e M

1
S - P i e e e JEO |

! www.nature.com/scientificreports /‘

ific reports

@ o]
1 OPEN The Spanish gut
microbiome reveals links

and Medlterranean dlet

Adrigl Latorre-Pérez’™, Marta Hemandez”™, Jose Raman Iglesias?, Javier Moran>,
JavierPascual® - Manuel Porcar's; CristinaVilanova™ & Luis Collado™

Despite the increasing evidence offinks between human gut and health, the number of gut
microbiomes that have been studied to date at a country level are surprisingly low. Mediterranean
countries, including some of the most Jong-lived and healthy countries in the world, have not been
considered so far in those studies at atarge scale. The maih objective of this work isto characterize
the gut microbiomsa.of a healthy adult population.of a Meditarranean, paradigmaticaily healthy
countsy: Spain, Stodl samplesFram 530 hesithy valunteerswere collected, total metagenomic TINA
extracted; and thia mitrobialprdfiles détermined through 165 tRNA metdtaxonamic sequensing. Our
results confirm the associations between several microbial markers and different variables, including
sax, age, BMI and diet choices, and bring new insights into the relationship between microbiome
and diet in the Spanish population. Remarkably, some of the associations found, such as the
decrease of Faecalibacterinmwith-age.orthe linkof Flvwmnifractorwith-lacs hoatthy disteryhabits,
lﬁmb&m«barelrna@md4nﬂher&argem§emmmm hand; arangeofiinksbebwmen
mitroorganisms, diet; and lifestyle coincide-with thosereported irother populations; thus increasing:
therobustness of such associations and confirminyg theimportance of these microbial markers-across
different countries. Overall, this study describes the Spanish “normal” microbiome, praviding a solid
baseline for future studies invastigating the effects of gut microbioma composition and deviations in
the adherence tothe Maditerranean. dist..

Fhorn gut s one of the most diverseecusystems on Bardls. Asa resultof millions of yexrsof vo-evolution, got
microotganisms perform essentisl activities for human health and nutrition; front the digéstiom of vegetal fiber®
to the regulation of complex signalling pathways acting beyond our gut®. Since the development of metagenomic
sequencing lechntiques, the human gul microbiome has been a recurrent object of study. In 2007, The Human
Microbiome Project (HMP) was launched with two main objectives: (1) understanding the dimension of the
microbial communitiesassociated to.the human body, regarding variability among individnals; and {2).shedding
light on the interplay between.gut micsobiota and a range of diseases”. To date, nearly 6.000.gut microbiome
{outafmareihan 31 Aflcarrespondingtadifferenthndy sites)iuwe heenandlyzed inithe Famewnteaf:
-tlie IMB Thiese datasets okifiinate from individual§ of differenr sex. age, cultiite, geograpliic Iocation, and healtir
status, which implies mulliple poteritial connections between thie composition of the gut microbiome anid a range
of health issues and diseases™”. In order to shed light on those correlations, the microbiome profiles of different
cohorts (usually, healthy vs diseased) are often compared, and differences involving single microorganisms®?,
microbial vonsortial®, ordynamicbebaviorsof the commmunity are'ident iffed .
“The définifion of 2" “normdl™(or “Hedltliy”) miicrdbiome'is cruéial to understand how this nticrobiome’is 2lieyed’
asa-consequence-of any factor. Tloweven, the-sysiernatic analysis of the microbiome of healthy individualshas.only
"Been adilressed by aTew studies; and the very.concept of “normdl™ miicrobiomeis still controversidl'*'2 Sincea.

g,

* range-of factors associated to climate, gcogmphy and caltare arc Known to influence fhe gt microbidmeld16,

*Darwin Bioprospecting Excéllence S.L., Paterna, Spain. Znstituto Tentral Lectiera Astufiana para Ta Mitr€idn
Personalizada (ICLANP), Slero, Spaln. 3Instituto de [nnovacién Allmentaria, Universidad Catdlica de Murcia,.
‘Murcia, ‘Spain.. *Institute. for Integrative. Systems. Hinlagy, (|7SysBia), Uhivarsity, of ‘Valéncia-CSIC, Paterna,,
Spain. “Department of Medicine, -Complutense. University. of ‘Madrid,. -Madrid;. Spain. Bemail: -alatorre@
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‘die-precise-defmmition-of'a-mormmul mitrobiome should be-restricted to-agiven-populition; of the-same-regliin/
cnuntryand withstmilae-dietanid lifestyli abiits: Mottoves and in-oidér Yo assess the associations of microor:
ganisms with specific phenotypic or environmental factors (e, 2., age, sex, diet, disease states, etc.), it is necessary
to know the natural variability in healthy individuals through the study of large cohorts, since many traits are
mullifactoria! and caused by smalt effecls from many variants'**, To date, only a few large (over 500 people)
cohort-based human Taecal microbiome studies have been. conducted, inchuding English, Duich, Bélgian, Ger-
man,Jsraeli;North American, and South African coharts!317-21, These studies have identificd microbial markers.
assodiated withyphenotypictedits! 72, paticlogical processes,medicine consumption?},and fifestyfe??, among,
ntherfactors.

