Nature Communications
Supplementary Information

Ecological stratification of the human gut microbiome resolves metabolic heterogeneity via precision substrate optimization

Daisuke Sasaki a,b*, Tomoya Shintani a, Yasushi Matsuki c, Akihiko Kondo a,b

a Graduate School of Science, Technology and Innovation, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe city, Hyogo, 657-8501, Japan
b Bacchus Bio innovation Co., Ltd., 6-3-7 Minatojima Minami-machi, Chuo-ku, Kobe city, Hyogo 650-0047, Japan
c Strategic Planning Office, Kobe University, 1-1 Rokkodai-cho, Nada-ku, Kobe city, Hyogo, 657-8501, Japan 

* Corresponding author:
Daisuke Sasaki
Telephone: +81-78-803-6192, Fax: +81-78-803-6192
E-mail: daisuke@port.kobe-u.ac.jp


Table of Contents

Supplementary Figures
Supplementary Fig. 1 | Time-course ecological stability, metabolic maturation, and specific guild dynamics during in vitro microbiome remodeling.
Supplementary Fig. 2 | Baseline diversity and taxonomic composition of the in vitro ecosystem.
Supplementary Fig. 3 | Global metabolic landscape and the methodological rationale for absolute quantification in resolving precision stratification.
Supplementary Fig. 4 | Absence of taxonomic correlation with metabolic phenotypes in 16S rRNA gene relative abundance.
Supplementary Fig. 5 | Universality of the acid-driven metabolic tipping point and capacity limits of bifidogenic cross-feeding.
Supplementary Fig. 6 | Ecological stratification of the baseline fecal microbiota and predictive limitation of static enterotyping.

Supplementary Table
Supplementary Table 1 | qPCR Primers and targets.

Description of Additional Supplementary Data
Data are provided in separate CSV files
Supplementary Data 1 | List of bacterial genera responding to inulin fermentation.
Supplementary Data 2 | List of bacterial genera responding to resistant starch (RS) fermentation.
Supplementary Data 3 | List of bacterial genera responding to xylitol fermentation.
Supplementary Data 4 | List of bacterial genera responding to erythritol fermentation.
Supplementary Data 5 | Physicochemical and categorical metadata of the KULFFI library substrates.



[image: ]

