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Barley extrudates modulate the gut microbiome–
metabolome axis in vitro through β-glucan
fermentation and polyphenol biotransformation
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Barley is rich in fermentable dietary fiber and phenolic compounds, both of which have recognized

benefits for gut health and whose functionality is influenced by processing. Here, four barley genotypes

differing in β-glucan content, type of starch, and phenolic profiles were extruded to obtain ready-to-eat

products, which were then evaluated using a combined in vitro digestion–colonic fermentation model.

The gastrointestinal fate of β-glucans and phenolics, short-chain fatty acids production, phenolic metab-

olite formation, and gut microbiota composition were assessed. After digestion, substantial amounts of

β-glucans and phenolics remained in the non-bioaccessible fraction, supporting their relevance as sub-

strates for colonic fermentation. During fermentation, the β-glucan-rich genotypes Annapurna® and

Hilose® showed the strongest butyrogenic response, while the purple-grain genotype DHL-151340,

characterized by a flavone- and anthocyanin-rich profile, showed an earlier and more pronounced

accumulation of low-molecular-weight phenolic catabolites. Compared with the control, barley extru-

dates induced time-dependent shifts in microbiota composition, although community profiles tended to

converge at later fermentation stages. Overall, genotype- and processing-driven differences translated

into distinct fermentation and phenolic biotransformation footprints, highlighting the relevance of barley

matrix composition in shaping the colonic fate of cereal bioactive compounds.

1. Introduction

Barley (Hordeum vulgare L.) has gained increasing attention as
an ingredient for the development of cereal-based foods with
added nutritional value. Compared with other commonly con-
sumed cereals, barley is particularly rich in bioactive com-
pounds, especially soluble dietary fiber such as β-glucans and
a wide range of phenolic compounds, mainly phenolic acids
and flavonoids.1–4 The intake of barley-derived products has
been associated with beneficial effects on lipid and glycemic
metabolism, immune response, and gut microbiota modu-
lation, largely attributed to these components.5–7

However, the physiological effects of barley depend not only
on its chemical composition, but also on the food matrix and
the processing conditions applied before consumption.8 In
this context, extrusion cooking is widely used in the pro-

duction of ready-to-eat cereal products, but it also induces
important chemical and structural transformations that may
alter the solubility, extractability, and molecular characteristics
of β-glucans and phenolic compounds.9–11 These matrix modi-
fications are expected to influence the gastrointestinal release
of bioactive compounds and their subsequent availability for
microbial fermentation in the colon.12

Both β-glucans and phenolic compounds are particularly
relevant in this regard. β-Glucans are not digested by human
enzymes and therefore reach the large intestine, where they
are fermented by the intestinal microbiota, leading to the pro-
duction of short-chain fatty acids (SCFAs) which are key
mediators of gut and metabolic health.13–15 Likewise, a sub-
stantial proportion of cereal phenolics exhibit limited bioac-
cessibility in the upper gastrointestinal tract and reaches the
colon, where it undergoes extensive microbial
biotransformation.14,16,17 In turn, these compounds and their
derived metabolites can also shape microbial composition and
activity, highlighting the bidirectional relationship between
cereal bioactives and the gut ecosystem.18–22

Despite growing evidence on the health-related potential of
barley, most studies have focused on raw grains, isolated frac-
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tions, or specific classes of compounds, whereas barley is typi-
cally consumed as a processed food matrix.13,17,21,22 Moreover,
previous studies have generally addressed digestion, fermenta-
tion, or compositional changes separately, rather than integrat-
ing the gastrointestinal and colonic fate of multiple bioactive
components. In this regard, our previous studies have contrib-
uted to understanding both the digestive fate of cereal pheno-
lics and the impact of extrusion on the nutritional and pheno-
lic profile of barley-based extrudates.11,14 However, the down-
stream consequences of these matrix- and processing-induced
differences on gastrointestinal bioaccessibility, microbial
metabolism, and gut microbiota activity remain largely
unexplored.

Therefore, the aim of this study was to investigate the gas-
trointestinal fate of β-glucans and phenolic compounds from
extruded barley-based products obtained from contrasting gen-
otypes, and to assess how these compositional differences
translate into microbial fermentation patterns and metabolite
production. For this purpose, extruded barley-based products
were subjected to in vitro gastrointestinal digestion followed by
human fecal batch fermentation, and their effects on SCFAs
production, phenolic metabolism, and gut microbiota compo-
sition were comprehensively assessed.

2. Materials and methods
2.1. Chemicals and reagents

The digestive enzymes and secretions used (α-amylase, pepsin,
pancreatin, and bile salts) were purchased from Sigma-Aldrich
(St Louis, MO, USA), all of porcine origin. SCFAs standards
such as acetic (C2H4O2), propionic (C3H6O2), isobutyric
(C4H8O2), butyric (C4H8O2), isovaleric (C5H10O2), valeric
(C5H10O2), hexanoic (C6H12O2), and 4-methylvaleric (C6H12O2)
acids were purchased from Sigma-Aldrich (St Louis, MO, USA).
Phenolic compound standards such as cyanidin-3-O-glucoside
chloride, luteolin-7-O-glucoside, methyl luteolin (chrysoeriol),
and luteolin-7-O-glucuronide were purchased from
Extrasynthese (Genay, France), 4-hydroxybenzoic acid, 3,5-
dimethoxy-4-hydroxybenzoic acid (aka syringic acid), 3,5-
dimethoxy-4-hydroxycinnamic acid (aka sinapic acid), and
catechin were purchased from Sigma-Aldrich (St Louis, MO,
USA); 4′-hydroxy-3′-methoxycinnamic acid (aka ferulic acid)
was obtained from Fluka (Buchs, Switzerland). Methanol
(HPLC grade), acetonitrile (HPLC grade), acetic acid, formic
acid, and hydrochloric acid (HCl) were purchased from
Scharlab Chemie (Sentmenat, Catalonia, Spain). Sodium
hydroxide (NaOH) was obtained from Fluka (Buchs,
Switzerland). Water of Milli-Q quality was supplied by
Millipore Corp. (Bedford, MA, USA). Stock solutions of stan-
dard compounds were prepared by dissolving each standard
compound in methanol at a concentration of 1000 mg L−1,
and stored in a dark flask at −30 °C. The nomenclature of the
phenolic catabolites used in this paper is based on the rec-
ommendations made by Kay et al. and, more recently, by Curti
et al.23,24

2.2. Raw material

Four hull-less barley genotypes with contrasting compositional
characteristics and suitability for food applications were
selected for this study:

• Annapurna®: low-amylose starch, high β-glucan content,
yellow grains

• DHL-151340: normal-amylose starch, medium β-glucan
content, purple grains

• Hilose®: high-amylose starch, high β-glucan content,
yellow grains.