“With a population of more 'than 47"million citizens, Spain represents a particular case of study. From a geo-
graphical point of view, the Spanish territory includes the peninsular region, the Balearic and Canary Islands,
and the cities of Ceuta and Melilla (located on the northwest coast of Africa). Regarding climate, Spain is the
ost-diverse-country-ir-Europe; including regions withroceanic, warmr Mediterranean; hot Mediterranean; and:
arid climates inr the peninsula, and a tropical climate ift the'Canary Tslands. One of thie maii traits of thie Spanish
.culfure Ia:the Medfterranean dict,-characterized by the prevalent uptake of vegetdbiles, fruits, Jegumes, beans,
ceredls, fidh, ani unsaturated Tats such as 6live oil " The'hedlth benefits of ilis type of dist are wall known?>,
and its impact on thie gutmmbmmehasbccn addiessed n recent works® . This, afong-with otfier. cultursl
and social aspects, is one of the main reasons why Spain s considered the country with the highest lifespan?
and life quality®.

The objective of the present work is to shed light on the "normal” microbiome of the Spanish population,.
asa-particularcase-of Mediterrarear-countries; i whicl:gut-microbiomes; -at-a-epidenrivlogical level; fave
sufpiisingly not been studiedsso far imacomprelensive way Imrorder to-fill:this gap; avepresentative:cohort.of
individualswas sclected.accordingtendemographie criteria(age; s, nnd*geegr@hmnlamtmn). andtheirsteel-
mitcrobiome weasartilyzed theoigh 16S TRMA-mataterorontic sequencing following the FIMP standard miidé-
lines, Qut results depict the diversity and variability of the Spanish microbiome regarding sex, geography, and
age range of healthy individuals, and confirm or unveil new microbiome-health correlations among particular
microbial markers and a range of diet variables, most of which involve the consumption of food associated to
the Mediterranean diet.

Besults

Dataset:description.-  Artotal o530 individualy (267 females and’Z63 males) acrass the:Spanish. territory
*{including the Canary and Balearic IsTands, Ceuta and Melilld) joined the study (‘iupplementary Table 1) The
sample was designed to be representative of the Spanish population in terms of sex, age and geographical dis-
tribution. All the samples were associated to basic metadata of the donor (age range, sex and region), while
-528 participants provided-extended-metadata-(weight;height; eating habits; medical comdilions; ete.) via-ontire -
questionndires (Supplementary.Table 2). Microbiome sequenéing resulted’in 36,441,101 joined reads affer qual-
ity filtering and -chimers removal; yidlding a-median-of 71;402 reads-per-sample- {31 =41,271, {33=93,216):
Rarefaction curves indicated (hat dll the samples reached the asymptate (Supplementary Fig, 1).

