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The human gut is a highly diverse microbial ecosystem. Although showing a well-defined core of domi-

nant taxa, an interindividual variability exists in microbiome arrangement patterns, and the presence and

proportion of specific species, determining individual metabolic features-metabotypes-which govern the

health effects of dietary interventions (i.e. polyphenol consumption). Starting with a 19-volunteer human

intervention study, divided into low, medium, and high wine-polyphenol-metabolizers, we detected inter-

individual discrepancies on the effect of wine consumption in gut bacterial alpha-diversity, but a signifi-

cant homogenization of beta-diversity among moderate wine consumers, independently of their metabo-

type. In addition, the abundance of key health-related taxa such as Akkermansia sp. increased after mod-

erate wine intake in the group of high polyphenol-metabolizers. Regarding the metabolic activity, signifi-

cant (p < 0.05) positive correlations in the production of SCFAs were observed after wine intake. Finally,

we were able to correlate the microbiome and the metabolome of the three metabotypes, and to identify

some metabolites-biomarker species, highlighting the genera Phascolarctobacterium, Pelotomaculum

and Prevotella, as positively correlated with polyphenol concentration, and Prevotella, Zymophilus and

Eubacterium as positively correlated with SCFAs concentration in faeces. Our results contribute to the

evidence of the need of including the microbiome variable in personalized nutrition programs, as

different metabotyes respond differently to dietary interventions.

1. Introduction

The human gut is a complex microbial ecosystem, where both
environmental and dietary factors are the main drivers of its
taxonomic and functional diversity.1–3 In a large survey, Zhang
and collaborators reported that, although 9 bacterial genera
co-occur as predominant taxa in all individuals (accounting for
almost a 50% of the total bacterial biomass), subgenus taxo-
nomic levels (species and Operational Taxonomic Units-OTUs)
make it possible to discriminate the subjects according to
their geographical origin and lifestyles.1

Thus, there is a great interest in understanding how diet
can be used to modulate the composition and metabolic

activity (functional adaption) of the human gut microbiota,
which in turn can impact host health. Several comparative
studies suggested that high fiber content diets may increase
the taxonomic and functional diversity of gut microbiota, and
may favour a significant enrichment in the abundance of
certain microbial taxa (e.g. Prevotella and Xylanibacter
species),3–6 altogether contributing to significant changes in
the faecal and urinary microbial-derived metabolite profiles.7

Even being aware of the impact of diet on metabolic func-
tions of the intestinal microbiota, it is important to note that
the functional genetic profile expressed by the bacterial com-
munity is quite stable and similar in healthy individuals,
thereby ensuring those essential functions for the survival of
the host.8,9 Therefore, microbial species present in smaller
quantities, but developing specific/determinant functions,
could be the key to understanding the bioavailability and indi-
vidual response to consumption of food bioactive compounds
(i.e. polyphenols).

In recent decades, foods rich in polyphenols have been the
object of study in gut health research. In particular, the moder-
ate consumption of wine could have a beneficial effect on
intestinal health, both by its direct impact on the microbiota,
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and the production of bioavailable metabolites.10,11 A higher
microbial diversity has been associated to moderate regular
consumption of red wine led,12 and the derived increased
content in polyphenols may increase the abundance of health-
related species such as Faecalibacterium prausnitzii and
Akkermansia muciniphila.5,13,14

The phenolic profile in different physiological fluids (urine,
plasma, faeces) after wine or phenolic-rich foods consumption
is mainly composed of microbial-derived phenolic acids and
other related metabolites.15,16 In the case of wine polyphenols,
a tentative distribution of the individuals into low, medium,
and high metabolizers by their capacity to metabolize wine
polyphenols has been established.15,17 However, little is
known about the bacterial diversity patterns, or specific
species, associated with these metabotypes; but some differ-
ences in minority microbial groups related to the metabotypes
were found after moderate wine consumption.12

Therefore, and considering that taxonomic and functional
facets of microbiome are interdependent, an integrative
approach should be considered to exploring taxa-function
relationships in microbiome data. According with this, the
main aim of this study was to associate previously-defined
metabotypes with specific microbiological patterns of the
intestinal microbiota and its response to a moderate wine
intake. Thus, an integrative data analysis approach has been
performed in this study, integrating metataxonomic and meta-
bolomics information.

