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Abstract

Dietary fiber (DF) has a profound influence on human health mainly by modulating the
gut microbiota. This review provides an overview of DF derived from cereals, legumes,
fruits, vegetables, fungi, and seaweeds, specifically addressing the relationship between
microbial utilization and source-specific structural characteristics (such as linking patterns,
conformation, solubility, and fermentability). Due to these structural properties, different
DFs display selective microbial responses that favor fermentation and the production
of short-chain fatty acids (SCFAs). These microbial responses and fermentation-derived
metabolites associated with DF intake may contribute to reduced risk of obesity, diabetes,
inflammatory bowel disease, and other chronic disorders. This review does not address
the trial heterogeneity, dose response, safety, and conflicting evidence, and much of the
available evidence is largely observational and heterogeneous. Future studies should
focus on dose-response trials of defined DF structures with standardized microbiome
and metabolomic endpoints, including validation in human interventions. This review
summarizes the DF source and structure, selective changes in the microbiota across various
study types, including in vitro, animal models, and human studies, and how these relate to
overall health.
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1. Introduction

Dietary fiber (DF) includes non-digestible carbohydrates and lignin that resist hydrol-
ysis and absorption in the human small intestine. Codex Alimentarius defines DF as edible
carbohydrate polymers with >10 monomeric units. It also notes that national authorities
can decide whether to include non-digestible carbohydrates with a degree of polymeriza-
tion (DP) between 3 and 9. The European Food Safety Authority (EFSA) panel on Dietetic
Products, Nutrition and Allergies (NDA Panel) adopts a broader approach and includes
resistant oligosaccharides with DP > 3, citing evidence of ‘fiber-like’ physiological effects,
including promotion of a healthy gut microflora and SCFA production in the colon [1].
This review adopts the EFSA definition and includes resistant oligosaccharides (DP > 3),
thereby considering inulin-type fructans, FOS, GOS, Xylo-oligosaccharides (XOS), pectin-
derived oligosaccharides, and AXOS as dietary fiber. The health benefits of DF come from
several mechanisms, including better bowel regulation, modulation of glycemic response,
interactions with bile acids, and fermentation by the colonic microbiota. Gut microbes
metabolize fermentable fibers into SCFAs, primarily acetate, propionate, and butyrate.
These metabolites are important in maintaining host metabolic balance, regulating immune
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function, strengthening the intestinal barrier, and reducing chronic inflammation [2,3].
The human genome encodes very few carbohydrate-active enzymes; it relies mainly on
microbial ones. For instance, Bacteroides species possess hundreds of CAZymes, which
allow them to degrade many different types of DFs [4]. Specific fibers selectively enrich
beneficial bacterial taxa, such as Bifidobacterium and Lactobacillus [5], underscoring the
importance of fiber structure in shaping gut ecology. Gut microbiota profiles differ between
populations because of variations in diet, lifestyle, and environment. The diet common in
western regions, high in fat and low in fiber, is linked with lower microbial diversity and a
high risk of metabolic disease. Conversely, fiber-rich diets support microbial balance and
resilience [6]. However, interindividual variation in microbial responses to DF highlights
the need for personalized nutrition strategies. This review follows a three-part framework:
(i) to summarize the structural and chemical diversity of DFs across major food groups,
(ii) to map key DF features such as solubility, DP, linkage pattern, and molecular weight
(MW) to selective microbial utilization and SCFA responses, (iii) to highlight evidence
linking DF-microbiota interactions to clinical endpoints.

2. Types of DF in the Human Diet

Over the years, inconsistencies have persisted in characterizing dietary fiber (DF)
among different disciplines. Food scientists typically characterize DF using physicochemi-
cal parameters such as solubility, MW, degree of polymerization, monomeric composition,
structural conformation, and linkage patterns [7]. These traits are closely linked to their
key functional properties, such as gelling property, fermentability, viscosity, bioavailability,
and microbial specificity. Together, these properties influence the production of SCFAs and
host physiological responses. Meanwhile, using terms like whole grains, vegetables, and
product extracts and linking them to health-related functions and interactions with the
gut microbiota without describing their structural features leads to ambiguous results or
generalized conclusions. The discrepancy may further confuse the understanding of the DF
type-specific functions in gut microbes. Examples of characterizing different DF types are
listed in Table 1. As shown in Table 1, in most DF studies, DF is commonly classified based
on its solubility, viscosity, and fermentability [8], with solubility and fermentability being
the most widely accepted terms for studying their health benefits. Therefore, DF falls into
two main categories: insoluble or less fermentable fibers (cellulose, hemicellulose, lignin)
that do not dissolve in water and are less readily fermented by gut microbiota. However,
some IDF are partially /poorly fermentable. Its primary functions are to add bulk to stool
and aid digestion. Soluble dietary fibers (SDF) like pectin, gums, and mucilage are readily
dissolved in water; some are viscous/gel-forming, whereas others are non-viscous yet
readily fermentable. These fibers are then broken down by gut microbes, producing SCFAs,
which support gut health [9,10].

Since gut microflora is closely related to the types of polysaccharides, a systematic
investigation into food sources, their associated types of polysaccharides, and their func-
tions on the gut microbiome is essential. Cereal grains, legumes, fruits and vegetables,
mushrooms, and seaweeds are well known as good sources of DFs; however, their corre-
sponding effect on gut microbiomes is not well elaborated, although some research has
been carried out sporadically. This review will consolidate current findings on DFs from a
diverse food source and their associated impacts on gut microbiota. The food subcategories
for this review were selected from the Food Frequency Questionnaire of a research project
to represent some commonly consumed foods within each category.
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Table 1. Comprehensive classification of dietary fiber.

Classification Basis Category Examples Refs.
Cellulose, Hemicellulose, Lignin, Pectin,
o Plant Inulin, B-glucan, Resistant starch, Gums,
Origin Mucilage, Algal polysaccharides [11,12]
Microbial Chitin, Yeast 3-glucan, Xanthan gum
Cellulose, Hemicellulose, 3-glucan, Inulin,
Carbohydrates ér;lcto—ol}gosacd:n%e,
Composition sa acto-o igosaccharide, [12,13]
Xylo-oligosaccharide, Resistant starch
Non-Carbohydrates Lignin, Chitin
. Cellulose, Hemicellulose, Pectin, Gums,
Non-Starch Polysaccharides Mucilage, B-glucan, Chitin
Carbohydrate Resistant Starch Resistant Starch types 1-5 ,
Structure Fructo-oligosaccharide, 2]
. . . . Galacto-oligosaccharide,
Non-Digestible Oligosaccharides Xylo-oligosaccharide, Inulin, Resistant
maltodextrin, Raffinose
Soluble Fiber Ohgosacchandes,. Pectin, Biglucan, Gums,
Mucilage, Inulin
Solubility Insoluble Fiber Cellulose, some Hemicellulose, Lignin, [14,15]
Resistant starch
Inulin, Fructo-oligosaccharide, Pectin,
N High Galacto-oligosaccharide, 3-glucan,
Fermentability Mucilage, Arabinoxylan [16,17]
Low Lignin, Cellulose, Resistant starch 5
Viscous Pectin, $-glucan, Guar gum, Psyllium
Viscosity [16,18]
Non-viscous Cellulose, Hemicellulose, Inulin
Fructo-oligosaccharide,
Low MW Galacto-oligosaccharide,
Molecular weight Xylo-oligosaccharides, Inulin [19]
. Pectin, Cellulose, 3-glucan, Resistant
High MW starch 1-5, Lignin

2.1. Cereal Grains

Cereal grains are widely consumed staples and represent a major source of dietary
fiber in many diets. Their fiber content and composition differ based on species, cultivar,
and processing method. Generally, fiber in cereals is concentrated in the outer layers of
the kernel. Cereal fiber plays a major role in dietary fiber and gut microbiota interaction.
Cereal grains are well reported with various types of DF, as shown in Table 2.

