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ABSTRACT
Objectives Habitual diet plays a major role in shaping
the composition of the gut microbiota, and also
determines the repertoire of microbial metabolites that
can influence the host. The typical Western diet
corresponds to that of an omnivore; however, the
Mediterranean diet (MD), common in the Western
Mediterranean culture, is to date a nutritionally
recommended dietary pattern that includes high-level
consumption of cereals, fruit, vegetables and legumes.
To investigate the potential benefits of the MD in this
cross-sectional survey, we assessed the gut microbiota
and metabolome in a cohort of Italian individuals in
relation to their habitual diets.
Design and results We retrieved daily dietary
information and assessed gut microbiota and
metabolome in 153 individuals habitually following
omnivore, vegetarian or vegan diets. The majority of
vegan and vegetarian subjects and 30% of omnivore
subjects had a high adherence to the MD. We were able
to stratify individuals according to both diet type and
adherence to the MD on the basis of their dietary
patterns and associated microbiota. We detected
significant associations between consumption of
vegetable-based diets and increased levels of faecal
short-chain fatty acids, Prevotella and some fibre-
degrading Firmicutes, whose role in human gut warrants
further research. Conversely, we detected higher urinary
trimethylamine oxide levels in individuals with lower
adherence to the MD.
Conclusions High-level consumption of plant
foodstuffs consistent with an MD is associated with
beneficial microbiome-related metabolomic profiles in
subjects ostensibly consuming a Western diet.
Trial registration number This study was registered
at clinical trials.gov as NCT02118857.

INTRODUCTION
The role of diet in shaping the gut microbiota is
widely recognised, and several recent reviews
provide a comprehensive treatment of the subject.1–6

However, until recently, not many studies have
broadly and systematically considered the associ-
ation between habitual diet and gut microbiota.2 7

Some populations eat differently because they
have different access to foods, and this can

determine significant differences in the taxonomic
composition of their gut microbiota, distinguishing
agrarian and Western diets.8–10 Specific compos-
itional patterns of the gut microbiota have also been
associated with habitual diet, clearly linking differ-
ent compositions of the microbiota with animal fat
and protein-based diets versus vegetable-based
diets.11 In addition, several studies have shown an
association between consumption of fibre, fruit and
vegetables and increased microbial richness, at
either taxonomic or gene level.12–14 It is well

Significance of this study

What is already known on this subject?
▸ Diet can significantly impact the gut microbiota

and metabolome.
▸ Negligible differences in gut microbiota and

faecal short-chain fatty acids were previously
reported between habitual omnivores and
vegans.

▸ Mediterranean diet is a recognised healthy
dietary pattern that has not previously been
related to the composition of the gut
microbiota and related metabolome.

What are the new findings?
▸ Habitual vegetarian and vegan diets promote

enrichment of fibre-degrading bacteria in the
gut.

▸ Subjects who consume a Mediterranean diet
rich in fruit, legumes and vegetables have
higher levels of faecal short-chain fatty acids,
regardless of the diet type.

▸ Low adherence to the Mediterranean diet
corresponds to an increase in urinary
trimethylamine oxide levels, a potential risk
factor for cardiovascular disease.

How might it impact on clinical practice in
the foreseeable future?
▸ Microbiota modulation through consumption of

diets rich in diverse vegetable foods offers the
prospect of increasing health and mitigating
disease risk.

1812 De Filippis F, et al. Gut 2016;65:1812–1821. doi:10.1136/gutjnl-2015-309957

Gut microbiota
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2015-309957 on 28 S

eptem
ber 2015. D

ow
nloaded from

 
 on A

pril 10, 2024 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-309957 on 28 S
eptem

ber 2015. D
ow

nloaded from
 

http://dx.doi.org/10.1136/gutjnl-2015-309957
http://dx.doi.org/10.1136/gutjnl-2015-309957
http://dx.doi.org/10.1136/gutjnl-2015-309957
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2015-309957&domain=pdf&date_stamp=2015-09-28
http://www.bsg.org.uk/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/
http://gut.bmj.com/


established that a sudden diet modification can promptly cause a
change in the gut microbiome,11 15 16 although such changes are
apparently not sufficiently large or enduring to cause individuals
to switch between enterotypes.11 17

Although there is a general agreement on the association of
some enterogradients18 with vegetable-rich (Prevotella) or
protein/fat-rich diets (Bacteroides/Clostridia),11 15 19–22 little is
known about the structure of the gut microbiota in individuals
with defined dietary habits such as strict vegans or vegetarians
compared with omnivores. Negligible differences were recently
found between the gut microbiota of a small-size cohort of
omnivore and vegan individuals in the USA.7 In addition, a few
self-reported vegetarians had a non-significantly higher abun-
dance of Prevotella compared with Bacteroides.11

Vegetarian and vegan diets confer well-described health bene-
fits.23 24 Conversely, residence in industrialised countries and
consumption of Western diets, which are mainly omnivore-type
diets, apparently lead to a composition of the microbiota that is
more associated with different types of disease.3 Unesco has
recognised the Mediterranean diet (MD) as an intangible cul-
tural heritage (http://www.unesco.org/culture/ich/RL/00884). It
is a nutritionally recommended dietary pattern characterised by
high-level intake of fruit, vegetables, legumes, nuts and minim-
ally processed cereals, moderately high consumption of fish, low
intake of saturated fat, meat and dairy products and regular, but
moderate, consumption of alcohol.25 The MD is a pronounced,
but not exclusively vegetarian-oriented dietary style, which has
been demonstrated to be beneficial for the treatment of obesity,
type 2 diabetes, inflammatory diseases and cardiovascular dis-
eases.26–30

The intestinal microbiome can be considered a useful bio-
marker of long-term consumption of healthy or unhealthy
diets.3 Thus, it is important to determine if and to what extent
long-term dietary choices can impact on the composition of the
microbiota and how this can influence the production of benefi-
cial microbial metabolites.

To investigate the potential benefits of agrarian and MDs, we
retrieved daily dietary information from a cohort of 153 indivi-
duals following self-declared omnivore (O), vegetarian (VG) or
vegan (V) diets, and found that 88% of all subjects showed
medium to high adherence with the MD. Subjects consuming
more plant-based foods showed increased faecal short-chain
fatty acid (SFCA) levels and a higher proportion of fibre-
degrading bacteria in the faecal microbiota. In contrast, the
lower adherence to the MD in some omnivore individuals corre-
sponded with higher urinary trimethylamine oxide (TMAO)
levels.

