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Mirian Aparecida de Campos Costa,a,b Xinruo Zhao,a Dirce Komura,c

Elaine Rosechrer Carbonero,d Grethel Teresa Choque-Delgado, e
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Individual variability in gut microbiota responses limits the consistency of health benefits from prebiotic

fiber interventions. Building on our concept of fiber hierarchical specificity, defined as the selective align-

ment and use of fibers by a narrow subset of gut microbes, we evaluated new putative high-specificity

fibers for their ability to promote predictable and intense microbial shifts across individuals. Here, six can-

didate fibers (Acacia gum, Fucogalactan, Gellan gum, Guar gum, Locust bean gum, and

Xylooligosaccharides) were tested in vitro using fecal microbiota from ten donors and compared to low-

specificity (Fructooligosaccharides) and high-specificity (an insoluble glucan) reference fibers. SCFA ana-

lysis showed that Fucogalactan and Guar were strongly propiogenic, while Acacia and Locust promoted

balanced SCFA production. Gellan exhibited minimal fermentability. Acacia, Fucogalactan, Guar, and

Locust consistently enriched putative beneficial genera (Eisenbergiella, Hungatella, Anaerotruncus, and

Parabacteroides, respectively), with strong and consistent responses across individuals, features character-

istic of high-specificity fibers. In contrast, Fructooligosaccharides and Xylooligosaccharides produced

more variable, and less intense responses. Our findings support Acacia, Fucogalactan, Guar, and Locust as

high-specificity fibers that induce consistent, taxon-targeted shifts in the gut microbiome. These expand

the repertoire of high-specificity fibers—a promising prebiotic approach for predictable microbiota

modulation and related health outcomes.

1. Introduction

Individual variability in gut microbiota composition and func-
tion has posed a major challenge for the consistent modu-
lation of host health through dietary fiber interventions.1–7

While some individuals exhibit robust microbial responses to

fiber intake, others show minimal or no changes, often charac-
terized as “non-responders”.8–10 This inter-individual variation
highlights the need for more targeted strategies capable of eli-
citing predictable microbiota shifts. We previously introduced
the concept of fiber hierarchical specificity, which refers to the
degree to which a dietary fiber is selectively utilized by gut
microbes.11 In this framework, low-specificity fibers are
broadly fermentable by many taxa, while high-specificity fibers
are accessible to only a narrow group of microbes with special-
ized metabolic capabilities. We showed experimentally that
specificity has important implications for both the consistency
and magnitude of microbial responses.12 Low-specificity fibers
yield variable outcomes across individuals, given that many
microbes can access the substrate and that the composition of
these competing microbes differs between people. As a result,
the outcome depends heavily on the competitive dynamics
within each individual’s gut microbiome.11,12 In contrast,
high-specificity fibers reduce microbial competition by limit-
ing access to a few specialized taxa. This reduction in competi-
tive pressure enables more consistent enrichment of target
microbes across individuals, provided those taxa are present.
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Moreover, the intensity of the response is often greater for
high-specificity fibers, as fewer organisms compete for such
fibers, funneling energy generated from fermentation toward
the growth and metabolism of the target taxa.12 Conversely,
low-specificity fibers typically produce lower intensity and less
targeted shifts due to resource sharing among a larger group
of microbes.12 This concept has since been referenced by
others as a useful framework for understanding inter-individ-
ual variation in fiber responses.13–25

The specificity of a dietary fiber is primarily determined by
its physicochemical structure, complexity, and the bacterial
genetic requirements for its degradation. High-specificity
fibers typically possess rare glycosidic linkages, uncommon
monosaccharide compositions, branching patterns, or degrees
of polymerization that are not widely accessible to most gut
microbes.11 Moreover, they can be present as matrices or
possess other specific physical arrangements and properties
(e.g., insolubility, high-viscosity, etc.) which may restrict bac-
terial utilization. Only microbes that harbor specialized carbo-
hydrate-active enzymes (CAZymes) and additional necessary
machinery for accessing those carbohydrates can metabolize
these complex substrates,26,27 restricting fermentation to a
narrow subset of taxa.11,12 While a gut bacterium may exhibit
alignment to a high-specificity fiber, it typically harbors a
broader repertoire of CAZymes that enables it to metabolize
additional, structurally distinct carbohydrates.27 Low-speci-
ficity fibers on the other hand, have more common structural
features—such as those found in fructooligosaccharides—to
which many bacteria in the gut harbor the necessary degra-
dation machinery. As a result, a diverse set of microbes can
compete for and utilize these substrates. Beyond physico-
chemical features, commonality in the diet (i.e., more bac-
teria have evolved to degrade them) and cross-feeding
mechanisms must also be considered, as they can interfere
with or reduce specificity levels.11,12 Based on these con-
cepts, most currently available prebiotics fall into the low-
specificity category, being low-complexity polymers and oli-
gomers (e.g., inulin, FOS, GOS) and/or are common in the
diet (e.g., resistant starches). We have previously identified a
unique 1,3-β-glucan derived from an Amazonian mushroom,
which consistently enriched Anaerostipes spp. and Bacteroides
uniformis12,28 and classified it as a high-specificity fiber.
However, to date, there remains a lack of data on other
structurally distinct fibers that may exert similarly targeted
effects on different beneficial bacterial taxa.