• SBExpCE: normal-amylose starch, medium β-glucan
content, yellow grains

Barley grains were supplied by Semillas Batlle SA (Bell-Lloc
d’Urgell, Lleida, Spain). For the extrusion process, the grains
were milled to 1 mm using a Brabender mill equipped with a
1 mm screen (Brabender® GmbH & Co., Duisburg, Germany).
For chemical analyses, samples were milled to 0.5 mm using a
Foss Cyclotec 1093™ mill equipped with a 0.5 mm screen
(FOSS, Barcelona, Spain).

2.3. Extrusion process

The extrusion process was carried out using a co-rotating twin-
screw extruder (TwinLab-F 20/40, C.W. Brabender® GmbH &
Co. KG, Duisburg, Germany) equipped with a 2 mm die. To
obtain ready-to-eat barley-based products, the extrusion con-
ditions were individually adjusted for each genotype based on
their compositional characteristics, thereby ensuring appropri-
ate structural and nutritional properties. Accordingly, the
process parameters were applied as operational ranges, includ-
ing a screw speed of 360–500 rpm, a feed rate of 3.5–3.8 kg
h−1, and a moisture content between 12% and 17%. The temp-
erature profile was also adapted across the six heating zones
(Z1: 53–70 °C, Z2: 94–110 °C, Z3: 100–163 °C, Z4: 130–174 °C,
Z5: 143–197 °C, Z6: 143–197 °C) to provide the thermal and
mechanical energy required for adequate expansion and struc-
tural development. After extrusion, the products were milled
using a Foss Cyclotec 1093™ mill with a 0.5 mm screen to
obtain a uniform particle size for subsequent analyses.

2.4. In vitro gastrointestinal digestion of barley extrudates

In vitro gastrointestinal digestions of barley extrudates were
performed following the standardized INFOGEST protocol,25

simulating oral, gastric, and small intestinal phases. A 5 g
portion of each extruded barley sample was used as an analyti-
cally manageable test portion while maintaining the rec-
ommended food-to-fluid ratios and enzyme activities.
Digestion resulted in a final volume of approximately 74 mL,
yielding a food-to-fluid ratio (0.07 g mL−1), within the physio-
logical range expected for cereal consumption (0.06–0.24 g
mL−1), based on typical serving sizes (30–60 g) and postpran-
dial gastric volumes (250–500 mL).

Briefly, extrudate samples were mixed with simulated sali-
vary fluid (pH 7, 75 U mL−1 α-amylase) and incubated for
2 min at 37 °C during the oral phase. For the gastric phase,
simulated gastric fluid containing porcine pepsin (2000 U
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mL−1) was added, the pH was adjusted to 3 with HCl and the
samples were incubated at 37 °C for 2 h under orbital agitation
(200 rpm). Subsequently, simulated intestinal fluid (pH 7,
10 mmol L−1 porcine bile salts, and 100 U mL−1 pancreatin)
was added, and the samples were incubated at 37 °C for 2 h.
After digestion, samples were centrifuged at 13 000g for
10 min at 4 °C to separate the bioaccessible fraction (super-
natant) from the non-bioaccessible fraction (residue) for
colonic fermentation. Both fractions were lyophilized and
stored at −80 °C for further analyses. Target compounds
(β-glucans, starch, and phenolic compounds) were quantified
on a dry weight basis. To account for differences in mass recov-
ery, results were corrected by the dry weight of each fraction
and normalized to the dry weight of the initial extruded
sample.

2.5. Fecal sample collection and storage

Fecal samples were collected from six healthy adult volunteers
(three men and three women, 28–40 years old, BMI
18.5–24.9 kg m−2) with no gastrointestinal disorders and no
use of antibiotics or prebiotics during the 4 months before col-
lection. Samples were collected in sterile airtight containers
and transported immediately to the laboratory. Anaerobic con-
ditions during transport and handling were maintained using
anaerobic jars containing AnaeroGen™ sachets (Oxoid Ltd,
Basingstoke, UK). Samples were kept at 4 °C and used within
24 h.

In the laboratory, individual fecal samples were pooled to
prepare a microbial inoculum, supplemented with 20% gly-
cerol for preservation, and stored at −80 °C until use in
colonic fermentations, following the methodology described
by Pérez-Burillo et al.26 The study was conducted in accordance
with the Declaration of Helsinki and approved by the Ethics
Committee of Hospital Universitari Arnau de Vilanova (Lleida,
Spain) (approval code: CEIC-3250). All participants provided
written informed consent.

2.6. In vitro colonic batch fermentations

In vitro colonic batch fermentations were performed according
to Pérez-Burillo et al.26 with minor modifications. For the fer-
mentation assays, the pooled fecal inoculum was thawed, cen-
trifuged to remove glycerol, and resuspended in 0.1 M phos-
phate buffer (pH 7) to obtain a 32% suspension. Each fermen-
tation tube contained 0.5 g of the non-bioaccessible residue,
10% of the intestinal supernatant, 7.5 mL of fermentation
medium (15 g L−1 peptone and 50 mL L−1 of reducing solu-
tion), and 2 mL of fecal suspension. Control incubation was
performed using residues from blank digestions.
Fermentations were carried out in anaerobic chambers at
37 °C with continuous orbital agitation (120 rpm). Anaerobic
conditions were established using AnaeroGen™ sachets
(Oxoid Ltd, Basingstoke, UK), and all manipulations were per-
formed under a nitrogen flow to minimize oxygen exposure.
All incubations were performed in triplicate in identical experi-
mental conditions. Samples and control were collected at
different time points (0, 2, 6, 10, 24, and 48 h). Fermentation

samples were divided into two portions: one for microbiota
analysis and another for metabolite analysis. The latter was
freeze-dried, and all samples were stored at −80 °C until
analysis.

