DOI: 10.5281/zenod0.22687576  Bakker et al. (2023) Vol 1 |Issue 1| pp. 1-7| 2023

Biosynth

ISSN: 2989-543X (Online) ‘ Publisher: Tomorrow's Research Publications (TRP)

An International Peer-Reviewed Open Access Journal —

Journal homepage: https://trpubonline.org/index.php/Biosynth

RESEARCH ARTICLE

Metagenomic Profiling of Gut Microbiota in Response to
High-Fiber Dietary Interventions

Sylvie Bakker™® | Eszter Saez-Bermudez®® and Wolfgang Bianchi®®

'Department of Bioinformatics and Computational Biology, Baltic Institute of Biomedical Research, Sweden
“Department of Biomedical and Health Sciences, Iberian University Center for Biotechnology, Spain
3Department of Bioinformatics and Computational Biology, Iberian University Center for Biotechnology, Spain

*Corresponding author: Sylvie Bakker, Department of Bioinformatics and Computational Biology, Baltic Institute of Biomedical
Research, Sweden; Email: s.bakker@bibr.se

ABSTRACT

Fiber intake across most industrialised populations sits well below the level associated with a resilient,
fermentation-competent gut microbiota, yet the strain-level and functional consequences of raising fiber intake in
free-living adults are still incompletely mapped. We conducted an 8-week randomised, controlled, parallel-arm
feeding trial in 42 healthy adults comparing a high-fiber diet (35 g fermentable fiber per day, delivered through
whole grains, legumes and inulin-enriched foods) against a habitual-diet control, with stool shotgun metagenomic
sequencing and faecal short-chain fatty acid (SCFA) quantification performed at baseline and week 8. Thirty-nine
participants (19 intervention, 20 control) completed the protocol. Shannon diversity rose from 3.11 to 3.44 in the
intervention arm (paired t-test, P<0.001) with no change in controls (P=0.41), and Bray-Curtis PERMANOVA
showed significant within-arm compositional shift over time in the intervention group only (R2=0.081, P=0.002).
Bifidobacterium, Faecalibacterium prausnitzii, Roseburia spp. and Ruminococcus bromii all increased significantly
in relative abundance (log2 fold changes of 2.29, 1.60, 1.94 and 1.71 respectively, all gq<0.01), while the
Bacteroides fragilis group declined modestly. Functional profiling showed coordinated enrichment of glycoside
hydrolase families GH13 and GH43 and of starch and sucrose degradation pathways, and faecal butyrate
concentration increased from 12.4 to 18.7 micromol per gram dry weight (P<0.001), with smaller but significant
increases in propionate. No comparable shifts occurred in the control arm. These results provide strain- and
pathway-resolved evidence that a sustained, moderate increase in dietary fiber reproducibly favours a
saccharolytic, butyrogenic community configuration in adults without pre-existing gastrointestinal disease, and
they identify a compact set of taxa and gene families that could serve as response biomarkers in future
fiber-intervention trials.
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it can contribute to host physiology, and the composition

of that community is itself shaped by how much and what
The human gut microbiota performs a substantial share kind of fiber a person habitually eats. Large
of the fermentative work that dietary fiber requires before  cross-population surveys have repeatedly found that
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fiber intake correlates with microbial richness, with
populations consuming traditional, plant-rich diets
carrying markedly more diverse and more

fermentation-capable communities than populations on
typical Western diets, where median fiber intake in adults
is commonly reported at well under half of recommended
levels [3,9]. Whether raising fiber intake in an already
Westernised population can restore some of that lost
diversity, and through which specific taxa and metabolic
pathways, has been addressed in a growing but still
heterogeneous body of intervention studies, many of
which relied on 16S rRNA amplicon sequencing that
cannot resolve community shifts below the genus level or
connect them directly to functional gene content [14,22].
Short-chain fatty acids (SCFAs) -- principally acetate,
propionate and butyrate -- are the best-characterised
output of microbial fiber fermentation and the primary
mechanistic link proposed between fiber intake and
downstream host benefits, including colonocyte energy
supply, maintenance of gut barrier integrity, and systemic
effects on glucose and lipid metabolism mediated in part
through short-chain-fatty-acid-sensing G protein-coupled
receptors [7,18]. Butyrate in particular is produced by a
phylogenetically narrow set of obligate anaerobes, most
notably Faecalibacterium prausnitzii and several
Roseburia and Eubacterium species, none of which are
reliably distinguished from close relatives by amplicon
sequencing of the 16S rRNA gene alone [11,27].
Shotgun metagenomic sequencing, by contrast, provides
both species- and strain-level taxonomic resolution and
direct access to the functional gene repertoire of the
community, including the glycoside hydrolase and
polysaccharide lyase families that determine which
dietary substrates a given community can actually
degrade [19,31].