METHODS
Recruitment and dietary information
A cohort of 153 apparently healthy volunteers was assembled
comprising 51 vegetarians, 51 vegans and 51 omnivores distrib-
uted across four geographically distant cities in Italy (Bari,
Bologna, Parma and Torino). The characteristics of the subjects
as well as the recruitment and exclusion criteria are reported in
the online supplementary material. Total food and beverage
consumption was assessed by means of a 7-day weighed food
diary, completed every day for a total of 7 days as previously
described.31 Daily intake of macronutrient and micronutrient
was calculated using Microsoft Access application linked to the
food database of the European Institute of Oncology, covering
the nutrient composition of more than 900 Italian foods.32 The
nutrient composition of vegetarian products was evaluated on
the basis of information given by suppliers or written on the

package. Food items consumed were also retrieved and col-
lapsed into food categories.

The level of adherence to the Mediterranean dietary pattern
was assessed using the 11-unit dietary score based on tertiles
proposed by Agnoli and collaborators.33 The Healthy Food
Diversity index (HFD) was calculated as reported previously.34

Median food and nutrient intakes in different diet types and
MD adherence levels are summarised in online supplementary
table S1.

Sample collection and microbiota analysis
Faecal and urinary samples were collected on the same day of
three consecutive weeks, and the three samples were pooled for
both the microbiota and metabolome analyses. Library prepar-
ation and sequencing were carried out as previously described.35

Details are provided as online supplementary material. The 16S
rRNA gene sequences are available at the Sequence Read Archive
of NCBI (National Center for Biotechnology Information)
(accession number SRP042234).

Bioinformatic and statistical analysis
Raw reads were first filtered according to the 454 processing
pipeline. The sequences were then denoised and further filtered
using QIIME V.1.8.0 software.36 Operational Taxonomic Units
(OTUs) were de novo picked at 97% sequence similarity follow-
ing the uclust pipeline, and representative sequences of each
cluster were used to assign taxonomy through matching against
the Greengenes database (V.05/2013). Alpha diversity indices
were calculated by using the diversity function in R vegan
package (http://www.r-project.org). Weighted and unweighted
UniFrac distance matrices were obtained through QIIME, and
imported in R to obtain principal coordinates analysis (PCoA)
plots.

Correlation analyses, sample clustering and statistical analyses
were carried out in R environment. Pairwise Spearman correla-
tions were calculated between microbial genera, dietary and
metabolome datasets. The correlation plots were visualised and
clustered in R using the Made4 package, and the function
heatplot. The statistical package DESeq237 as well as the
Kruskal–Wallis and Mann–Whitney tests were used to find sig-
nificant differences in microbial taxa abundance, metabolome
profiles and alpha diversity according to the HFD, the three
types of diet and adherence to the MD. Unless stated otherwise,
box plots represented the IQRs between the first and the third
quartile, with the error bars showing the lowest and the highest
value within 1.5×IQR. Correction of p values for multiple
testing38 was performed when necessary. Linear regression was
used to compare SCFA concentration or intake of the different
nutrients/foods and diet (O, V, VG) or MD score by using the
glm function in R, which performs a linear regression for a
response variable (x) and one or more predictor variables (y),
allowing to test for the effect of y on x by correcting for all
other relevant variables.

In order to explore the relationship between the genus-level
microbiota and the dietary datasets, we carried out principal
components analysis (PCA) on the individual datasets and then
integrated them using coinertia analysis (CIA),39 which allows
identification of the shared biological trends within the two
datasets.

Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt),40 a programme that predicts
abundances of gene families based on 16S-based structure of the
microbiota was used to investigate the functional profiles in
microbial communities. For the analysis with PICRUSt, the pick
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OTUs module was performed at 97% identity in a closed refer-
ence way using the Greengenes database (V.05/2013) in QIIME
1.8. Data were normalised for 16S rRNA gene copy numbers,
and the metagenomes were predicted. From the inferred meta-
genomes, KEGG Orthologs (KO) were identified. The KO abun-
dance table was used as input in gage Bioconductor package41 in
order to carry out pathway enrichment analysis.

Metabolomic analysis
Gas-chromatography mass spectrometry-solid-phase microex-
traction (GC-MS/SPME) was carried out according to the proto-
col previously described42 by using a Chromopack CP Wax 52
CB fused silica capillary column (Chromopack, Middelburg,
The Netherlands) and an Agilent gas chromatograph (Agilent
Technologies, Palo Alto, California, USA) coupled to an Agilent
mass selective detector operating in electron impact mode (ion-
isation voltage, 70 eV). The identification of the molecules was
based on comparison of mass spectra contained in available
databases (NIST V.2005 and Wiley V.1996). ChemStation
(Agilent Technologies) was used to convert the GC-MS/SPME
raw files into netCDF format for further processing with the
XCMS toolbox (http://metlin.scripps.edu/).

Urine samples were prepared for nuclear magnetic resonance
(NMR) analysis by centrifugation for 15 min at 15 000 rpm at
4°C. Seven hundred microlitre of supernatant were added to
160 μL of a D2O solution of 3-(trimethylsilyl)-propionic-
2,2,3,3-d4 acid sodium salt 6.25 mM. After pH adjustment to
7.0 by the addition of HCl or NaOH (0.5 M), the samples were
stored at −20°C. Immediately before analysis, the samples were
thawed and centrifuged as described above. Faecal samples were
prepared for NMR analysis by vortex mixing 40 mg of stool for
5 min with 1 mL of deionised water. The obtained mix was
then processed as explained for urine samples. 1H-NMR spectra
were recorded at 298 K with an AVANCE III spectrometer
(Bruker, Milan, Italy) operating at 600.13 MHz. The HOD
(deuterated water) residual signal was suppressed as explained
elsewhere. Each spectrum was acquired as described else-
where.43 The signals were assigned by comparing their chemical
shift and multiplicity with the Human Metabolome Database44

and Chenomx software data bank (Chenomx, Canada, V.8). To
prevent biases based on hydration of the individuals, data were
normalised by means of probabilistic quotient normalisation.45

RESULTS
High-level adherence to the MD, correlating with HFD
Subjects in this cohort in Italy were able to self-declare their
habitual diet category, but were not wittingly aware of their
level of adherence to the MD or their HFD. Hierarchical clus-
tering based on habitual diet clearly separated omnivore, vege-
tarian and vegan individuals with few exceptions (figure 1A).
Analysis of the adherence level to the MD33 divided the subjects
in three groups with low, medium and high adherence to MD
(figure 1B). Only 11% of the subjects (14 omnivores and 3
vegetarians) had low adherence to the MD, while 88% of the
vegans, 65% of the vegetarians and also 30% of the omnivores
showed high MD adherence rates. Moreover, the HFD index34

values correlated with the adherence to the MD (Spearman’s
r=0.61, p<0.00001), and were significantly higher in vegetar-
ian and vegan subjects, as well as in subjects with medium and
high adherence to the MD (p<0.0001) (see online supplemen-
tary figure S1).

