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Abstract

:

Prebiotics beneficially affect the gut microbiome. Bimuno®, a prebiotic supplement containing galactooligosaccharides (GOS), has multiple demonstrated prebiotic effects. Using short-term colonic incubations, the influence of GOS on the colonic microbiota of three healthy human adults was evaluated. Colonic reactors inoculated with fecal samples were untreated (blank) or supplemented with GOS. pH, gas pressure, short-chain fatty acids (SCFAs), lactic acid, branched SCFAs, ammonium, and microbial community composition were evaluated at 0 h, 6 h, 24 h, and 48 h. pH decreased and gas pressure increased (+29.01 kPa) with GOS treatment versus blank. Total SCFA (+22.4 mM), acetate (+14.1 mM), propionate (+5.5 mM), and butyrate (+5.8 mM) were higher for GOS than blank. Acetate and propionate production were highest earlier in the experiment, while butyrate production was highest between 24 h and 48 h. With GOS, lactic acid production increased between 0 h and 6 h (+14.4 mM) followed by apparent consumption. Levels of branched SCFAs and ammonium were low with GOS and reduced versus blank (respectively, −2.1 mM and −256.0 mg/L). GOS significantly increased the relative abundance of Bifidobacterium longum (LDA = 4; p = 0.006), and significantly increased the absolute abundance of Bifidobacteriaceae (p < 0.001), Lactobacillaceae (p < 0.05), Bifidobacterium adolescentis (LDA = 4.5; p < 0.001), and Bifidobacterium ruminantium (LDA= 3.2; p = 0.01). This in vitro model demonstrated the prebiotic potential of GOS as supplementation resulted in increased beneficial bacteria, SCFA, and lactic acid and decreased branched SCFA, pH, and ammonium.
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1. Introduction


Prebiotics are defined by the International Scientific Association for Probiotics and Prebiotics as “a substrate that is selectively utilized by host microorganisms conferring a health benefit” [1]. Prebiotics are non-digestible dietary fibers that resist digestion and absorption until they reach the large intestine where they are fermented by members of the gut microbiome. They can modify the composition and function of the gut microbiome [2,3]. A diet rich in dietary fiber/prebiotics has been shown to increase bacterial abundance and gut microbiome gene richness, as well as increasing the abundance of beneficial bacteria such as Bifidobacterium and Lactobacillus [4,5,6,7]. Prebiotics also play multiple roles in suppressing gut pathogens; as an example, members of the Bifidobacterium and Lactobacillus genera produce lactic acid during prebiotic fermentation [8]. Beneficial gut microbes utilize dietary fibers as an energy source. As a byproduct of this fermentation, they produce lactic acid and short-chain fatty acids (SCFAs), such as acetate, butyrate, and propionate. SCFAs are known to have several beneficial effects on human health including maintenance of the colonic epithelium; a potential role in regulating glucose homeostasis, lipid metabolism, and appetite regulation; and a role in regulating the immune system and inflammatory response (reviewed by Morrison and Preston [9]).



Galactooligosaccharides (GOS) are an important and well-studied class of prebiotics. GOS has been shown to strongly stimulate the growth of bifidobacteria in the gut, as well as lactobacilli and Bacteroidetes, though to a lesser extent [10,11,12,13,14,15]. Bifidobacteria are considered highly beneficial to the human host, primarily for their ability to produce SCFAs. Additionally, they are strongly associated with improvement in the intestinal epithelial barrier and intestinal permeability [16,17,18] and play a beneficial role in host immunomodulation (reviewed in Ruiz et al. [19]). Some bifidobacteria are also able to produce folate [20,21,22] and they have been reported to promote antitumor activity [23].



Bimuno® is a prebiotic supplement containing GOS (also known as B-GOS®) that is produced from the activity of galactosyltransferases from Bifidobacterium bifidum NCIMB 41170 in the presence of lactose [24]. Previous studies have reported prebiotic effects for this GOS, including reduced colonization of Salmonella enterica serovar typhimurium [10], decreased incidence and duration of traveler’s diarrhea [25,26], stimulation of bifidobacteria and lactobacilli growth [10,11,14,27,28,29], increased acetate and lactic acid production [14,27], immunomodulatory effects [11,14], and reduced gastrointestinal symptoms such as bloating, flatulence, and abdominal pain [28,29,30].