2.7. β-Glucans, arabinoxylans, total starch, and amylose
determinations

Total β-glucans, arabinoxylans, starch, and amylose contents
were quantified using the mixed-linkage β-glucan assay
(K-BGLU), D-xylose assay (K-XYLOSE), total starch assay (AA/
AMG), and amylose/amylopectin assay (K-AMYL) kits from
Megazyme (Megazyme International Ireland Ltd, Bray,
Ireland).

2.8. Analysis of phenolic compounds and microbial phenolic
metabolites

The analysis of phenolic compounds was performed according
to Cortijo-Alfonso et al.27 Briefly, free phenolics were extracted
using an extraction solution of methanol/Milli-Q water/formic
acid (79.5/19.5/1, v/v/v). The remaining solid residue was then
subjected to alkaline hydrolysis to release the bound phenolic
fraction. Bound phenolic extracts were cleaned using
microElution solid-phase Extraction (μSPE) with OASIS HLB
cartridges (2 mg) (Waters, Milford, MA, USA). The phenolic
compounds were eluted from these micro-cartridges with
methanol (2 × 50 μL) and directly injected into the analytical
system. Phenolic compounds were quantified by ultraperfor-
mance liquid chromatography (UPLC) coupled to tandem
mass spectrometry (MS/MS) (Waters, Milford, MA, USA), using
chromatographic conditions as previously reported in our
study.27 Analyses were carried out on a triple quadrupole mass
spectrometer equipped with an electrospray ionization (ESI)
source. Quantification was performed using selected reaction
monitoring (SRM), with MS parameters as previously
described.27

2.9. Analysis of short-chain fatty acids

SCFAs were determined by gas chromatography coupled to
flame ionization detector (GC-FID) according to Calderón-
Pérez et al.28 Briefly, 0.1 g of lyophilized colonic fermentation
samples were mixed with 1 mL of acidified Milli-Q water (pH
2–3 adjusted with H3PO4) containing 4-methylvaleric acid as
the internal standard (1.85 mg mL−1). Samples were shaken
for 15 min and centrifuged for 15 min at 13 000g at 4 °C. The
supernatant resulting from the centrifugation was filtered with
a 0.22 μm nylon filter (Tecnokroma, Barcelona, Spain) and
passed into GC microvials containing an insert for analysis.
Finally, the samples were analyzed by GC according to our pre-
vious work.28

2.10. Bacterial DNA extraction and 16S rRNA gene
sequencing

Total bacterial DNA was isolated from colonic fermentation
samples using the HigherPurity™ soil DNA isolation kit
(Canvax Reagents SL, Valladolid, Spain), according to the man-
ufacturer’s instructions with minor modifications: frozen wet
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samples were disrupted twice in a bead homogenizer
(BeadMill 4, ThermoFisher) with two borosilicate 2 mm beads
and the kit’s lysis buffer, and incubated at 95 °C for 5 min.
Then, sample tubes were spun at 10 000g for 30 s and the
supernatant was transferred to a fresh tube to follow with the
manufacturer’s instructions. In the final step, the DNA was
eluted from the column in a volume of 100 μL. DNA concen-
tration and quality were evaluated by spectrophotometry
(Nanodrop-100, ThermoFisher, Barcelona, Spain) and fluoro-
metry with the dsDNA HS Assay kit (Qubit 4, Invitrogen,
Carlsbad, CA). The V3–V4 region of the 16S rRNA gene was
amplified using previously described primers18 and sequenced
with 2 × 300 bp paired-end reads using the Illumina MiSeq
platform (Illumina, San Diego, CA, USA) at the Centre for
Genomic Regulation (CRG), Barcelona, Spain. RStudio
v.1.3.1093 software was employed to process the files with raw
reads from the Illumina® instrument. Quality profiles were
first assessed with FastQC, and low-quality reads (Q < 20)
and potential contaminant sequences were removed. Forward
and reverse reads were truncated at 250 bp, based on
quality scores. Reads were then denoised, merged, and
filtered to remove chimeras following the standard DADA2
pipeline (https://benjjneb.github.io/dada2/tutorial.html).29

This approach allows inference of Amplicon Sequence Variants
(ASVs) with single-nucleotide resolution. A total of 1797 ASVs
were obtained. Taxonomic assignment was performed using
the naïve Bayesian classifier implemented in DADA2 using the
Silva v.138.2 reference database.29 Alpha-diversity was esti-
mated based on ASVs counts by calculating the observed ASVs,
Shannon and Simpson indices through the “Phyloseq”
package (v1.44.0). Beta-diversity was assessed via Bray–Curtis
dissimilarity matrix and visualized using non-metric multidi-
mensional scaling plot (NMDS). Relative abundances at each
taxonomic level were calculated per individual sample.

2.11. Statistical analysis

Results are expressed as the mean of at least two or three repli-
cates. Data from β-glucans, arabinoxylans, total starch,
amylose, and phenolic compounds were analyzed by one-way
ANOVA followed by Tukey’s post hoc test (p < 0.05). These ana-
lyses were performed using JMP® Pro 16 (SAS Institute Inc.,
Cary, NC, USA).

During in vitro colonic fermentation, differences among
extracts and fermentation times for β-glucans, SCFAs, phenolic
compounds, and phenolic-derived metabolites were evaluated
by two-way ANOVA, followed by Tukey’s or Games–Howell post
hoc tests, depending on variance homogeneity. Two-way
ANOVA for SCFA and 16S rRNA gene-based sequencing data
were performed using XLSTAT software (version 2022.4.1;
Addinsoft).

Alpha-diversity metrics (observed amplicon sequence var-
iants (ASVs), Shannon, and Simpson) were assessed using the
Mann–Whitney U test with Benjamini–Hochberg correction for
multiple comparisons. Beta-diversity differences were assessed
by PERMANOVA. These analyses were conducted using R soft-
ware (version 4.3.0) and RStudio (version 1.3.1093).

To reduce data heterogeneity and improve visualization in
the heatmap, a square root transformation (x′ = √(log(x + 1)))
was applied to the mean values. This transformation helps to
normalize the data distribution, particularly when variables
differ greatly in magnitude.

Associations between taxa at genus level and different
metabolite profiles were evaluated through Spearman’s corre-
lation test, applying Benjamini–Hochberg multivariate analysis
correction post hoc test (FDR = 0.05). All correlation analyses
performed were conducted using qdapTools package available
for R software (v. 4.3.0) and RStudio (v.1.3.1093).