Separation by habitual diet and microbiota concords with
diet type and MD adherence
The microbiota alpha diversity values were not significantly dif-
ferent between subjects of the three diet types or between sub-
jects showing different levels of adherence to the MD (data not
shown). Similarly, there was no clear separation by microbiota
composition of omnivore, vegetarian and vegan individuals in
PCoA plots based on UniFrac distances (see online supplemen-
tary figure S2). However, CIA (figure 2) based on PCA of micro-
biota composition and diet information revealed a significant
relationship between genus-level microbiota composition and
habitual diet (RV coefficient=0.18; Monte Carlo p=0.003)
involving a significant subset of the microbiota. The first compo-
nent of the CIA (horizontal) accounted for 50.7% of the vari-
ance, and the second component (vertical) accounted for
another 11.7%. Although not providing clearly separated clus-
ters, the CIA showed clear gradients of subjects separated accord-
ing to diet type (figure 2A) and adherence to MD (figure 2B).
Although the level of diversity of the subjects based on the struc-
ture of their microbiota was clearly not comparable with their
strong differences in habitual diet (figure 1), it was noteworthy
that their stratification in gradients was consistent when both diet
and microbiota were considered (figure 2).

Pie charts of family level microbiota composition showed an
increase in Prevotellaceae abundance with plant-based diets,
although not statistically significant after correction for multiple
comparisons (see online supplementary figure S3A). Overall, the
Bacteroidetes phylum was more abundant in vegans and vegetar-
ians compared with omnivores (p<0.05); accordingly, higher
Firmicutes:Bacteroidetes ratios were found in most of the omni-
vores (see online supplementary figure S3B).

Microbial genera linked to specific intake of nutrients
and dietary patterns
We performed a number of analyses investigating the microbiota
in dietary types and differential dietary quality as assessed by
HFD. A number of overlapping microbiota signatures were
identified. Lachnospira and Prevotella were significantly linked
to highest and medium quartiles of HFD values, respectively,
and they were both associated to plant-based diets. On the
contrary, L-Ruminococcus (Ruminococcus genus assigned to
Lachnospiraceae family) was positively associated to omnivore
diets (see online supplementary table S2). Plotting the correl-
ation between genera and dietary information, an influence of
the diet on the structure of the microbiota could be detected,
although not strong in terms of absolute values (figure 3). Three
major clusters of genera and three clusters of nutritional infor-
mation were detected. The first group included foods and nutri-
ents typical of the omnivore diets while the third group
included those mainly associated with vegetarian or vegan diets.
A small cluster of genera was associated with the vegetable-
based diet, with the strongest correlations found for Roseburia,
Lachnospira and Prevotella, the last two also displaying a signifi-
cant negative association with the omnivore diet (p<0.01, see
online supplementary table S2). A larger cluster correlated posi-
tively with the nutrients of animal origin and negatively with
the vegetable-based diet patterns (figure 3). The strongest and
most significant associations were shown by L-Ruminococcus
and Streptococcus (p<0.001).

Correlations between diet, microbiota and metabolome
There was a very clear relationship between faecal SCFA profile
and nutrient intake, with the latter variable also splitting into
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two distinct groups (figure 4A). The faecal levels of acetic, pro-
panoic and butanoic acids (and corresponding esters) strongly
correlated with the consumption of fruit, vegetables, legumes
(p<0.05) and fibre (p<0.001). By contrast, valerate and

caproate concentrations were linked to consumption of protein-
rich animal foods and fat (p<0.05). The levels of the three
most abundant soluble SCFA showed the same significant
increase with increasing adherence to the MD (figure 4B) and in

Figure 1 Clustering of subjects according to diet (A) and proportion of subjects for each diet type (O, VG, V) assigned to three levels of adherence
to the MD (low, medium, high) (B). In the heatplot, hierarchical ward-linkage clustering is based on the Spearman’s correlation coefficient of the
dietary information abundance. Column bar is colour-coded by diet type. The colour scale represents the scaled abundance of each variable,
denoted as Z-score, with red indicating high abundance and blue indicating low abundance.MD, Mediterranean diet; O, omnivore; V, vegan; VG,
vegetarian.
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plant-based diets (see online supplementary figure S4). Even
within the category of omnivore subjects when analysed separ-
ately, clear trends for increase in the levels of the principal
SCFA with increasing MD scores were observed (figure 4C).
Propanoate and acetate in omnivores were significantly higher
in the highest MD adherence category compared with the

lowest (p<0.05). Consistent significant associations were found
between the volatile fraction of SCFA and adherence to the MD
or diet type (see online supplementary figure S5). A list of add-
itional molecules with significantly different (p<0.05) levels
according to diet type or MD adherence is provided in online
supplementary table S3.

Figure 2 Coinertia analysis combining PCA of microbiota and dietary information. Subjects’ clustering and colouring were done according to the
diet type (A) and adherence to the MD (B). Arrow ends of the line indicate sample position in the microbiota dataset, while black dot end indicates
sample position in the diet dataset. MD, Mediterranean diet; O, omnivore; PCA, principal components analysis; V, vegan; VG, vegetarian.

Figure 3 Correlations between microbiota and dietary information. Heatplot showing Spearman’s correlations between microbial genera (filtered
by a subject prevalence of 20%) and dietary information. Rows and columns are clustered by Euclidean distance and Ward linkage hierarchical
clustering. The intensity of the colours represents the degree of association between the taxa and foods/nutrients as measured by the Spearman’s
correlations.
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We identified a number of positive correlations between
bacterial genera and SCFA levels. In a correlation network,
Firmicutes and Bacteroidetes showed the highest number of sig-
nificant positive and negative correlations with SCFA, respect-
ively (figure 5). The associations between Lachnospira and
esters of butanoic and acetic acids were significant (p<0.05).

Moreover, Prevotella was the only Bacteroidetes having positive
correlations with SCFA (p<0.05).

Urinary TMAO levels were significantly lower in vegetarian
and vegan (p<0.0001) compared with O subjects (see online
supplementary figure S6A). In addition, the higher the adher-
ence to the MD, the lower the measured TMAO level (see

Figure 4 Correlations between short-chain fatty acid (SCFA) levels and diet. Heatplot showing Spearman’s correlations between SCFA and dietary
information (A). Rows and columns are clustered by Euclidean distance and Ward linkage hierarchical clustering. The intensity of the colours
represents the degree of association between the SCFA and foods/nutrients as measured by the Spearman’s correlations. Box plots showing
abundance of soluble butanoate, propanoate and acetate in faecal samples of all (B) or only omnivore (C) subjects grouped according to adherence
to the Mediterranean diet. (*p<0.05 and **p<0.01).
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online supplementary figure S6B). Associations were found
between TMAO levels and a number of microbial genera that
were more linked to the intake of animal proteins and fat.
L-Ruminococcus correlation with TMAO was found to be sig-
nificant after correction for multiple comparisons (p=0.022).