Table 2. Dietary fiber characteristics across diverse food sources: composition, structure, conforma-

tion, and concentration.

Food Categories TDF (%) Main DFs CCheml.c ?1 Linkage Pattern Conformation ~ Concentration References
omposition
Wheat 11601270 Arabinoxylan  Araand Xyl B-(1—4) glycosidic Flexible 70% [20-22]
linkages Random coil
«
g Oat 10-38 B-glucan D’ﬁh“ig’se B-(1—»3)and B-(1—+4)  Random coil 3-7% [7,21,23,24]
g
)
g Rye 14702090 Arabinoxylan  Araand Xyl B0 glycosidic Helical 3.10-12.10% [21,25,26]
b} inkages
O
D-glucose Triple
Barley 10.00-27.90 B-glucan Enits B-(1—3)and B-(1—4)  helix/Random 2-10% [7,25,27]
coil
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Table 2. Cont.

Food Categories TDF (%) Main DFs Cc?r:s:;ictail:m Linkage Pattern Conformation  Concentration References
3-(1—4) galactans;
Pectic polysac- o-(13)/ a-(1-+5)
Soybean 9.19-9.45 cha}r)i dgs HG and RG-I arabinan, o-(1—4) Random coil 7.124+0.24% [28-30]
galacturonan
backbone
Mostly
2 o-(1—4)-linked
o] : Glucose units D-glucopyranosyl
= Resistant
9 Mung bean 25.30 starch (Amylose and bonds chains with Double helix 7% [31-33]
5 amylopectin) o-(1—6)-linked
& D-glucopyranosyl
Iy branch
Q
— HG: Linear
Ara, Uronic o-(1-+4)-D-Ga 1A;
Red Kidney Pectic polysac- acids, mainly RG-I: Repeating . )
bean 15-35 charides GalA. Gal. Xul a-(1—2)-L-Rha and Mixed _ [34-37]
Mo Glo Y a-(1—4)-D-GalA
’ backbone, branched
with Ara and Gal
o-(1—4)-D-
galacturonan
. Rhamnose inserted
Celery 1.00-1.80 Peccigg‘gg:ac' Gﬂ‘:g‘lﬁ' via oa-(1-2) linkages _ _ [38,39]
’ Side chains: Ara and
Gal attached at Rha
O-4 positions
GalA residues o . .
S“garlbeet 67.60-70.00 Pectin with side 1.";1'((1 %4)'%5“051“11; Semé'ﬂe’“b.lf 23% [40~43]
pulp chains inkages and « (1—2) random coi
n
j: o-(1—2)-linked
& rhamnosyl and
& Gllc‘/fr‘éﬁhzm «-(1—4)linked
> Okra 8.16 Mucilage il galacturonosyl Air-core sphere 11.44% [44-47]
GalA, Gal, and . o .
wl residues, with dimeric
Y B-(1—4)-linked
galactan side chains
(1—2)-linked
GalA,Galand ~ *LRha~(1—4)-o-D-
Oni Pectic polysac-  small amounts . GalA. (RG_I). o )
nion 14-31 harid £xvl Glc, Ara Side chains: Mainly _ 0.5% [12,48,49]
charides orxy Rba T (14)-B-D-Gal,also
(1—3)-p-D-Gal and
(1—5)-«-L-Ara
«-(1—4)-d-GalA
Apple 23 Pectin GalA backbone/neutral Helix 16% [50,51]
K] sugar side chains,
B some ester groups
el PR T
Orange 1.60 Pectin GalA oc-(1-4) glycosidic Helix 0.50-3.5% [12,52,53]
linkages
Button . . o, y
mushroom 31+1.40 B-glucan D-Glc B-(1—3)and R-(1—6) Triple-helix 8.6-12.30% [54-56]
Alternating o(1—3)
Sulfated b-D-galactopyranose, Doubl
C galactans (Gal B-(1—4)-linked heli ;)u 3 18.73%
4 arrageenan +3,6-anhydro- 3,6-anhydro-D- e C:;Hl om (C. jubata)
£ Gal) galactopyranose
e} Seaweed 33-50 residue [7,57-60]
Mannuronic (1—>4)-linked
Alginat d eul - «al-guluronic acid and 36.88%
ginate an g;ilcllromc (1—4)-linked - (S. muticum)

-d-mannuronic acid

Abbreviations: Ara, arabinose; Gal, galactose; Glc, glucose; Man, mannose; Rha, rhamnose; Xyl, xylose; GalA,
galacturonic acid; GlcA, glucuronic acid; HG, homogalacturonan; RG-I, rhamnogalacturonan I.

2.1.1. Wheat

In wholewheat grain, total dietary fiber (TDF) is around 11.60-12.70% on a dry matter
basis (DM basis) [20]. The distribution of DF varies among wheat fractions: the bran
significantly contributes to DF content, ranging from 36.50 to 52.40% [61]. Whereas the
principal fiber components in the starchy endosperm cell walls are arabinoxylan (AX) and
-D-glucan. In wheat, AX makes up around 70% of the TDEF. Structurally, AX is built from
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a straight 3-(1—4)-linked chain of D-xylopyranosyl residues, which form the backbone
of the molecules [21]. AX molecules are either water-extractable or water-unextractable.
The water-extractable AX (WE-AX) has a lower molecular complexity, fewer cross-links,
and better solubility. Due to the extensive cross-linking through ferulic acid bridges in
water-unextractable AX, it shows reduced solubility. Typically, the MW of water extractable
AX ranges from 10 to 10,000 kDa, whereas water unextractable fractions are often higher
than 10,000 kDa. When AX goes through enzymatic hydrolysis by xylanases and arabino-
furanosidases, it produces arabinoxylan oligosaccharides (AXOS) and XOS [62]. AX adopts
a random coil conformation in aqueous solution, which contributes to its functional and
rheological properties in food systems [7,22]. In wheat, the 3-glucan content falls from 0.50
to 1.50%, which is much less than the levels found in barley and oats. Most of the 3-glucan
is located in the aleurone and subaleurone layers of the kernel [63]. Besides 3-glucan, wheat
also contains cellulose, a small amount of glucomannans, and hemicellulose [7,21]. Most
studies report that wheat bran and AXOS increase gut microbiota diversity /abundance
at intake as low as 6-8 g/day, and the effects are detectable from 24 h to 52 weeks [64].
AXOS enriches Bacteroidales and Clostridia, while Bifidobacterium grows more with shorter
AXOS, and Lactobacillaceae grow more with longer AXOS [65]. A 12-week AXOS trial
showed a softened stool consistency and an increase in Bifidobacterium levels. However, gut
transit and energy metabolism were unchanged, but alpha diversity decreased despite the
bifidogenic response [66].