3. Results and discussion

This study provides an integrated assessment of how barley
genotype and extrusion-induced matrix modifications shape
the gastrointestinal and colonic fate of bioactive compounds.
Unlike previous studies13,17,21,22 focused on raw grains, iso-
lated fractions, or selected compounds, it combines in vitro
digestion, colonic fermentation, SCFA production, phenolic
biotransformation, and microbiota modulation in extruded
barley matrices differing in β-glucan content, starch type, and
phenolic profile.

3.1. Changes in chemical composition associated with
extrusion processing

Before extrusion, the four barley genotypes showed marked
differences in chemical composition and bioactive compound
profiles, as shown in Table 1. Hilose® and Annapurna® pre-
sented the highest β-glucan content, reaching 11.4 and 10.0 g
per 100 g, respectively, whereas DHL-151340 and SBExpCE had
significantly lower amounts. Arabinoxylan content was rela-
tively similar across genotypes. Total starch content was lower
in Hilose® and Annapurna®, at approximately 45%, compared
with DHL-151340 and SBExpCE, which exhibited values close
to 60%. As expected, Hilose® displayed the highest amylose
content, reaching 29.4%. In contrast, Annapurna® showed the
lowest value at 4.5%, consistent with its waxy phenotype. As
shown in Table 1, Hilose® and DHL-151340 flours exhibited
the highest total phenolic contents (1345 and 1360 µmol per
100 g, respectively), with phenolic acids being the predomi-
nant class, present in both free and cell wall-bound forms (SI
Table S1). The phenolic profile differed substantially between
the yellow-grain genotypes and the purple-grain genotype. The
purple genotype was characterized by higher levels of flavone
glycosides and anthocyanins, reaching 294 µmol per 100 g and
44.4 µmol per 100 g, respectively, and by a distinctive profile
dominated by methyl-luteolin and related derivatives, along
with the exclusive presence of anthocyanins.30 In contrast,
yellow genotypes were richer in flavan-3-ols, with contents
ranging from 103 to 249 µmol per 100 g, mainly represented
by catechins and proanthocyanidins, in agreement with pre-
vious reports.30 Irrespective of grain color, phenolic acids con-
stituted the predominant phenolic family in all genotypes and
were mainly present in the bound fraction with concentrations
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ranging from 783 to 1078 µmol per 100 g. This fraction was
dominated by 4′-hydroxy-3′-methoxycinnamic acid (aka ferulic
acid) and its derivatives, as shown in Table 1 and SI Table S1,
which are known to be strongly associated with the cereal cell
wall matrix.

Following extrusion processing, the resulting barley pro-
ducts showed marked differences in chemical composition
across genotypes, as shown in Table 1. Compared with their
respective raw flours, β-glucans content showed a moderate
decrease, particularly in Hilose® and Annapurna® extrudates,
declining from 11.4 to 6.8 g per 100 g and from 10.0 to 7.0 g
per 100 g, respectively. This reduction is likely associated with
β-glucan chain depolymerization and reduced extractability
caused by interactions with the starch–protein matrix.31 In
contrast, arabinoxylans showed limited changes after extru-
sion, consistent with their higher resistance to thermal and
mechanical stress.32 Amylose content increased in all geno-
types after extrusion processing, with the most pronounced
increase observed in Annapurna® and DHL-151340 extrudates,
rising from 4.5% to 11.9% and from 20.9% to 33.9%, respect-
ively. This effect can be attributed to the greater susceptibility
of amylopectin to thermal and mechanical stresses, which pro-
motes partial depolymerization and results in a relative
increase in the amylose proportion.33

Extrusion processing was associated with a significant
reduction in total phenolic content, with an average decrease
of approximately 20% across genotypes, mainly affecting
flavan-3-ols and anthocyanins, as shown in Table 1 and SI
Table S1. These compounds are known to be thermosensi-
tive.34 In contrast, the proportion of free phenolic acids
increased, likely as a result of the disruption of phenolic–cell
wall linkages, which may contribute to enhanced
bioaccessibility.35

Overall, extrusion processing resulted in marked modifi-
cations in the chemical composition of genotype-specific
barley products, including a moderate reduction in β-glucan
content, starch reorganization associated with an increased
amylose proportion, and a decrease in thermosensitive pheno-
lic compounds. Despite these changes, extrusion-induced
structural modifications may enhance the functionality and
bioaccessibility of barley bioactive components in the final
ready-to-eat products. These compositional differences were
further explored by principal component analysis (PCA) based
on the data presented in Table 1 (SI Fig. S1). The PCA revealed
a clear separation of samples according to both genotype and
processing, with extruded products clustering distinctly from
their corresponding flours. The first principal component
(PC1, 53.4%) was mainly associated with carbohydrate-related
variables, particularly β-glucans and total starch, whereas the
second component (PC2, 22.0%) was driven by phenolic com-
position. Accordingly, extruded samples such as Hilose® and
Annapurna® were positioned closer to variables related to
β-glucan content, whereas the purple-grain extrudate
DHL-151340 was clearly separated along PC2, reflecting its dis-
tinct phenolic profile rich in flavones and anthocyanins.
SBExpCE showed an intermediate distribution between theseT
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groups. These results support the differentiation of extruded
barley products, highlighting their potential classification
based on prebiotic-related and antioxidant-associated
components.

3.2. Influence of gastrointestinal digestion on β-glucan, type
of starch, and phenolic compounds

A key question in the present study was whether the compo-
sitional differences retained after extrusion were functionally
translated into distinct bioaccessible and non-bioaccessible
fractions during upper gastrointestinal digestion. This distinc-
tion is particularly relevant because the bioaccessible fraction
determines the compounds potentially available for absorp-
tion, whereas the non-bioaccessible fraction defines the sub-
strates that remain available for microbial metabolism in the
colon.

As shown in Table 2 and SI Table S2, β-glucans were par-
tially solubilized during digestion, with 40–55% recovered in
the bioaccessible fraction, whereas a relevant proportion
remained associated with the non-bioaccessible residue.