The Spanish gut microbiome. A total of 25,764 different ASVs were detected in the entire dataset. At the
phylum level, the average Spanish gut microbiome was dominated by Firmicutes (~53.9%) and Bacteroidota (or
Bactervidetes). (~37.29), followed. by Proteobacieria. (~5%), Vertucomicrobiota. (or Verrucomicrobia). {~1.8%),.
angc;s_&ctinabacteriom»(er Actinobacteria):(~0:9%): The-average Firmicutes/-Bacteroidota (FfBY ratio-was 1.78(Cl:
199EEETY
“The-donifmrait genera-were Bucterotiles! (- 18:4% ) and Faecalibarteriiem ¢~ 1225%); ‘fuﬁnwe&by “Prevotella
{GT08Y; Alistipes (~3:4%Y; and:Oseillospinaceny VOG- 0024~ 2:3%). Ani-averageof 100 F18°diFeTeit -gefiera {out-of
447 globally detected), and 8+ 2 different phyla (out of 21) were detected iri each individual sample. The average
richness and Shannon indices at the ASV level were 283 £ 77 and 4.3+ 0.4, respectively.
The Balearic Islands presented Lhe lowest average values for alpha diversily metrics (richness; 224.5; Shannon:
4.1), while Navarra and Lz Rigja regions.(Northern Spain). showed the highest richness.(332.3; Fig. 1A).2and Shan-
non-values (4.6 Fig; 1B); respectively. It is worth highlighting that.thesnumber.of patticipants. recruited.for each..
Spanish. reglon.was praporfinnalito.the population.of this.region.with.respect.to. the total;population.of:Sp4in.
{Supplementary: Table 13, s this conld resultin.a bias towards higher:or. lower-microbial. diversitysin the:mosi-
or least represented regions it the coliort, this efféct was furtlier investigated, and no significant association was
found between the number of individuals and the average alpha diversity metrics of each region (p-value > 0.05;
Spearman’s rank correlation) (Supplementary Fig. 2). To study Lhe region-specific patlerns of microbial diver-
sity; the colrort was-divided frrthree-mainccategories-Mediterranean regions (Catalonia, Valencian Commrmisity;
Region of Murcia and Andalosia), islands (Canary and Balearic Tslands), and rest of the Spanish mainland. No
significant differences were-fonnd-acrossitiiese regionsin-terms of-alpha.diversity; Results.ofthe pairwise-com-
-parisons.al the individudl reglqns {ie, ‘)pamsh Antenomous Hedions) were nof significant eﬂ‘hgr {FIR- aﬁjusteﬁ
~pvalues U5 Wilcoxon rankssum Lest: SUpplementary Tibie 3): Interestin iy, gut: nucmblal*pmﬁlea Fomypeople
living in islands differed from those profiles obtained from participants who resided in mainland Spain. In par-
ticular, the phylum Patescibacteria and twelve other genera were significantly aver- or under-represented when
comparing island and mainland profiles (p-value <0.05. DESeq2 test), {Supplementary Table 4), In contrast,. no
signifiemnt-ditferenceswrere foend botwror-Mediterraream regionsand the rost-of the Sparistroainland:
Gut mictothomer sl maesand fenmlerwery markedly simtler(Fig 1€}, Nevertheless, the abimdance of
thesphylut-Profeobarterinandsive penus Frvralibustorivm - were sigrificuntly higherin mmlesthansinfemules:
{p-ralne 2 0.05; DEScyZted }{Fig: 24}, Therewere efphtaiditiondl penersachusedhundances differed between:
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Figurel. Diversity indices (A: Richness or Observed ASV's; B: Shannon) across the Spanish territory and (C)
distribution of the main taxa {phylum and genusJevel}-in the gut microbiome of male and female individuals.
Maps were creaied-with rdgal {v-1:5-16; https://cran.r-project.org/web/packages/rgdal/index.html) and ggpiot2-
%.3.32; https://ggplot2.tidyverse.org/3

these two groups, including Oscillibacter and Anaerostipes (Supplementary Table 5). No significant differences
between genders were found in terms of alpha diversity (p-value >0.05; Wilcoxon rank-sum test).

A_relatively high number. of microbial.markers, weze associated. with. age. Specifically, age significantly
cotrelated-with-one phylum (Cpanobavteria) and 29-different-genera-(Fig: 2B:and-Supplementary Table 6
{pvaluect05; Spenrmanirranicoortelation): Bighttof thiesegenenc(Fasvalibactorium; Clostridia UOG-014;
Phascolaretobucferinm Eubamw:umehgamgmup. i Dinlister; Bubarteriunrsiraeunrgroup; nn-unmmgnud\Marz—
Baculavear; and an umssignet Lachnospiratentywere zorong the top: 30 txrwith fheshighest aiverage rela-
tive abundance (rel. abund. > 0.7%). Remarkably, Bifidobacterium relative abundance also decreased with age
(Fig. 2C). Both alpha diversity metrics studied (richness & Shannon; ASV-level) were also age-dependent, and
they increased linearly with age (p-value < 0.05; Spearman’s correlation) (Fig. 2D and Supplementary Fig. 3).
“When splitting the dataset By sex,.a posifive correlation between age and alpiha diversity indices were Iound for

males, hut not for females (Fig, 2D and Supplementary Fig..3).- Although both richness.and.Shannon. metrics .
were nulicedblyBigher for yonagadult emales, no.significant resnltswere dhtained when comparingmalesamd
femalesaped-below40 years {p-value> 0.05; Wilcoxorrrank-sunrtest}.