2.1.2. Oat

Oats (Avena sativa) are known for their high amount of SDF and insoluble dietary
fiber (IDF). In dehulled oats, TDF content typically falls between 10 and 38% on a DM
basis, depending on the cultivar and the grain processing methods. Oat bran usually
contains 12-24% dietary fiber, with the exact amount influenced by cultivar, growing
location, weather conditions, and fertilization practices. The primary components of oat
fiber are 3-glucan and AX. 3-glucans are predominantly located in the endosperm, whereas
cellulose, AX, and lignin are mainly concentrated in the bran. Among these, -glucan
content ranges explicitly from 2.30% to 8.50%, depending on the variety and processing
conditions. [7,21,27,67]. Oat 3-glucans are linear homopolysaccharides composed of D-
glucopyranosyl residues linked by a combination of approximately 30% {3-(1—3) and
70% p-(1—4) glycosidic bonds. These linkages create cellotriosyl and cellotetraosyl units
separated by (3-(1—3) bonds, which provide flexibility and high water-binding capacity, as
a result contributing to their solubility and viscosity [21,24]. In aqueous solution, 3-glucans
exhibit a disordered random coil conformation [7]. The degree of polymerization, ratio
of 3-(1—3) and p-(1—4) linkage types, 3D conformation, and solubility all influence the
physicochemical properties and biological activity of 3-glucan [68]. Oat -glucans help
significantly reduce total and low-density lipoprotein cholesterol [23]. In people with high
cholesterol, an eight-week drink containing 5 or 10 g of $-glucans from oats effectively
lowered total cholesterol, postprandial glucose, and insulin levels [69]. 3-glucan MW
influences SCFA output during in vitro fermentation. Oat beta-glucan hydrolysates with
lower MW produce higher total SCFAs (acetate, propionate, and butyrate) while the overall
SCFA pattern remained similar to intact 3-glucan [70]. The U.S. FDA has authorized a
health claim stating that 3-glucan, the primary SDF in oats, contributes to a reduced risk of
coronary heart disease (CHD) when at least 3 g or more per day is consumed from qualified
oat sources as part of a diet low in saturated fat and cholesterol [71].
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2.1.3. Rye

Rye (Secale cereale L.) is notably rich in dietary fiber, with TDF ranging from 14.70 to
20.90% on a DM basis and made up mainly of AX, fructans, cellulose, and p3-glucans [21].
The majority of rye DF is in the insoluble fraction, with IDF constituting approximately
10.80-16.00%, and SDF ranging from 3.40 to 6.60%. The inner endosperm contains about
12% DF, whereas the outer endosperm and bran layers contain between 22% and 38% on a
DM basis. 3-glucans are present in rye cell walls at concentrations of 1.30-2.20%, contribut-
ing to the grain’s solubility characteristics. In addition, rye bran and the outer endosperm
layer contain approximately 2.90% cellulose and 1.10% lignin. AX is the dominant fiber
component in rye, accounting for 3.10-12.10% of TDF, commonly 7-12% in whole grain and
reaching up to 37% in bran fractions [25,72]. Rye AX can adopt a helical conformation [26].
Rye is also comparatively high in fructans, which are chains of 3-D-fructofuranosyl units
with or without a terminal glucose residue. They act as an essential source of SDF in rye and
support beneficial effects on digestive health [21]. Rye AX resists upper gut digestion and
shows high solubility and viscosity in the small intestine. In the colon, WE-AX ferments
readily and helps to enhance butyrate formation [73]. Comparing whole-rye and refined
rye, one study found that whole-rye intake improves the Bacillota/Bacteroidota (formerly
Firmicutes/Bacteroidetes) ratio and fecal microbiota diversity [74].

2.1.4. Barley

Barley (Hordeum vulgare L.) is uniquely rich in -glucans, AX, RS, and cellulose [75].
Barley DF ranges from 10.00 to 27.90% [25]. In untreated barley, the IDF is typically
higher at around 12.40% compared with SDF, which falls between 4.73% and 5.70% on
a DM basis [76]. In barley, 3-glucans content falls within 3-11% [7]. A key difference
from oats and rye with barley is that the highest amount of 3-glucan in barley sits in the
endosperm. This anatomical trait confers a relative stability to 3-glucan content during
common processing steps [77]. Structurally, 3-glucans exhibit source-dependent structural
diversity, often form right-handed triple helices stabilized by interchain hydrogen bonds,
but shift to a disordered random coil conformation in aqueous solution [7,27]. In humans,
providing 3 g/day high-molecular-weight f-glucan helps to increase Bacteroidota and
decrease Bacillota. At the genus level, Bacteroides increased, and Dorea decreased, and
these taxonomic shifts correlated with cardiovascular disease markers, whereas low-MW (3-
glucan showed minimal effects [78]. Both the FDA and the European Food Safety Authority
(EFSA) have recognized barley 3-glucan for its clinically validated roles in cholesterol-
lowering and glycemic response-controlling properties of barley and oat 3-glucan [79-81].

2.1.5. Buckwheat

Both common and Tartary buckwheat (Fagopyrum esculentum) are fiber-rich pseudoce-
reals with high levels of resistant starch, typically about 27.00-33.50%. The DF content in
buckwheat groats is 7.00-11.90%, lower than in cereals like wheat, barley, and oats, with
around 70% being water-soluble [21]. Studies examining six buckwheat genotypes report
TDF between 20 and 26%, but the amount falls substantially after dehulling. Dehulled
buckwheat seeds contain about 2.90% IDF and 2.40% SDF, and this profile is similar in
both standard and Tartary buckwheat. The water-soluble fiber fraction predominantly
comprises pectin, arabinogalactans, and xyloglucans. Buckwheat DF is composed of 1.80%
pectin, 39% hemicellulose, 20% lignin, and 39% cellulose [82]. Hemicellulosic polysaccha-
rides in the buckwheat DF are mostly xyloglucans [25]. Their non-starch polysaccharides
mainly include pectic polysaccharides, notably arabinans with a high degree of branching,
and smaller quantities of linear galactan and homogalacturonan (HG) [83]. Research on
buckwheat DF’s effects on gut microbiota is limited. Animal and in vitro studies report that
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SDF from tartary buckwheat bran helps produce higher fecal SCFAs and often increases
alpha diversity. However, taxonomic shifts vary across studies [84].

2.2. Legumes

Legumes have been increasingly utilized in extrusion cooking because they are rich in
fiber and protein, low in calories, and naturally gluten-free. With DF content ranging from
13.10 to 35.30%, legumes are a rich source of DF compared with other plant-based foods
such as tubers and cereals [85].

2.2.1. Soybean

DFs in soybean (Glycine max) come mainly from the hull and cotyledons and are
predominantly composed of pectic polysaccharides. Soybean seeds exhibited high TDF
content, with yellow varieties containing approximately 13.70-16.50% and green varieties
containing 9.19-9.45%. Green soybeans tend to have more arabinose (19-20%) and xylose
(19-21%) contents relative to yellow soybeans, which contain 11-14% arabinose and 12-14%
xylose. Mannose is detected in minor proportions, ranging from 2 to 4% in yellow and
1-2% in green soybean varieties [29]. The pectic components are structurally character-
ized by HG and rhamnogalacturonan-I (RG-I) domains, featuring linear backbones of
GalA and rhamnose connected via «-(1—4) and «-(1—2) glycosidic linkages, respectively.
These backbones are further substituted with branched side chains composed mainly of
3-(1—4)-linked galactans and «-(1—3) and «-(1—5)-linked arabinans [28,86]. Soybean
soluble polysaccharide (SSPS) exhibits an overall conformation consistent with a highly
branched, flexible random coil in aqueous solution, with individual polymer branches
or domains possessing localized rigidity at the nanoscale [30]. Soybean okara, the pulp
byproduct from soymilk/tofu, has very high TDF (54-55%). Enzyme-assisted processing
increases okara SDF and produces higher SCFAs during fecal fermentation. Okara en-
hances bifidobacteria and lactobacilli, while suppressing Clostridia and Bacteroides [87].
In a high-fat diet rat model, smaller-particle okara insoluble dietary fiber (OIDF-10 pum)
partially restored dysbiosis, including a reduced Bacillota/Bacteroidota ratio and a larger
rebound of Bacteroidetes compared with larger particle sizes [88].

