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Abstract

:

Background: The gut microbiota of breast-fed infants is dominated by infant-type human-residential bifidobacteria (HRB) that contribute to infant health; thus, it is crucial to develop infant formulas that promote the establishment of a gut microbiota enriched with infant-type HRB, closely resembling that of breastfed infants. Methods: We compared various non-digestible prebiotic oligosaccharides and their combinations using a fecal culture system to explore which candidates could promote the growth of all infant-type HRB and rarely yield non-responders. The analysis included lactulose (LAC), raffinose (RAF), galactooligosaccharides (GOS), and short- and long-chain fructooligosaccharides. Fecal samples were collected from seven infants aged 1.5–10.2 months and cultured with each oligosaccharide individually or their combinations. Results: No single oligosaccharide effectively promoted the growth of all infant-type HRB, although GOS promoted the growth of HRB other than Bifidobacterium longum subsp. longum. Only the LAC/RAF/GOS group evenly and effectively promoted the growth of all infant-type HRB. Accordingly, acetate production was higher in fecal cultures supplemented with GOS or LAC/RAF/GOS than in the other cultures, suggesting that it is a superior combination for all infant-type HRB and rarely yields non-responders. Conclusions: This study can aid in developing infant formulas that help align the gut microbiota of formula-fed infants with that of breastfed infants.
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1. Introduction


Bifidobacteria are the predominant bacteria in the gut microbiota of infants [1] and have different ecological adaptations among species. The species hosted mainly by humans are grouped as human-residential bifidobacteria (HRB) [2]. Among them, Bifidobacterium breve, Bifidobacterium longum subsp. infantis, Bifidobacterium longum subsp. longum, and Bifidobacterium bifidum are classified as infant-type HRB as they prevalently reside in the infant intestine [2]. These HRB have several potential health benefits for infants, including the production of certain nutrients [3], regulation of intestinal function [4], prevention of infections [5], regulation of immune system development [6], modulation of gut immune and endocrine functions [7], and improvement in vaccine response [8]. These beneficial effects seem to be mediated, at least partially, by certain metabolites, such as acetate and tryptophan metabolites produced by bifidobacteria [9,10].



Breastfeeding is strongly recommended not only because of the many functional bioactive components in breast milk, such as defense molecules and growth factors [11,12], but also due to its positive impact on gut microbiota. Bifidobacteria in the gut microbiota of formula-fed infants are often less abundant than in the gut microbiota of exclusively breastfed infants [13]. Therefore, one of the key developmental goals of infant formulas is to mimic the bifidogenic properties of breast milk, providing infants who cannot be breastfed with a bifidobacteria-enriched gut microbiota similar to that of a breastfed infant.



Human milk oligosaccharides (HMOs) are putative primary factors in the formation of bifidobacteria-enriched gut microbiota in breastfed infants [14]. They are the third largest structurally diversified component of human breast milk, with more than 200 types reported [15]. HMOs are selectively utilized by infant-type HRB as the sole carbon source via species-specific pathways. They act as prebiotics by promoting their proliferation and aid in the development of bifidobacteria-enriched gut microbiota [16,17]. Recently, some HMOs have been industrially produced and added to infant formula [18,19,20], but the reproduction of diverse whole HMO complexes remains a significant challenge. Commercially available non-digestible prebiotic oligosaccharides are useful alternatives for increasing bifidobacteria. Many types of prebiotic oligosaccharides are used in infant formula, including lactulose (LAC) [21,22], raffinose (RAF) [23], galactooligosaccharides (GOS) [24], short-chain fructooligosaccharides (scFOS) [25], and long-chain fructooligosaccharides (lcFOS) [26], either alone [21,22,23,24,25,26,27] or in combination [27,28,29].



Because structurally different oligosaccharides require distinct metabolic pathways to be utilized [30], a certain prebiotic oligosaccharides may yield responders and non-responders, depending on whether the targeted bacteria in the individual gut microbiota possess related gene sets [31]. In the case of HRB, gene sets of transporters and/or enzymes for carbohydrate utilization are diverse among or even within species [30]. This may make it challenging for a single prebiotic oligosaccharide to promote the growth of all infant-type HRB at the species or strain level.