In vitro models are often used to assess substances for potential prebiotic properties. These systems offer the advantage of allowing researchers to carefully control the gut environment and provide an opportunity to explore the mechanisms behind the effects of potential prebiotics on the human gut microbiome. In vitro models such as short-term colonic batch incubation [31,32,33] and long-term continuous models [34] utilize human fecal samples to mimic the human gut microbiota. However, the gut microbiome is quite diverse and there can be wide interindividual differences in the composition [35] which in turn leads to interindividual differences in metabolism [36,37]. Therefore, it is important to account for interindividual differences when performing in vitro simulations of the human gut microbiome.



This study aimed to evaluate the influence of a specific GOS (Bimuno®) on the composition and activity of the colonic microbiota using short-term colonic incubations. Evaluation was based on the effects on overall microbial fermentation (pH, gas production), microbial metabolic activity (production of SCFA, lactate, and ammonium), and community composition using shallow shotgun sequencing.




2. Materials and Methods


2.1. Fecal Samples


Following the collection of fecal material from three healthy adult donors, fecal suspensions were prepared and mixed with a cryoprotectant [38]. Suspensions were then aliquoted, flash frozen, and stored at −80 °C until needed.




2.2. Product Dialysis


GOS (provided by Clasado Biosciences Ltd., Reading, UK) was dialyzed prior to colonic incubation to simulate absorption during small intestinal passage. Stock solutions of GOS were prepared in water at 40 g/L which were then added inside dialysis membranes (0.5 kDa pore size) to allow for monosaccharides and disaccharides to pass through the membrane. Membranes were sealed and the stock solution was dialyzed in a solution of NaHCO3 (3.75 g/L, pH 7.0) for 24 h at a low temperature to prevent microbial growth. A schematic overview of the approach is given in Figure 1.




2.3. Short-Term Colonic Incubations


A static model was used to simulate colonic fermentation. Short-term colonic incubations were performed as previously described [39]. Briefly, individual reactors were filled with sugar-depleted nutritional medium containing basal colonic nutrients. Next, dialyzed GOS (5 g/L final concentration) or blank medium was added followed by fecal inoculum. Incubations were performed in triplicate for GOS and blank (media control) and for each of the three donors (six incubations per donor, three GOS and three blank) (Figure 1). Samples were collected at 0 h, 6 h, 24 h, and 48 h. Shallow shotgun sequencing and flow cytometry (cell counts) (BD FACSVerse Cell Analyzer (BD Biosciences, Franklin Lakes, NJ, USA)) were performed on samples collected at 6 h and 24 h.




2.4. Microbial Metabolic Activity Analysis


Change in pH, gas pressure, SCFAs, branched SCFA, lactate, and ammonium were measured at 0 h, 6 h, 24 h, and 48 h. Changes in pH were measured using a Senseline F410 pH meter (ProSense, Oosterhout, The Netherlands). Changes in gas pressure were measured using a hand-held pressure indicator (CPH6200; Wika, Echt, The Netherlands). Acetate, propionate, butyrate, and branched SCFAs (isobutyrate, isovalerate, and isocaproate) were measured as previously described by De Weirdt et al. [40]. Lactate levels were monitored using a commercially available enzymatic assay kit (R-Biopharm, Darmstadt, Germany) according to the manufacturer’s instructions. Ammonium was analyzed as described by Van de Wiele et al. [41].




2.5. Microbial Community Analysis


DNA libraries were prepared using the Illumina Nextera XT library preparation kit, with a modified protocol. Library quantity was assessed with Qubit (ThermoFisher, Waltham, MA, USA). Libraries were then sequenced on an Illumina HiSeq platform 2 × 150 bp. Unassembled sequencing reads were directly analyzed according to Ottensen et al. [42], Ponnusamy et al. [43], Hasan et al. [44], and Lax et al. [45] for multi-kingdom microbiome analysis and quantification of relative abundances. Briefly, curated genome databases were utilized in combination with a high-performance data-mining algorithm that rapidly disambiguates hundreds of millions of metagenomic sequence reads into the discrete microorganisms engendering the sequences. The total number of bacterial cells was determined using a BD FACSVerse Cell Analyzer (BD Biosciences, Franklin Lakes, NJ, USA) on the high flow rate setting with a threshold of 200 on the SYTO channel. Proportional values obtained using shotgun sequencing were converted to absolute quantities by multiplying relative abundances of each population in a sample with the total cell count obtained with flow cytometry.