Supplementary Fig. 1 | Time-course ecological stability, metabolic maturation, and specific guild dynamics during in vitro microbiome remodeling. a, Total short-chain fatty acid (SCFA) production (mM) at 48 h across different basal media. b, Ecological stability and diversity of the cultured microbiomes at 24 h and 48 h. The top panel shows Pearson correlation coefficients (r) of centered log-ratio (CLR)-transformed genus-level abundances against the original fecal inocula (0 h). The bottom panel displays the alpha diversity (maximum Shannon index). c, Relative abundances of key bacterial genera (Faecalibacterium, Blautia, Bifidobacterium, Prevotella, and Escherichia) at 24 and 48 h of fermentation across different inoculation strategies. The 0.8% mucin-supplemented S-KUHIMM condition effectively preserved strict anaerobes while suppressing the bloom of facultative anaerobes like Escherichia over time. For all panels, n = 6 biologically independent human donors per group. In the box plots (a–c), the central horizontal line indicates the median, box limits represent the upper and lower quartiles (25th and 75th percentiles), and whiskers extend to 1.5× the interquartile range, with individual data points overlaid. Statistical significance was evaluated using two-sided Wilcoxon signed-rank tests comparing the conventional model (0.0% mucin, KUHIMM) and the optimized model (0.8% mucin, S-KUHIMM) within the same time point (*P < 0.05). All P values are nominal and were calculated without adjustment for multiple comparisons.
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Supplementary Fig. 2 | Baseline diversity and taxonomic composition of the in vitro ecosystem. a, Alpha diversity. Box plots showing the Shannon diversity index and the number of observed amplicon sequence variants in the native inoculum feces (Feces) and the corresponding unsupplemented in vitro cultures (Control). b, Taxonomic composition. Stacked bar charts illustrating the mean relative abundances of bacterial taxa at the phylum, class, order, and family levels in the Feces and Control groups. Taxa are ordered based on their mean relative abundance in the Feces group, with hierarchical color mapping applied consistently across all taxonomic levels to visualize structural fidelity. For both panels, n = 48 biologically independent human donors were analyzed. In the box plots (a), the central horizontal line indicates the median, box limits represent the upper and lower quartiles (25th and 75th percentiles), and whiskers extend to 1.5 × the interquartile range, with individual data points overlaid. Statistical differences in a were assessed using two-sided Wilcoxon signed-rank tests.
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Supplementary Fig. 3 | Global metabolic landscape and the methodological rationale for absolute quantification in resolving precision stratification. a, Distribution of propionate Log2 fold change (Log2FC). Box plots show the relative change in propionate concentration from the baseline for resistant maltodextrin (RMD), resistant starch (RS), D-mannose, inulin, xylitol, and erythritol. While Log2FC is an effective metric for global statistical screening, this relative metric inherently amplifies stochastic noise in low-baseline donors and compresses massive metabolic outputs in high-baseline donors. This mathematical distortion necessitates the use of absolute concentration changes (ΔmM) for rigorous physiological evaluations. b, Heterogeneity map of propionate production. Scatter plot of the mean Log2FC versus the standard deviation of Log2FC across 177 substrates. The six representative substrates are highlighted, revealing distinct population-level behaviors ranging from robust responses (RMD, inulin) to individual silent heterogeneity (e.g., D-mannose). c–e, Absolute quantification outperforms relative profiling in resolving metabolic heterogeneity. Correlation analysis comparing the predictive accuracy of Bacteroides abundance dynamics measured via 16S rRNA gene sequencing (relative profiling, %) against Δpropionate for RMD (c), RS (d), and D-mannose (e). While relative microbial shifts correlate with metabolic output, the correlation coefficients (r) derived from relative profiling are inherently lower than those achieved through the absolute quantification (ΔLog10 copies/mL) utilized in the S-KUHIMM framework. Furthermore, metabolic responses fundamentally fail to correlate with the initial baseline abundance, correlating only with the final (Post) abundance and the dynamic change (Δ). This highlights the critical necessity of measuring absolute substrate-induced guild expansion rather than relying on relative compositional data or static baselines. For the metabolic profiling (a, b), n = 52 biologically independent human donors were analyzed. For 16S rRNA gene sequencing data (c–e), n = 48 biologically independent human donors were evaluated. In the box plots (a), the central horizontal line indicates the median, box limits represent the upper and lower quartiles (25th and 75th percentiles), and whiskers extend to 1.5× the interquartile range, with individual data points overlaid. Statistical significance in a was evaluated using Benjamini–Hochberg false discovery rate (FDR) correction across the library (*q < 0.05, ***q < 0.001). For the scatter plots (c–e), solid lines represent linear regression. Significance for correlations was determined using Pearson's correlation coefficient (r) followed by FDR correction (q).
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Supplementary Fig. 4 | Absence of taxonomic correlation with metabolic phenotypes in 16S rRNA gene relative abundance. Pairwise Pearson correlation analyses between genus-level 16S rRNA gene relative abundances and major short-chain fatty acid accumulation during inulin fermentation. a, Correlation profile of the Bifidobacterium guild with acetate production. Scatter plots illustrate the relationship between acetate accumulation (Δacetate, mM) after 48 h of inulin fermentation and initial relative abundance (left), post-fermentation relative abundance (middle), and dynamic net shift (Δ relative abundance, right) of Bifidobacterium spp. b, Correlation profile of the Bifidobacterium guild with butyrate production. Scatter plots show the relationship between Δbutyrate (mM) and initial (left), post-fermentation (middle), and Δ relative abundance (right) of Bifidobacterium spp. Robust negative correlations observed in the post-fermentation and delta panels highlight that excessive overgrowth of this primary degrader couples with a decline in metabolic output, supporting the environment-mediated metabolic stall model. c, Correlation profile of the Faecalibacterium guild with acetate production. Scatter plots illustrate the relationship between Δacetate (mM) and initial (left), post-fermentation (middle), and Δ relative abundance (right) of Faecalibacterium spp. d, Correlation profile of the Faecalibacterium guild with butyrate production. Scatter plots illustrate the relationship between Δbutyrate (mM) and initial (left), post-fermentation (middle), and Δ relative abundance (right) of Faecalibacterium spp. The complete absence of positive predictive capacity across initial and post-fermentation states statistically validates functional decoupling in high-load physiological ecosystems. For all panels, n = 48 biologically independent human donors were analyzed. Four donors (HS-07, HS-34, HS-51, and HS-52) were systematically excluded from the analysis due to the absence of baseline 16S rRNA sequencing datasets (strict pairwise exclusion). Solid regression lines indicate the linear fit. To visually distinguish ecological signal robustness, regression lines are depicted in solid black for robust correlations (|r| > 0.5) and in semi-transparent light gray for weak or negligible correlations (|r| ≤ 0.5). Statistical significance was evaluated using the two-sided Pearson correlation coefficient (r), and the resulting P values across all twelve panels were strictly adjusted using the Benjamini–Hochberg false discovery rate (FDR) correction (q-values).
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Supplementary Fig. 5 | Universality of the acid-driven metabolic tipping point and capacity limits of bifidogenic cross-feeding. a, Segmented (piecewise) linear regression analysis mapping the shift in butyrate production (Δbutyrate) against the extent of luminal acidification (ΔpH). Data points represent the response of individual donors to 5 distinct bifidogenic substrates (inulin, KULFFI-014, -015, -017, -019) evaluated using the S-KUHIMM screening. Despite the inherent biological variation observed in single-substrate analyses, the global mathematical minimum of the regression model converges consistently around ΔpH = −0.83 (dashed red line). This convergence point was rigorously validated as the true global optimum via comprehensive grid-search optimization, ensuring the threshold is strictly data-driven and independent of initial modeling assumptions. Grey circles indicate donor responses to various bifidogenic carbohydrates excluding inulin, while purple circles highlight the inulin-specific responses. The thick red line represents the bounded segmented fit across all 260 pairwise metabolic trajectories. This meta-analysis demonstrates that the acid-driven functional collapse is a fundamental ecological constraint within the human gut microbiome. The convergence of this global ecological tipping point (ETP; −0.83) with the inulin-specific ETP (−0.81, Fig. 7a) identifies a critical tipping zone, validating the adoption of a conservative global ecological stability margin (ΔpH = −0.80) applied in the precision stratification strategy. b, Stability-efficacy quadrant plots illustrating the sequential stratification across the 13 bifidogenic substrates (inulin, KULFFI-009, -014, -015, -017, -019, -020, -022, -027, -031, -035, -036, and -044). The evaluation sequence of these substrates was mathematically determined by an optimization algorithm to maximize the cumulative responder rate at each step. The vertical red dashed line indicates the ecological stability margin defined by the ETP (ΔpH = −0.80), and the horizontal blue solid line represents the functional efficacy threshold (Δbutyrate = 5.0 mM). Individual donors are dynamically categorized as current responders (colored circles, within the target zone), prior responders (grey circles, successfully compensated by preceding substrates in the sequence), or non-responders (black crosses, failing to achieve stable functional efficacy). c, Stepwise precision stratification algorithm output restricted solely to the 13 bifidogenic substrates. Donors are grouped by their optimally assigned substrate to maximize individualized responder rates and ranked by their maximized Δbutyrate production. Bars are color-coded by the baseline inulin-induced ecotype (mild, red; moderate, grey; severe, blue). Numbers in parentheses indicate the count and percentage of the total donor population assigned to each category. This comprehensive evaluation visually demonstrates the absolute capacity limit of the bifidogenic cross-feeding network (plateauing at a responder rate of approximately 46.2% responder rate), mathematically proving the necessity of switching to mechanistically distinct niche drivers (e.g., xylitol and erythritol, Fig. 7) to restore metabolic function in the remaining severe and moderate non-responders. For all panels, n = 52 biologically independent human donors were analyzed, resulting in a total of 676 pairwise metabolic trajectories evaluated in a.
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Supplementary Fig. 6 | Ecological stratification of the baseline fecal microbiota and predictive limitation of static enterotyping. a, Principal coordinate analysis (PCoA) plot of the baseline fecal microbial communities based on genus-level Bray–Curtis dissimilarity. To robustly define baseline community architecture, samples were stratified into three distinct enterotypes (Bacteroides type, red; Prevotella type, yellow; Ruminococcus type, blue) employing partitioning around medoids (PAM) clustering based on Jensen–Shannon distance, in accordance with established human gut microbiome stratification protocols. Dashed ellipses represent the 95% confidence intervals for each enterotype cluster. The percentages on the axes indicate the proportion of total variance explained by the first two principal coordinates. b, Substrate-specific short-chain fatty acid (SCFA) production across the three baseline enterotypes. The absolute changes (Δ) in specific target SCFAs—propionate for resistant maltodextrin (RMD), resistant starch (RS), and D-mannose; butyrate for inulin, xylitol, and erythritol—are shown. This complete lack of enterotype-driven metabolic divergence validates that static taxonomic profiling is insufficient to predict individual metabolic trajectories, underscoring the necessity of dynamic functional screening via S-KUHIMM. For both panels, n = 48 biologically independent human donors were analyzed. Four donors (HS-07, HS-34, HS-51, and HS-52) were systematically excluded from this analysis due to the absence of baseline fecal 16S rRNA sequencing datasets. In the box plots (b), the central horizontal line indicates the median, box limits represent the upper and lower quartiles (25th and 75th percentiles), and whiskers extend to 1.5 × the interquartile range, with individual data points overlaid. Statistical significance was evaluated using the two-sided Kruskal–Wallis test, with exact unadjusted P values indicated above each panel. All comparisons remained non-significant after adjusting for multiple testing using the Benjamini–Hochberg false discovery rate (all q > 0.05).