Randomised controlled feeding trials remain the most
reliable design for isolating a fiber effect from the many
other dietary and lifestyle variables that covary with fiber
intake in observational data, but they are logistically
demanding, and relatively few have combined shotgun
metagenomics with matched, quantitative SCFA
measurement over a duration long enough for a
community to plausibly re-equilibrate around a new
substrate supply [23,30]. Shorter interventions, of two
weeks or less, have sometimes shown transient
compositional shifts that partially reverse before the
study ends, suggesting that a community's steady-state
response to a sustained dietary change may differ from
its response to a brief perturbation, and that trial duration
is itself an important design parameter rather than a
matter of convenience [8,35]. An 8-week window was
chosen here as a compromise between capturing a
plausible steady-state shift and retaining acceptable
participant adherence over a free-living intervention.

We therefore designed a randomised, controlled,
parallel-arm feeding trial to test, with strain-level
metagenomic resolution and paired functional and
metabolite data, whether a sustained increase in dietary
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fiber intake in healthy adults produces a reproducible,
coordinated shift in gut microbial composition,
carbohydrate-active gene content and faecal SCFA
output, and to identify the specific taxa most consistently
associated with that shift. Because prior amplicon-based
work has repeatedly implicated Faecalibacterium
prausnitzii, Roseburia spp. and Bifidobacterium as
fiber-responsive taxa without always confirming a
matched functional or metabolite signal, we designed the
analysis specifically to test whether taxonomic, functional
and metabolomic responses move together within the
same individuals, rather than treating each data layer as
an independent line of evidence [6,17].

2. MATERIALS AND METHODS

This study was conducted as an 8-week, single-centre,
randomised, controlled, parallel-arm feeding trial in
healthy adults recruited from the general population in
Malmo, Sweden, between February and May 2023.

| 2.1 Study design, participants and dietary intervention

Forty-two adults aged 25-55 years with a body mass
index of 19-29 kg/m2, no diagnosed gastrointestinal
disease, and no antibiotic use in the preceding three
months were randomised 1:1 to a high-fiber intervention
or a habitual-diet control using a computer-generated
allocation sequence, stratified by sex. Participants in the
intervention arm were provided with a structured meal
plan and study foods designed to raise total fiber intake
to approximately 35 g per day, predominantly through
whole grains, legumes, and inulin-enriched bread and
dairy products, with a registered dietitian reviewing
three-day food diaries at weeks 2, 4 and 6 to reinforce
adherence and adjust portions where intake fell short of
target. Control-arm participants continued their habitual
diet and received no dietary counselling beyond standard
study contact. Baseline fiber intake, estimated from a
validated food-frequency questionnaire, did not differ
significantly between arms (17.8 g/day intervention
versus 18.3 g/day control, P=0.61).

I 2.2 Stool sample collection and shotgun metagenomic
sequencing

Stool samples were self-collected at home using a
stabilising buffer kit at baseline and at week 8, stored at
-80C within 24 hours, and processed in a single
sequencing batch to avoid batch effects confounding the
before-after comparison. DNA was extracted using a
bead-beating protocol optimised for Gram-positive cell
lysis, and sequencing libraries were prepared with a
standard shotgun protocol and sequenced on an Illlumina
NovaSeq 6000 (2x150 bp) to a target depth of 15 million
paired-end reads per sample. Reads were
quality-trimmed and host-filtered against the GRCh38
human reference genome, then taxonomically profiled
with  MetaPhlAn4 using the default marker-gene
database, and functionally profiled with HUMANN3 to
quantify MetaCyc pathway abundance and CAZy
glycoside hydrolase family gene abundance, normalised
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to reads per kilobase per million mapped reads.
I 2.3 Faecal short-chain fatty acid quantification

Faecal acetate, propionate and butyrate concentrations
were measured by gas chromatography with flame
ionisation detection (GC-FID) on homogenised, acidified
stool extracts, with 2-ethylbutyric acid used as an internal
standard, and results expressed as micromoles per gram
of dry faecal weight after lyophilisation. Each sample was
analysed in duplicate, with the mean of the two values
carried forward to statistical analysis; duplicates differing
by more than 15% were re-run.