In this context, the structural diversity of whole HMOs in breast milk seems to provide an advantage for the survival of infant-type HRB in terms of the choice of energy source, which could lead to a low yield of non-responders to HMOs. We previously examined the bifidogenic effect of structurally different combinations of three oligosaccharides (LAC/RAF/GOS) in comparison with LAC alone, LAC/RAF, and LAC/GOS to clarify the advantage of the prebiotic mixture’s structural diversity [29]. We revealed a synergistic bifidogenic effect of LAC/RAF/GOS in an in vitro mixed culture model of artificial infant microbiota [29], as well as additional physiological benefits of LAC/RAF/GOS in the modulation of gut immune and endocrine functions in a neonatal mouse model [7]. However, it remained unclear whether the combination of the prebiotic oligosaccharides shows effective bifidogenic effects on all infant-type HRB in the complex microbiota and is less likely to yield non-responders.



In the present study, we investigated commercially available oligosaccharides and their combinations to determine which would support the full growth of all infant-type HRB, i.e., we explored which oligosaccharides rarely yield non-responders. We conducted a well-described fecal batch culture under pH-controlled and anaerobic conditions as a model of infant gut microbiota to compare their growth with various oligosaccharides and their combinations. The results showed that LAC/RAF/GOS promoted all infant-type HRB in all tested feces, indicating that this combination could be a useful prebiotic mixture for infants, rarely yielding non-responders.




2. Materials and Methods


2.1. Oligosaccharides


The oligosaccharides used in our analyses included LAC (99.9%; Morinaga Milk Industry Co., Ltd., Tokyo, Japan), RAF (>98%; Nippon Beet Sugar Manufacturing Co., Ltd., Tokyo, Japan), short-chain fructooligosaccharides (scFOS) (>93.0%; FUJIFILM Wako Pure Chemical Corporation Co., Ltd., Tokyo, Japan; mixture of 1-kestose (trisaccharide), nystose (tetrasaccharide), and fructofuranosyl nystose (pentasaccharide)), long-chain fructooligosaccharides (lcFOS) (86.2%; TEIJIN Co., Ltd., Tokyo, Japan; the average chain length ranges from 8 to 13 fructose units), and GOS (composed of approximately 14% tetrasaccharides, 82% trisaccharides, and 2% disaccharides). GOS were obtained by the purification of Oligomate 55N (Yakult Honsha Co., Ltd., Tokyo, Japan) using gel filtration column chromatography, as previously reported [32].




2.2. Fecal Samples


This study was approved by the Japan Conference of Clinical Research (protocol code 101-034), and written informed consent was obtained from the parents. Seven healthy Japanese infants aged 1.5–10.2 months were recruited, and one fecal sample was collected from each subject at the time point shown in Table 1. All the infants were delivered vaginally and breastfed. Among them, four infants were partially breastfed, and three had already been introduced to solid foods. Immediately after collection, the fecal samples were maintained under anaerobic conditions using AnaeroPack (Mitsubishi Gas Chemical Co., Ltd., Tokyo, Japan) at <10 °C, and diluted within 8 h. The fecal samples were diluted 10 times with saline (Otsuka Pharmaceutical Factory, Inc., Tokushima, Japan), vortexed, and stored at −80 °C until the experiment [32,33].




2.3. In Vitro Fecal Fermentation


In vitro fecal fermentation was performed using a pH-controlled multichannel jar fermenter (Bio Jr. 8; ABLE, Tokyo, Japan), as previously described [33]. In brief, 100 µL of a 10-fold diluted fecal sample (containing 10 mg of feces) was inoculated into 100 mL of yeast extract, casitone, and fatty acids (YCFA) medium. The medium was cultured at a constant temperature of 37 °C under anaerobic conditions (100% CO2) with agitation at 80 rpm for 24 h, with a pH of 7.0 and minimum pH of 5.5, as the pH in the colon of a healthy infant typically does not fall below 5.5 [32]. When the prebiotics were used in combination, their weight ratios were 1/1/1 (LAC/RAF/GOS), 1/1 (RAF/GOS, LAC/GOS, and LAC/RAF), and 1/9 (lcFOS/GOS). The total oligosaccharide concentration in each culture medium was 1.0% (w/v). Culture media were collected before (at 0 h) and after (at 24 h) cultivation.




