen, W.; Liang, J.B.; Mi, J.D.; Wang, Y. The microbiota structure in the cecum of laying hens contributes to dissimilar H2S production. BMC Genom. 2019, 20, 770. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 11 00234 g001 550] 





Figure 1. Identification the form of folate produced by L. sakei LZ217 using LC-MS chromatogram. (A,B) respectively showed the retention time and the molecular masses of the standards 5-MTHF. (C,D) respectively showed the retention time and the molecular masses of the cell extracts from L. sakei LZ217. 
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Figure 2. Tolerance of L. sakei LZ217 to different environmental stresses. (A) Different temperature (4 °C, 15 °C, 25 °C, 37 °C, and 42 °C), (B) different pHs (2.0, 3.0, 4.0, 5.0, and 6.0), (C) NaCl (3%, 6%, and 8%), and (D) ethanol (2.5%, 5%, and 10%). The growth was evaluated by measuring OD600 after 24 h of different incubation temperature. The survival rate was evaluated by plate count after 48 h of incubation at 37 °C. 
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Figure 3. Survival rate (%) of L. sakei LZ217 (A) in simulated gastric juice at different pHs and (B) during simulated small intestinal transit under different bile salt concentrations. 
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Figure 4. Relative abundance of intestinal microbiota at phylum level (A) and genus level (B), and the community heatmap (phylum level) (C) of intestinal microbiota fermented in different media. Note: 1–10 indicates volunteer number, “_ A” for the VIS group, “_ L” for VIL group. 
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Figure 5. Analysis of different abundant bacterial taxa using LEfSe. (A) The evolutionary branching diagram. The circle from inside to outside represents the classification level from phylum to species, and the dot (yellow: no significant difference, other colors: significant difference) represents a classification at this level. (B) The histogram of LDA value distribution and the length of the histogram represents the impact of different species. 
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Figure 6. The molar concentrations of SCFAs produced during the fermentation. (A) Acetic acid concentration; (B) propionic acid concentration; (C) butyric acid concentration. The fermentation time was 24 h. The horizontal coordinates are a different medium. ** p < 0.05 with two stars. 
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