2. Materials and methods
2.1. Faecal samples collection and processing

The samples used in this study come from a previous random-
ized and controlled intervention study with a red wine in
healthy volunteers.15 Since both, the previous work and this
study claimed the same overall aim of evaluating the effects of
moderate wine consumption at gut microbiological and meta-
bolic level, the criteria for sample size calculation in this study
was supported by the previous one. Additionally, we contem-
plated the results from the previous study15 that tentatively dis-
tributed individuals into low, medium, and high metabolizers
(metabotypes) by their capacity to metabolize wine polyphe-
nols. Therefore, faecal samples from 19 healthy volunteers
(4 volunteers previously classified as high wine-polyphenol-
metabolizers; 6 as medium metabolizers; 4 as low metabolizers;
and 5 control volunteers) were used in this study. The partici-
pants (10 women and 9 men, aged on the 25–57 years-old
range, age mean: 42 years) were not suffering from any disease
or intestinal disorder, and were not receiving antibiotics or
any other medical treatment for at least 6 months before the
start of the study or during the study (including the washout
period). All the participants were fully informed about the
study and gave written informed consent. The study was
approved by the Ethics Committee from CSIC (Madrid, Spain).
Briefly, volunteers followed an initial washout period of 2
weeks (baseline) during which they did not consume any wine

or any other alcoholic beverage and followed a low-polyphenols
diet. After this period, the intervention group (8 women and
6 men) consumed 250 mL of red wine per day (439.5 mg of
equivalents of polyphenols per day) divided into two doses,
during 4 weeks. During this latter period, participants also
maintained the restrictions for any other alcoholic beverages
and followed a low-polyphenols diet. The control group fol-
lowed the same pattern, with the exception that they ingested
no wine during this 4-week period. Each participant provided
samples of faeces at two points: (a) after the washout period
(before wine intake) and (b) at the end of the study (after wine
intake). Faeces were immediately frozen and stored at −80 °C
awaiting analysis.

Before analysis samples were thawed, weighed, diluted in
sterile saline solution (1 : 10 w/v), and vortexed. Later on,
samples were centrifuged at 10 000 rpm for 10 min at 4 °C in
order to separate the pellet (microbial analysis) from super-
natant (metabolic analysis).

2.2. DNA extraction, sequencing and data processing

This study is a microbial amplicon-based survey created with pre-
viously unpublished data. DNA extraction from faeces samples
were performed using bead-beating based DNA extraction kits
such as DNeasy Powerlyzer Powersoil Kit (Qiagen, Hilden,
Germany). The V4 region of the 16S rRNA gene was amplified by
PCR using the primers 515F (GTGYCAGCMGCCGCGGTAA) and
806R (GGACTACNVGGGTWTCTAAT). Libraries were prepared fol-
lowing the two-step PCR Illumina® protocol and these were sub-
sequently sequenced on Illumina® MiSeq instrument
(Illumina®, San Diego, CA, USA) using 2 × 300 paired-end on the
16S rRNAV4 gene region using custom primers.18

The raw fastq sequences (available at NCBI bioproject
PRJNA667844) were analyzed using Vsearch using default para-
meters.19 Briefly, raw paired-end fastq sequences were merged,
filtered by expected error 0.25, dereplicated, and sorted by size.
We filtered out chimera sequences and clustered non-single-
ton sequences into 97% identity OTUs. Finally, the taxonomic
assignment of the OTUs was performed against the SILVA
database.

2.3. Metabolic activity assessments

The study of metabolic activity included faecal phenolic
metabolites, immune markers, short-chain fatty acids (SCFAs)
and medium-chain fatty acids (MCFAs) (see Table S1† for a
detailed list of the metabolites analysed and the individual
and summatory data). Phenolic metabolites were analysed by
UPLC-ESI-MS/MS using internal standard calibration15 and
immune compounds were determined by using the Bio-Plex
Pro Human Isotyping assay and the Human Cytokine group I
and II assay kits (Bio-Rad Laboratories, Hercules, CA, USA).20

SCFAs and MCFAs in these samples have been analysed for the
first time in this work.