In this study, we evaluated a set of structurally complex can-
didate fibers or with diet-unusual sugar compositions and
linkage patterns, for their potential classification as high-
specificity fibers. We assessed whether they could induce con-
sistent and intense modulation of gut microbiota composition
across multiple individuals, which are criteria in our defi-
nition. Using in vitro fecal fermentation models with micro-
biota from ten different donors, we aimed to expand the reper-
toire of high-specificity fibers and deepen our understanding
of how fiber structure determines community shifts across
individuals.

2. Materials and methods
2.1. Donors and fecal sample collection

Fecal samples were obtained from 10 reportedly healthy
donors (two males and eight females) recruited through adver-
tisements fixed at the Purdue University campus. Eligible
donors were male and female between 18 and 40 years old,
with participants in the study ranging from 23 to 37 years of
age and a mean age of 28 years. All donors had a normal body
mass index (BMI) range (18.5–24.9 kg m−2), with an average
BMI of 22.87 kg m−2 (range: 19.53–24.84 kg m−2). In terms of
self-reported ethnicity, 70% identified as Latino or Hispanic,
while 10% identified as Asian, 10% as African American, and
10% as White. We did not include individuals who had taken
antibiotics in the 3 months before the study or probiotics in
the last 2 weeks; those with any gastrointestinal disorders or
previous surgery in the gastrointestinal tract in the last 5 years;
heavy drinkers (>4 drinks per day or >14 drinks per week for
men and >3 drinks per day or >7 drinks per week for women);
smokers; or pregnant and breastfeeding women. Donors were
required to fast overnight the day before fecal collection (no
food intake after 10 PM) and refrain from heavy physical
activity outside their routine.

Fecal samples were collected in sterile plastic tubes, which
were immediately sealed, stored in a refrigerator, and then
transferred into an anaerobic chamber (BactronEZ Anaerobic
Chamber; Shel Lab, Cornelius, OR) where in vitro fecal fermen-
tation was performed. All samples were utilized for fermenta-
tion within 2 hours of collection. Human stool collection and
use were performed in accordance with U.S. DHHS 45 CFR 46
regulations and institutional guidelines, and were approved by
the Purdue University IRB (protocol #1510016635). Informed
consent was obtained from all human participants.

2.2. Dietary fibers

Fibers were selected based on parameters previously described to
increase fiber specificity, including complex physicochemical
structure and low abundance in most diets, as we previously pro-
posed.11 Acacia gum [ACACIA] (TIC Pretested® Gum Arabic FT
Powder), Gellan gum [GELLAN] (TICorganic® Caragum 200),
Guar gum [GUAR] (TICorganic® Guar Gum 3500 F Powder), and
Locust bean gum [LOCUST] (TIC Pretested® Locust Bean Gum
POR A2 Powder) were sourced from TIC Gums (an Ingredion
company, Belcamp, MD, USA). Fucogalactan [FUCG] was extracted
and purified following the method described by Román et al.29

Xylooligosaccharides [XOS] were obtained from Nutrasumma
(Phoenix, AZ, USA; product code 00150). Fructooligosaccharides
[FOS] from chicory root (Sigma-Aldrich, St Louis, MO, USA; CAS
number F8052) were used as the low-specificity negative
control.12 The insoluble 1,3-β-glucan [GLUCAN] extracted from
Cookeina speciosa,28 was utilized as the high-specificity positive
control as previously demonstrated.12