2.2.2. Mung Bean

Mung beans (Vigna radiata L.) are an excellent source of DF, primarily consisting of
non-starch polysaccharides. The TDF content of mung beans was approximately 25.30%,
which is comparatively higher than that of cereals such as rice and wheat [33,89]. Mung
beans are a good source of RS. RS accounts for about 11% of the total starch content in
mung beans [90]. The resistant starch content varies depending on the processing method.
For instance, raw mung beans contain approximately 7.1% RS, germinated mung beans
have up to 17.50% RS, boiled mung beans have around 12.58% RS, and pressure-cooked
mung beans have approximately 8.36% RS [31]. Mung bean starch is composed of glucose
units mainly arranged as o-(1—4)-linked D-glucopyranosyl chains with «-(1—6) branch
points. The chains form semi-crystalline granules with A-type crystallinity and exhibit
double-helical conformations, primarily arising from amylopectin side chains [32]. Mung
bean coat is rich in DF; it contains ~76.20% IDF and ~2.40% SDF (DM basis). In prediabetic
mice, 3% (w/w) mung bean coat for 12 weeks increased fecal SCFAs and enriched Roseburia
and Bifidobacterium [91]. Currently, there is limited evidence linking the structural features
of mung bean dietary fiber to specific microbiota responses.

2.2.3. Red Kidney Bean

Red kidney bean (Phaseolus vulgaris) pectic polysaccharides are structurally complex
carbohydrate polymers, which are concentrated in the seed coat and cotyledon cell walls.
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These pectins are significant not only for their roles in holding up plant tissue but also
for their functional properties in food systems and potential health benefits. Red kidney
bean TDF ranges between 15% and 35% [35,37]. Those pectins are rich in arabinose
(38.60%) and GalA (23.40%), along with appreciable amounts of galactose (12.70%), xylose
(11.20%), mannose (6.40%), and glucose (6.10%) [35], indicating a highly branched and
heterogeneous macromolecular architecture. Structurally, these pectins consist of HG and
RG-I domains. The HG domain comprises linear chains of «-(1—4)-linked D-galacturonic
acid (GalA) residues, a relatively “smooth” regions of the pectin, while the RG-I domain
features a disaccharide backbone of alternating «-(1—2)-linked L-rhamnose and o-(1—4)-
linked GalA, extensively substituted with arabinose and galactose side chains at the C-4
position of rhamnose, giving rise to the highly branched “hairy” regions. These structural
motifs form a three-dimensional network of pectin, contributing to its physicochemical
properties, including gelling capacity, hydration, and water retention [34]. Although
the chain conformations of legume-derived pectins are still being mapped, recent work
suggests some ordered structures, including triple-helix formations as indicated by Congo
red binding shifts, and semi-crystalline arrangements by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) analyses [36]. Kidney beans show prebiotic potential.
It increases Bifidobacterium, suppresses Fusobacterium, and raises SCFAs. In rats, whole
beans and bean hulls lowered serum cholesterol and altered gut microbiota and caecal
fermentation [92,93].

2.3. Vegetables

Vegetables are important for our fiber intake, which provides a wide range of fiber
polymers. Their fiber content varies by species and the parts of the plants. Thermal pro-
cessing, fermentation, and mechanical disruption can significantly alter DF structure and
fermentability, which may shift microbiota responses; this should be considered when
extrapolating from raw composition tables (Table 2). This includes SDF, like pectin, and IDF,
such as cellulose and hemicellulose. These compositional differences influence fermentabil-
ity and, consequently, potential impacts on gut microbial ecology and SCFA production.

2.3.1. Celery

Celery (Apium graveolens) stalks contain about 1.00-1.80% TDF on a fresh-weight basis
(FW basis) [39]. Pectic polysaccharides are the most abundant fiber in celery, and when
extracted from celery stalks, yield approximately 5.80% of the DM basis [38]. Evidence
on celery DF’s effects on gut microbiota is limited. Fermented celery juice helps to reduce
weight gain, dyslipidemia, and hyperglycemia in high-fat diet mice more than plain juice.
It also shifted the gut microbiota by raising Lactobacillus, Ruminococcaceae, Faecalibaculum,
and Blautia, while lowering Alloprevotella and Helicobacter [94].

2.3.2. Sugar Beet

Sugar beet (Beta vulgaris) DF contains a high amount of pectin, which is approximately
23% [40,95]. Most of the pectin is HG, a linear «-(1—4)-linked GalA backbone, which
constitutes roughly 60% of the total pectin content in sugar beet. The GalA units are
variably methyl-esterified at the C-6 position and O-acetylated at O-2 and O-3, with the
degree of methyl esterification determining the solubility, gelling behavior, and functional
interactions of the pectin. Additionally, sugar beet pectin contains oligosaccharide regions
with up to 20 alternating rhamnose and GalA units, indicative of RG-I structures. Analysis
with dilute acid hydrolysis also finds the 3-GlcA-(1—3) side chains linked to GalA residues,
contributing to the structural heterogeneity and biofunctional properties of the pectin [43].
Due to its high RG-I content and short HG regions, sugar beet pectin shows increased
molecular flexibility. That allows for intramolecular twisting and folding that result in a
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compact, semi-flexible random coil conformation [42]. In human fecal fermentation, sugar
beet-derived oligosaccharide (SBO) and sugar beet pulp consistently enrich Bifidobacterium
and Bacteroides. SBO is usable by a broader range of Bifidobacterium strains [96].

2.3.3. Okra

Okra (Abelmoschus esculentus) is a fiber-dense vegetable. DF is reported as the most
abundant macronutrient in fresh okra pods (8.16% FW). Okra mucilage can be recovered at
appreciable yields (11.44% reported using a water-based extraction), which supports its
use as a functional hydrocolloid ingredient. Because of its viscosity and polysaccharide
composition, okra mucilage is widely discussed for technological roles such as thickening,
stabilizing, and for health-relevant functions. A large fraction of okra carbohydrates occurs
as mucilage, which is responsible for the characteristic viscosity and “slimy” texture in
aqueous systems [45,47]. Chemically, okra mucilage is rich in acidic/pectic polysaccharides.
Pectin is highlighted as the main polysaccharides commonly contain mannose, rhamnose,
glucuronic acid, glucose, arabinose, galactose, and xylose [45]. Structurally, okra polysac-
charides have been described as pectic polymers with a repeating unit of o-(1—2)-linked
rhamnosyl and «-(1—4)-linked galacturonosyl residues, with dimeric (3-(1—4)-linked
galactan side chains (substituted at O-4 of part of the rhamnosyl residues) [44]. An air-core
sphere conformation with branching chains has been reported for an okra pectic polysac-
charide (reported MW = 2.19 x 10° Da; Rg ~ 27.0 nm in 0.9% NaCl) [46]. An okra-derived
pectic polysaccharide showed limited degradation during simulated upper-GI digestion
but was substantially utilized during in vitro fecal fermentation. This causes shifts in
gut microbiota composition and enhanced SCFA production. After 48 h of fermentation,
the okra polysaccharide group showed higher SCFAs, including increased acetate and
propionate [97].

2.3.4. Onion

Onion (Allium cepa) is an important DF source in which cellulose and pectic polysac-
charides are major DF components. The whole onion TDF range from 14.90 to 31.00%
depending on the variety [49]. Pectin in the onion bulb has been reported as ~0.5% FW,
and its pectic polysaccharides are characterized by a high content of galactose residues [48].
Lu et al. [98] reported that fermentation outcomes depend on cell-wall structure. Intact
onion cell walls, fermentation occurs more slowly at first compared to the equivalent model
polysaccharide mixtures. However, it can support significant SCFA production at later time
points as the carbohydrates become accessible.