I 2.4 Adherence and completion

Adherence in the intervention arm was tracked through
returned food diaries and unused study-food counts, and
was classified as adequate if a participant met at least
80% of the prescribed fiber target on average across the
intervention period. Thirty-nine of 42 randomised
participants (19 intervention, 20 control) provided
complete paired baseline and week-8 samples and were
included in the primary analysis; three intervention-arm
participants  withdrew, two citing gastrointestinal
discomfort during the first two weeks and one for reasons
unrelated to the study.

| 2.5 Statistical and bioinformatic analysis

Alpha diversity (Shannon index) was compared within
arm between baseline and week 8 using paired t-tests,
and between arms using linear regression on the change
score adjusted for baseline value. Beta diversity was
assessed on Bray-Curtis dissimilarity by permutational
multivariate analysis of variance (PERMANOVA) with
9,999 permutations, run separately within each arm.
Differential taxon and pathway abundance between
baseline and week 8 was tested with MaAsLin2 using a
linear mixed model with participant as a random effect,
and P-values were corrected for multiple testing within
each data layer (taxonomic, functional, CAZy) using the
Benjamini-Hochberg procedure, with a g-value threshold
of 0.05 for significance. SCFA concentrations were
compared using paired t-tests within arm and analysis of
covariance between arms. All analyses were performed
in R version 4.3 using the vegan and Maaslin2 packages.

3. RESULTS

median of 16.2 million

Sequencing yielded
quality-filtered, host-depleted read pairs per sample
(range 11.8-21.4 million), with no significant difference in
sequencing depth between arms or time points that could
confound diversity comparisons. Reported adherence in

a

the intervention arm was adequate in 17 of 19
completers, with mean achieved fiber intake of 32.6
g/day against a 35 g/day target. Shannon diversity
increased from 3.11 (SD 0.34) at baseline to 3.44 (SD
0.29) at week 8 in the intervention arm (paired t-test,
P<0.001), while the control arm showed no meaningful
change (3.05 to 3.08, P=0.41). The between-arm
difference in diversity change, adjusted for baseline
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diversity, was significant (P=0.002). Bray-Curtis
PERMANOVA indicated a significant compositional shift
between baseline and week 8 within the intervention arm
(R2=0.081, P=0.002) but not within the control arm
(R2=0.011, P=0.31), and the magnitude of individual
compositional shift correlated positively with achieved
fiber intake (Spearman rho=0.52, P=0.02) among
intervention-arm completers.

Table 1. Taxa showing the largest, statistically robust
abundance shifts after 8 weeks (intervention arm).

. Week 8 Log2 fold

o g
Taxon Baseline (%) %) change g-value
Bifidobacteri 21 4.8 +2.29 <0.001
um
Faecalibacte
rium 8.2 13.1 +1.60 <0.001
prausnitzii
Roseburia 3.4 6.5 +1.94 0.002
Spp.
Ruman(_:_occ 1.9 3.4 +1.71 0.004
us bromii
Akkgrr_’nansla 12 1.9 +0.66 0.09
muciniphila
Bac_t(_armdes 116 9.4 -0.31 0.04
fragilis group
Prev_otella 08 1.1 +0.42 0.21
copri
Eubacterium 45 6.0 +0.41 0.11

rectale

Log?2 fold change and g-values from MaAsLin2 linear mixed
models (participant as random effect), Benjamini-Hochberg
corrected within the taxonomic data layer.

Table 1 summarises the taxa showing the largest and
most statistically robust abundance shifts following the
intervention. Bifidobacterium relative abundance rose
from 2.1% to 4.8% of classified reads (log2 fold change
2.29, g<0.001), Faecalibacterium prausnitzii from 8.2%
to 13.1% (log2 fold change 1.60, @<0.001), and
Roseburia spp. and Ruminococcus bromii showed
comparable increases (log2 fold changes 1.94 and 1.71
respectively, both q<0.01). The Bacteroides fragilis group
declined modestly (log2 fold change -0.31, g=0.04), while
Prevotella copri, often reported as fiber-responsive in
other cohorts, showed a non-significant increase here
(log2 fold change 0.42, q=0.21), likely reflecting its low
baseline prevalence in this Northern European cohort.
None of these shifts were observed in the control arm at
the same significance threshold. The magnitude of the
Bifidobacterium response was notably consistent across
individuals, with 17 of 19 intervention-arm completers
showing an increase of at least 1.5-fold, whereas the
Faecalibacterium prausnitzii response was more
heterogeneous, ranging from a 3.8-fold increase in the
strongest responder to a slight decline in one participant
who otherwise met the adherence threshold. No
participant in either arm showed a compositional shift
consistent with an acute gastrointestinal illness or
antibiotic exposure during the study window, based on
review of adverse-event logs, which reduces the
likelihood that an unrelated clinical event confounded any
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of the taxonomic comparisons reported here. Figure 1  Faecalibacterium prausnitzii abundance (under 2% of
displays the fold-change pattern across the six taxa with  classified reads, versus a cohort median of 8.4%), raising