2.4. DNA Extraction


For DNA extraction, the bead-beating method was used as described previously [33]. Samples of the fecal culture medium (1 mL) were centrifuged at 4 °C and 8000× g for 3 min to obtain the cell pellets. Lysis buffer (No. 10, Kurabo Industries Ltd., Osaka, Japan; 300 μL) and 0.3 g of 0.1 mm glass beads were added to either the pellet or 20–30 mg fecal sample prior to culture, after which the mixture was disrupted using Fast prep-24 5G cell disrupter (Funakoshi Co., Ltd., Tokyo, Japan), at room temperature for 60 s at speed 5.0. It was subsequently kept on ice for 5 min. This step was repeated five times. The homogenized sample was centrifuged at 4 °C and 13000× g for 5 min, and 0.2 mL of supernatant was collected. Protease K (FUJIFILM Wako Pure Chemical Corporation Co., Ltd., Tokyo, Japan) was dissolved in 150 μL (final titer of 9 unit/mL) of No. 2 reagent (Kurabo Industries Ltd., Osaka, Japan) and added to the supernatant. No. 10 reagent (300 μL) was also added to the supernatant. The supernatant was then processed using a GenePrep Star PI-480 automatic DNA extraction machine (Kurabo Industries Ltd., Osaka, Japan) to obtain the extracted DNA, which was then subjected to real-time PCR analysis.




2.5. Quantification of Bacterial Cell Numbers


For the quantification of bacterial cell numbers, real-time PCR was performed using an ABI PRISM 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) and TBGreen® Premix Ex TaqTM Tli RNaseH Plus (TaKaRa Bio Inc., Shiga, Japan). The primers used are listed in Supplemental Table S1 [34,35,36,37]. PCR was performed under the following conditions: initial hold stage at 95 °C for 20 s, followed by 40 cycles at 95 °C for 5 s, 55 °C for 20 s, and 72 °C for 30 s. Cell numbers in culture media at 0 h and 24 h cultivation were calculated using standard curves. The log-fold changes in cell numbers in the culture media during 24 h of cultivation were determined for Bifidobacterium, B. breve, B. longum subsp. longum, B. longum subsp. infantis, and B. bifidum and used for statistical analyses and heat-map drawing.




2.6. SCFAs and Lactate Analysis


SCFAs (acetate, propionate, and butyrate) and lactate were measured using a YMC Fatty Acid Analysis Kit (YMC Co., Ltd., Kyoto, Japan) with 2-nitrophenylhydrazine (2-NPH) as the derivatizing agent, with certain modifications to the kit protocol. The culture supernatant was obtained by centrifugation at 4 °C and 8000× g for 10 min, filtered through a 0.22 μm filter (PVDF membrane, Merck Millipore Ltd., Cork, Ireland), diluted to the appropriate concentration with Milli-Q, and used as a sample. Furthermore, 10 μL of 2.5 mM ethylbutyric acid (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) was added to 10 μL of the sample as an internal standard, followed by addition of 40 μL of kit reagents A and B. The obtained mixture was heated at 60 °C for 20 min, followed by addition of reagent C, thorough mixing, addition of 800 μL of reagent D and 1000 μL of n-hexane (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan), and thorough mixing. The mixture was centrifuged at 600 rpm for 30 s to remove the upper layer (long-chain fatty acids), followed by addition of 1000 μL of hexane, mixing, centrifugation at 600 rpm for 30 s, and removal of the upper layer. After the addition of 1000 μL of diethyl ether (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) to the lower layer, the mixture was mixed by rotating for 30 min and centrifuged at 3000 rpm for 3 min. The upper layer (400 μL) was collected and dried by spraying with N2. The obtained product was dissolved with 200 μL of methanol (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan), filtered, and used as an HPLC sample. Chromatographic separation was performed using the modified YMC-Pack FA method on a Waters HPLC system (Waters Corporation, Milford, MA, USA). A YMC-Pack FA column (250 × 6.0 mm I. D. YMC Co., Ltd., Kyoto, Japan) was used for chromatographic separation. The eluent was a mixture of acetonitrile (KOKUSAN CHEMICAL Co., Ltd., Tokyo, Japan), methanol, and ultrapure water (KOKUSAN CHEMICAL Co., Ltd., Tokyo, Japan) at a ratio of 5:16:79. The pH was adjusted to 4.5 using 0.1% trifluoroacetic acid (KOKUSAN CHEMICAL Co., Ltd., Tokyo, Japan). The elution program was designed to gradually increase the acetonitrile concentration from 5% to 30% over a period of 5–55 min. This was followed by maintaining a constant flow rate for an additional 10 min. Subsequently, the acetonitrile concentration was decreased from 30% to 5% over 10 min. Finally, the column was re-equilibrated for 5 min. The experiment was conducted with a flow rate of 1.0 mL/min, and the column temperature was maintained at 50 °C. Detection was performed using UV light at 400 nm, with a sensitivity of 0.005 absorbance units full scale (AUFS). The quantity of SCFAs and lactate produced during cultivation was calculated by subtracting the concentration at 0 h from that at 24 h.