2.3. In vitro fecal fermentation

In vitro, fecal fermentation was performed according to the
methodology described by Lebet et al.30 with modifications.
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Briefly, on the day before fermentation, 20 mg of each dietary
fiber was added to sterile tubes, in duplicate. A carbonate–
phosphate buffer containing trace element solution and resa-
zurin (1 mg mL−1) was also prepared and filtered by a
Nalgene® vacuum filtration system (Sigma-Aldrich) for decon-
tamination. Cysteine hydrochloride (0.25 g L−1 of buffer) was
added as a reducing agent. The prepared buffer was then
placed into the anaerobic chamber to complete buffer
reduction. On the day of the experiment, fresh stool samples
were mixed with carbonate–phosphate buffer in a 1 : 3 (w/v)
ratio and thoroughly homogenized. The resulting mixture was
then filtered through four layers of gauze to remove large par-
ticles. A 0.5 mL portion of the fecal suspension was transferred
into Balch tubes (Chemglass Life Sciences, Vineland, NJ) pre-
loaded with 20 mg of dietary fiber and 2 mL of carbonate–
phosphate buffer. The tubes were sealed using butyl rubber
stoppers and aluminum crimp seals (both from Chemglass
Life Sciences), then incubated at 37 °C with shaking at 110
rpm for 24 hours in a MaxQ 6000 shaker incubator (Thermo
Fisher, Waltham, MA). Samples collected at baseline and after
24 hours of fermentation were aliquoted and stored at −80 °C
for subsequent short-chain fatty acid (SCFA) analysis (0.5 mL)
and microbial DNA sequencing (1 mL). All procedures invol-
ving sample handling were carried out under anaerobic con-
ditions and maintained with a gas mixture composed of 85%
nitrogen, 5% carbon dioxide, and 10% hydrogen.

2.4. Short-chain fatty acids analysis

Samples for SCFA analyses were prepared as previously
described28 and analyzed using a gas chromatograph (GC-FID
7890 A; Agilent Technologies Inc.) on a fused silica capillary
column (Nukon Supelco no. 40369-03A; Bellefonte, PA) under the
following conditions: injector temperature at 230 °C, initial oven
temperature at 100 °C, and temperature increase of 8 °C min−1 to
200 °C with a hold for 3 min at final temperature. Helium was
used as a carrier gas at 0.75 ml min−1. Quantification was per-
formed based on relative peak area using external standards of
acetate (0.6 M), propionate (0.15 M), butyrate (0.15 M), isobutyrate
(0.15 M), and isovalerate (0.15 M) (Sigma-Aldrich). An internal
standard was prepared by mixing 157.5 µL of 4-methyl valeric
acid (C6H12O2), 1.47 mL of phosphoric acid (H3PO4) (85% v/v),
and 39 mg of copper sulfate pentahydrate (CuSO4·5H2O) diluted
in 25 µL of distilled water.

2.5. DNA extraction and 16S rRNA gene amplicon sequencing

DNA was extracted from stored fecal samples using the
QIAamp® PowerFecal® Pro DNA Kit (Qiagen, USA) following
the manufacturer’s instructions. For each extraction, 1 mL of
fecal material was first defrosted in an icebox and then centri-
fuged at 15 000g at room temperature for 10 minutes
(Microfuge® 20R, Beckman Coulter, Germany). The super-
natant was discarded, and the remaining material was sus-
pended in 700 µL of the CD1 buffer provided in the kit. This
mixture was then transferred into PowerBead Pro Tubes®
(Qiagen, USA), which contain microspheres, and subjected to
two centrifugation cycles at room temperature using the

FastPrep-24™ system (MP Biomedicals, USA) to promote cell
lysis. Each cycle lasted 40 seconds, with a 5-minute interval
between them.

The tubes were then centrifuged for 1 minute at 15 000g at
room temperature (Microfuge® 20R, Beckman Coulter,
Germany). 600 µL of the resulting supernatant was transferred
into a new tube, and DNA extraction was completed using the
QIAcube Connect automated system (Qiagen, USA), following
the manufacturer’s protocol.

The concentration of extracted DNA was assessed using a
NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The purity of the DNA was evaluated by
measuring absorbance ratios at 260/280 nm and 260/230 nm,
with optimal values defined as 1.8–2.0 and 2.0–2.2, respect-
ively. Extracted genetic material was stored at −80 °C until it
was submitted for sequencing. Genomic DNA was used as a
template to amplify the V4 region of the microbial 16S rRNA
gene using primers 515F (GTGCCAGCMGCCGCGGTAA) and
806R (GGACTACHVGGGTWTCTAAT). Amplicons were gener-
ated using a two-stage PCR protocol, with barcoded primers
introduced in the second stage. Libraries were pooled, purified
using an AMPure XP cleanup protocol, and sequenced on an
Illumina MiniSeq platform (2 × 153 bp paired-end reads) with
a 20% phiX spike-in at the University of Illinois at Chicago
Genome Research Core.

2.6. Statistics and bioinformatics

Short-chain fatty acid (SCFA) concentrations were analyzed
using GraphPad Prism (version 10). Differences among fiber
treatments were assessed using ordinary one-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test for multiple
comparisons. Statistical significance was defined as p < 0.05.