Diet-driven differences in predicted metagenomes
The pathway enrichment analysis of the predicted metagenomes
showed an enrichment in vegans compared with omnivores of
folate biosynthesis (ko00790), one-carbon pool by folate
(ko00760), fructose and mannose metabolism (ko00051),
amino sugar and nucleotide sugar metabolism (ko00520) and
other glycan degradation (ko00511) (p<0.05). Interestingly,
subjects with high compliance to MD showed enrichment in the
same pathways, as well as those for pentose and glucuronate
interconversions (ko00040), and propanoate (ko00640) and
butanoate metabolism (ko00650) (p<0.05). Moreover, omni-
vores showed higher abundance of genes in the galactose metab-
olism pathway (ko00052) compared with both vegans and
vegetarians (p<0.05).

DISCUSSION
The remarkable adherence to the MD in the subjects studied
here, together with the remarkable link we identified with
HFD, make the cohort a good model for a population following
a healthy Western diet. Higher adherence levels to the MD were
found here than in a larger Italian cohort study33 and also in
the multicentre prospective cohort study on the dietary habits
of 10 European countries.46 Almost 90% of the subjects
recruited in this study showed at least medium adherence while
60% showed high-level adherence to the MD. Remarkably,
this latter category included about one-third of the omnivores.
A healthy dietary pattern of the subjects (omnivores included)
was also supported by the higher intake of total carbohydrates,
mainly starch and fibre, compared with the intakes recorded in
the European Prospective Investigation into Cancer and
Nutrition study.47 The high correlation between HFD34 and
MD compliance suggests that the results of this study could be
easily extrapolated to other populations (different from
Mediterranean), if eating a healthy diverse diet rich in fruit and
vegetables.

We provide the first concrete evidence for the interconnection
between Mediterranean dietary patterns, gut microbiota and
microbial metabolites. Consumption of fruit, vegetables and
legumes by subjects with satisfactory adherence to the MD
associates here with an increase in faecal SCFA levels, and this is
likely boosted by certain bacteria belonging to both Firmicutes
and Bacteroidetes that are able to degrade carbohydrates not
digestible by the host. By contrast, a lower adherence to the MD
is linked to higher urinary TMAO levels.

Wu et al7 recently reported negligible differences in the faecal
microbiota composition and plasma SCFA profiles in 15 vegan
and 16 omnivore subjects, and found no evidence for diet-
driven separations in either measure. With a larger cohort of
153 individuals that also included vegetarians, and with a
remarkable adherence to the MD, we were able to detect signifi-
cant associations between intake of fibre and vegetable foods
and faecal SCFA concentrations. Interestingly, we recorded
higher median intake of fibre and starch in both omnivore and
vegan subjects compared with the US cohort.7 In addition,
although we noted that the overall structure of the microbiota
was similar in subjects across the different diet types, gradients
were detected with subjects stratifying on the basis of diet and
microbiota.

SCFA are produced by the intestinal microbiota during fer-
mentation of undigested polysaccharides.48 The protective role
of acetate, propionate and butyrate against different types of
disease is well documented.49–52 The abundance of SCFA in this
study was clearly correlated with the diet. Based on greater
intake levels of fibre through fruit and vegetables, vegan and
vegetarian diets were associated with higher production levels of
SCFA, whereas the animal-based diet supported much lower
levels. Accordingly, differences between herbivore and carnivore
diets were suggested to be the primary factor driving butyrate
production in different animal species,53 and higher SCFA levels
were found in native Africans on agrarian diet compared with
African–Americans.22 54 However, differences in SCFA levels
according to MD adherence were not so dramatic compared
with differences reported between Western and agrarian
cohorts8 22 and on extreme dietary changes achieved in inter-
ventional studies.15 55 Very interestingly, even in the omnivores
alone, the higher the adherence to the MD, the higher the

Figure 5 Correlation between short-chain fatty acid (SCFA) levels and microbiota. Network showing Spearman’s correlations between bacterial
genera and SCFA. Nodes are coloured according to phylum. Node and node label size is proportional to the number of correlations. Blue edges—
positive correlations, grey edges—negative correlations. Only correlations with corrected p value <0.1 are displayed.
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faecal SCFA levels. These trends indicate that the MD can be
pivotal in providing the appropriate substrates and establishing
the catabolic microbes to support the production of SCFA even
in an overall omnivore-type diet.

A remarkable degree of interindividual variability in SCFA
levels was found in this study compared with the current litera-
ture. This may be a feature of the great heterogeneity of the
groups considered here, as individuals within these groups have
a wide range and variety of fruit and vegetable intake.
Moreover, besides the diet, multiple factors can affect human
metabolome, such as gender or age.56–58 In spite of such vari-
ability, significant differences were found between diet groups,
although this within group variance prevents extrapolating the
results on individual basis.

Some additional molecules were differentially abundant
depending on the diet (see online supplementary table S3). At
the state of the art, it is difficult to accurately link most of them
to a specific dietary pattern. Esters of SCFA were consistently
associated with the plant-based diets (see online supplementary
table S3). Conversely, succinate levels were significantly higher
in omnivore compared with vegan subjects, and accordingly,
genes related to succinate production pathway were enriched in
subjects receiving an animal-based diet.15 Higher content of
phenolic and indole derivatives, produced by colonic deamin-
ation of aromatic amino acids and methylamines, was found in
omnivore subjects and in those with low adherence to the MD.
Accordingly, a reduced excretion of faecal phenols was observed
following a 3-week high-resistant starch diet,59 while a signifi-
cantly lower production of p-cresol sulfate and indoxyl sulfate
were found in vegetarians.60

The same microbiota that was more associated with vegetable-
based diets tended to correlate with SCFA levels. Prevotella
among Bacteroidetes and Lachnospira among the Firmicutes
appeared as the most probable candidates for fermentation of
carbohydrates, leading to a higher SCFA production.
Collectively, the abundance of the phylum Firmicutes was asso-
ciated with a high intake of animal-associated foods, but individ-
ual members of this phylum showed a higher number of
positive correlations to individual SCFA than phylum
Bacteroidetes, corroborating the hypothesis that their role in
polysaccharide breakdown has been underestimated.61 As shown
here, their gene pool may be as useful as that of Bacteroidetes
(ie, Prevotella) in Western subjects eating Mediterranean-type
food. Consistent with this, the predicted metagenomes
showed a significant increase in abundance of genes associated
with polysaccharide degradation and SCFA metabolism with
increasing adherence to the MD patterns and plant foods
consumption.