Short-chain fatty acids (SCFAs: acetic, propionic, and
butyric acids) and medium-chain fatty acids (MCFs: pentanoic,
hexanoic, octanoic and decanoic acids) in faeces were analysed
by SPME-GCMS following the method described by Cueva
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et al.21 Two hundred and ninety microliters of faecal solutions
(1 : 10 w/v, faeces/PBS 0.1 M) or calibration stock solutions
were added with 10 μL of internal standard solution of
2-methylvaleric acid (1 g L−1) and 30 μL of a 0.9 N H2SO4 solu-
tion (pH 2). Then, 100 μL of the acidified sample were trans-
ferred to a 20 mL hermetically closed vial. The extraction pro-
cedure was automatically performed by using a CombiPAL
system (CTC Analytics AG, Zwingen, Switzerland) with a
50/30 μm DVB/CAR/PDMS SPME fibre of 2 cm length (Supelco,
Bellefonte, PA). The chromatographic separation was per-
formed in a DB-FFAP capillary column (30 m × 0.25 mm i.d. ×
0.25 µm film thickness) (J&W, Agilent). Compounds identifi-
cation was carried out by comparison of retention times and
mass spectra of the reference compounds with those reported
in the mass spectrum library NIST 2.0. Quantitative data were
obtained by calculating the peak area of each compound in
relation to that of the internal standard (2-methylvaleric acid).
Calibration curves of each compound were obtained by dilut-
ing the original stock standard solution (from 5 g L−1 to
0.005 g L−1 of all volatile fatty acids) in PBS 0.1 M. Analyses
were performed in duplicate.

2.4. Statistical analysis

Shapiro–Wilk test and Leven test were used to test normal dis-
tribution of the data and homogeneity of variances, respect-
ively. One-way ANOVA was conducted to compare metabolic
data (phenolic metabolites, immune markers, SCFAs, and
MCFAs) obtained from volunteers after the washout period
(before wine intake). The least significant differences were cal-
culated by Tukeýs test (p < 0.05). A paired-samples t-test was
also conducted to assess differences in metabolic data before
and after wine consumption. Additionally, the relationships
between metabolic parameters were investigated using the
Pearson correlation coefficient. The IBM SPSS Statistic 23
program was used for processing these data.

All the statistical analysis which requires DNA sequences
data (alpha- and beta-diversity calculations; Canonical
Correspondence Analysis (CCpnA) and direct OTUs-metabolite
correlations) were calculated in the R environment using the
Vegan package and drawn in ggplot.22,23

3. Results and discussion

Currently, there is increasing scientific evidence suggesting
that the correct approach to evaluate the effect of diet on the
intestinal microbiota and biological outcomes must be done
from a microbiological and functional perspective. According
with this, this work has focused on the one hand, on evaluat-
ing the effect of wine consumption on the composition and
the metabolic activity of the gut microbiota independently,
and on the other hand, on integrating jointly the information
of both approaches to try to associate previously-defined wine-
polyphenols metabotypes with specific microbiological pat-
terns.15 Also, we have intended to go a step further by describ-
ing the existence of certain groups of intestinal bacteria that

could function as indicators/determinants of intestinal health
in relation to the appearance of certain metabolites. The main
findings are explained and discussed in the following sections.

3.1. Taxonomic diversity and its evolution after moderate
wine intake

A total of 5 437 927 good quality 16S rRNA sequences were
obtained from human faecal samples analysis, resulting in
1454 OTUs detected and a taxonomic assignation of 21
different phyla (Fig. 1A).

Considering as main phyla those whose mean abundance
was higher than 1%, their average relative abundances in all
volunteers and experimental conditions were as follows:
Firmicutes 48.87% ± 16.05%, Bacteroidetes 28.57% ± 19.17%,
Actinobacteria 8.72% ± 7.14%, Proteobacteria 7.16% ± 15.07%,
Euryarchaeota 4.35% ± 5.99%, Verrucomicrobia 2.18% ±
4.25%. Except for samples V5(Tf), V20(Tf ), V13(T0), V13(Tf),
that showed an abnormally high abundance of Proteobacteria,
there were no significant changes in the relative abundance of
these phyla between groups (low, medium and high metaboli-
zers, and control) and sampling times (before and after wine
intake) (Kruskal–Wallis multiple comparison, p > 0.05), with
the exception of Verrucomicrobia in the high metabolizers-Tf
group compared with control samples (both T0 and Tf) (p <
0.05). A deeper exploration within the Verrucomicrobia
phylum, allowed us to detect a significant increase in the
abundance of Akkermansia (a mucin-degrading bacterium,
related with positive effects in gut health25–27) after wine
intake, but only in the high metabolizers group (p < 0.05)
(Fig. 1B), suggesting a metabolism–microbiota interaction
with a potential impact in gut health. Similar results of
increasing A. muciniphila were reported by other authors, using
black tea and red wine and a cranberry extract as sources of
polyphenols.13,14 Finally, the Bacteroidetes/Firmicutes ratio
was calculated as a marker of intestinal health,24 but no differ-
ences between groups or sampling times were detected (data
not shown).