2.6. GOS Utilization by Gut Microbiota over Time


GOS chain length distribution analysis was performed with Eurofins, using undialyzed GOS, dialyzed GOS, and samples obtained at all fermentation timepoints (6, 24, and 48 h). GOS chain length distribution was performed using gel permeation chromatography (GPC).




2.7. Gel Permeation Chromatography


An HPLC equipped with a Rezex RSO and an RI detector and in-line desalting (for removal of salts and charged material such as proteins) was applied for aqueous GPC separation. The separation was performed at elevated temperature (80 °C). The separation range of the Rezex RSO column ranged from DP1 (monosaccharide) up to about DP10.




2.8. Statistical Methods


Study outcomes between the GOS treatment and blank were calculated using paired two-sided Student’s t-tests. To control the proportion of false discoveries when conducting a high number of comparisons, the Benjamini-Hochberg false discovery rate (FDR) was applied. Differences between treatment effects were considered significant when the p-value (obtained through the paired two-sided t-test) was smaller than the reference value. The reference value was obtained by ranking the obtained p-values in ascending order within the donor group. The rank of a given p-value was termed (i) and varied between 1 and the total amount of p-values (m = 3). The reference value was calculated by multiplying the FDR with the rank of the p-value, divided by the total amount of comparisons made (ref = FDR × i/m). To compare treatment effects in terms of changes in pH, gas pressures, and microbial metabolite production (SCFA, lactate, and ammonium), the FDR was set at 0.10, meaning that the lowest p-value should be below 0.033 to be significantly different, the second-lowest below 0.066, etc. Comparisons of the absolute and relative abundances of specific members of the microbial community were conducted using analysis of variance (ANOVA). Linear discriminant analysis (LDA) effect size analysis (LEfSe) was conducted to detect between-group differences in bacterial abundances. A p-value of <0.05 was considered statistically significant. All statistical analyses were performed using Microsoft Excel version 2110 (Microsoft, Redmond, WA, USA). Principle coordinates analysis (PCoA) was performed using Analyze-it (v4.51) software. (Analyse-it Software Ltd., Leeds, UK)The increase or decrease at 6 h or 24 h of incubation for each parameter was used to create a joint PCoA biplot for each of the two timepoints.





3. Results


3.1. Microbial Metabolic Activity


The pH remained relatively stable at all timepoints in the blank (untreated) reactors and was reduced relative to 0 h at 6 h, 24 h, and 48 h with GOS treatment (Figure 2A). For the blank samples, gas production was somewhat higher between 6 h and 24 h than between 0 h and 6 h, and decreased rather dramatically between 24 h and 48 h (Figure 2B). A similar pattern was observed for the GOS, though the gas production was greater overall. pH and gas production for the individual donors are shown in Figure S1a and Figure S1b, respectively.