2.7. Statistical Analysis


Statistical analyses were performed using JMP software version 13 (SAS Institute, Cary, NC, USA). Analysis of covariance (ANCOVA) was applied to the log-fold changes in the cell numbers of Bifidobacterium, B. breve, B. longum subsp. longum, B. longum subsp. infantis, and B. bifidum to compare the least squares means (LSMeans) and rank the experimental groups. Difference in responsiveness between the subjects was set as a covariate. Heat maps of the log-fold changes in Bifidobacterium, B. breve, B. longum subsp. longum, B. longum subsp. infantis, and B. bifidum were created as follows: experimental groups were arranged from top to bottom and subjects from left to right of the panel, according to the magnitude of the effect on the targeted bifidobacteria based on the ANCOVA LSMeans test. Because this experiment was exploratory, that is, exploring a possible candidate for a superior oligosaccharide or combination of oligosaccharides, multiplicity was not considered. Student’s t-test was used to explore the statistical significance between the experimental groups. Correlations between the total bifidobacterial count and concentrations of acetate or lactate were analyzed using Pearson’s correlation analysis.





3. Results


3.1. Characteristics of the Subjects


Feces were collected from seven infants aged 1.5–10.2 months. Three infants were exclusively breastfed, while the others were partially breastfed. Three of the infants had already consumed solid food. As previously reported [38], numbers and combinations of bifidobacterial species in the gut microbiota were diversified among these infants. Two infants possessed only B. breve; one possessed B. longum subsp. longum and B. longum subsp. infantis; two possessed B. breve, B. longum subsp. longum, and B. longum subsp. infantis; and two possessed all four infant-type HRB, i.e., B. breve, B. longum subsp. longum, B. longum subsp. infantis, and B. bifidum. These characteristics are summarized in Table 1 and Table 2.




3.2. Effects of Various Prebiotic Oligosaccharides and Their Combinations on the Growth of Individual Infant-Type Bifidobacteria


We selected LAC, RAF, GOS, scFOS, and lcFOS—well-characterized prebiotic oligosaccharides in infant formulas worldwide—to investigate whether any single oligosaccharide or combination of oligosaccharides can effectively promote the growth of all infant-type bifidobacteria across the various infant gut microbiota tested. Experimental groups were set up to assess the single oligosaccharides and their combinations, as summarized in Table 3. Each fecal sample was added to the test medium containing oligosaccharide(s), as shown in Table 3, and cultured for 24 h. After 24 h of cultivation, the total bacteria were slightly higher in the scFOS group than in the GOS and lcFOS/GOS groups and comparable among the other groups (Supplemental Figure S1).