Supplementary Table 1 | qPCR Primers and targets

	Target Taxon
	Specificity
	Primer Name
	Sequence (5' -> 3')
	Annealing Temp (ºC)
	Reference†

	Total Bacteria
	Kingdom
	

	ACTCCTACGGGAGGCAGCAGT
GTATTACCGCGGCTGCTGGCAC
	54.0
	58

	Bifidobacterium spp.
	Genus
	g-Bifid-F
g-Bifid-R
	CTCCTGGAAACGGGTGG
GGTGTTCTTCCCGATATCTACA
	60.0
	59

	Bacteroides spp.
	Genus
	

	GGTGTCGGCTTAAGTGCCAT
CGGAYGTAAGGGCCGTGC
	55.0
	60

	Faecalibacterium prausnitzii
	Species
	FPR-2F
Fprau645R

	GGAGGAAGAAGGTCTTCGG
AATTCCGCCTACCTCTGCACT
	55.0
	61

	Akkermansia muciniphila
	Species
	AM1
AM2
	CAGCACGTGAAGGTGGGGAC
CCTTGCGGTTGGCTTCAGAT
	50.0
	62

	Blautia wexlerae and Blautia luti
	Species
	

	GCATAAGCGCACAGAGCT
CACATCAGACTTGCCACA
	61.0
	63

	Butyricicoccus spp.
	Genus
	

	ACCTGAAGAATAAGCTCC
GATAACGCTTGCTCCCTACGT
	60.0
	64

	Anaerostipes caccae
	Species
	s-Acac-F
s-Acac-R
	GTTTTCGGATGGATTTCCTATAT
CTTTTCACACTGAATCATGCGATT
	55.0
	65


† Please see the reference list in the article.