Gut microbiome associations with diet-related variables. The information on diet habits collected
from 528 participants was used to establish correlations between microbiome data (at the phylum and genus
level) and.the monthly consumptisn-of43.different foeds. (e,g., bread, yogurt, milk, eic.} and. food. groups.(e.g..
nuts; sugar-sweetened beverages, etcd: Body mass index (BMI) was also-included as a-variable: In-order to-
resdiice the-complexity and dimensionality - of gems-level mitmbinme dits, ‘ooly gene with-a relative abitin-
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Figure2. ‘Associations of particular markers with sex-and age: (A) Relative abundance of Facedlibacterium and
Proteobacteria in male and female individuals. (B) Genera showing a significant Spearman’s rank correlation
{FDR-adjusted p-value<0.05) with age. Rho =Spearmar’s rank correlation coefficient. (C) Relative abundance

of Bifidobacterium in different age groups. (D) Shannon.index.vs..age.considering.the whale cohort (Jeft). (linear.

model tm” used-assmoothing method):or separating by s (right): (local pelynomial regression fitting model:
“loess” usedias smbothing methody. Riiv-and'p-valves resulting from: Spearmun’s rank correlationaveshown.
Blaek=both femnles and males; Red=femiles; Blue==mules.
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| e G615 were tested (e="171):No filtering was' appﬂed'mitlxevphyhxmﬂével*dam {ir=219: Spearmentrank:
correlgiior wasused to identify 6% genors dsscetatbd with torvariables (Pig, 34);248'8 phylasociated with 17
variables (Fig. 3B) {p-value<0.05; Spearman’s rank correlation), Verrucomicrobiota and both Eubacterium eli-
gens group and Flavonifractor resulted in the highest number of significant assoclations at the phylum and genus
level (five and scven associations, respectively). On the other hand, monthly consumption of nuts was associated
with the highest nuniber of micrabial markers {23 phyla or genera).{Supplementary Table 7).

Althoygh the different diet variables.analyzed displayed.correlations with different microbial taxa, the con-
sumption.of garnish-vegetables, sdlad; greenibeans/chard/spinach; and muts, cesiiftedsin.similar-correlations:in.
terns-of microbial patterns. Interestingly, these associations tended 1o be.the-opposite.ofthose. established for.
‘thie consumption of sugar-sweetened beverages'(Fig. 3AY,

Flavonifractor was a paradigmatic example: it was positively associated with sugar-sweetened drinks, but
negatively associated with the consumption of nuts, fruits, and miscellaneous vegetables. Similarly, the abundance
of Ruminocovens torgres-group-was positively zssociated with indicators-of meat-censumption; and negatively
associated with nuts and green beans/chard/spinach.

1 Conversely, Eubacierium-eligens group-was positively.associated witli-nuts, salad-and' green beans/chardf
| spinach consumption, and negatively assogiated” mﬁhﬁggj‘g?ced bge]’ggnogg oftiers, Remarkabil, taxa associated’
with BMI showed 110-corelation with otiter dict variibles, except for Marvinhryantic and Christensenellaceas

R-7 group, which were negatively associated with BMI and positively associaled with nuts consumption, At
the phylum level, a correlation was established between BMI and Proteobacteria. Moreover, five diet variables
{corresponding to food or food groups with a high sugar content) were associated with a reduction of Verru-
comicrotriota {Fig. 3B).

Fimally; the relativnshipbrelveerape sexand-distary hiabitswassindied. ‘Tiemonthlconsumplivnolsixteers
differeint-foods-ar fond graupswas: cssouiatediioage(Supplemenferdy Fable«8); whileseventeondictvariables
wore sox-depondent{Supplementary Table 9): Gverdll; the corsumption ot hedlthier foods{e.., sdledor citras
fruit) increased with age, while less healthy dietary habits {¢.g., consumption of sugar-sweetened beverages or
chips) presented a negative correlation with this variable. Regarding sex, females tended to adhere to healthier
dietary patterns: they reported a lower consumption of beer, spirit drinks or sugar-sweetened beverages, and a
higher consumption of fruits and vegetables.

i -
- We repm:t‘.here the analysis of the-SpanishMicrobiome, based on a totalof 530 faccal samples, as a proxy of the,
“"normal® gut microbiome of the Spanish popiilation. Although similar ‘studies have been carried out for other
European countries, such as UK, Germany, Belgium or the Netherlands'***'2, to the best of our knowledge,
this is the first Jarge-scale, country-wide gat microbiome analysis in 2 Mediterranean country.