The growth of total bifidobacteria in each infant fecal sample was equally promoted by all single oligosaccharides and their combinations, except for lcFOS. In the lcFOS group, total bifidobacteria did not increase greatly in certain infant fecal samples, such as those from subjects 2 and 7 (Figure 1a). Consistent with this, the average total bifidobacterial count was significantly lower in the lcFOS group than in the other groups (Supplemental Figure S2a). The growth of B. breve was effectively promoted in all fecal samples when GOS or LAC/RAF/GOS was added to the medium, but not when other oligosaccharides were added (Figure 1b). For example, B. breve in subject 4 did not respond well to oligosaccharides other than GOS, LAC/RAF/GOS, and scFOS, whereas B. breve in subject 3 did not respond well to oligosaccharides other than GOS and LAC/RAF/GOS (Figure 1b). The overall growth rate of B. longum subsp. infantis in the fecal samples was lower than those of the other species (Figure 1c). Among the oligosaccharides and their combinations, LAC/RAF/GOS promoted the growth of B. longum subsp. infantis in each fecal samples most evenly, and scFOS, GOS, LAC/RAF, and RAF showed comparable growth promotion effects on B. longum subsp. infantis in each fecal sample (Figure 1c). Among the infant-type HRB, B. longum subsp. longum appeared to be the most responsive to the tested oligosaccharide(s), except for GOS and lcFOS (Figure 1d). Still, the growth-promoting effect of LAC/RAF/GOS was ranked the highest among the groups, and it seemed to promote the growth of B. longum subsp. longum in each fecal sample (Figure 1d). Only two infants possessed B. bifidum in their gut microbiota; therefore, statistical significance could not be determined. B. bifidum in both of these fecal samples showed large difference in response to each single oligosaccharide or their combination. Specifically, the growth of B. bifidum in subject 7 was promoted effectively by LAC/RAF/GOS and GOS, and slightly by LAC/GOS, lcFOS/GOS, LAC, LAC/RAF, RAF/GOS, and scFOS, while the growth of B. bifidum in subject 5 was promoted effectively by LAC/RAF/GOS and GOS but was not promoted by other oligosaccharide(s) (Figure 1e). As a single oligosaccharide, GOS may be effective for the growth of B. breve, B. longum subsp. infantis, and B. bifidum, but not for the growth of B. longum subsp. longum. B. longum subsp. longum was significantly increased by RAF among the single oligosaccharide groups (Figure 1b–e). Focusing on combination of oligosaccharides, LAC/RAF/GOS could be effective for the growth of all infant-type HRB among the combination of oligosaccharide groups (Figure 1b–e).




3.3. Effects of Prebiotic Oligosaccharides and Their Combinations on SCFAs and Lactate Production


Acetate production was significantly higher in the GOS and LAC/RAF/GOS groups than in the other groups (Figure 2a) and correlated well with the growth of Bifidobacterium (Figure 2b). The concentrations of propionate and lactate are shown in Figure 2c and 2d, respectively. Although bifidobacteria are well-known producers of lactate, the production of lactate was not correlated with the growth of Bifidobacterium (Figure 2e). Butyrate was not detected in this study.





4. Discussion


The gut microbiota of breastfed infants is often dominated by bifidobacteria, especially infant-type HRB, compared to that of formula-fed infants. HMOs may be an underlying mechanism behind the selective promotion of infant-type HRB due to their selective prebiotic properties. As infant-type HRB are believed to contribute to infant health, it is a crucial developmental goal for infant formulas to exhibit HMO-like bifidogenic properties. As HMOs are a complex mixture of oligosaccharides with diverse structures, we hypothesized that combinations of alternative non-digestible oligosaccharides with structural diversity could replicate these bifidogenic properties. In this study, we identified an optimal combination of prebiotic oligosaccharides that effectively and evenly promotes the growth of all infant-type HRB, with LAC/RAF/GOS proving to be the most effective combination for supporting all tested infant-type HRB.



In accordance with previous findings [34], the colonization patterns of infant-type HRB in the gut microbiota were diverse among the infants in this study. Specifically, one to four species of infant-type HRB were detected, and four combinations of infant-type HRB species were observed among the seven infants. The carbohydrates utilized by Bifidobacterium are not uniform within the genus but vary at the species or even strain level [30,39,40]. Furthermore, processes of shaping infant-type Bifidobacterium communities are complicated, i.e., HRB species can affect each other’s dominance with ‘priority effects’, depending on carbohydrate utilization abilities [41], and cross-feedings of carbohydrates between species can occur [42,43]. Therefore, in this study, we presumed that it is difficult for a single oligosaccharide to promote the growth of all infant-type HRB species in all seven infants.