Lachnospira is one of the core genera of the gut microbiota4

and recognised as the only Firmicutes able to degrade pectins
beyond Faecalibacterium and Eubacterium.56 Decrease in
Lachnospira abundance was recently highlighted in the gut
microbiota of subjects with cholesterol gallstones62 as well as in
the rectal mucosa of patients with HIV,63 tentatively suggesting
that the decrease in these SCFA-producing Firmicutes might be
linked to predisposition to disease.

Most of the studies and reviews of gut microbiota in relation
to diet report an increased level of Prevotella in response
to consumption of an agrarian diet or on fibre administra-
tion.2–4 8 10 11 64 Levels of Prevotella were not significantly
different between omnivores and vegans.7 However, correla-
tions between Prevotella abundance and fruit and vegetable
intake were found in the present study. Remarkably, the
Prevotella:Bacteroides ratio in these subjects was higher than

reported for elderly Irish subjects,12 American11 and Danish
adults,65 and it is very likely linked to the higher fibre and
starch intake in the Italian subjects.

A certain number of bacteria were associated with a diet
based on animal foods and with saturated and monounsaturated
fat intake. Some of the Bacteroidetes, such as Alistipes, have
been already reported as increasing as a function of elevated
consumption of animal foods,12 15 and showed a clear negative
correlation with vegetable nutrients and faecal SCFA. Moreover,
L-Ruminococcus, associated with fat intake and omnivore diet,
was also correlated with urinary TMAO levels. Consistently,
Ruminococcus torques (Lachnospiraceae) was recently found at
increased levels in mice consuming a high fat and sugar diet and
with susceptibility to Crohn’s disease.66 TMAO is linked to risk
of atherosclerosis and cardiovascular disorders.67 68 Eggs, beef,
pork and fish are the major sources of carnitine and choline that
are converted by the gut microbiota to trimethylamine, then
oxidised in the liver and released into circulation as TMAO.69 70

The diet–TMAO association found in this study provides valu-
able clues on the possible modulation of TMAO by the diet,
and although no data were collected here on plasma levels, the
adherence to the MD offers encouraging paths towards the
reduction of its levels.

Properly controlled interventions could confirm the
gut-related health benefits of MD and allow drawing conclu-
sions on individual basis. Notwithstanding this, we provide here
tangible evidence for the impact of a healthy diet and a
Mediterranean dietary pattern on gut microbiota and on the
beneficial regulation of microbial metabolism towards health
maintenance in the host. Western omnivore diets are not neces-
sarily detrimental when a certain consumption level of vegetable
foods is included. Healthy diets can, therefore, contribute to
beneficially modulate host–microbe interactions and to establish
effective pathways to prevent disease.
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GUT 

High dietary fibre intake linked to health promoting short chain fatty acids 

Beneficial effects not limited to vegetarian or vegan diets 

Eating a lot of fibre-rich foods, such as fruit, vegetables, and legumes—typical of a Mediterranean 
diet—is linked to a rise in health promoting short chain fatty acids, finds research published online in 
the journal Gut. 

And you don’t have to be a vegetarian or a vegan to reap the benefits, the findings suggest. 

Short chain fatty acids (SCFAs), which include acetate, propionate, and butyrate, are produced by 
bacteria in the gut during fermentation of insoluble fibre from dietary plant matter. SCFAs have been 
linked to health promoting effects, including a reduced risk of inflammatory diseases, diabetes, and 
cardiovascular disease. 

The researchers gathered a week’s information on the typical daily diet of 153 adults who either ate 
everything (omnivores, 51), or were vegetarians (51), or vegans (51), and living in four geographically 
distant cities in Italy. 

They also assessed the levels of gut bacteria and the ‘chemical fingerprints’ of cellular processes 
(metabolites) in their stool and urine samples. 

The Mediterranean diet is characterised by high intake of fruit, vegetables, legumes, nuts and cereals; 
moderately high intake of fish; regular but moderate alcohol consumption; and low intake of saturated 
fat, red meat, and dairy products. 

Most (88%) of the vegans, almost two thirds of the vegetarians (65%), and around a third (30%) of the 
omnivores consistently ate a predominantly Mediterranean diet. 

The investigation showed distinct patterns of microbial colonisation according to usual dietary intake. 

Bacteroidetes were more abundant in the stool samples of those who ate a predominantly plant 
based diet, while Firmicutes were more abundant in those who ate a predominantly animal products 
diet. Both these categories of organisms (phyla) contain microbial species that can break down 
complex carbohydrates, resulting in the production of SCFAs. 

Specifically, Prevotella and Lachnospira were more common among the vegetarians and vegans 
while Streptococcus was more common among the omnivores. 

And higher levels of SCFA were found in vegans, vegetarians, and those who consistently followed a Mediterranean 
diet. 

Levels of SCFAs were also strongly associated with the quantity of fruit, vegetables, legumes, and 
fibre habitually consumed, irrespective of the type of diet normally eaten. 

On the other hand, levels of trimethylamine oxide (TMAO)—a compound that has been linked to 
cardiovascular disease—were significantly lower in the urine samples of vegetarians and vegans than 
they were in those of the omnivores. 

But the more omnivores closely followed a Mediterranean diet, the lower were their TMAO levels, the 
analysis showed. 

TMAO levels were linked to the prevalence of microbes associated with the intake of animal proteins 
and fat, including L-Ruminococcus (from theLachnospiraceae family). 



Eggs, beef, pork and fish are the primary sources of carnitine and choline—compounds that are 
converted by gut microbes into trimethylamine, which is then processed by the liver and released into 
the circulation as TMAO. 

The researchers point out that SCFA levels can naturally vary as a result of age and gender, and their 
study did not set out to establish any causal links. 

But they nevertheless suggest that the Mediterranean diet does seem to be associated with the 
production of health promoting SCFAs. 

They conclude: “We provide here tangible evidence of the impact of a healthy diet and a 
Mediterranean dietary pattern on gut microbiota and on the beneficial regulation of microbial 
metabolism towards health maintenance in the host.” 

And they add: “Western omnivore diets are not necessarily detrimental when a certain consumption 
level of [plant] foods is included.” 

 



Figure S1 - HFD index is highly correlated to diet and MD adherence. Box plots 
showing the HFD of subjects grouped according to diet type (A) and adherence to	MD 
(B). (***P < 0.0001). 
 

 
 
 
 
 
 
 
 
 
 
 
Figure S2 – Principal Co-ordinate Analysis (PCoA) based on weighted Unifrac	
distance matrix. Subjects are color-coded according to diet type (A) or adherence to	
MD (B). 
	