2.3.5. Potatoes

Potatoes (Solanum tuberosum) DF include cellulose, hemicellulose, pectin, lignin, and
resistant starch. In potatoes, cellulose and hemicellulose contribute significantly to the
TDF content [99,100], with RS levels influenced by processing conditions rather than
cultivar. Cooked potatoes and cooled after cooking have higher levels of RS because of
retrogradation [101]. Chilled potatoes exhibit the highest RS content (4.30%), followed by
chilled and reheated potatoes (3.50%), and freshly cooked hot potatoes (3.10%). On average,
a medium-sized potato contains 2 g of DF, representing ~7% of the recommended daily
intake [102]. In a 4-week randomized, double blind, placebo-controlled, three-arm trial
(75 randomized; 72 included in the analysis), resistant potato starch (3.5 or 7 g/day) was
compared with a digestible corn starch placebo. The 3.5 g/day group showed a significant
increase in Bifidobacterium and Akkermansia versus placebo, while the 7 g/day group showed
a similar change that did not reach statistical significance [103].
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2.3.6. Brussels Sprouts

Brussels sprouts (Brassica oleracea var. gemmifera) are widely known for their health-
promoting properties [104]. According to the USDA [105], Brussels sprouts contain 4.80%
DF. A % cup serving of Brussels sprouts provides approximately 3.80% of total fiber,
comprising around 2% SDF and 1.80% IDF [106]. In human microbiota-associated rats,
a diet containing Brussels sprouts altered predominant fecal populations and increased
acetate in cecal SCFAs [107].

2.4. Fruits

Fruits provide diverse DF, with pectin as a dominant soluble fraction in many
species and significant contributions from insoluble cell-wall polysaccharides. The source-
dependent structure of these fibers shapes their physicochemical behavior and impacts on
gut microbiota and SCFA generation.

2.4.1. Apple

Apple (Malus domestica) is a notable dietary source of fiber, providing approximately
2-3% of TDF of FW, comprising 1.57% of SDF and 0.67% of IDF [108]. Apple is a rich source
of DF, composed primarily of pectin. Pectin forms a significant portion of the SDF in apples
and helps with gelling, stabilizing, and health-promoting properties. In aqueous solution,
apple pectin takes a stable right-handed helical conformation because of the torsional
geometry of the «-(1—4)-linked GalA residues within the HG backbone [50]. Pectin can be
regarded as one of the most complex natural macromolecules, as up to 17 monosaccharides
are connected by more than 20 linkages. Since many of its structural elements within pectins
were determined over time, it is widely believed that all kinds of pectins share these same
basic structural repeating elements, and they vary simply in quantity, along with a defined
basic pattern of chemical constitution [43]. Different apple varieties affect gut microbiota
differently. Among the three apple varieties, Renetta Canada, Golden Delicious, and Pink
Lady, all can alter gut microbiota and SCFAs, but Renetta Canada shows significant changes
compared with the others [109].

2.4.2. Citrus Fruits

Citrus fruits are rich sources of DF, including pectin, cellulose, hemicellulose, and
lignin [110,111]. The main fiber in citrus fruits is pectin, which is mainly found in the rinds
and peels [112]. On a DM basis, citrus peels contain approximately 12.00-23.03% pectin,
24.52-37.08% cellulose, 7.57-11.04% hemicellulose, and 7.00-7.56% lignin [113]. Citrus
pectins/pomace tend to favor Bacteroides and Prevotella, and this depends on the degree of
methyl-esterification, MW, and RG-I structures [114].

2.4.3. Blueberries

On a DM basis, blueberry pomace contains approximately 60.80% TDF, of which
46.20% is IDF and 14.60% is SDEF. This fiber comprises major polysaccharides, including
pectin, xyloglucan, arabinoxylan, and mannan. Blueberry pomace is rich in IDF, predomi-
nantly composed of methyl-esterified and acetylated RG-I pectin. The pectin structure has
4,5-unsaturated groups at the non-reducing ends that help to its functional properties. This
blueberry pectin exhibits a flexible random coil structure [115]. Anthocyanins in blueberries
serve as substrates for bifidobacteria, supporting their growth. The synergistic interaction
between blueberry pectin and anthocyanins enhances prebiotic activity, potentially exerting
a dual prebiotic effect [116,117].
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2.5. Others

Edible fungi (mushrooms) and seaweeds provide structurally diverse polysaccharides
not found in land plants. Important fibers include (3-glucans and chitinous polysaccharides
in mushrooms, and sulfated and non-sulfated polysaccharides in seaweeds. These polymers
have prebiotic-like effects and broader health-related benefits.

2.5.1. Edible Fungi

Mushrooms are a diverse group of macrofungi. More than 12,000 species have been
classified, and about 2000 are edible [118]. The TDF in wild-growing edible mushrooms
ranges from 24 to 37%, including 2—4% SDF and 12-21% IDF on a DM basis [54]. The
spore-bearing fruiting bodies of fungi are valued globally for their diverse nutritional
and medicinal properties and contain beneficial DFs [119]. 3-glucans are found in cere-
als, yeasts, mushrooms, some bacteria, and seaweeds. Compared to other sources of (3-
glucans, such as oat and barley, 3-glucans in mushrooms exhibit unique branching patterns
where D-glucose monomers are linked by 3-(1—3) and (3-(1—6) glycosidic bonds [55,69].
Mushroom-derived f3-glucans have shown immune-modulating and metabolic effects in
preclinical models and some human trials; however, dose, purity, and context vary widely,
so extrapolation to habitual mushroom intake needs caution. Because of these benefits,
-glucans are often included in functional foods, nutraceuticals, and therapeutic formu-
lations [120,121]. In contrast, -glucans from cereals primarily manage cholesterol and
blood sugar levels [69]. Factors such as structure, solubility, branching degree, and MW
significantly influence their biological activities. Their branching and linkages enable them
to form complex three-dimensional structures, like triple-helical conformations, which
are essential to their function [55,120]. Besides 3-glucan, mushrooms also contain chitin,
a structural component of mushroom cell walls. Chitin makes up around 6-9% of DM
in button mushroom (Agaricus bisporus) and up to 8% in the pileus of shiitake (Lentinula
edodes). This contributes to their rigidity and role as IDF [122]. The effects of mushroom
polysaccharides on the gut microbiome are influenced by MW, monosaccharide composi-
tion, and glycosidic linkage type. They can increase SCFAs, strengthen the intestinal barrier,
and modulate lipid metabolism [123].

2.5.2. Seaweed

Seaweed stands out due to its higher soluble-to-insoluble fiber ratio compared to land
vegetables, a characteristic that enhances its prebiotic potential [124]. Seaweed, such as
red algae (Chondrus, Porphyra/Nori), brown algae (Fucus, Laminaria/Saccharina), and green
algae, are all rich sources of DF, with distinct variations in SDF and IDF content across
phyla. Red algae typically contain 15-22% of their DM as SDF, rendering them rich in
fermentable polysaccharides with established prebiotic potential. Brown algae, in contrast,
are higher in IDF, with a content ranging from 27 to 40% of DM basis, contributing to bulk
formation and stool regulation. Green seaweed Caulerpa chemnitzia exhibits the highest
reported DF content, surpassing that of Acanthophora spicifera, Ulva intestinalis, Ulva rigida,
and Sargassum wightii. Seaweeds generally contain 33-50% DF, with green species often
having higher DF than red and brown varieties [59,124]. On average, seaweed provides
24.50% SDF and 21.80% IDEFE. Their chemical structure varies depending on the type of
seaweed. Red algae are rich in agar, carrageenan, and agaropectin. Green algae contain
xyloglucan, cellulose, hemicellulose, and xylopyranose. Brown algae are distinguished
by their fucoidan, alginates, and laminarin (a 3-glucan with the main chain of 3-(1—3)
glycosidic bonds and (3-(1—6) side chains [79]). The (3-glucan was reported to have anti-
inflammatory, cholesterol-lowering, and immunomodulatory effects [57,60]. Carrageenan
structure consists of linear chains of D-galactose units and 3,6-anhydro-galactose arranged