Our results demonstrated that no single oligosaccharide was able to evenly and effectively promote the growth of all infant-type HRB species in the tested infant feces. Specifically, lcFOS had limited effectiveness in promoting the growth of any infant-type HRB. LAC, RAF, and scFOS showed moderate and uneven prebiotic effects for all infant-type HRB. GOS could effectively promote the growth of B. breve, B. longum subsp. infantis, and B. bifidum but not that of B. longum subsp. longum.



Unexpectedly, lcFOS, a bifidogenic oligosaccharide commonly used for both adults and infants [44], had little effect on infant-type HRB in this study. Considering the cause of this, all subjects were under one year of age, and although some had started to consume solid foods, they generally had little feeding experience with fructans, which are often derived from vegetables and fruits. Furthermore, as of 2024, no infant formula containing lcFOS is available on the Japanese market; therefore, the subjects had never consumed lcFOS from infant formulas. Consequently, the intestinal environment of the subjects could not facilitate preferential colonization of bifidobacteria capable of utilizing lcFOS. Indeed, a previous report showed that changes in the gut microbiota due to lcFOS (inulin) intake are more pronounced in populations with high fiber intake than in populations with low fiber intake [45], suggesting that dietary habits influence responsiveness to prebiotics. Based on this idea, it is plausible that the high responsiveness of the subjects to GOS could be attributed to their dietary habits, that is, either exclusive or partial breastfeeding. Breast milk is rich in lactose, the building block of GOS, and contains GOS as well [46]. This may help shape the intestinal environment, which enriches the bifidobacteria of GOS-high utilizers. Taken together, we propose that the optimal prebiotic oligosaccharides for infants may be a combination that includes GOS, which could promote the growth of residential bifidobacteria that have been ‘primed’ to respond to GOS by breast milk. Future metagenomic analyses will help confirm this hypothesis by analyzing the presence of sugar utilization genes in the gut microbiota of infants.



Because GOS was unable to effectively promote the growth of B. longum subsp. longum in the subjects, an optimal combination would be a combination containing GOS that can improve this feature without compromising the advantages of GOS. From this perspective, the combination of LAC/RAF/GOS was not only the most effective in promoting the growth of B. longum subsp. longum in all subjects, but also demonstrated comparable or even better prebiotic effects on B. breve, B. longum subsp. infantis, and B. bifidum compared with GOS alone. We previously reported that the combination of LAC/RAF/GOS showed superior bifidogenic effects on B. breve and B. longum subsp. longum in a mixed culture system of seven bacterial strains [29]; however, it remained unclear whether the same effect was observed in every infant-type HRB and in the complex gut microbiota. In this study, LAC/RAF/GOS shows effective bifidogenic effects on all subjects’ infant-type HRB in the complex microbiota. These results suggest that LAC/RAF/GOS is a superior prebiotic mix for infants and is less likely to yield non-responders.



B. longum subsp. longum generally possesses a homolog of LT-SBP, one of the genes responsible for LAC utilization, and a homolog of RafB, one of the genes responsible for RAF utilization [30]. Additionally, LT-SBP is frequently found in B. breve and B. bifidum, whereas RafB is frequently found in B. breve, B. longum subsp. infantis, and B. bifidum [30]. These facts may partly explain why the combination of LAC/RAF/GOS showed superior effects, despite the GOS concentration being one-third that of the GOS alone group. However, considering that both LAC and RAF showed only weak to moderate bifidogenic effects on the HRB when used alone, this explanation may not be sufficient. Changes in the gene expression and metabolite profiles of infant-type HRB exposed to LAC/RAF/GOS should be analyzed in detail using transcriptomics and metabolomics.



In this study, we observed a positive correlation between the number of Bifidobacterium and acetate concentration, as well as tendency toward higher acetate production, in the LAC/RAF/GOS and GOS groups. Short-chain fatty acids produced by the gut microbiota, including acetate, have been reported to directly inhibit harmful bacteria [9] and act as signaling molecules contributing to host health by regulating immunity [47,48], metabolism [49], and endocrine functions [50]. In fact, an increase in the concentration of acetate in the colon and serum was observed in neonatal mice administered with the LAC/RAF/GOS [29]. In addition, enhanced immune and endocrine development has been observed, such as an increase in regulatory T cells in the colonic mucosal lamina propria and promotion of GLP-1 secretion [7]. Taking these findings into account, LAC/RAF/GOS is expected to contribute to health by promoting immune and endocrine development via acetate in human infants. However, further clinical studies are warranted. On the other hand, butyrate was not detected in this study, probably due to less proportion of butyrate-producing bacteria in the gut microbiota of infants who are continuously breastfed, as previously reported [51].