	
	
	
	
	
	
	



Figure S3 – Microbiota structure in the three diet types. Pie charts of the family	level 
microbiota. Only taxa with an average relative abundance higher than 0.5% are	shown 
and the class level assignment is reported when family level was not reached.	Outer 
circle shows the phylum level assignment (A). Log of Firmicutes/Bacteroidetes	ratio 
ordered by size; subjects are colour-coded according to diet type. In order to	avoid 
undefined log, the minimum value of the ratio was added to the ratio (B). 
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Figure S4 - Box plots showing abundance of soluble butanoate, propanoate and	acetate 
in fecal samples of the subjects grouped according to the diet type. (*P < 0.05	and 
**P<0.01). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S5 - Box plots showing abundance of volatile butanoate, propanoate and	acetic 
acids in fecal samples of the subjects grouped according to the adherence to the	MD (A) 
and the diet type (B). (*P < 0.05 and **P<0.01). 
	
	

	
	
	

	
	
	
	
	



Figure S6 - Abundance of urinary TMAO is associated to diet (A) and adherence	to 
MD (B). Box plots showing the abundance of urinary TMAO (ppm) in subjects	grouped 
according to diet type (A) and adherence to MD (B). (*P < 0.05 and	**P<0.01). 
 

 

 

 

 



SUPPLEMENTARY METHODS 

Subjects recruitment 

The sample size to observe an effect of diet type on microbiota and metabolome was defined on the 

basis of previous studies. For the microbiota, abundance of Prevotella and Bacteroides in studies 

reporting differences between agrarian and Western diets [1, 2] indicated that 50 subjects per group 

were sufficient (error 0.05, 80% power, and 2-sided testing). A smaller size was needed for short 

chain fatty acids on the basis of butanoate and propanoate concentrations reported by De Filippo 

and collaborators.[3] 

Four hundred and fifteen potentially eligible volunteers were contacted by the recruitment units, 

distributed across 4 geographically distant cities in Italy (Bari, Bologna, Parma and Torino). The 

VG and V volunteers were recruited with the collaboration of the Italian Society of Vegetarian 

Nutrition (http://www.scienzavegetariana.it/). Prospective participants were excluded according to 

the following criteria: V, VG and O dietary regime followed for less than 1 year, age under 18 or 

over 60 years, regular consumption of drugs, regular supplementation with prebiotics or probiotics, 

consumption of antibiotics in the previous 3 months, evidence of intestinal pathologies (Crohn’s 

disease, chronic ulcerative colitis, bacterial overgrowth syndrome, constipation, celiac disease, 

Irritable Bowel Syndrome), and other pathologies (type I or type II diabetes, cardiovascular or 

cerebrovascular diseases, cancer, neurodegenerative disease, rheumatoid arthritis, allergies), 

pregnancy and lactation. All participants were asked questions about consumption of animal 

products in order to understand if their dietary habits in the last year diverged from the self-declared 

diet type. The 24% of volunteers potentially eligible were excluded because they did not meet all 

the inclusion criteria. The 24% of the remaining 317 individuals, did not accept to participate to the 

study for personal reasons. The 36% of the remaining (240) volunteers did not finish the study. 

Therefore, 153 individuals completed the study. The cohort comprised 51 vegetarians (18 males 

and 33 females, age 39 ± 9 years, body mass index (BMI) 21.9 ± 2.5 kg/m2), 51 vegans (23 males 



and 28 females, age 37 ± 10 years, BMI 21.3 ± 2.2 kg/m2), and 51 omnivores (23 males and 28 

females, age 37 ± 9 years, BMI 22.1 ± 2.0 kg/m2). All subjects were recruited between January and 

September 2013 following the guidelines of National Institute of Health. The analysis was 

performed between October 2013 and June 2014. Recruited subjects were encouraged to do not 

modify their habitual dietary pattern. The compliance to the declared diet type was verified by 

means of a 7-day weighed food diary, completed every day for a total of 7 days. 

Each donor was provided with two sterile containers and polypropylene spoons and instructed to 

place about 15g of feces in each, one for DNA extraction and another for metabolome analysis. 

Moreover, they were provided with sterile urine containers for metabolome analyses. Urinary 

samples were collected in the morning (first void), discarding the first and the last part of the flow, 

for three consecutive weeks. The containers were immediately delivered at 4°C to the collection 

centres and stored at -80ºC. 

 

Microbiota diversity analysis 

A two ml aliquot of a 1/10 dilution was centrifuged and the pellet was used for microbial DNA 

extraction using the PowerSoil DNA Isolation Kit (MoBIO Laboratories, Inc. Carlsbad, CA). The 

V1-V3 region of the 16S rRNA gene was amplified by using primers Gray27F 5’-

TTTGATCNTGGCTCAG and Gray519r 5’-GTNTTACNGCGGCKGCTG (520 bp).[4] 454-

adaptors were included in the forward primer followed by a 10 bp sample-specific Multiplex 

Identifier (MID). Each PCR mixture (final volume, 50 l) contained 50 ng of template DNA, 0.4 

M of each primer, 0.50 mmol l-1 of each deoxynucleoside triphosphate, 2.5 mmol l-1 MgCl2, 5 l 

of 10 X PCR buffer and 2.5 U of native Taq polymerase (Invitrogen, Milano, Italy). The PCR 

conditions used were: 94°C for 2 min, 35 cycles of 95°C for 20 s, 56°C for 45 s and 72°C for 5 min, 

and a final extension at 72°C for 7 min. Each sample was amplified in duplicate and amplicons 

were pooled before purification. PCR products were purified twice by using the Agencourt AMPure 

kit (Beckman Coulter, Milano, Italy), quantified by using a QuantiFluorTM (Promega, Milano, Italy) 



and an equimolar pool was obtained prior to further processing. The amplicons were sequenced on 

a GS Junior platform (454 Life Sciences, Roche Diagnostics, Italy) according to the manufacturer’s 

instructions by using a Titanium chemistry. We failed to prepare the 16S rRNA gene libraries for 3 

samples that were excluded for the microbiota analysis. 
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Table S1. Median values of food consumption and macro/micro-nutrients intake per day for each of the 

three diet types and MD adherence classes. 