These results indicate extensive β-glucan solubilization
during digestion, likely promoted by extrusion-induced disrup-
tion of the food matrix and partial polysaccharide depolymeri-
zation.31 Although β-glucans are not absorbed in the small
intestine, their soluble fraction contributes to physiological
effects, including increased intestinal viscosity and modu-
lation of postprandial glycaemic and lipid responses.36 These
functional properties are further influenced by structural fea-
tures such as molecular weight and viscosity.37 Importantly,
the predominance of β-glucans in the bioaccessible fraction
reflects their release from the food matrix and solubility rather
than intestinal absorption. Both bioaccessible and non-bioac-
cessible fractions are therefore expected to reach the colon,
where they may undergo partial fermentation and contribute
to SCFAs production.13,14

The amount of starch recovered in the non-bioaccessible
fraction ranged from 6.07 to 12.49 g per 100 g, with the
highest values observed in Hilose® and the lowest in
Annapurna®. The higher starch levels detected in Hilose®
may be associated with the elevated amylose content of the
extruded product, which is known to promote the formation of
digestion-resistant starch structures, particularly after extru-
sion processing.38 However, the starch quantified in this frac-
tion does not exclusively correspond to resistant starch but
may also include starch that was not completely digested
during the in vitro gastrointestinal digestion process.

The INFOGEST protocol, while widely accepted for simulat-
ing human digestion, primarily considers pancreatic
α-amylase activity during the intestinal phase and does not
include brush-border enzymes involved in the final hydrolysis
of starch-derived oligosaccharides.25 This methodological
limitation, acknowledged within the protocol due to the lack
of standardization of additional enzyme activities and
exposure times,25,39 may lead to partially digested starch in the
non-bioaccessible fraction. Consequently, the fraction ana-
lyzed in this study likely consisted of a mixture of resistant T
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starch and incompletely digested starch, which limits the attri-
bution of potential fermentation-related effects exclusively to
resistant starch.

Total phenolics recovered in the bioaccessible fraction
ranged from 122 to 231 µmol per 100 g extrudate (dry weight
basis), corresponding to 15–20% of the initial content. In con-
trast, 502–686 µmol per 100 g, representing 56–85%, remained
in the non-bioaccessible fraction (Table 2). This limited release
is consistent with previous reports in fiber-rich cereal matrices,
where strong associations between phenolics and cell wall
components restrict enzymatic hydrolysis. Microstructural evi-
dence suggests that gastrointestinal digestion induces only
minor alterations in fiber integrity, further limiting phenolic
release.17 Consequently, most phenolic compounds are
expected to reach the colon largely intact, in agreement with
previous findings.14,16,17

Regarding the phenolic profile, marked differences were
observed between fractions, as shown in Table 2 and SI
Table S2. Overall, flavan-3-ols were preferentially distributed in
the bioaccessible fraction, averaging 56%, mainly due to their
occurrence in free forms and their greater stability under gas-
trointestinal conditions.40 Monomeric flavan-3-ols, such as
catechin and epicatechin, predominated in the bioaccessible
fraction, whereas dimeric and oligomeric forms, including pro-
cyanidins, were preferentially retained in the non-bioaccessible
fraction. This pattern reflects underlying structural differences,
as the lower molecular weight and higher solubility of mono-
meric compounds facilitate their release during digestion,
whereas larger and more hydroxylated procyanidins exhibit
reduced bioaccessibility due to stronger interactions with the
matrix, in agreement with previous reports.14

Flavones were detected in both free and bound forms,
although they were markedly more abundant in the free form.
The bioaccessible fraction was dominated by methyl-luteolin-
O-glucuronide and luteolin-7-O-glucuronide, particularly in
DHL-151340 extrudate, whereas the non-bioaccessible fraction
was characterized by methyl-luteolin (chrysoeriol). This con-
trasting distribution indicates that flavone bioaccessibility is
strongly structure-dependent and is enhanced by conjugation
with polar groups such as glucuronic acid, which increases
hydrophilicity and solubility.40,41

Although total anthocyanins recovery in the purple-grain
genotype DHL-151340 was low, these compounds were
mainly found in the bioaccessible fraction, accounting for
63% of the total anthocyanins. This distribution is likely
attributable to their polar and glycosylated structure, which
favors solubilization under gastrointestinal digestion
conditions.40

Phenolic acids were present in both free and bound forms,
with the bound fraction predominating. Free phenolic acids
were mainly recovered in the bioaccessible fraction, accounting
for 67–100% of their total content, whereas bound phenolic
acids were largely retained in the non-bioaccessible fraction,
representing 62–92%. This distribution is consistent with their
extensive esterification to cell wall polysaccharides, particularly
arabinoxylans.16,40

Overall, the distribution of phenolic compounds between
the bioaccessible and the non-bioaccessible fractions was
mainly driven by structural features. Free and low-molecular-
weight compounds were preferentially released during diges-
tion, whereas cell wall-bound, polymeric, and more hydro-
phobic phenolics largely remained in the non-bioaccessible
fraction and are therefore expected to reach the colon for
further microbial transformation.

3.3. Fate of β-glucans and phenolic compounds during
in vitro colonic fermentation

3.3.1. β-Glucan degradation and short-chain fatty acid pro-
duction. A rapid and progressive decrease in β-glucan content
was observed in all extruded genotypes during in vitro colonic
fermentation, with most of the depletion occurring within the
first 10 h of incubation (Fig. 1A). In all samples, β-glucans
were almost completely depleted within 24–48 h, indicating
their rapid utilization by the intestinal microbiota. This behav-
ior is consistent with the high fermentability of cereal
β-glucans previously reported for barley- and oat-based
matrices.14,42

The progressive reduction in the β-glucan content during
fermentation coincided with a marked increase in total SCFAs
production in the extruded samples, particularly after 24 h.
Fig. 1B–D show the main SCFAs, namely acetic, propionic, and
butyric acids, whereas minor SCFAs, including isobutyric, iso-
valeric, valeric, and hexanoic acids, are reported in SI Table S3.

SCFAs were already detected at 0 h in all systems, reflecting
basal microbial activity. However, as fermentation progressed,
the SCFA profiles of the barley extrudates clearly diverged from
the control. In all extruded samples, acetic acid increased
rapidly during the early stages of fermentation, followed by a
pronounced shift toward butyric production at later time
points. By 48 h, butyric acid became the dominant SCFA in all
extruded matrices, while propionic acid increased after 24 h
but remained secondary. Branched-chain fatty acids and hexa-
noic acid showed moderate increases at late fermentation
stages.