Average changes in SCFA levels are shown in Figure 3 and data for individual donors are shown in Figure S2. Acetate levels increased between 0 h and 6 h and between 6 h and 24 h, and then remained stable between 24 h and 48 h in the blank reactors (Figure 3A). In the reactors treated with GOS, the most dramatic production of acetate occurred between 0 h and 6 h, with a comparatively reduced level between 6 h and 24 h and the least production between 24 h and 48 h. Data for individual donors are shown in Figure S2a. The average propionate data showed that production was increased in the presence of GOS relative to the blank, and production was greatest between 0 h and 6 h, followed by between 6 h and 24 h, and was lowest between 24 h and 48 h (Figure 3B). Propionate production varied between donors (Figure S2b); little propionate was produced with Donor A and the levels were similar between treated and blank. Butyrate production showed a different pattern, with the lowest production between 0 h and 6 h and the highest production between 24 h and 48 h with GOS treatment (Figure 3C). While Donors B and C produced a similar total amount of butyrate with GOS (5.7 mM and 6.6 mM, respectively), the total amount produced by Donor A was comparatively much higher (17.4 mM in total) (Figure S2c). Total SCFA production is shown in Figure 3D. SCFA production was higher in the GOS-treated reactors compared with the blank reactors. In general, SCFA production was greatest between 0 h and 6 h, followed by between 6 h and 24 h; the least production was observed between 24 h and 48 h. Data for individual donors are shown in Figure S2d. Lactic acid levels were highest between 0 h and 6 h and the level was higher with GOS treatment versus blank (Figure 3E). Though there were some differences between donors (Figure S2e), lactic acid levels were reduced between 6 h and 24 h and between 24 h and 48 h. With the GOS treatment, the level of lactic acid decrease between 24 h and 48 h was greater than blank, though this was less pronounced for Donor C. The level of branched SCFAs was greatly reduced in the reactors treated with GOS compared with blank and the levels with GOS were extremely low (between 0.0 and 0.1 mM) (Figure 3F). The production of branched SCFA was low for Donor B relative to the others (Figure S2f). Treatment with GOS also reduced the production of ammonium for all donors (Figure 3G); there were no obvious differences among the donors (Figure S2g).




3.2. Microbial Community Composition


The microbial community composition at the start of the study is shown for each donor in Figure S3. While the number of cells/g fecal matter varied among the donors, Bacteroidetes were most abundant, followed by Firmicutes and Actinobacteria. The other phyla made up a very small proportion of the community composition. PCoA plots showing relative data at 6 h (Figure 4A) and absolute data at 24 h (Figure 4B) demonstrate clear shifts in microbial community composition between GOS and blank reactors for each of the donors as well as differences among donors.



Average relative abundances for the microbial community composition at the family level at 6 h are shown in Figure 5A. Treatment with GOS resulted in a significant decrease in the relative abundance of several families. LEfSe revealed a high LDA score of >4 for Bifidobacterium longum with GOS treatment at 6 h (relative abundance) (Figure 5B). The relative abundances of B. longum and Megamonas (unspecified) were significantly increased with GOS treatment compared with blank at 6 h (p = 0.006 and p = 0.03, respectively [ANOVA]) (Figure 5C). Changes in absolute abundances at the family level at 24 h are shown in Figure 6A. Compared with blank, treatment with GOS resulted in significant changes for several families; most notably, there was a significant increase in the absolute abundance of Bifidobacteriaceae (p < 0.001). Lactobacillaceae were also significantly increased (p < 0.05) and Clostridiales (p < 0.001), Erysipelotrichaceae (p < 0.05), Odoribacteraceae (p < 0.01), and Oscillospiraceae (p < 0.001) were significantly decreased with GOS treatment versus blank. Absolute abundances at the family level at 24 h are shown in Table S1 (according to donor and overall). The absolute abundance of Streptococcaceae increased significantly with GOS relative to blank for Donor A but was below the limit of quantification for the other two donors. LEfSe revealed a high LDA score of >4 for Bifidobacterium adolescentis, Collinsella spp., and Collinsella aerofaciens and of >3 (but <4) for Ruminococcus torques, Bifidobacterium kashiwanohense, and Bifidobacterium ruminantium with GOS treatment at 24 h (absolute abundance) (Figure 6B). The absolute abundances of B. adolescentis and B. ruminantium were significantly increased with GOS treatment compared with blank at 24 h (p < 0.001 and p = 0.01, respectively [ANOVA]) (Figure 6C).




3.3. GOS Utilization by the Gut Microbiota


After 6 h of fermentation, on average 18.79 +/− 0.11 GOS remained in the vessels. At the 24 h timepoint only 5.76% +/− 0.00 GOS was left, and at 48 h 5.41% +/− 0.02 GOS was present.





4. Discussion


Using short-term colonic incubations, we evaluated the effects of a specific GOS on the overall microbial fermentation, microbial metabolic activity, and microbial community composition of colonic bacteria isolated from healthy donors. The GOS was efficiently fermented (81% of GOS was consumed by the colonic microbiota during the first 6 h), resulting in notable effects on metabolite production, including increased SCFA production resulting from the enrichment of beneficial bacteria.