 

Nutritional information Adherence to MD Diet type 

 
low medium high O VG V 

Total energy  

(kcal/day) 
2579.77a 2285.00a 2366.98a 2439.44a 2332.31a 2326.73a 

Energy from protein  

(%) 
13.97a 13.66a 12.19b 14.73a 11.74b 11.62b 

Energy from total fat  

(%) 
36.73a 36.36a 35.62a 38.39a 35.99b 31.44c 

Energy from saturated fat 

(%) 
13.53a 12.82a 6.93b 14.52a 10.15b 5.78c 

Energy from 

monounsaturated fat (%) 
17.12b 18.02b 20.04a 19.55a 19.50a 18.01b 

Energy from 

polyunsaturated fat (%) 
5.38b 5.16b 6.23a 5.35c 5.66b 7.18a 

Energy from carbohydrates 

(%) 
48.56b 50.87a,b 54.20a 46.74b 54.08a 57.95a 

Energy from sugars  

(%) 
17.00a 17.15a 18.44a 16.06b 18.71a 18.84a 

Total protein  

(g/day) 
34.89a 34.30a 31.16b 36.72a 29.06b 29.04b 

Animal protein  

(g/day) 
21.44a 16.48b 0.18c 22.62a 6.32b 0.00c 

Vegetable protein  

(g/day) 
13.63c 15.91b 25.76a 13.62c 22.24b 28.96a 

Total fat  

(g/day) 
40.49a 41.04a 39.61a 43.62a 40.07b 35.43c 

Animal fat  

(g/day) 
21.55a 19.38a 0.29b 22.10a 9.20b 0.00c 

Vegetable fat  

(g/day) 
19.21c 24.59b 32.95a 22.07c 28.81b 35.39a 

Saturated fat  

(g/day) 
15.04a 14.24a 7.70b 16.13a 11.28b 6.42c 

Monounsaturated fat  

(g/day) 
19.02b 20.03b 22.26a 21.73a 21.66a 20.01a 

Polyunsaturated fat  

(g/day) 
5.98b 5.73b 6.92a 5.94b 6.29b 7.98a 

Total carbohydrates  

(g/day) 
120.55b 127.36a,b 135.87a 116.44c 134.71b 145.54a 

Starch  

(g/day) 
76.76a 81.88a 82.11a 74.33b 82.03a 84.27a 

Soluble carbohydrates 

(g/day) 
42.50a 42.88a 46.10a 40.15b 46.77a 47.09a 

Total fibre  

(g/day) 
10.85b 11.50b 18.83a 10.37c 15.15b 21.02a 



Cholesterol  

(mg/day) 
125.22a 105.92b 12.26c 132.75a 53.59b 0.00c 

Alcohol  

(g/day) 
4.73a 2.38b 1.65b 3.70a 1.27b 0.95b 

Iron  

(mg/day) 
5.93b 6.26b 8.54a 5.93c 7.67b 9.28a 

Calcium  

(mg/day) 
355.02a,b 418.22a 332.72b 381.05a 376.00a 308.11b 

Sodium  

(mg/day) 
1547.77a 1526.50a 1308.65b 1522.90a 1465.40a 1239.37b 

Potassium  

(mg/day) 
1396.31c 1511.63b 1866.78a 1371.71c 1610.40b 1967.41a 

Phosphorus  

(mg/day) 
606.80a 611.89a 581.75a 639.45a 580.10b 565.37b 

Zinc  

(mg/day) 
5.64a 5.44a 5.12a 5.75a 5.05a 5.07a 

Vitamin B1  

(mg/day) 
0.64b 0.60b 0.76a 0.60c 0.66b 0.79a 

Vitamin B2  

(mg/day) 
0.72a 0.75a 0.76a 0.75a 0.74a 0.77a 

Niacin  

(mg/day) 
9.19a 9.44a 9.27a 9.84a 7.78b 9.82a 

Vitamin B6  

(mg/day) 
0.87a,b 0.93b 1.11a 0.91b 0.95b 1.19a 

Vitamin C  

(mg/day) 
47.02b 62.28b 81.99a 43.93c 70.64b 99.32a 

Vitamin E  

(mg/day) 
5.78c 6.94b 9.39a 6.32c 8.23b 9.85a 

β-carotene equivalent 

(μg/day) 
1320.29b 1709.88b 3100.68a 1296.46c 2315.10b 3701.66a 

Total folate  

(μg/day) 
132.51c 156.91b 227.33a 131.78c 207.31b 250.78a 

Vitamin D 

(μg/day) 
0.95a 0.67a 0.22b 1.21a 0.34b 0.02c 

Water  

(mL/day) 
331.51a 450.93a 385.19a 420.33a 400.08a 406.58a 

Alcoholic beverages 

(mL/day) 
77.28a 28.77b 27.28b 55.79a 20.99b 18.93b 

Coffee  

(mL/day) 
35.79a 33.81a 32.44a 43.69a 28.46a,b 21.64b 

Meat  

(g/day) 
26.96a 0.00b 0.00b 25.27a 0.00b 0.00b 

Cereals  

(g/day) 
26.58a 27.60a 32.10a 26.93b 32.40a 34.07a 

Sweets  

(g/day) 
56.61a 47.03a 25.60b 52.70a 44.88a 16.32b 

Flours  

(g/day) 
11.42a 6.78a 12.35a 5.27b 9.81b 19.89a 

Cheese  

(g/day) 
22.26a 24.66a 0.00b 23.58a 18.21b 0.00c 



Daily intakes are normalized for 1000 kcal. 

Different letters indicate significantly different values (P<0.05) as calculated by pairwise Wilcoxon tests 

among the groups of adherence to MD or diet type. 

 

Fruit  

(g/day) 
60.59b 89.05b 128.20a 61.26c 121.28b 180.10a 

Oils and fats  

(g/day) 
13.77b 18.31b 21.87a 16.66c 19.37b 24.01a 

Animal milk and derivates 

(g/day) 
38.29a 26.72a 0.00b 52.25a 3.37b 0.00c 

Vegetable milk and 

derivates (g/day) 
0.00b 0.00b 33.14a 0.00c 13.09b 42.14a 

Pulses  

(g/day) 
2.03b 9.29b 38.53a 3.36c 36.36b 44.44a 

Tea  

(mL/day) 
19.79a 18.44a 10.78a 13.64b 45.09a 2.82b 

Bread  

(g/day) 
55.72a 59.51a 58.89a 59.83a 59.51a 52.49a 

Potatoes  

(g/day) 
16.85a 17.58a 15.21a 15.14a 16.85a 17.58a 

Fish  

(g/day) 
7.25a 0.00b 0.00b 13.12a 0.00b 0.00b 

Preserved meat  

(g/day) 
17.57a 0.00b 0.00b 17.79a 0.00b 0.00b 

Soft drinks  

(mL/day) 
24.67a 0.00b 0.00b 0.00a 0.00a 0.00a 

Fruit juices  

(mL/day) 
16.70a 6.71a 7.39a 10.02a 2.39a 11.64a 

Eggs  

(g/day) 
9.70a 5.16a 0.00b 5.90a 5.16a 0.00b 

Vegetables  

(g/day) 
88.40c 130.62b 192.77a 97.70c 166.95b 217.25a 



Table S2. Diet-microbiota associations. 