Description of Additional Supplementary Data
Data are provided in separate CSV files

Supplementary Data 1 | List of bacterial genera responding to inulin fermentation.
Statistical identification of bacterial taxa showing nominally significant changes in relative abundance following 48-hour inulin fermentation compared to the control (n = 48). Taxa are sorted in descending order based on the Log2 fold change (Log2FC). Ambiguous genera (e.g., unclassified at the genus level) are labeled with the lowest identified taxonomic rank (e.g., Unclassified Ruminococcaceae). Significance was determined using the two-sided Wilcoxon signed-rank test. P values were adjusted using the Benjamini–Hochberg FDR method (q-value). To capture potential ecologically relevant responders, taxa with raw P < 0.05 are listed.

Supplementary Data 2 | List of bacterial genera responding to resistant starch (RS) fermentation.
Statistical identification of bacterial taxa showing nominally significant changes in relative abundance following 48-hour RS fermentation compared to the control (n = 48). Taxa are sorted in descending order based on the Log2 fold change (Log2FC). Ambiguous genera (e.g., unclassified at the genus level) are labeled with the lowest identified taxonomic rank (e.g., Unclassified Ruminococcaceae). Significance was determined using the two-sided Wilcoxon signed-rank test. P values were adjusted using the Benjamini–Hochberg FDR method (q-value). To capture potential ecologically relevant responders, taxa with raw P < 0.05 are listed.

Supplementary Data 3 | List of bacterial genera responding to xylitol fermentation.
Statistical identification of bacterial taxa showing nominally significant changes in relative abundance following 48-hour xylitol fermentation compared to the control (n = 48). Taxa are sorted in descending order based on the Log2 fold change (Log2FC). Ambiguous genera (e.g., unclassified at the genus level) are labeled with the lowest identified taxonomic rank (e.g., Unclassified Ruminococcaceae). Significance was determined using the two-sided Wilcoxon signed-rank test. P values were adjusted using the Benjamini–Hochberg FDR method (q-value). To capture potential ecologically relevant responders, taxa with raw P < 0.05 are listed.

Supplementary Data 4 | List of bacterial genera responding to erythritol fermentation.
Statistical identification of bacterial taxa showing nominally significant changes in relative abundance following 48-hour erythritol fermentation compared to the control (n = 48). Taxa are sorted in descending order based on the Log2 fold change (Log2FC). Ambiguous genera (e.g., unclassified at the genus level) are labeled with the lowest identified taxonomic rank (e.g., Unclassified Ruminococcaceae). Significance was determined using the two-sided Wilcoxon signed-rank test. P values were adjusted using the Benjamini–Hochberg FDR method (q-value). To capture potential ecologically relevant responders, taxa with raw P < 0.05 are listed.

Supplementary Data 5 | Physicochemical and categorical metadata of the KULFFI library substrates.
The target phenotypes were strictly classified based on physiological thresholds established from in vitro SCFA production and pH dynamics across 52 independent donors. In this study, the baseline inulin-induced ecotypes (severe, moderate, and mild) were distributed approximately in thirds (~33% each) across the cohort. Consequently, applying a conventional majority threshold (≥ 50%) would systematically mask niche-specific metabolic potentials or vulnerabilities (e.g., severe acidification restricted specifically to the severe ecotype). To accurately capture this deterministic silent heterogeneity while rigorously filtering out stochastic noise, a conservative threshold of 25% responder prevalence was mathematically adopted. Specific classification criteria are as follows: butyrate driver (Δ ≥ 5.0 mM in ≥ 25% donors); propionate driver (Δ ≥ 5.0 mM in ≥ 25% donors); acid-driven functional decoupling (ecosystem collapse beyond the global ETP [ΔpH ≤ −0.80] combined with stalled targeted SCFA production in ≥ 25% donors) and sub-threshold (silent heterogeneity) for substrates failing to meet the above macroscopic efficacy thresholds but driving highly personalized responses.
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