https:/ /doi.org/10.3390 /nutraceuticals6010018


https://doi.org/10.3390/nutraceuticals6010018

Nutraceuticals 2026, 6, 18

12 of 27

in an alternating pattern and linked by x-(1—3) and 3-(1—4) glycosidic bonds. In aqueous
solution, k- and t-carrageenans adopt random coil conformations at elevated temperatures.
When cooled, these shapes change into double-helical structures. In contrast, A-carrageenan
maintains a flexible, ribbon-like conformation [7,57]. Alginate is a linear anionic polysac-
charide composed of (1—4)-linked 3-D-mannuronic acid (M) and x-L-guluronic acid (G)
residues arranged in homopolymeric (M-blocks or G-blocks) and heteropolymeric (MG-
blocks) sequences [58]. Simpler non-sulphated algal polysaccharides like alginate and
laminarin are generally well fermented. Their MW ranges are ~30-300 kDa for alginate and
~4-5 kDa for laminarin. By contrast, sulphated polysaccharides show structure-dependent
limits. Native carrageenan, fucoidan, and ulvan are poorly fermented [125].

3. Mechanisms of DF Interaction with Gut Microbiota

Bacteria are present throughout the body, and most reside in the colon, where approx-
imately 10'3-10'* bacteria reside [126], where they play a critical role in fermenting DFs
that escape digestion in the upper gastrointestinal tract. DF’s fermentability and microbial
specificity are influenced by the degree of polymerization, particle size, solubility, and
viscosity. The gut microbiome more rapidly ferments fibers with low degrees of polymer-
ization. Smaller particles make it easier for microbial enzyme interactions, while highly
soluble viscous fibers are more resistant to fermentation due to increased water retention
and bulk-forming capacity [2].

3.1. Role of Enzymes

The human genome encodes only about 17 enzymes for carbohydrate digestion,
which limits their ability to break down most carbohydrates independently. In contrast, a
single gut bacterium, Bacteroides thetaiotaomicron, possesses over 260 carbohydrate-digesting
enzymes [127,128]. The gut and oral microbiomes have their own set of carbohydrate-
active enzymes (CAZymes), but the gut microbiome stands out with a more advanced
capacity for breaking down complex carbohydrates [129]. As shown in Figure 1, DFs
are converted into molecules absorbable by the intestinal lining through the activity of
three broad enzyme families: glycoside hydrolases (GHs), carbohydrate esterases (CEs),
glycosyltransferases (GTs), and polysaccharide lyases (PLs). Those CAZymes help degrade
DF into absorbable human components, such as butyrate [127]. Specific clusters of CAZyme
genes are designed to degrade particular structures in DFs, enabling various types of
microbes to thrive depending on the fiber structure [130].

The dominant bacterial groups in the human colon include Bacillota (~65%), Bac-
teroidota (~25%), Actinomycetota (~5%), and Pseudomonadota (Proteobacteria) (~8%),
at the phylum level. An imbalance in this can cause diseases such as liver disease, in-
flammatory disease, obesity, type 2 diabetes, ulcerative colitis, and other metabolic disor-
ders [2,131-133]. In healthy adults, the relative abundance of Bacteroidota ranges from
~15-90%, while that of Bacillota varies from ~70-5%. These shifts impact the microbiota’s
ability to break down complex carbohydrates due to differences in CAZyme content. As
a result, CAZymes may serve as biomarkers for gut microbiota functional diversity [4].
Members of the phylum Bacteroidota encode an extensive suite of CAZymes, particularly
glycoside hydrolases (GHs) and polysaccharide lyases (PLs), which enable the efficient
degradation of diverse plant polysaccharides. In contrast, Bacillota produce a more spe-
cialized but potent set of GHs, especially those targeting starches and fibers, along with
carbohydrate-binding modules (CBMs) that facilitate SCFA production. Actinomycetota,
particularly Bifidobacterium species, are rich in GH families that specialize in oligosaccharide
metabolism, often acting on fiber breakdown intermediates. Although less dominant in
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fiber decomposition, Pseudomonadota contribute to the degradation network through the
production of CEs and GTs [129,134,135].
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Dietary Fiber ,
y SCFA Production | Skeletal muscle Redyce appetite,
Energy source for
[ brain and peripheral
C AZymes Acetate © N tissue, maintain
skeletal muscle
Hypothalamus

B Glycoside hydrolases (GHs)
Gut Microbiota | ———>polysaccharide lyases (PLs) > o Gluconeogenesis,

i ‘ropionate T— Reduces hepatic
Relative Abundance (%) Carbohydrate esterases (CEs) °=§ _ patic

. Glycosyltransferases (GTs Liver  cholesterol synthesis
 Bacillota (~65%) yeosy (GTs)

o Bacteroidota (~25%) Colonocyte E&g;ggc;?;
Actinomycetota (~59 Modulate Immune

° y ( /o)0 Butyrate NI e

e Pseudomonadota (~8%) cytokine regulation

Figure 1. Microbial CAZyme activity and SCFA production.

3.2. Short-Chain Fatty Acids Production

The chemical structure of DF influences the rate of fermentability by gut micro-
biota [132]. When soluble dietary fibers (SDFs) reach the intestine, gut bacteria partially
or fully break them down through anaerobic fermentation, generating metabolites such
as short-chain fatty acids (SCFAs). SCFAs are small organic acids with fewer than six
carbon atoms, and the most common ones are acetate (C2), propionate (C3), and butyrate
(C4) [136,137]. Poorly fermented DF produces few acids, mainly acetic acid, by gut mi-
crobiota. Highly fermentable fibers produce large amounts of SCFAs in different ratios.
Butyrate is the primary energy source for colonocytes. It supports epithelial cell prolifera-
tion and integrity, and modulates immune responses via cytokine regulation. Acetate is
systemically absorbed and utilized in peripheral tissues, including the heart, brain, kidneys,
and skeletal muscles. It provides a significant source of energy in the brain and peripheral
tissue and also helps to reduce appetite. Propionate is primarily taken up by the liver, where
it contributes to gluconeogenesis, reduces hepatic cholesterol synthesis, and may synergisti-
cally enhance the anti-carcinogenic effects of butyrate [138-140]. Several factors, including
specific DF, such as inulin-type fructans and RS, influence butyrate production. Those
fibers increase the potential for butyrate production by enhancing butyrate-producing
bacteria [141]. Members of the phylum Bacillota, including Faecalibacterium prausnitzii,
Clostridium spp., and Eubacterium spp., contribute significantly to colonic butyrate produc-
tion [142]. Synergistic interactions between F. prausnitzii when cultured with Bacteroides
thetaiotaomicron show increased butyrate production [143]. However, Bacteroides mainly
help produce acetate and propionate [144]. Potato resistant starch significantly increases
total SCFAs, especially butyrate. In contrast, resistant starch from maize and inulin tend
to change the composition of fecal microbiota but do not substantially enhance butyrate
production in feces [145]. Additionally, AX oligosaccharides exhibit bifidogenic properties
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and promote the growth of butyrate-producing bacteria, further supporting gut health [146].
SCFAs are passively absorbed across the colonic epithelium, which contributes to both local
and systemic physiological effects [147]. This shows that different types or combinations
of fibers can influence how fermentation happens in the gut and shape both the kind
and amount of SCFAs produced [148]. Generally, high-fiber diets are associated with an
increased abundance of SCFA-producing bacteria. For example, the Mediterranean diet
improves the abundance of Faecalibacterium prausnitzii and Roseburia spp. High-fiber diets
also promote the growth of Lactobacillus, Bifidobacterium, Prevotella, and Faecalibacterium spp.
Plant-based diets also increase the prevalence of Prevotella, Bifidobacterium, Lactobacillus,
Bacteroides, and Akkermansia. On the other hand, low-fiber diets are associated with reduced
fiber-degrading capacity and lower SCFA production. High-protein diets increase the levels
of Bacteroides, Bacillus, Clostridium, Propionibacterium, and Fusobacterium. Ketogenic and
Western diets generally increase the abundance of Bacteroides, Bilophila, Alistipes, Blautia,

and Ruminococcus, but reduce the beneficial Bifidobacterium and Bacillota, as shown in
Figure 2 [149].
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Figure 2. High vs. low dietary fiber: microbiota shift.