Among the extrudates, β-glucan-rich samples such as
Hilose® and Annapurna® exhibited the highest butyric
accumulation at 48 h, together with elevated acetic levels. This
finding supports the role of barley β-glucans as readily fermen-
table substrates, that promot SCFAs formation, particularly
butyric acid.14

Although a molar ratio close to 60 : 20 : 20 for acetic, propio-
nic, and butyric acids, respectively, is often reported for dietary
fiber fermentation, this distribution is strongly influenced by
substrate characteristics and processing conditions.43,44 In this
context, the comparatively high proportion of butyric acid
observed in the present study, accounting for approximately
36–43% of total SCFAs, suggests a fermentation pattern likely
associated with extrusion-induced modifications of β-glucan
structure.

In the control sample, SCFAs production was slower and
mainly driven by acetic and propionic acids, with limited buty-
rate formation and relatively higher branched-chain fatty
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acids, indicating a greater contribution of proteolytic fermenta-
tion. In contrast, barley extrudates shifted fermentation
towards a more butyrogenic profile as shown in Fig. 1B–D, and
SI Table S3.

Taken together, these results indicate that the barley extru-
dates did not simply increase total fermentability, but pro-
moted distinct fermentation outputs depending on matrix
composition. In particular, the β-glucan-rich genotypes
Hilose® and Annapurna® preferentially supported a more
butyrogenic fermentation profile, highlighting their potential
as substrates for the generation of SCFA-associated postbiotic
responses.

3.3.2. Transformation of phenolic compounds and for-
mation of derived phenolic metabolites. UPLC-MS/MS analysis
allowed the identification and quantification of a total of 61 phe-
nolic compounds, comprising 53 native phenolics (1 flavan-3-ols,
19 flavone glycosides, 8 anthocyanins, and 25 phenolic acids)
and 8 microbial-derived metabolites (SI Table S4). Results
obtained from the colonic fermentation assay showed overall
comparable degradation kinetics of native phenolics and
accumulation profiles of microbial metabolites across the four
barley extrudates (Fig. 2). However, the purple extruded
DHL-151340 exhibited slight differences in both phenolic degra-
dation and the generation of new compounds, likely reflecting its
higher overall phenolic content and the distinct phenolic profile.

Free flavone glycosides decreased rapidly in all samples
within the first 2–6 h of fermentation (Fig. 2A). A similar trend
was observed for anthocyanins in the purple-grain extrudate
DHL-151340, which were no longer detectable after 10 h of fer-
mentation (Fig. 2C). This behavior indicates rapid microbial
utilization after release into the fermentation medium, consist-
ent with an initial deglycosylation followed by further break-

down into smaller phenolic metabolites, as previously
described under colonic conditions.45 Bound flavone glyco-
sides remained relatively stable in most genotypes (Fig. 2B),
whereas a progressive decrease was observed in DHL-151340,
suggesting increased susceptibility to microbial transform-
ation at higher substrate availability in this genotype.

In contrast, free phenolic acids increased in all samples
after 2 h of fermentation (Fig. 2D), while bound phenolic acids
showed temporal fluctuations without a consistent decreasing
trend (Fig. 2E). This pattern indicates a dynamic balance
between the progressive release of ester-linked phenolics from
the food matrix and their concurrent microbial transformation,
rather than a simple transfer from the bound to the free pool.

Concomitantly, several low-molecular-weight phenolic metab-
olites progressively accumulated during fermentation (Fig. 2F),
including 3-(4-hydroxy-3-methoxyphenyl)propanoic acid, hydro-
xyphenylacetic acids (4′-, 3′- and 2′-), hydroxyphenylpropanoic
acid, phenylpropanoic acid, hydroxyphenylvaleric acid, and 3-(4-
hydroxy-3,5-dimethoxyphenyl)propanoic acid (aka dihydrosina-
pic acid) (SI Table S4). Compared to the control, the extruded
samples, particularly those derived from the purple-grain geno-
type DHL-151340, showed an earlier onset and more pro-
nounced accumulation of these metabolites.

A clear temporal sequence of metabolite formation was
observed during fermentation. The phenolic 3-(4-hydroxy-3-
methoxyphenyl)propanoic acid increased at early stages
(6–10 h), followed by the accumulation of hydroxyphenylacetic
acids at intermediate time points, and subsequently by hydro-
xyphenylpropanoic acid at later stages (24–48 h). The latter
exceeded 100 µmol per 100 g in several extrudates and
emerged as a major end product of colonic polyphenol metab-
olism. This pattern suggests the occurrence of successive

Fig. 1 β-Glucan content (g per 100 g) (A) and main short-chain fatty acids (SCFAs) (µmol g−1): acetic acid (B), propionic acid (C), and butyric acid
(D), measured at 0, 2, 6, 10, 24, and 48 h during in vitro colonic fermentation of the control and four barley extrudates (Annapurna®, Hilose®,
DHL-151340, and SBExpCE). Data are shown as mean values. Two-way ANOVA showed significant effects of treatment, time, and their interaction (p
< 0.05). Different letters indicate significant differences among treatment × time combinations according to Tukey–Kramer HSD post hoc test.
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microbial transformations of native phenolic compounds,
involving reduction, dehydroxylation, and side-chain modifi-
cations. For instance, 4-hydroxy-3-methoxycinnamic acid
derivatives may be converted into 3,4-dihydroxycinnamic acid-
related intermediates, which are further transformed into
hydroxyphenylacetic and hydroxyphenylpropanoic acids.17

In addition, hydroxybenzoic acid derivatives, including
4-hydroxybenzoic, 4-hydroxy-3-methoxybenzoic, and 3,4-dihy-
droxybenzoic acids, showed a tendency to increase at late fer-
mentation stages (24–48 h) across all extruded samples (SI
Table S4), in agreement with previous reports on colonic
metabolism of cereal phenolics.46,47 Taken together, these
results support a coordinated microbial conversion of barley
phenolic compounds into a limited number of low-molecular-
weight metabolites. Based on these findings, a simplified
metabolic pathway summarizing the main transformations of
barley phenolics during colonic fermentation is proposed in
Fig. 3. Overall, these findings indicate that barley phenolics
were not merely degraded during fermentation, but underwent
a structured microbial biotransformation process leading to a
relatively defined set of low-molecular-weight catabolites.
Importantly, the timing and relative abundance of these
metabolites were influenced by the initial phenolic compo-
sition of the extruded matrix, supporting the idea that geno-
type-dependent differences remain functionally relevant even
after extrusion and gastrointestinal digestion.