In our study, GOS increased the production of acetate, propionate, butyrate, and lactate. This result corresponds with previous in vitro studies using fecal batch cultures that reported an increased production of acetate with GOS supplementation [27], an increase in acetate and lactate with GOS supplementation [46], and an increased production of lactate and all SCFAs, particularly butyrate, with GOS supplementation [47]. The increased butyrate production was quite marked in our study and could be observed as early as 6 h to 24 h, demonstrating a maximum increase at 24 h to 48 h. The marked increase in butyrate production was likely largely driven by lactate-to-butyrate conversion [48], which would explain the consumption of lactic acid after 6 h. Acetate-to-butyrate conversion may also have contributed to the increase in butyrate [49]. Butyrate is preferentially consumed by colonocytes, making it an important component in gut membrane health [50]. Additionally, butyrate plays an important role in regulating the integrity of the epithelial barrier via coordinated regulation of tight junction proteins [51,52]. The importance of this function is highlighted by the fact that loss of barrier integrity is thought to contribute to metabolic disorders, inflammatory bowel disease, and obesity [53]. In obese adults, GOS supplementation was shown to improve intestinal barrier function [53]. In our study, GOS stimulated health-related microbial metabolites, confirming its usefulness as a prebiotic, and, for the first time, demonstrating its beneficial effects on unfavorable metabolites such as ammonium and branched SCFA.



With GOS supplementation, the production of ammonium was reduced relative to the blank, and little to no branched SCFAs were produced. This was in line with a previous report that GOS supplementation resulted in a decrease in the production of branched SCFAs in an in vitro model of the large intestine [46]. As these metabolites are markers of proteolytic fermentation, a reduction indicates that the level of proteolytic fermentation was low with this GOS, indicating a shift in the fermentation pattern to one more beneficial for the host. This may be considered beneficial, as some metabolic derivatives of proteolytic fermentation are implicated in disease, including colorectal cancer. Avoiding proteolytic fermentation is considered beneficial, as highly toxic compounds may be produced during this process [54].



A previous in vitro study reported that B. longum and other Bifidobacterium spp. along with several Lactobacillus spp. were directly involved in GOS fermentation [46,47]. In our study, the relative abundance of B. longum and Megamonas (unspecified) was significantly increased (versus blank) at the 6 h timepoint after GOS supplementation. In addition, at 24 h the absolute abundance of B. adolescentis and B. ruminantium was significantly increased (versus blank) as was the absolute abundance of Bifidobacteriaceae and Lactobacillaceae. Other in vitro fecal batch studies have shown that GOS supplementation (including the specific GOS tested in this study) increases the growth of bifidobacteria and lactobacilli [27,55] and studies in humans have demonstrated that GOS supplementation increased bifidobacteria and lactobacilli in healthy adults and the elderly [10,11,14]. Bifidobacteria and lactobacilli are well known for their role in human health. The increase in both was likely responsible for augmenting the observed increase in butyrate production via lactate production. Thus, the observed increase in bifidobacteria and Lactobacillaceae supports the prebiotic effects of this GOS. A role for Megamonas in health or disease has not been clearly defined, so it is difficult to speculate on the implications of this finding.



There were some donor-specific effects regarding propionate and butyrate production. Donor A produced very little propionate and there was no difference in propionate production between blank and GOS supplementation. However, this donor produced a much higher amount of butyrate with GOS supplementation than the other two donors. In addition, lactate production and consumption occurred to a greater degree in Donor A than the others. We observed an enrichment of Streptococcaceae for Donor A upon GOS supplementation. This may have contributed to the early strong increase in lactate production (0–6 h) and subsequent conversion into butyrate (24–48 h). Interestingly, Donor A and Donor B had an increase in the absolute abundance of both Bifidobacteriaceae and Lactobacillaceae while Donor C had an increase in Bifidobacteriaceae but not Lactobacillaceae. However, these differences in the effect of the GOS on the three donors do not completely explain the differences between donors in butyrate or lactate production.