3.3. Fiber-Bacteria Specificity

The types of DF affect the fermentation in the gut. Factors that influence the rate and
extent of fermentation include side chains, linkage types, degree of methylation, physical
form, and fiber crystallinity. For example, the fermentation rate of ferulic acid-cross-linked
AXs slows down because of the side chain and terminal linkage, and the fermentation of
pectin is more dependent on the degree of methylation than the polymerization [132]. Differ-
ent fiber structures induce unique microbiota changes. For example, apple pectin has been
shown to promote Eubacterium eligens more effectively than inulin [150]. Some prebiotic
soluble oligosaccharides, such as Fructo-oligosaccharide (FOS), GOS, xylo-oligosaccharides,
and isomalto-oligosaccharides, undergo rapid fermentation. In contrast, larger soluble
polysaccharides, like inulin, arabinoxylan, -glucan, and RS types 2 and 3, are only partially
fermented, leaving less than 10% in the feces. Less soluble substances, including insoluble
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arabinoxylan, starch granules, bran fiber, and bacterial cellulose, contain tightly packed
crystalline structures and are fermented slowly. As summarized in Figure 3, different types
of DFs have distinct effects on the gut microbiome [132]. AX can be fermented by Roseburia,
Bacteroides, Prevotella, and Porphyromonas [147]; AX oligosaccharides increase Bifidobacterium
species (e.g., B. adolescentis and B. longum), Faecalibacterium prausnitzii, Ruminococcus, Dorea,
Eubacterium rectale, Eubacterium hallii, Roseburia, Coprococcus, and Anaerostipes species [146].

Roseburia primarily uses arabinogalactans and glucomannans. In contrast, Clostridia
spp. including C. thermocellum, are more potent in breaking down xyloglucan [151]. FOS
increases the Bifidobacterium and Lactobacillus species, while galacto-oligosaccharide (GOS)
increases Lactobacillaceae and Lachnospiraceae and decreases Ruminococcaceae [152]. Bifidobac-
terium and Lactobacillus increase when introduced to inulin and GOS [153]. Bacteroides
thetaiotaomicron, Bacillus, Agrobacterium, Pseudomonas, Prevotella, and Ralstonia ferment
pectin [68,154]; another study found that pectin increases Bifidobacterium, Lactobacillus, and
Faecalibaculum spp. [152]. Mechanistically, Bacteroides thetaiotaomicron can act as a primary
pectin degrader by breaking pectin into oligosaccharides for uptake and further metabolism
by other bacteria [155]. Resistant potato starch causes about a 6.5-fold increase in the rel-
ative abundance of Bifidobacterium faecale/adolescentis/stercoris sequences, while resistant
maize starch leads to a 2.5-fold increase in Ruminococcus bromii [145]. Eubacterium rectale,
Bacteroides thetaiotaomicron, and Bifidobacterium adolescentis showed limited utilization of
resistant starch alone, but in co-culture their utilization increased when R. bromii was
present, supporting its role as a keystone resistant-starch degrader [156]. RS4 consumption
increases Actinomycetota and Bacteroidota while decreasing Bacillota. Also, oat 3-glucan
helps to increase Bacteroidota and Bifidobacteria while decreasing Bacillota [147], in addition
to Bifidobacterium. Guan et al. [152] reported an increase in Lactobacillus. Inulin-type fructans
hydrolyzed by Bifidobacterium in the colon increase the abundance of Bifidobacterium from
6.69 to 15.07% [2,157], while inulin increases the abundance of Anaerostipes hadrus [145],
Prevotellaceae, Bifidobacterium, and Lactobacillus [152]. Polydextrose increases Bifidobacterium,
and psyllium husk boosts Anaerostipes. When wheat bran is combined with psyllium
husk, it further enhances Anaerostipes. Oligosaccharides support beneficial bacteria like
Bifidobacterium, aiding in stool consistency and overall gut function [158]. Two weeks of
partially hydrolyzed guar gum consumption increased the abundance of Bifidobacterium,
Ruminococcus, and Megasphaera, while those who took the placebo did not show this in-
crease [159]. Beyond fiber structure, responses also depend on baseline microbiota and
baseline dietary patterns, because it very across individuals. For instance, only the Pre-
votella-rich baseline microbiota cluster demonstrated a distinct overall shift in community
composition in response to the resistant starch intervention in a 6-week trial comparing
resistant-starch-rich unripe banana flour with inulin, while the Bacteroides-rich cluster
showed minimal overall change [160].
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Figure 3. Dietary fiber and associated microbial profiles. Abbreviations: Ara, arabinose; Gal, galactose;
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b [162], ¢ [163], d [164], e [165], £ [166], g [167], h [168].

4. Health Implications of Fiber-Microbiota Interactions

DF modulates the health in various ways. Fiber alters gut health by influencing gut mi-
crobiota and SCFA output. Microbial-derived metabolites connect fiber intake to metabolic
health, and fiber microbiota interactions modulate immune function by influencing Treg
balance and inflammatory signaling.

4.1. Gut Health

DF has been found to play a key role in regulating gut microbiota, particularly promot-
ing the proliferation of beneficial Bacillota members, including Faecalibacterium prausnitzii,
and Roseburia. These bacterial groups are major producers of SCFAs, such as butyrate,
which support intestinal health by enhancing epithelial barrier integrity, reducing inflam-
mation, and regulating host metabolism [169]. Disruption in the balance between the
gut microbes and the intestinal mucosal barrier can cause dysbiosis and lead to intestinal
inflammation [170]. Comparative studies show clear differences in gut microbiota between
healthy and diseased individuals. Low DF intake has been linked to inflammatory bowel
disease (IBD), autoimmune diseases, allergies, and ulcerative colitis. However, diet-IBD
associations may be influenced by reverse causality, as dietary habits can change during
the symptomatic pre-diagnostic period [133,171,172]. Prolonged lack of DF can damage
the mucus barrier and increase mucin-degrading taxa such as Akkermansia muciniphila.
When DF is absent, some gut bacteria switch to using mucin glycan. They do this by
inducing expression of mucin-degrading enzymes, which can increase host vulnerability to
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inflammation and infection susceptibility over time. Experimental evidence further shows
that very low-fiber Western-diet feeding in mice increases penetrability of the inner mucus
layer and lowers mucus growth rate. Using low-dose inulin (1%) prevented the increase
in mucus penetrability, while Bifidobacterium longum can restore the mucus growth rate.
These results suggest that bifidogenic or targeted probiotic strategies can improve specific
aspects of mucus barrier function [173]. Fermentation also helps to maintain the oxygen
level inside the gut. Beta-oxidation of butyrate by colonocytes consumes oxygen, promot-
ing an anerobic milieu, and reduced butyrate can enable blooms of Pseudomonadota in
a feedforward loop [174]. People with irritable bowel syndrome (IBS) often display an
elevated Bacillota-to-Bacteroidota ratio and reduced levels of beneficial genera, such as
Lactobacillus and Bifidobacterium [175]. Experimental studies show that fiber deprivation in
animal models leads to increased levels of Pseudomonadota, compromised mucus barrier
formation, and increased intestinal permeability. Supplementing Bifidobacterium or DF
prevented those issues. In healthy individuals, fermentable fibers like fructans and GOS
enhance Bifidobacteria and increase SCFAs such as butyrate in fecal samples [150]. The
colonic luminal pH usually ranges from 6 to 7, varies along different regions of the colon,
being lower in the ascending and transverse segments and higher in the descending and
rectosigmoid regions. This pH gradient is closely influenced by microbial metabolism and
diet. High-fat and alcohol-rich diets tend to elevate colonic pH, whereas fiber-rich diets
lower pH by promoting SCFA production. Additionally, shifts in microbiota composition
and metabolic activity can further modulate the colonic pH environment [176].