 

O vs V diet   

O diet negatively associated 

genera 
p-value FDR 

Roseburia 4.60*10-5 0.0013 

Lachnospira 0.00016 0.0023 

Prevotella 0.00045 0.0052 

O diet positively associated 

genera 
p-value FDR 

L-Ruminococcus 1.18*10-11 6.74*10-10 

Oscillospira 0.0016 0.013 

O vs VG diet   

O diet negatively associated 

taxa 
p-value FDR 

Lachnospira 0.00245 0.026 

O diet positively associated 

taxa 
p-value FDR 

L-Ruminococcus 1.47*10-6 8*10-5 

Veillonellaceae 0.0012 0.022 

V vs VG diet   

VG diet positively associated 

taxa 
p-value FDR 

Oscillospira 0.003 0.047 

HFD highest vs lowest 

quartile 
  

Highest quartile positively 

associated genera 
p-value FDR 

Lachnospira 0.0011 0.0281 

Highest quartile negatively 

associated genera 
p-value FDR 

Collinsella 9.80*10-05 0.005 

HFD middle vs lowest 

quartile 
  

HFD middle quartile 

positively associated genera 
p-value FDR 

Prevotella 3.30*10-03 0.0243 

Citrobacter 3.04*10-03 0.0243 

HFD middle quartile 

negatively associated genera 
p-value FDR 

Coprobacillus 2.32*10-05 0.00057 

Collinsella 2.73*10-05 0.00057 

Enterococcus 3.50*10-03 0.0243 

The significance is based on DESeq analysis.  



Table S3. Median levels of fecal metabolites identified by GC-MS/SPME and 1H-NMR analyses*. 

 

Compounds identified by GC-

MS/SPME (ppm) 
Diet type Adherence to MD 

 O V VG low medium high 

Butan-1-ol 0.012b 0.061a 0.028a.b 0.010a 0.023a 0.053a 

octan-1-ol 0.002a 0.004a 0.006a 0.005a.b 0.002b 0.005a 

1-octen-3-ol/2,2-dimethyl-4-octen-3-ol 0.008b 0.017a.b 0.014a 0.003a 0.013a 0.014a 

propan-1-ol 0.096b 0.497a 0.312a 0.096a,b 0.171b 0.383a 

2-methylpentan-3-ol 0.003a 0.001b 0.002a 0.002a 0.004a 0.002a 

pentan-2-one 2.261a 3.422a 3.452a 2.359a,b 2.248b 3.448a 

2-pentyl-furan 0.044b 0.218a 0.122a,b 0.037b 0.041a 0.210a 

2,4-dimethylhept-1-ene 0.035b 0.266a 0.069b 0.022b 0.030b 0.169a 

pentane-2,4-dione 0.007a 0.002b 0.005a,b 0.008a 0.006a 0.004a 

3-hydroxybutan-2-one 0.015a 0.003b 0.011a 0.007a 0.011a 0.006a 

3-methyl-indole 4.797a 0.885b 1.171b 5.677a 2.542a 1.708a 

4-methylphenol 23.551a 13.419b 17.138a,b 23.551a 14.672a 18.313a 

Butyl acetate 0.001b 0.030a 0.007a,b 0.002a,b 0.002b 0.018a 

acetophenone 0.054a 0.055a 0.065a 0.047a,b 0.050b 0.076a 

benzaldehyde 0.358a 0.366a 0.483a 0.205a 0.469a 0.416b 

2-phenylacetaldehyde 0.074a 0.105a 0.095a 0.047b 0.074a,b 0.107a 

3-phenylpropan-1-ol 0.001b 0.003a,b 0.004a 0.002a 0.001a 0.003a 

methyl 2-hydroxybenzoate 0.013b 0.055a 0.065a 0.027a,b 0.013b 0.062a 

ethyl butanoate 0.165b 1.393a 0.873a 0.300b 0.110b 1.303a 

hexyl butanoate 0.175b 1.470a 0.546a 0.404b 0.201b 1.033a 

methyl butanoate 0.287b 1.389a 1.250a 0.955a,b 0.332b 1.379a 

propyl butanoate 0.102b 1.131a 0.530a 0.185b 0.124b 0.837a 

dimethyl sulfide 0.121a 0.064a 0.105a 0.260a 0.105b 0.090b 

ethyl acetate 0.011b 0.058a 0.041a 0.007b 0.011b 0.053a 

ethanol 0.324b 0.838a 0.567a,b 0.202b 0.324b 0.802a 

indole 11.370a 4.204b 8.224a 6.102a 8.643a 6.677a 

propyl acetate 0.002c 0.029a 0.015b 0.002a,b 0.004b 0.019a 

ethyl pentanoate 0.115b 0.406a 0.220a,b 0.073b 0.056b 0.406a 

butyl propanoate 0.041b 0.125a 0.115a 0.147a 0.036a 0.131a 

ethyl propanoate 0.034a 0.098a 0.091a 0.064a,b 0.024b 0.111a 

propyl propanoate 0.012b 0.066a 0.041a 0.024a 0.019a 0.051a 

       

Compounds identified by NMR 

(μmol/g) 
      

hypoxanthine 1.242b 1.540a 1.363a 1.238b 1.172b 1.496a 

urocanate 0.643a 0.660a 0.790a 0.643a,b 0.594b 0.781a 

glucose 0.743b 18.271a 9.717a 7.792b 8.794b 12.085a 

ribose 1.494b 2.199a 1.184b 1.933a 1.494a 1.880a 

glycerol 6.176b 22.911a 20.467a,b 17.520b 15.647b 21.775a 

methionine 1.953a 1.834b 1.957a 1.876a 2.004a 1.891a 

methylamine 0.258a 0.196b 0.178b 0.271a 0.208a 0.189b 

succinate 0.255a 0.222b 0.250a,b 0.292a 0.233a 0.246a 

glutamate 11.382a 8.923b 11.117a 11.608a 11.382a 9.955a 

alanine 11.283a 8.791b 12.245a 11.547a,b 11.976a 10.371b 



valerate 4.309a 2.412b 3.311a 5.611a 3.538a,b 3.257b 

isoleucine 3.733b 3.644b 4.171a 3.543a 3.801a 3.855a 

valine 4.408a,b 4.027b 4.719a 4.228a 4.855a 4.329a 

leucine 7.601a 7.298b 8.209a 7.162a 8.289a 7.500a 

*Only metabolites showing significant differences between diet types (O, V, VG) or levels of adherence to the MD are listed in 
this table. Different letters indicate a significant difference (P<0.05) between diet types or adherence to MD. 
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