Sequencing data were processed using the QIIME2 platform
(v. 2020.2).31 Raw reads were demultiplexed, quality filtered,
denoised, and merged using the DADA232 plugin to generate
amplicon sequence variants (ASVs). Chimeric sequences were
identified and removed during denoising. Taxonomic classifi-
cation was performed using a Naïve Bayes classifier trained on
the SILVA 138 database (99% sequence identity threshold).
Sequences were rarefied to a depth of 10 400 reads per sample
prior to diversity analyses to standardize sampling effort
across samples. Alpha diversity metrics, including observed
ASVs (richness) and Pielou’s evenness (evenness), were calcu-
lated using the diversity plugin in QIIME2. Group comparisons
for alpha diversity were assessed using Kruskal–Wallis tests
with Benjamini–Hochberg false discovery rate (FDR) correc-
tion. Beta diversity was evaluated using Weighted UniFrac dis-
tance matrices. Principal Coordinate Analysis (PCoA) plots
were generated to visualize differences in community struc-
ture. Statistical significance of group separations was tested by
pairwise PERMANOVA (999 permutations) with FDR correction
to compare microbial community shifts induced by each
tested fiber to those observed with the low-specificity fiber
(FOS) and the high-specificity fiber (GLUCAN) using pairwise
PERMANOVA tests. To assess inter-individual variability, per-
mutational analysis of multivariate dispersions (PERMDISP)
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was performed using Weighted UniFrac distances. Differential
abundance analysis at the genus level was performed using
ANCOM-II (Analysis of Composition of Microbiomes)
implemented in QIIME2. For graphical representations, we
generated relative abundance bar plots, Weighted UniFrac
PCoA plots with trajectory arrows (illustrating compositional
shifts pre- and post-fiber fermentation), and paired before-
and-after log10-transformed abundance plots for taxa identi-
fied by ANCOM-II in R (v. 4.3.2) using the ggplot2 and phylo-
seq packages. Relative abundances were expressed as percen-
tages and log10-transformed to facilitate visualization across
several orders of magnitude. A pseudocount of 0.01% was
added prior to transformation to account for zeros, corres-
ponding to the lower detection limit shown on the axis.

3. Results and discussion

We performed in vitro fecal fermentations using gut micro-
biota communities from 10 different donors, comparing six
new putative high-specificity fibers (Acacia gum [ACACIA],
Fucogalactan [FUCG], Gellan gum [GELLAN], Guar gum
[GUAR], Locust bean gum [LOCUST], and Xylooligosaccharides
[XOS]) to previously identified low- and high-specificity fibers

(fructooligosaccharides [FOS] and insoluble glucan [GLUCAN],
respectively).

3.1. SCFA production profiles differ among fibers

SCFA production varied substantially among the different
fibers tested. FOS and XOS led to the highest acetate concen-
trations, reaching 78.1 and 85.3 mM, respectively (Fig. 1A).
ACACIA, FUCG, GUAR, and LOCUST also generated notable
levels of acetate (65.9, 53.4, 57.0, and 5.8 mM, respectively),
though generally lower than FOS and XOS (Fig. 1A). Propionate
production was highest for FUCG and GUAR, which yielded
29.4 and 27.6 mM, respectively (Fig. 1B). These were followed
by intermediate levels observed for FOS, LOCUST, and XOS
(16.6, 20.3, and 17.6 mM, respectively). GLUCAN and ACACIA
also produced measurable propionate, though to a lesser
extent (10.1 and 13.9 mM, respectively) (Fig. 1B). Butyrate
levels were greatest for FOS, LOCUST, and XOS (15.8, 13.3, and
14.5 mM, respectively), with GLUCAN, ACACIA, FUCG, and
GUAR showing moderate production (6.9, 8.5, 7.5, and
9.4 mM, respectively) (Fig. 1C).

Notably, GELLAN consistently resulted in the lowest con-
centrations of all three SCFAs, with values not significantly
different from the blank control, suggesting this fiber had

Fig. 1 Short-chain fatty acid (SCFA) production across fibers. SCFA concentrations (mM) were measured after 24-hours in vitro fecal fermentation
using microbiota from 10 donors, for each tested fiber. Panels show (A) acetate, (B) propionateand (C) butyrate concentrations. (D) Relative pro-
portions (%) of each SCFA per fiber. Tested fibers included: ACACIA (acacia gum), FUCG (fucogalactan), GELLAN (gellan gum), GUAR (guar gum),
LOCUST (locust bean gum), XOS (xylooligosaccharides), and the controls FOS (fructooligosaccharides), and GLUCAN (insoluble β-1,3-glucan from
Cookeina speciosa). Bars represent mean ± SD (n = 10). Statistically significant differences among groups are shown in Table S1.
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poor fermentability under the tested conditions (Fig. 1A–C).
Ratios among the three SCFAs helped to reveal whether fibers
promoted microbial groups favoring the production of specific
SCFAs over others. ACACIA, XOS, and FOS showed the highest
acetate proportions (16.3%, 15.2%, and 15.0%, respectively)
(Fig. 1D). FUCG, GUAR, GLUCAN, and LOCUST were highly
propiogenic, with propionate comprising 32.7%, 29.7%,
25.1%, and 22.4% of total SCFAs, respectively (Fig. 1D).
GLUCAN had the highest proportion of butyrate, representing
17.1% of total SCFAs across all substrates tested. This finding
aligns with our previous data demonstrating the specific
stimulation of a butyrogenic taxon by this fiber,28 which was
subsequently confirmed to be a high-specificity fiber,12 redu-
cing competitive pressure for fiber utilization.