4.2. Metabolic Health

Both in vivo and in vitro studies have shown that DF beneficially shapes the gut
microbiota, particularly by enriching beneficial Bacillota taxa. This, in turn, improves
metabolic and inflammatory disorders, such as type 2 diabetes, obesity, and inflammatory
bowel disease (IBD) [151]. Studies combining Bacillus coagulans with whole plant sugarcane
fiber or green banana-derived RS have been shown to reduce intestinal inflammation and
enhance the production of health-promoting SCFAs, which support gut barrier function
and immune modulation [177]. Pomelo peel DF (PPDF) consists of SDF and IDF, which
significantly reduced weight gain, fat accumulation in the liver and adipose tissues, and
dyslipidemia markers. It influences the growth of Bifidobacterium and Lactobacillus while
reducing the harmful Staphylococcus and Corynebacterium. PPDF can be utilized as a pre-
ventative measure for obesity [178]. Likewise, supplementation of 3-glucan in a high-fat
diet (HFD) has been shown to reduce adiposity, limit weight gain, and improve glucose
tolerance compared to HFD supplemented with cellulose [179]. Controlled human studies
support these microbiome-linked metabolic effects of DF beyond associative observations.
In a 16-week randomized trial in prediabetes participants, a calorie-restricted legume-
enriched diet produced greater reductions in low-density lipoprotein cholesterol (LDL-C),
total cholesterol, and hemoglobin Alc than a calorie-restricted control diet. This diet also
increased fiber-degrading species and changed bile acid and amino acid-related metabo-
lites [180]. Likewise, a double-blind trial using type 3 RS from Canna edulis (20 g/day
for 12 weeks) significantly reduced total cholesterol and LDL-C in mild hyperlipidemia.
It also increased Faecalibacterium and Agthobacter, linking fibers to lipid improvements
via microbiome remodeling [181]. In addition, marine-derived polysaccharides, including
alginates, carrageenan, and funorans from seaweed, exhibit beneficial effects on serum lipid
levels in rats. They lower serum cholesterol by dissolving in water, retaining cholesterol
and other bioactive compounds, and reducing lipid absorption in the digestive tract [182].
Responses to DF are not uniform across people. In a large trial involving people with
prediabetes, post hoc clustering indicated that DF improved glycemic control in some
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clusters but not others. The same trial developed a lightGBM machine learning model to
create a microbiome-based decision score that can help to predict who is more likely to
get a glycemic benefit from fiber supplementation [183]. Collectively, high-fiber diets are
associated with improved nutrient absorption and a lower risk of obesity and diabetes [153].
Those findings highlight the therapeutic potential of DF as a microbiome-targeted strategy
for improving metabolic and inflammatory health.

4.3. Immune Modulation and Chronic Disease Prevention

The gastrointestinal tract is the body’s largest immune organ, containing more than
70% of all immune cells. There is a significant connection between gut microbiota and the
host’s immune system. Fermentation of DF by gut microbiota produces SCFAs, such as
acetate, propionate, and butyrate [175]. These SCFAs help to maintain immune homeostasis
by promoting the differentiation of regulatory T cells (Tregs) through activation of G protein-
coupled receptor 43 (GPR43) and by enhancing histone H3 acetylation. Maternal intake of
a high-fiber diet during pregnancy and lactation has been shown to beneficially modulate
the thymic microenvironment, inducing the expression of autoimmune regulator, a thymus-
specific factor crucial for T cell maturation. This maternal DF intake elevates butyrate
levels in offspring, which in turn enhances Treg count through GPR41. In contrast, high-fat
diets are associated with early thymic involution, characterized by decreased thymocyte
counts and increased T cell apoptosis [174]. Among different fibers, pectin has notable
immunomodulatory properties. It influences microbial ecology by altering the Bacillota-
to-Bacteroidota ratio and increasing SCFA levels in both fecal and systemic circulation.
Functionally, pectin has been shown to reduce airway inflammation by modulating the
activity of dendritic cells (DCs). Mechanistically, it can bind to toll-like receptor 2 (TLR2)
on DCs and macrophages through electrostatic interactions, selectively inhibiting the
pro-inflammatory TLR2-TLR1 pathway while maintaining the TLR2-TLR6 tolerogenic
pathway [13].

Furthermore, modified citrus pectin has been reported to interact with immune cells
such as T and B lymphocytes and natural killer cells. It has been shown to downregulate
key inflammatory mediators, such as inducible nitric oxide synthase and cyclooxygenase-2,
by inhibiting upstream regulators such as IkB kinase, mitogen-activated protein kinase,
and nuclear factor kappa B (NF-«B) [13]. 3-glucan modulates innate and adaptive immu-
nity. It binds to pattern-recognition receptors such as dectin-1 and complement receptor
3 on macrophages, neutrophils, and dendritic cells, thereby improving their function.
SCFAs from cereal 3-glucans fermentation by gut microbiota, such as butyrate, promote
regulatory /IL-10-producing T cells, support epithelial barrier integrity, and help control
low-grade inflammation. Together, these immune and SCFAs effects help protect against
infections and other chronic conditions [184-188]. Chronic systemic inflammation is linked
with diseases such as cancer, heart disease, diabetes, and kidney disease. A fiber-rich diet
reduces inflammation-related disease risk, but the effects vary by fiber type. For instance,
IDF and cereal-derived fiber have been associated with reduced risk of CHD. In contrast,
fruit-derived fiber, particularly pectin-rich sources, seems to be more effective in reducing
the risk of gastrointestinal inflammatory conditions such as Crohn’s disease [150].

5. Conclusions and Future Directions

The structure, conformation, and monosaccharide composition of DF are highly
variable and are correlated with different responses of the gut microbiota. In general,
fermentable fibers can enhance microbial fermentation and the production of beneficial
metabolites, especially SCFAs. Those metabolites may have effects on the immune sys-
tem, metabolism, and gastrointestinal function. Although there has been rapid progress
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in DF-gut microbiome research, one of the most important knowledge gaps is the lack
of a well-defined relationship between the structure of DF and consistent fermentation
outcomes in humans. This is probably due to the effects of fiber structure, dietary habits,
host factors, and baseline microbiome differences on fiber exposure, microbial functionality,
and host-microbiota interactions. Future studies should focus on structure-based fiber
interventions to modulate the gut microbiota, using standardized fiber characterization,
incorporating dietary information and host genetic information with microbiome and
metabolic outcomes.
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