There are several limitations as follows. First, the sample size was rather small, i.e., only seven infants were included in this study, due to hardware limitations of the instrument used and the experimental difficulty in obtaining stable results. Second, the culture model in this study lacks host cells, so it cannot replicate the direct and indirect interactions between the host and gut microbiota, such as the modulation of the microbiota by the host immune system [47,52] or by antimicrobial peptides [53,54]. Third, the composition of the gut microbiota during infancy is strongly influenced by the defense molecules in breast milk, such as sIgA [55], lysozyme [56], and lactoferrin [57]. Fourth, actual effects of prebiotics are more complicated due to such as secondary effects from cross-feeding of prebiotics between different bacterial species [42,43]. The impact of cross-feedings on targeted infant-type HRB could not be evaluated in this study. Therefore, careful interpretation is required for secondary changes in the microbiota, beyond direct growth promotion and metabolite production by prebiotics, as this model cannot fully replicate in vivo responses. Further clinical trials are needed to verify whether the candidate of superior combination of prebiotic oligosaccharides found in this study actually yield fewer non-responders.




5. Conclusions


This is the first study to compare and evaluate the major prebiotic oligosaccharides used in infant formula in terms of lower yield of non-responders. We found that LAC/RAF/GOS is a superior combination supporting the growth of all infant-type HRB. Our findings may aid in the development of infant formulas that better align the gut microbiota of formula-fed infants with that of breastfed infants.
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Figure 1. Heat-mapping and ranking of the prebiotic effects of oligosaccharide (s) on infant-type HRB. The prebiotic effects of oligosaccharide (s) on the targeted bifidobacteria were heat-mapped with corresponding log-fold changes in cell numbers during cultivation. Ranking was performed as described in the Section 2. Experimental groups are arranged from top to bottom of the panel and subjects from left to right of the panel, according to the size of the effect on the targeted bifidobacteria, based on the ANCOVA LSMeans test. Overall, the group arranged at the top was the most effective. (a): Bifidobacterium; (b): Bifidobacterium breve; (c): Bifidobacterium longum subsp. infantis; (d): Bifidobacterium longum subsp. longum; (e): Bifidobacterium bifidum. 
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Figure 2. Analysis of SCFAs and lactate produced during cultivation. SCFAs and lactate produced during cultivation were calculated by subtracting the concentration at 0 h from that at 24 h. (a): acetate production, (b): correlation between the total number of Bifidobacterium and concentration of acetate produced, (c): propionate production, (d): lactate production, (e): correlation between the total number of Bifidobacterium and concentration of lactate produced. Data are expressed as means (n = 7) with SD. Different letters indicate significant differences (p < 0.05). 
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Table 1. General information about the subjects.
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	Subject ID
	1
	2
	3
	4
	5
	6
	7





	Age (months) *
	1.5
	3
	6.4
	6.4
	7.0
	9.1
	10.2



	Breast-fed
	+
	+
	+
	+
	+
	+
	+



	Formula-fed
	
	
	+
	
	+
	+
	+



	Solid food
	
	
	
	+
	
	+
	+







* A fecal sample was collected from each subject at the indicated age. Feeding habits around a specific age are represented with the symbol “+”.













 





Table 2. Species of infant-type HRB in the gut microbiota of the subjects.
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	Subject ID
	1
	2
	3
	4
	5
	6
	7





	B. breve
	+
	+
	+
	+
	+
	
	+



	B. longum subsp. longum
	
	+
	
	+
	+
	+
	+



	B. longum subsp. infantis
	
	+
	
	+
	+
	+
	+



	B. bifidum
	
	
	
	
	+
	
	+







Species detected by quantitative real-time PCR are in