3.2. Effects on microbial diversity

Changes in the gut microbial community structure in response
to the tested fibers were assessed through 16S rRNA gene
sequencing. Baseline diversity and composition varied sub-
stantially between donors, as illustrated in Fig. S1 and sup-
ported by the donor-level alpha-diversity metrics in Fig. 2.
Alpha diversity was evaluated by the number of observed ASVs
(for richness) and Pielou’s evenness (for evenness) (Fig. 2). As
expected, there were no substantial differences in richness
among treatments (pairwise Kruskal–Wallis q > 0.05 for all
comparisons; Table S1). In a closed system, the microbial com-
munity can utilize not only the added fiber but also residual
fibers present in small amounts within the fecal inoculum,
and no new taxa can enter the system, thus, changes in rich-

ness are unlikely.33 However, differences were more apparent
in community evenness as expected in vitro fermentations33

(Fig. 2). GELLAN, which was poorly fermented, mirrored the
diversity profile observed in the blank control, where no fiber
was added. Both FUCG and GELLAN, as well as LOCUST, led to
significant reductions in evenness (q = 0.001 for FUCG and
GELLAN; q = 0.039 for LOCUST in pairwise Kruskal–Wallis vs.
blank; Fig. 2), which could indicate a narrow fermentation
profile that counteracts community evenness. In contrast,
other fibers maintained higher levels of evenness, which could
be interpreted to support a broader number of taxa or, in the
case of narrow fermentation profiles, to target bacteria, which
may favor the growth of less abundant taxa.33

Weighted UniFrac beta diversity results are visualized in
comparison to the low-specificity fiber, FOS (Fig. 3, Fig. S3),
and the high-specificity fiber GLUCAN (Fig. 4, Fig. S4).
Compared to the low-specificity fiber FOS (in each plot),
FUCG, GUAR, and LOCUST induced more consistent shifts in
microbial composition across individual donors (Fig. 3,
Fig. S3). This was illustrated by the directional trajectories in
the ordination plots, where fermentation with these fibers led
to more uniform changes in gut microbiota composition
across different donors (Fig. 3). Pairwise PERMANOVA analysis
further confirmed that all fibers, except XOS, led to statistically
significant differences in community structure compared to
FOS (q-values: ACACIA = 0.007, FUCG = 0.002, GELLAN = 0.026,
GUAR = 0.002, LOCUST = 0.002, XOS = 0.573; Table S2),
suggesting distinct microbial responses. XOS produced a shift
in microbial structure that largely mirrored that of FOS, con-

Fig. 2 Alpha diversity of microbial communities after fiber fermentation. Number of observed amplicon sequence variants (ASVs, left) and Pielou’s
evenness index (right) after 24-hour fermentation of each fiber using microbiota from 10 donors. Tested fibers included: ACACIA (acacia gum), FUCG
(fucogalactan), GELLAN (gellan gum), GUAR (guar gum), LOCUST (locust bean gum), XOS (xylooligosaccharides), and the controls FOS (fructooligo-
saccharides), and GLUCAN (insoluble β-1,3-glucan from Cookeina speciosa). Statistical comparisons were made using pairwise Kruskal–Wallis tests
with FDR correction.
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sistent with their classification as low-specificity fibers. As
anticipated from its SCFA profile indicating poor fermentabil-
ity, GELLAN elicited minimal changes in community compo-
sition and closely resembled the blank control (pairwise
PERMANOVA q = 0.973 vs. blank; Table S2).

Compared to the high-specificity fiber GLUCAN, all tested
fibers induced distinct shifts in community structure, as sup-
ported by pairwise PERMANOVA results (Table S2) and evi-
denced by differences in trajectory direction in some of the
ordination plots (Fig. 4). These findings indicate that the
specific directional shift in microbial composition promoted

by GLUCAN was not replicated by any other tested fiber,
suggesting that each fiber supports distinct bacteria or bac-
terial groups, as expected given their differing physicochemical
structures.34 However, when examining the magnitude and
consistency of responses (reflected by the length and align-
ment of sample trajectories across donors [Fig. 4, Fig. S3]),
ACACIA, FUCG, GUAR, and LOCUST, but not XOS, displayed a
response pattern resembling that of GLUCAN, i.e., with long,
similarly oriented trajectories. This response profile is consist-
ent with our previous observations of high-specificity fibers,
which elicit strong and uniform shifts in microbial community