3.4. Effects of barley-based products on colonic microbiota
composition

Microbiota profiling was used here not necessarily to identify
completely distinct taxonomic endpoints for each barley geno-

type, but rather to determine whether the different extruded
matrices generated divergent ecological trajectories or conver-
gent fermentation-associated responses over time. This dis-
tinction is particularly relevant in in vitro batch systems, where
temporal dynamics and substrate depletion often exert a stron-
ger effect on microbial structure than subtle compositional
differences between related cereal substrates.

As a first approach, changes in microbial diversity were evalu-
ated using alpha and beta diversity metrics. All barley extrudates
induced a significant decrease in observed ASVs compared to
the control, although no major differences were observed among
products (SI Fig. S2A). Shannon and Simpson indices also varied
as a function of fermentation time and substrate, with a signifi-
cant decrease in Shannon diversity observed for the DHL-151340
and SBExpCE extrudates. Such reductions in alpha diversity are
commonly reported in batch fermentation systems sup-
plemented with fermentable substrates, reflecting the selective
enrichment of specialized microbial groups and a concomitant
reduction in overall richness.48 Beta diversity analysis revealed a
clear modulation of the colonic microbiota driven by both sub-
strate type and fermentation time. However, all barley treatments
converged toward a similar microbial profile at 24 and 48 h (SI
Fig. S2B), indicating that substrate availability and fermentation
stage were the main drivers shaping microbial community struc-
ture and dynamics.

At the phylum level (SI Fig. S3), early fermentation stages
(0–6 h) were characterized by an increase in Pseudomonadota
and a concomitant decrease in Bacillota, Bacteroidota and
Actinomycetota, particularly in response to some barley treat-
ments. This pattern is typical of the initial phase of batch
in vitro fermentations and reflects rapid ecological rearrange-

Fig. 2 Changes in native phenolic families and phenolic metabolites during in vitro colonic fermentation of the control and four barley extrudates
(Annapurna®, Hilose®, DHL-151340, and SBExpCE). (A) Free flavone glycosides, (B) bound flavone glycosides, (C) anthocyanins, (D) free phenolic
acids, (E) bound phenolic acids, and (F) total phenolic metabolites, expressed as µmol per 100 g, measured at 0, 2, 6, 10, 24, and 48 h of fermenta-
tion. Data are shown as mean ± SD.
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ments driven by the availability of easily fermentable
substrates.48,49 Pseudomonadota, including fast-growing facul-
tative anaerobes, can temporarily proliferate under these con-
ditions. From 10 h onwards, a marked decrease in
Pseudomonadota and a progressive enrichment in Bacillota
were observed, particularly in response to the extrudates
obtained from Annapurna® and Hilose®. This shift coincided
with the accumulation of fermentation end-products and the
establishment of more acidic and strictly anaerobic conditions,
which favor obligate anaerobic and saccharolytic bacteria.
Many of these bacteria belong to the Bacillota phylum and
play a key role in polysaccharide degradation and butyrate
production.49

At 24 and 48 h, all barley treatments showed a sustained
decrease in Pseudomonadota and Bacteroidota and a domi-
nance of Bacillota compared to the control, especially for the
β-glucan-rich extrudates. These patterns are consistent with
previous observations indicating that Pseudomonadota are
less competitive under acidic, SCFA-rich conditions, whereas
many Bacillota are better adapted to cross-feeding networks
and the utilization of fermentation intermediates.50 The
decline in Bacteroidota at later stages likely reflects substrate
depletion and competitive exclusion in non-renewed batch
system.42

At the genus level (Fig. 4), analyses focused on time points
from 6 h onwards, as earlier stages mainly reflect ecological
adaptation rather than functionally stable fermentation.48,51 At
6 h, all barley treatments promoted an increase in Escherichia–
Shigella and Streptococcus and a decrease in genera such as
Bifidobacterium, Dialister and Gemmiger, reflecting the transient
predominance of fast-growing facultative anaerobes. At 10 h,
treatment-specific responses became more evident; extruded pro-
ducts from Annapurna® and Hilose® showed a marked
reduction in Escherichia–Shigella, whereas extruded SBExpCE and
DHL-151340 promoted the co-occurrence of Streptococcus and
Megasphaera. This pattern suggests the establishment of lactate-
based cross-feeding interactions, which are characteristic of the
transition toward a mature saccharolytic fermentation.50,52

At later fermentation stages (24–48 hours), an increase in
commensal genera such as Catenibacterium was detected, con-
sistent with advanced fermentation of complex carbohydrates.
Concurrently, an enrichment of opportunistic taxa including
Klebsiella and Sutterella, was observed. In the context of batch
in vitro fermentation, such increases have been previously
reported and are generally attributed to the absence of host-
mediated regulatory mechanisms, including immune con-
straints and intestinal clearance, rather than necessarily indi-
cating an adverse microbial shift.51,52

Fig. 3 Proposed metabolic pathways for microbial degradation of barley phenolics during colonic fermentation. Solid boxes indicate metabolites
detected and quantified in the present study, whereas faded structures represent proposed intermediates. Major reactions include dOH (dehydroxy-
lation), dH (dehydrogenation), dMe (demethylation), and side-chain shortening via α-oxidation and β-oxidation. Colors denote phenolic classes:
flavan-3-ols (purple), flavones (blue), anthocyanins (orange), and phenolic acids (green).
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Across all barley treatments, a progressive decrease in
Bacteroides and Parabacteroides was observed over time, likely
reflecting substrate exhaustion, prolonged exposure to low pH,
and competitive exclusion under non-renewed batch system.
Similar declines in these genera during extended in vitro fer-
mentations have been previously reported, particularly when
complex polysaccharides become limiting.42,48 Additionally,
the extruded products derived from SBExpCE and DHL-151340
induced a reduction in Acidaminococcus and Coprococcus,
which may be linked to a metabolic shift away from amino
acid fermentation and to sensitivity to sustained acidic
conditions.

Overall, the genus-level microbial changes reflected a
typical in vitro fermentation succession, with early fast-growing
taxa replaced by bacteria specialized in complex carbohydrate
fermentation. This pattern suggests that the barley extrudates
mainly influenced the timing and intensity of microbial suc-

cession rather than generating completely distinct community
endpoints. Accordingly, the most informative differences
among genotypes may lie less in final taxonomic composition
than in the metabolic consequences of these shifts, particu-
larly in relation to SCFAs production and phenolic catabolite
generation.