Fig. 2A shows no significant differences in terms of alpha-
diversity between metabotypes (high, medium and low-wine-
polyphenol metabolizers); and that there is no a clear effect of
a moderate wine intake on it, but a great interindividual differ-
ence was observed (Fig. S1†). These results agree with the
recent findings of Johnson et al. showing that similar foods
and diets have different effects on different people’s micro-
biomes, and that it is strongly dependent on their microbiome
stability.28

As regards to the beta-diversity, a great interspecific varia-
bility without clear patterns between groups or sampling times
was observed (Fig. 2B and Fig. S2†). However, it is remarkable
the greater dispersion (distance to centroid) of the control
group compared with those experimental groups consuming
wines (Fig. S3;† PERMANOVA, p = 0.002). These findings
suggest that moderate wine consumption tends to homogenize
the gut bacterial diversity between individuals; however,
understanding the reasons under these interindividual sto-
chastic variations are, nowadays, among the main challenges
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and bottlenecks in personalized nutrition.28 Thus, applying
new conceptual frameworks, based in community- and func-
tional-ecology concepts, is needed for a holistic understanding
of gut microbiome functioning and its response to environ-
mental, dietary and health perturbations.29

3.2 Metabolic functionality

The bacterial metagenome contributes to the production of
metabolites that modulate human health in many ways.30 In
this sense, diet plays a key role in the bacterial metabolome,

since it is the major source of precursors for healthy metab-
olite production, as it would be the case for fatty acids and
phenolic compounds produced through colonic fermentation.
In order to stablish the relation between different metabolic
parameters after red wine consumption, data from phenolic
metabolites and immune markers from previous studies15,20

were used together with the fatty acid data obtained for the
first time in this study. It should be clarified that, although in
the previous studies,15,20 the statistical analysis of the data
referring to phenolic metabolites was carried out, this new
study did not contemplate the same number of volunteers

Fig. 1 Descriptive analyses of bacterial diversity in the 19 volunteers (5 control volunteers; 4 low, 6 medium, and 4 high wine-polyphenol-metaboli-
zers) at two sampling times (T0 and Tf; before and after wine intake, respectively). (A) General overview of the relative abundance of bacterial phyla
detected in samples. (B) Relative abundance of Akkermansia spp. in the four groups, before and after moderate wine intake. * Means significant
differences p < 0.05.
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based on the specific objectives of the work, which was the
search for associations between the metabolome of the 3 meta-
botypes and the microbiome, as well as identifying some
metabolites-biomarker species. Therefore, new analysis was
required.

Significant differences before and after wine intake were
observed for benzoic acid and decanoic acid after one-way
ANOVA test (data not shown). In this sense, a high presence of
benzoic acid before the intervention study with the same wine
has previously reported,15 which could be related with the fact
that it is a final metabolite of different metabolic pathways.31

In the case of decanoic acid, a medium-chain fatty acid
(MCFA), is considered as non-microbial origin acid, that pre-
viously has demonstrated to remain in a constant level during
an intervention study with a red grape pomace extract.32

Therefore, it seemed quite likely that the origin of these
metabolites was closely related to the usual diet of the
volunteers.

A paired-samples t-test was also conducted to assess differ-
ences in metabolic data in faeces before and after wine con-
sumption. No significant differences (p > 0.05) were found in
the content of metabolites tested except for 3-hydroxyphenyl-
acetic acid (p = 0.03), syringic acid (p = 0.013), 4-hydroxy-5-(3′-
hydroxyphenyl)-valeric acid (p = 0.024), 4-hydroxy-5-(phenyl)-
valeric acid (p = 0.009) and decanoic acid (p = 0.037). The phe-
nolic metabolites results are in accordance with the data pub-
lished previously by Muñoz-González et al. who reported an
increase in their concentration in faeces after wine intake
period.15 As expected, some of them such as 4-hydroxy-5-(3′-
hydroxyphenyl)-valeric acid and 4-hydroxy-5-(phenyl)-valeric
acid, are characteristic metabolites exclusively derived from
microbial catabolism of flavan-3-ols, one of the main class of

phenolic compounds present in red wines and have been pro-
posed as urinary biomarkers associated to wine
consumption.17,33 Regard decanoic acid (p = 0.037), this result
joined to the previously commented for this metabolite
reinforce the idea of the influence of usual diet of volunteers.