Fig. 3 Beta diversity analysis comparing fiber treatments to the low-specificity fiber FOS. Weighted UniFrac principal coordinate analysis (PCoA)
plots showing microbial community trajectories after 24-hour fermentation with each tested fiber, plotted in reference to the FOS-treated commu-
nity. Samples are colored according to treatment and shapes correspond to individual donors. The connecting lines indicate the trajectory of each
donor’s microbiota from baseline to treatment (n = 10). Tested fibers included: ACACIA (acacia gum), FUCG (fucogalactan), GELLAN (gellan gum),
GUAR (guar gum), LOCUST (locust bean gum), XOS (xylooligosaccharides), and the control FOS (fructooligosaccharides).
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structure across individuals.12 Notably, GUAR and FUCG
reduced inter-individual variability in the final community:
GUAR compared to Blank and FOS (pairwise PERMDISP, q =
0.041 and q = 0.003, respectively), and FUCG compared to
Blank (pairwise PERMDISP, q = 0.045) (Table S2). These corro-
borate the observed more uniform donor responses, reflective
of their high-specificity pattern. The observed intensity and
similar fiber responses on microbial structure across donors
highlight the capacity of ACACIA, FUCG, GUAR, and LOCUST
to elicit consistent, directional shifts in the gut microbiota, a
defining feature of high-specificity fiber responses.

3.4. Differential promotion of gut bacterial genera

Next, we aimed to identify which taxa were targeted by the
newly identified high-specificity fibers through differential
abundance analysis using ANCOM-II at the genus level. As
expected, the control low-specificity fiber FOS did not differen-
tially promote any specific taxa (Fig. 5), consistent with its pre-
viously reported low-specificity profile. In contrast, the high-
specificity fiber GLUCAN significantly promoted the
Eubacterium ventriosum group (Fig. 5). This is in agreement
with our previous studies, where this taxon was also promoted

Fig. 4 Beta diversity analysis comparing fiber treatments to the high-specificity fiber GLUCAN. Weighted UniFrac principal coordinate analysis
(PCoA) plots showing microbial community trajectories after 24-hour fermentation with each tested fiber, plotted in reference to the GLUCAN-
treated community. Samples are colored according to treatment and shapes correspond to individual donors. The connecting lines indicate the tra-
jectory of each donor’s microbiota from baseline to treatment (n = 10). Tested fibers included: ACACIA (acacia gum), FUCG (fucogalactan), GELLAN
(gellan gum), GUAR (guar gum), LOCUST (locust bean gum), XOS (xylooligosaccharides), and the control GLUCAN (insoluble β-1,3-glucan from
Cookeina speciosa).
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(though classified as Anaerostipes at the time, due to differ-
ences in the classification databases used across studies).
Among the newly identified high-specificity fibers, several
novel targeted genera emerged. Eisenbergiella was promoted by
both ACACIA and FUCG, while Hungatella was specifically tar-
geted by ACACIA. FUCG also promoted Anaerotruncus, and

Parabacteroides was supported by both GUAR and LOCUST
(Fig. 5). Although XOS elicited fermentation responses resem-
bling FOS in beta-diversity analyses (Fig. 3), with high interin-
dividual variability and a mix of responders and non-respon-
ders, it still was detected to promote the Eubacterium fissica-
tena group. As expected, GELLAN, which showed poor

Fig. 5 Differentially abundant genera are promoted by each fiber. Taxa identified as differentially abundant (W-statistic > threshold, identified in
red) by ANCOM-II at the genus level across 10 donor fermentations. Only significant changes relative to the blank control are shown. Tested fibers
included: ACACIA (acacia gum), FUCG (fucogalactan), GELLAN (gellan gum), GUAR (guar gum), LOCUST (locust bean gum), XOS (xylooligosacchar-
ides) and the controls FOS (fructooligosaccharides), and GLUCAN (insoluble β-1,3-glucan from Cookeina speciosa).
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fermentability, did not result in any differentially abundant
taxa.