It should be noted, however, that these microbial trajec-
tories were obtained under static batch fermentation con-
ditions, which do not fully reproduce the dynamic ecological
environment of the human colon. In particular, the absence of
pH control and continuous metabolite removal may progress-
ively favor acid-tolerant and fast-growing taxa at later fermenta-
tion stages. Therefore, the microbial profiles observed at
24–48 h should be interpreted with caution and primarily as a
comparative representation of substrate-driven responses
under in vitro conditions, rather than as a direct reflection of
in vivo colonic ecology.

Fig. 4 Heatmap showing the evolution of relative abundance at the genus level according to barley extrudate and fermentation time. To improve
data interpretation, values were normalized using square root transformation of log-transformed values: √(log(x + 1)). Statistically significant differ-
ences were evaluated by two-way ANOVA followed by Games–Howell post hoc test. Asterisks indicate statistically significant differences (p < 0.05)
compared to the digestion control (blank digestion without barley sample).
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3.5. Associations between microbial taxa and metabolic
outputs during colonic fermentation

To better understand the functional relationships underlying
colonic fermentation, correlation analyses were performed
integrating native bioactive compounds, SCFAs production,
microbial composition, and microbial-derived phenolic metab-
olites. This approach was intended not only to identify co-
occurrence patterns, but also to explore whether specific
microbial taxa were consistently associated with the main
metabolic outputs generated during fermentation. Significant
positive associations are summarized in Table 3, whereas the
full Spearman correlation matrices are provided in SI Fig. S4.

Strong positive correlations were observed between key fer-
mentative genera, particularly Megasphaera, Acidaminococcus,
and Clostridium-related taxa, and major SCFAs including
acetic, propionic, butyric, and valeric acids (Table 3 and SI
Fig. S4B). Catenibacterium also showed significant positive
associations with butyric and propionic acids. These genera
are commonly linked to saccharolytic fermentation, cross-
feeding interactions, and late-stage anaerobic metabolism,
supporting their functional relevance in the fermentative net-
works established in the present system.53,54 Recent in vitro
and in vivo studies have highlighted Megasphaera as a central
lactate-utilizing taxon linking primary carbohydrate fermenters
with downstream SCFAs production, while members of
Clostridium and related Firmicutes remain major contributors
to butyrate formation.54,55 Conversely, Escherichia–Shigella and
Streptococcus displayed comparatively fewer significant associ-
ations with SCFAs, being mainly linked to acetic acid (Table 3
and SI Fig. S4B), suggesting a more limited contribution to the
broader SCFA profile characteristic of advanced saccharolytic
fermentation. Similar inverse relationships between enteric or
lactic acid bacteria and SCFAs accumulation have been
reported in recent controlled fermentation models, where
increasing SCFAs concentrations impose selective pressure on
fast-growing facultative taxa.43,56

Several microbial-derived phenolic metabolites, particularly
hydroxyphenylpropanoic acid and phenylpropanoic acid, were
positively correlated with SCFA-associated genera, most
notably Acidaminococcus and Megasphaera, and to a lesser
extent Clostridium-related taxa (Table 3 and SI Fig. S4C). This
co-occurrence suggests that phenolic biotransformation may
overlap with microbial networks involved in active fermenta-
tion and SCFAs production. Recent evidence indicates that gut
microbial conversion of dietary polyphenols into low-mole-
cular-weight phenolic acids often relies on shared reductive
and oxidative pathways within fermentative consortia.57,58

In contrast, several genera, such as Coprococcus, Gemmiger,
Dialister, and Bacteroides, not positively associated with SCFAs
or phenolic metabolites in SI Fig. S4, may represent microbial
groups less involved in late-stage fermentative metabolism
under these batch conditions.57,59

Native phenolic compounds, particularly hydroxybenzoic
acid derivatives and several bound phenolic acids, also exhibi-
ted significant correlations with specific genera (Table 3 and

SI Fig. S4A), indicating that parent phenolics may still contrib-
ute to shaping microbial associations during fermentation.
This pattern aligns with recent metabolomic studies demon-
strating that decreases in parent phenolic compounds during
fermentation are typically accompanied by the emergence of
smaller microbial-derived phenolic acids, reflecting active bio-
conversion processes.19,20,57

Overall, the correlation patterns indicate that SCFAs pro-
duction and phenolic compound biotransformation are tightly
interconnected processes occurring within a functionally
mature fermentative microbiota. Genera positively associated
with SCFAs were also linked to phenolic metabolite formation,
supporting the concept of coordinated metabolic networks
driven by cross-feeding and substrate specialization.60 In con-
trast, taxa negatively correlated with both SCFAs and phenolic
metabolites likely represent microbial groups disadvantaged
under prolonged acidic and metabolite-rich conditions typical
of batch in vitro fermentation. These findings underscore the
value of correlation-based approaches for identifying func-
tional microbial–metabolite relationships, while also high-
lighting the need for cautious interpretation given the host-
free nature of in vitro systems.

4. Conclusions

This study demonstrates that extruded barley-based products
retain relevant functional potential at the colonic level, despite
processing-induced changes and the limited upper gastrointes-
tinal bioaccessibility of many native phenolic compounds. A
substantial proportion of β-glucans, digestion-resistant starch
fractions, and phenolics remained in the non-bioaccessible
fraction, supporting their role as substrates for microbial
fermentation.

All extrudates promoted active colonic fermentation,
characterized by SCFAs production, phenolic biotransform-
ation, and time-dependent shifts in gut microbiota compo-
sition. Although microbial communities converged at later
stages, distinct functional outputs were observed among geno-
types. In particular, Annapurna® and Hilose® showed the
strongest butyrogenic response, whereas DHL-151340 was dis-
tinguished by its phenolic profile and the formation of specific
microbial-derived metabolites. Differences between genotypes
with similar fibre and phenolic contents further suggest that
matrix-related factors also contribute to fermentation behav-
ior. Correlation analyses indicated that these functional
outputs are driven by coordinated microbiota–metabolite
interactions, linking SCFA-associated genera with both SCFAs
production and phenolic catabolite formation.

Overall, the results highlight that the colonic fate of barley
bioactives is shaped by both genotype and processing-induced
matrix effects, leading to distinct fermentation and phenolic
biotransformation footprints. These findings support the
development of barley-based functional foods targeting gut
microbial metabolism and warrant further validation using
more physiologically relevant models and in vivo approaches.
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