In addition, Pearsońs correlations were calculated between
different metabolites. In this sense, the most remarkable
observed changes are depicted in the Fig. 3. In particular, after
wine intake (Fig. 3B) the concentration of microbial phenolic
metabolite 4-hydroxy-5-(phenyl)-valeric acid increases con-
siderably and was positively correlated with decanoic acid (r =
0.927; p = 0.000) following a metabotype-depending pattern.
Although we cannot provide any physiological explanation to
this fact, the results obtained suggest that decanoic acid
from diet may be involved in some way with phenolic
metabolism.

Additionally, significant positive correlations between
butyric and propionic acid (r = 0.892; p = 0.000) and butyric
and acetic acid (r = 0.745; p = 0.001) were observed among
different metabolizers groups (Fig. 3D and F) but not in
control group at the end of intervention period. Among the
factors that could affect this dynamic balance of SCFAs
specially stand out the gut SCFA-producing bacteria, including
the classification of the bacteria, their response to diet, the
SCFAs metabolic pathways and the catalytic mechanisms of
the main rate-limiting enzymes.34 Interestingly, the butyrate
concentration in the three metabolizers groups was higher
than in the control. Similar results were observed in studies
carried out in dynamical gastrointestinal simulators after
feeding with red wine or derivates.21,32

Overall, these results highlight that the main metabolic
changes after wine consumption are microbiota-dependent,

Fig. 2 Bacterial diversity analysis. (A) Shannon (H’) diversity index as a measurement of alpha-diversity. Pairwise group comparisons confirmed no
significant differences (Wilcoxon test) between groups and between sampling times (before and after wine consumption) at an intra-group level. (B)
beta-diversity (nMDS) of bacterial communities and distance to the centroid (z parameter) of the experimental groups: control group (grey), and low
(green), medium (yellow) and high (red) metabolizers, before-T0 (crosses) and after-Tf (squares) wine intake.
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so an integrated microbiome–metabolome approach was
required.

3.3. Microbiome–metabolome relationship

In recent years, numerous scientific studies have shown the
bidirectional interaction between polyphenols and the intesti-
nal microbiota: polyphenols are extensively metabolized giving
rise to a large number of phenolic metabolites, which in turn
they can exert a modulating activity of the microbiota35,36 and
to confer a health benefit.25

As mentioned before, moderate wine consumption had a
homogenising effect in the interindividual beta-diversity

(Fig. 2B). In addition, although no differential beta-diversity
pattern was detected between metabotypes, constringing
microbial information with all total metabolites data (phenolic
compounds, fatty acids, and immune markers) it is possible to
cluster the bacterial profile of individuals, after wine intake
but not before it, depending on their metabotype: from low to
high polyphenol metabolizers, distributed in the first axis of
the CCpnA analysis plot (Fig. 4B). This metabotype-driven clus-
tering is also detectable when pooling together T0 and Tf
samples (Fig. S4C†).

This result demonstrates the different effect that a moder-
ate wine consumption may have on the gut health status

Fig. 3 Pearsońs correlations among 4-hydroxy-5-(phenyl)-valeric acid and decanoic acid (n = 14) before (a) and after (b) the red wine adminis-
tration. (c–f ) show the Pearsońs correlation between butyric acid and propionic acid and butyric acid and acetic acid at the end of intervention
period in the control volunteers (c and e) and after the red wine administration among different metabolizers groups (d and f; high, medium, and
low wine-polyphenols-metabolizers are indicated as red, black and green colours, respectively).
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according to the categorization of individuals based on their
capacity to metabolize polyphenols, the so-called metabotypes.
In the same line, different metabotypes in the production of
phenolic metabolites have been reported for other
dietary sources of polyphenols.27,37–40 The importance of meta-
botypes relies on the effect that selective production of micro-
biota-derived metabolites may have on the health effects of
certain foods or specific phenolic compounds.16 In this sense,
it has been demonstrated that the individuaĺs urolithin meta-
botypes are associated with a different improve in cardio-
vascular biomarkers.41 Such observations were also noted with
red wine whereby participants were clustered based on
4-hydroxyphenylacetate production.42