Fig. S1 illustrates overall microbiota relative abundances
across donors and treatments, confirming the expected inter-
individual variation in community structure. To further evalu-
ate whether ANCOM-II-identified taxa were promoted in a con-
sistent and intense manner across individuals, a key feature of
high-specificity fiber responses,12 we evaluated their relative
abundances (log10) across donors (Fig. 6). As anticipated, the
high-specificity control GLUCAN led to consistent increases in
E. ventriosum across all donors, with an average log10 fold
change of 1.7, except in donors D7 and D8, who lacked detect-
able baseline levels (Fig. 6A). Similarly, ACACIA and FUCG con-
sistently promoted Eisenbergiella across all donors, with
average log10 fold changes of 2.1 and 1.9, respectively (Fig. 6B).
While other fibers also induced some growth of this taxon,
their effects were less consistent across individuals. ACACIA
uniquely promoted Hungatella with a robust and consistent
response across all donors (average log10 fold change: 3.1), an
effect not observed with any other fiber (Fig. 6C).
Anaerotruncus was promoted by multiple fibers, but only FUCG
induced strong and consistent increases across all donors
(average log10 fold change: 1.6) (Fig. 6D). Parabacteroides was
also consistently and intensively promoted by GUAR and
LOCUST, with average log10 fold changes of 0.7 and 0.73,
respectively (Fig. 6E). While FUCG also appeared to promote
Bacteroides, the response was not consistent—donor D6, for
instance, did not respond to the fiber. This variability may
reflect differences in carbohydrate utilization capabilities at
the species or strain level that would need to be investigated
through shotgun sequencing analysis. XOS and GLUCAN also
induced some homogeneous increases in Bacteroides, though
at much lower intensities (log10 fold changes of 0.3 and 0.2,
respectively). Notably, ACACIA, FUCG, GUAR, and LOCUST pro-
moted their respective bacterial targets consistently across
donors (Fig. 6), despite low baseline abundances (averaging
0.3% of the community), including in donors where target
taxa were initially below the sequencing detection threshold
(Fig. S2). This corroborates our previous reports where a strong
promotion of target taxa was achieved by the high-specificity
fiber, even when making up for as low as 0.01% of the baseline
community.12 Finally, although XOS promoted E. fissicatena,
the effect was mild (log10 fold change: 0.5) and inconsistent
(e.g., donor D2 did not respond despite being present at base-
line at low levels, and even showed growth in the blank
control) (Fig. 6F).

Overall, based on the consistency and intensity of
responses, our findings support the classification of ACACIA as
a high-specificity fiber for Eisenbergiella and Hungatella, FUCG
for Eisenbergiella and Anaerotruncus, and GUAR and LOCUST
for Parabacteroides. The mechanisms underlying this selecti-
vity (high-specificity) are likely tied to each fiber’s structural
complexity and physicochemical properties, including solubi-
lity, viscosity, and glycosidic linkage patterns.11

ACACIA promoted consistent enrichment of Eisenbergiella
and Hungatella. Structurally, acacia gum is a highly branched

arabinogalactan–protein complex, consisting mainly of
β-(1→3)-linked galactose backbone with side chains containing
galactose, arabinose, rhamnose, and glucuronic acid.35 This
extensive branching and incorporation of uncommon sugar
moieties require a specialized enzymatic repertoire, limiting
microbial access to only a few taxa.36 Eisenbergiella, part of the
Lachnospiraceae family in the Clostridium Cluster XIVa, is a
butyrate producer associated with gut barrier maintenance,
anti-inflammatory effects, and reduced risk of irritable bowel
syndrome.37–39 Hungatella, also enriched by ACACIA, contains
genes encoding the acetyl–CoA pathway for butyrate pro-
duction40 and has been linked to anti-inflammatory dietary
patterns and improved bowel function,41 as well as protective
roles in Crohn’s disease and ulcerative colitis.42 Furthermore,
Hungatella hathewayi was noted to be enriched in long-lived
individuals and associated with neuroactive metabolites and
brain connectivity, suggesting a role in cognitive health and
aging via the gut–brain axis.43,44

FUCG similarly enriched Eisenbergiella, but also uniquely
promoted Anaerotruncus. FUCG is composed of an α-(1→6)-
linked galactopyranosyl backbone similar to ACACIA, which
could be linked to the promotion of Eisenbergiella. Moreover, it
is a fiber partially methylated at the O-3 position and substi-
tuted at O-2 with α-L-fucopyranose or α-D-galactopyranose resi-
dues.29 The presence of rare α-linkages and fucose branches,
as well as methylation, might be related to its observed high-
specificity. Anaerotruncus, a butyrate-producing genus in
Clostridium Cluster IV45 plays an important role in intestinal
barrier integrity and immune regulation.39,46 It has been inver-
sely associated with intestinal inflammation in murine colitis
models47–49 and was shown to decline in overweight and obese
individuals,50 suggesting a protective role.