As is the case with in vitro studies, our findings are limited in that they cannot directly translate to a biological response. However, these findings confirm the previously known prebiotic effects of the specific GOS tested in this study and provide insight into the mechanisms behind these observed effects. While we investigated the effects of this GOS on the gut microbiota of three donors, these effects need to be confirmed by performing testing on a greater variety of donors.




5. Conclusions


In conclusion, a specific GOS demonstrated prebiotic activity in short-term colonic incubations using the colonic microbiota of three healthy adult donors. A significant proportion of the GOS reached the colon and was not dialyzed during the in vitro simulation of intestinal absorption, a strong indication that the product is not absorbed at the level of the small intestine in vivo and as such is not bioavailable in itself. GOS thus reaches its target site, namely the colon, where 81% of the GOS was fermented during the initial 6 h timeframe, suggesting that the product is likely to be fermented in the proximal colon region in vivo. GOS fermentation was associated with production of bioactive metabolites, making GOS bioavailable through the action of the gut microbiota at the level of the proximal colon. The bioactive molecules produced through GOS fermentation include lactic acid and SCFAs, including butyrate. Furthermore, increased growth of the beneficial bacterial families Bifidobacteriaceae and Lactobacillaceae was observed, and for the first time it was demonstrated that this GOS reduced unfavorable metabolites such as ammonium and branched SCFAs. These results enable us to speculate on the effects the GOS will have in vivo, namely positive effects on gut membrane health resulting from a significant stimulation of butyrate production, as well as a reduction in proteolysis and thus toxic compounds. By being a substrate for fermentation for health-promoting gut members, the GOS resulted in the production of bioactive metabolites in the colon, making Bimuno® GOS an interesting candidate prebiotic. However, these effects need to be confirmed by performing tests on a greater number of donors.
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Figure 1. Experimental approach. GOS (provided by Clasado Biosciences Ltd., Reading, UK) was dialyzed prior to colonic incubation to simulate absorption during small intestinal passage. GOS stock solutions (40 g/L) were prepared in water and added inside dialysis membranes (0.5 kDa pore size). Membranes were sealed and the stock solution was dialyzed for 24 h in a dialysis fluid (DF) to allow for monosaccharides and disaccharides (S) to pass through the membrane, whereas larger molecules (G) were retained. The obtained intestinal solution was added to the reactors for the short-term colonic simulation, involving an 8-fold dilution. 
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Figure 2. Overall microbial community activity (acidification and gas production) shown as (A) pH and (B) gas pressure. Measurements were collected in triplicate. Data for average values were derived using data from Donors A/B/C. Error bars represent standard deviation. GOS = Bimuno® galactooligosaccharide. 
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Figure 3. Microbial metabolic activity (A) acetate, (B) propionate, (C) butyrate, (D) total SCFA, (E) lactate, (F) branched SCFA, and (G) ammonium. Measurements were collected in triplicate. Data for average values were derived using data from Donors A/B/C. Error bars represent standard deviation. GOS = Bimuno® galactooligosaccharide; SCFA = short-chain fatty acid. 
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Figure 4. Principal Coordinate Analysis of species data using Bray–Curtis distance for each donor at (A) 6 h after treatment (relative data) and (B) 24 h after treatment (absolute data). Each dot represents one replicate. GOS = Bimuno® galactooligosaccharide. 
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Figure 5. Changes in the microbial community composition (A) relative abundance (family level) 6 h after treatment, (B) linear discriminant analysis effect size of relative abundances (species level) 6 h after treatment, (C) boxplots for the most important enrichments (species level) 6 h after treatment. *: p < 0.05, **: p < 0.01, ***: p < 0.001. GOS = Bimuno® galactooligosaccharide; LDA = linear discriminant analysis. 
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Figure 6. Changes in the microbial community composition (A) absolute abundances (family level) 24 h after treatment, (B) linear discriminant analysis effect size of absolute abundances (species level) 24 h after treatment, (C) boxplots for the most important enrichments (species level) 24 h after treatment. *: p < 0.05, **: p < 0.01, ***: p < 0.001. GOS = Bimuno® galactooligosaccharide; LDA = linear discriminant analysis. 
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