the strongest and most consistent responses. the possibility that a fiber-responsive community requires
Relative-abundance fold change of key taxa after 8 weeks on a high-fiber diet some mlnlmum basellne representatlon Of key taxa to

(shotgun metagenomics, n = 19 completers; error bars show SEM) . i
o mount a robust fermentative response, a hypothesis that
251 roe would need a larger, purpose-designed cohort to test

207 +1.60 L forma"y.

T

1.0 4 +0.42

This trial provides strain- and pathway-resolved evidence
that a sustained, moderate increase in dietary fiber

0.5 4

Log?2 fold change (week 8 vs baseline)

> ] reproducibly shifts the adult gut microbiota toward a
= . . . o ‘ more  diverse, saccharolytc and  butyrogenic
Bifidobacterium . prausnitzl Rosebura spp. R bromil - Gecetoy  Frevetela covn configuration, with taxonomic, functional and metabolite

Figure 1. Relative-abundance fold change of key taxa after 8 layers of evidence moving together within the same
weeks on a high-fiber diet (shotgun metagenomics, n=19 individuals rather than independently. The specific taxa
intervention-arm completers; error bars show SEM; values above identified here -- Bifidobacterium, Faecalibacterium
bars show log2 fold change). prausnitzii, Roseburia spp. and Ruminococcus bromii --

Functional profiling paralleled the taxonomic shift.  gyerlap substantially with taxa implicated in earlier,
HUMANN3  pathway analysis identified significant  mostly amplicon-based fiber intervention studies, but the
enrichment, after correction for multiple testing, of eleven shotgun metagenomic design adds two things those
MetaCyc pathways involved in starch, sucrose and other  stydies could not provide: confirmation at species rather
complex-carbohydrate  degradation,  alongside & than genus resolution, and a matched functional signal
coordinated increase in CAZy glycoside hydrolase family (enrichment of starch- and arabinoxylan-relevant
gene  abundance, =~ most  prominently  GHI13 giycoside hydrolase families) that mechanistically
(alpha-amylase-family enzymes acting on starch) and  connects the taxonomic shift to the specific fiber sources
GH43 (largely arabinofuranosidase and xylosidase |jsed in the diet [11,19].

activities  relevant to arabinoxylan degradation), The correlation between achieved fiber intake and the
consistent with the specific fiber sources used in the magnitude of compositional shift, and between the
intervention diet. Faecal SCFA concentrations tracked  combined abundance increase of the two principal
these compositional and functional changes closely:  pytyrate producers and the observed rise in faecal
butyrate rose from 12.4 to 18.7 micromol/g dry weight in butyrate, together argue against the alternative
the intervention arm (P<0.001), propionate from 9.1 to  explanation that the observed changes reflect some
12.3 (P=0.003), and acetate from 41.0 to 46.2 (P=0.02),  npon-specific consequence of dietary counselling or
with total SCFA increasing by approximately 24% overall.  gjtered food matrix rather than fiber fermentation itself.
Table 2 reports the complete SCFA dataset for both  That said, faecal SCFA concentration is an imperfect
arms at both time points. No significant within-arm SCFA proxy for colonic SCFA production, since a substantial
change occurred in controls for any of the three acids  fraction of SCFA produced in the proximal colon is

measured. _ _ _ absorbed before reaching stool, and the relationship
Table 2. Fsecdal Sho_rt'ﬁha'n fa“ysa‘;'d concentrations between faecal and portal or systemic SCFA exposure is
+ ; )
(nicromolg dryweight mean £ Sh), poialaaa direct measurement of SCFA flux would
Intervention Intervention Control Control

pre invasive sampling that was not feasible in a
ce-1ving cohort of this size [18,28].

baseline week 8 baseline

Acetate 41.0+6.8 462+7.1 40.2+6.3 409+ 6.9 o ; )