In this context, and taken into in consideration that min-
ority and specific bacterial groups could be the responsible of
defined metabotype profiles, another goal of this study was
using the multi-omic tools to look for metabotype-related bio-
markers species. Among them, we can highlight that
Phascolarctobacterium sp., Flavobacterium sp., Pelotomaculum
sp., Prevotella copri and Prolixibacter sp. appeared as positively
correlated with the total faecal concentration of polyphenols
(Fig. 5), but they also appeared as key species driving the meta-
botype-dependent clustering observed, after wine intake, in
the microbiome ordination showed in Fig. 4B (Fig. S4B and
S4C†). In line with this, an increase in Phascolarctobacterium,
Barnesiella and Prevotellaceae groups was found in a
recent observational study with red wine.43 Likewise,
Phascolarctobacterium sp. has been found to be increased in

patients successfully responding to weight loss in a volumetric
diet-based intervention study in overweight adults, and it has
also been reported as one of the main bacterial species
responding to a vegetable-based diet.44 In the case of
Flavobacterium sp., although its role in gut polyphenols metab-
olism is unknown, the ability of some strains of non-intestinal
origin to produce the polyphenols quercetin, resveratrol and
naringenin, it has been demonstrated.45 As regards to
Pelotomaculum, it has been defined as a typical syntrophic pro-
pionate-oxidizing bacterium46 that, in complex microbial com-
munities, is an important train for the stability of organic
matter degradation processes.47 However, its specific role in
human gut microbiota is still poorly understood, so here we
provide some initial clues about its potential role in metaboliz-
ing diet polyphenols. In this sense, and given their metabolic
capacities, a potential bacterial interaction networks between
polyphenols and fatty acids production cannot be ruled out.48

The human gut microbiota of Westernized populations is
dominated by two bacterial phyla, the Firmicutes and the
Bacteroidetes49 which they tend to mutually exclude one
another.50 Gut microbiomes dominated by Prevotella (a domi-
nant genus among Bacteroidetes) tend to occur in populations
fed a fiber-rich diet,51 and it has also been associated with
improvement in glucose metabolism.52 Here we show a posi-
tive correlation of the total polyphenol concentration and the
relative abundance of P. copri in faeces (Fig. 5), one of the
main species constituting the microbiota in healthy human
gut,53 and which is considered as important biomarker for

Fig. 4 Canonical correspondence analysis (CCpnA) of bacterial diversity constrained by total metabolites data, before-T0 (A) and after-Tf (B) wine
consumption. Samples are plotted as large dots and are coloured according to the metabolic groups they were classed as. Small black dots rep-
resent the key OTUs that drive the distribution of samples along the two primary axes (see ESI Fig. S4† for a detailed view of the taxonomic assign-
ment of these OTUs).
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diet and lifestyle.54 An increase in P. copri was also observed
after the administration of cocoa-enriched diet (a source of
polyphenols) in a rat oral sensitization model.55 In line with
this, de Filippis et al. noted that diet may select distinctive
P. copri strains with distinguishable functions.51 This diversity

may explain subject-specific responses to dietary interventions
and variations in human health.

In the case of SCFAs, significant positive correlations with
Prevotella bergensis, Acinetobacter sp., Phocaesicola sp.,
Zymophilus raffinosivorans and Eubacterium limosum were

Fig. 5 Top 10 bacteria species (s:) showing a positive or negative correlation with the total concentration of polyphenols, SCFAs, and total immu-
nology markers (sum of immune markers). The top species from the CCA analysis had their correlation estimated. * Indicates significant Pearson’s
correlations (p < 0.05).
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established. In this sense, it has been described that gut
microbiomes with enriched concentrations of Prevotella, par-
ticularly in cases of dominance against versus Bacteroides
species, tend to promotes a high production of total SCFAs
from fiber-rich diets.56 This is also in agreement with our
results where P. bergensis shows the highest positive corre-
lation value with the total concentration of faecal SCFAs.