GUAR and LOCUST, both galactomannans, selectively pro-
moted Parabacteroides. GUAR gum features a β-(1→4)-linked
mannose backbone with α-(1→6)-galactose branches at a
∼2 : 1 mannose-to-galactose ratio, resulting in high solubility
and extremely high viscosity.51,52 This viscosity may act as a
physical barrier, slowing substrate diffusion and favoring taxa
with machineries adapted to access fibers in highly viscous
solutions. LOCUST, with a lower branching frequency
(mannose : galactose ∼4 : 1),53 exhibits lower viscosity, but the
reduced branching is also related to a less soluble polymer, a
feature that also could contribute to increasing specificity by
narrowing the number of taxa with machineries to access it.
Despite differences in viscosity and solubility, both fibers
enriched Parabacteroides, a genus known for its anti-inflamma-
tory effects and beneficial metabolic benefits.54–58 Notably,
Parabacteroides distasonis has been shown to improve insulin
sensitivity, reduce gut inflammation, and produce beneficial
metabolites like succinate and secondary bile acids, as well as
modulate immune responses and detoxify xenobiotics.54–58

The observed specificity of fiber-driven microbiota modu-
lation could differ at lower taxonomic levels, as carbohydrate
utilization machineries have been shown, in some microbes,
to vary among species and strains. These differences could not
be captured in this study due to the limited taxonomic resolu-
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Fig. 6 Log10 relative abundance changes of enriched genera across donors. Individual donor-level responses (n = 10) for each fiber and target
taxon (A–F) identified by ANCOM-II. Values represent log10-transformed relative abundances (%), with a pseudocount of 0.01% applied to handle
zeros. Tested fibers included: ACACIA (acacia gum), FUCG (fucogalactan), GELLAN (gellan gum), GUAR (guar gum), LOCUST (locust bean gum), XOS
(xylooligosaccharides), and the controls FOS (fructooligosaccharides), and GLUCAN (insoluble β-1,3-glucan from Cookeina speciosa).
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tion of 16S rRNA sequencing. However, for many taxa, carbo-
hydrate utilization capabilities appear to be conserved at the
species level and may sometimes extend to the genus level,59

although this might be restricted to broader structural classes
of polysaccharides rather than fine physicochemical features.
Targeting microbial traits shared across multiple strains and
species may increase the likelihood of consistent responses
across individuals, who typically harbor different strain types.
However, broader targeting at higher taxonomic levels (e.g.,
family or order) can introduce increased competitive pressures
for substrate utilization, potentially diminishing fiber
specificity.11,12 While ACACIA, FUCG, GUAR, and LOCUST were
placed in this study at the high end of the specificity spectrum,
we recognize that fiber specificity is not a binary concept.
Instead, it exists along a continuum ranging from low to inter-
mediate to high, depending on how many taxa can access and
degrade a given substrate.11 At present, standardized or quan-
titative metrics to define where fibers fall within this hierarchi-
cal specificity classification remain to be developed.

With regard to dietary occurrence, several of the fibers
tested here are uncommon in the human diet or consumed
only at low levels. Fucogalactan, for example, is found in
certain algae and mushrooms and not typically present in
large amounts in Western diets, while acacia, guar, locust
bean, and gellan gums occur primarily as food additives used
for texturization and stabilization, leading to only minor habit-
ual exposure. In contrast, XOS are naturally derived from xylan,
a major hemicellulosic component of cereals and other plant-
based foods, and thus represent structures to which the gut
microbiota is frequently exposed. As we proposed
previously,11,12 fibers that are common in the diet are more
likely to be utilized by a broad range of gut microbes and
therefore tend to display lower specificity, whereas fibers with
minimal dietary exposure are accessible to fewer microbes, eli-
citing more specific and consistent microbial responses. In
line with this concept, it is reasonable that ACACIA, FUCG,
GUAR, and LOCUST showed higher specificity than XOS in our
study. Gellan, although also of low dietary exposure, did not
fall into this categorization due to its very limited
fermentability.

Finally, whereas here we evaluated which targets were pro-
moted by high-specificity fibers, future studies should be con-
ducted to evaluate how to intentionally design or select high-
specificity fibers for microbes that one desires to promote.
High-specificity prebiotics hold the potential to be used as pre-
cision microbiome strategies. Like oral probiotics, they can
selectively augment the growth of beneficial taxa across indi-
viduals, provided that these taxa are present, even if at negli-
gible abundance (as we showed for some targets here). For
example, Faecalibacterium prausnitzii, a butyrate producer
associated with intestinal and systemic health, is commonly
found in most individuals but is often reduced in disease
states.60–62 High-specificity fibers designed to target such taxa
could restore microbial balance with greater predictability
than low-specificity prebiotics, offering a novel dietary strategy
for microbiota-directed health interventions.

4. Concluding remarks

Our findings demonstrate that ACACIA, FUCG, GUAR, and
LOCUST selectively enriched beneficial microbial taxa with
consistency and intensity across diverse donor profiles, sup-
porting their assignment as high-specificity fibers in our pre-
viously proposed hierarchical fiber classification scheme. That
was in contrast to low-specificity fibers like FOS and XOS,
which led to non-specific and variable inter-individual out-
comes. Ultimately, high-specificity fibers structurally tailored
to promote specific microbes present a promising strategy for
targeted dietary interventions aimed at promoting beneficial
microbes and improving host health through the gut
microbiome.
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