The subset of participants showing a comparatively
Propionate 9120 123x24 94%22 %8 itited response despite adequate adherence is, in our
Butyrate 124+£31 18.7£3.6 12.1+3.0 12.yte¥8 one of the more practically important observations
Total SCFA 62.5+9.4 77.2+10.1 61.7+9.0 63.0n thés dataset, because it points toward the idea that a
Within the intervention arm, the magnitude of butyrate Person's baseline microbiota composition may partly
increase correlated with the combined determine their capacity to respond to a fiber

relative-abundance  increase of Faecalibacterium intervention, an idea sometimes termed microbiota
prausnitzii and Roseburia spp. (Spearman rho=0.61, responsiveness or non-response phenotyping in the
P=0.006), reinforcing the expected mechanistic link broader diet-microbiome literature [24,33]. If a minimum
between these specific taxa and butyrogenesis rather baseline abundance of key fermentative taxa genuinely
than a general, non-specific community shift. Three gates the magnitude of response, then interventions
intervention-arm  participants showed comparatively ~ Pairing fiber supplementation with a defined probiotic or
modest taxonomic and metabolite responses despite synbiotic co-administration in low-responder individuals
documented adequate adherence, and their baseline Would be a logical next experiment, though our sample
microbiota was notable for unusually low baseline Size here is too small to establish a reliable
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baseline-abundance threshold with any precision.
Several design choices merit comment. We used a
parallel-arm rather than crossover design specifically to
avoid carry-over effects on a community that may take
longer than a typical washout period to fully revert, since
prior work has shown some fiber-associated
compositional shifts persisting for several weeks after
withdrawal of the intervening diet [8,30]. This choice
increases the required sample size relative to a
crossover design for a given statistical power, and our
sample of 39 completers, while adequate to detect the
overall diversity and taxonomic shifts reported here, was
underpowered for more granular subgroup analyses
such as formally testing a baseline-abundance response
threshold or examining sex-specific effects, both of which
would benefit from a larger, purpose-designed follow-up
cohort. We also relied on a single fiber formulation
combining several sources (whole grain, legume and
inulin-enriched foods) rather than isolating the effect of
any one fiber type, which was a deliberate choice to
model a realistic dietary pattern but which means the
taxonomic and functional signatures reported here
should be read as a composite response rather than
attributable to any single fiber structure.

Finally, the relationship between the microbial and
metabolomic  shifts documented here and any
downstream host health outcome was outside the scope
of this eight-week trial and would require substantially
longer follow-up, ideally paired with markers of gut
barrier function, systemic inflammation, and glucose
metabolism, all of which have been mechanistically
linked to SCFA exposure in prior work but rarely
measured alongside strain-resolved metagenomics in
the same cohort [7,32]. We regard the present dataset
as establishing a reproducible, mechanistically coherent
microbial and metabolite response to a feasible dietary
intervention, which is a necessary but not sufficient step
toward demonstrating a downstream clinical benefit.

5. CONCLUSION

An 8-week randomised, controlled feeding trial
combining shotgun metagenomics with functional and
metabolomic profiling showed that raising dietary fiber
intake to approximately 35 g per day in healthy adults
produced a coordinated increase in gut microbial
diversity, expansion of Bifidobacterium, Faecalibacterium
prausnitzii, Roseburia spp. and Ruminococcus bromii,
enrichment of starch- and arabinoxylan-relevant
glycoside hydrolase gene families, and a corresponding
rise in faecal butyrate and propionate, none of which
occurred in a concurrent habitual-diet control arm. The
tight correlation between achieved fiber intake,
taxonomic shift magnitude and butyrate increase
supports a genuine, dose-related fermentation response
rather than a non-specific effect of dietary counselling. A
subset of participants with low baseline abundance of
key fermentative taxa showed a muted response despite
adequate adherence, suggesting that baseline
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microbiota composition may partly determine an
individual's capacity to benefit from a fiber intervention, a
hypothesis we intend to test directly in a larger follow-up
cohort stratified by baseline Faecalibacterium prausnitzii
abundance. Future work should extend follow-up
duration to capture whether these microbial and
metabolite shifts persist beyond eight weeks, incorporate
markers of gut barrier function and systemic
inflammation to test for downstream host benefit, and
compare isolated fiber sources against the composite
formulation used here to determine which structural
features of dietary fiber drive the strongest fermentative
response. We also plan to apply strain-level
metagenomic assembly to the Faecalibacterium
prausnitzii and Roseburia populations identified here,
since this species complex harbours considerable
intraspecies functional diversity that genus- or
species-level relative abundance alone cannot capture,
and which may further explain the heterogeneity in
individual response observed in this trial.
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