Regarding the significant correlation between Acinetobacter
abundance and the total concentration of SCFAs, it has been
already described the presence of a series of genes (originally
described in E. coli) that are responsible for their contribution
to the production of certain SCFAs-mainly butyrate-when
present in gut microbiota.57 Similarly, two different
Acinetobacter strains (Acinetobacter modestus CM11G and
Acinetobacter radioresistens CM38.2) isolated from murine
crypts, has demonstrated contain genes encoding for the pres-
ence of pili and secretion systems, which are considered as key
factors in the protection of the intestinal crypts. In this sense,
it is important to point out that some metabolites, such as
SCFAs are important players to the maintenance of intestinal
health through the microbiota-epithelium dialogue. This con-
nection could be the responsible of positive correlation found
with Acinetobacter sp. Furthermore, the potential to metabolize
xenobiotics (i.e. polyphenols) has been found in the strains
mentioned,58 although this was not the case in the results of
our study. In contrast, it is well known that several strains of
Acinetobacter baumanii species possess genes associated with
bacterial virulence. These findings highlight the importance of
species-to-strain level of identification in microbiome studies
for a finer definition of the spectrum of roles that bacteria
species can play in human gut.

In the same line, we should also highlight the abundance
of Z. raffinosivorans (syn. Propionispira raffinosivorans) and
E. limosum with a positive correlation with the total concen-
tration of SCFAs, as they have been described as major propio-
nic and/or butyric acid (in the Eubacterium genus) producers.59

Specifically, E. limosum, a gut commensal bacterium in some
individuals, has been reported as a long life-associated bio-
marker, and its abundance is notably increased in the human
gut of centenarians.60 In addition, it has been described the
ability of this specie to metabolize hop polyphenols such as
isoxanthohumol into 8-prenylnaringenin.61 Therefore, and
although the results of our study only demonstrated a corre-
lation with SCFAs, an interaction of this strain with the poly-
phenols metabolism would be also probable.

Butyricicocus species (i.e. B. pullicaecorum), have been also
described as important SCFAs – mainly butyrate-producers in
human gut.62 We did not find a significant correlation
between Butyricicocus species and the total amount of SCFAs
but, interestingly, we find a positive correlation of Butyricicocus
sp. with the levels of immune markers detected in faeces. This
contradicts the current association between Butyricicocus
species, such as B. pullicaecorum, with a systematic reduction
of immune marker levels, finding lower numbers of
Butyricicoccus in patients with inflammatory bowel disease.63

Thus, once again, we detect the need for more precise micro-

biome profiling technologies (always reaching a species level
definition) and we highlight the interest of understanding the
potential range of roles that Butyricicocus species may be
playing in human gut.

Finally, regarding the other taxa highlighted in Fig. 5, there
is just a few to no scientific information on the role of
Pedomicrobium in human gut, although here we found a sig-
nificant positive correlation with the levels of immune
markers detected in faeces, neither on the role of
Flavobacterium and Prolixibacter, and Chthoniobacter species
although here we found a significant positive and negative cor-
relation, respectively, with the total concentration of polyphe-
nols in faeces. Thus, further studies are needed for double-
checking the relevance of these indicators and for a better
comprehension on their role in human gut health.

Overall, these findings highlight the need of performing
integrative multi-omics studies that allow facing, from a phys-
iological point of view, the identification of subpopulations or
specific groups of patients responding differently to a defined
dietary intervention, such as moderate red wine consumption,
promising better nutritional treatment at the metabotype
group level. Likewise, strain-level biodiversity will also have to
be considered in the near future in microbiome–metabolome-
targeted nutritional interventions. Additionally, and in order
to fully understand the role of different metabotypes in
health, other considerations such as in particular studies
with larger numbers of subjects as well as the influence of
factors such genetic background, age, sex, habitual dietary pat-
terns and (patho)physiological status should be also be
investigated.

4. Conclusions

The metabolic response to a moderate and regular consump-
tion of red wine, presents patterns dependent on the capacity
of individuals to metabolize wine polyphenols (metabotypes).
However, at level of microbial biodiversity, wine consumption
led to interindividual discrepancies in alpha-diversity as well
as a significant homogenization of beta-diversity, indepen-
dently of their metabotypes. In addition, the abundance of key
health-related taxa such as Akkermansia sp. was increased after
moderate wine intake in the group of high wine-polyphenol-
metabolizers. Regard the metabolic activity of the gut micro-
biota, the concentration of some microbial-derived metab-
olites (specially, SCFAs) appeared to be correlated and
increased after wine intake. Considering that metabolic
changes are most likely the result of polyphenol-microbiota
interactions, an integrated microbiome–metabolome study of
the different metabotypes was carried out, demonstrating a
metabotype-dependent effect. Additionally, some metabolites-
biomarker species were identified. In summary, our findings
highlight the need of performing integrative multi-omics
studies that allow approaching, in the near future, personal-
ized nutrition strategies according to metabotypes and/or
strain-level biodiversity.
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