Thie twi mist-dorriaritbicterial phyld ta the' Spanish-gul microbionve wire Firmicutes-and Bucterviduta,
followed by, Protecbacteria, Verruconiicrobiota and Actinobacteriota. This laxonomic composition is typically
reported:in hedlthy individuals!>1%2028-3t “The Firmicutes/Bacteroidota {FFB) ratioias been widely used to
detect dysbiosis associated yéith pathologles, aliliongh the nsefiilness of thils marker s currently under dehate”,

“Tncreased-or decreased F/B-ratio is related to dysbiosis, whereby: the former is usually 6bsérved with obesity,
and the later with inflammatory bowel disease?™*L. In our study, the average F/B ratio was in line with the ratios
observed in other healthy cohorts from distant geographical regions such as the US, UK, Chile, Colombia, and
Argentina. Howsver, cohorts from Indiz and Pakistan showed slightly lower T/B values (< 1.0)*. In some:cases,
the F/B-ratio-can-very-by:more-than-an-order of magnitode-among:people®, but such-lerge-devistions usuaily:
are-outliers.

Rbthe‘gmus”fevei the-domirarit taxa-of e Spanish frecal microbfome-were Bixteroidles and Farcalibincteriiom;
followed by Prevatella; Alistipes, and Oscillospiraceas; sllofthem bBelonging to the dominasttphyls Frmicutesand
Bactervidota. Bacteroides and Faecalibacterium are typically the dominant genera regardless of the geography of
the cohorts'>**=!, When comparing the relative abundances of Bacferoides with previous studies, it should be
considersd that some members of the former genus Bacteroides have recently been reclassified into five genera,
ie, Alistipes, Prevotella, Pamaprevotella, Pardbacteroides, and Ddoribacter, and hence the reélative dbundances.

can.vary ..

Treour study, we fonndmiinor differenceshetween themicmfiome tl §panishmalesand females. Toterestingly,.
-Spanish males showedahigherabundance of Faernlibacteriumn than fermates. Faecalibacterium is a prodocerof -
short-chairi fatty acids®® and one of the most filirolytit Hacteria of thie gut®. Thiz genus was alio found at Highier
relative abundances in males in other cohorts® and was linked to the development of some metabolic syndromes
in men®. The differences of some key taxa such as Faecalibacterium may contribute to the sexual dimorphism
-of autoimmuane****° and neareimmmune discases®,

'l'he ahund’ance of Faecalibacterium, Bacteroides, Bifidobiactertinn and ARKermansiatias been proved'to depend
o age®?, In-our study, a reductionin-the dbundance of FaecaliBacterfum and Bifidobacterium with-age was

Aetected bul slgnﬁjcaﬂl asspcidlionshelwenn.age. ap;}l'ﬁﬂ{mamm or. Bacteroidés were not féund. ’qucahbac—
terfum isofen described to e, ‘negatively associited with age?? 45, wiiile Both negativiand positive associations
have been found for Bifidobacterium and aging®4-43, The abundance of the Lachnospiraceae family has also
been previously reported to decrease in the elderly’”. Nonetheless, all the eight taxa be]ongmg to this family
{according to SILVA v.138 taxonomy), which displayed a significant association with age in this study, (Lachno-
spiraceae EG-003, Fachnospiraceae UEG-008, Lachnospiraceas ND3007. group; an-unassigied Lachnospimsene;
Butgrdvibido; Eubacterinnrxylanophilunvgrouy, Enbacteriunreligensigroupand: Howardella) showed; indeed; o
‘pusitive-currelation. Striploruoousiwesdlsbrhepitively-sssuciated-t-dge inreuradatasel, whicheesinlimessith
previous-findings*®. Apart from: the highlighted taxa, the dbundlance 6f éighteen additionst genera was fiumd
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“Figure 3.. Assoctations of microbial taxa (A General B Pliyld) with the consumption of partictilar féods or
foad groups. Only significant associations are shown (FDR-adjusted p-value <0.05). Only taxa or foods/food
groups showing at least one significant association are shown. Positive Spearman’s rank correlation coefficients
{pasitive dssoclitionsydnd colotéd i od, while ficgative vilues-(négative assodidtlonsy are colored in blue. A fall
description of the foods'included'in each'food group canbe found in the Supplémentary Note.
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‘tobreage>dependent, suggesting thutage-Erakey fictor for understanding tie:gutmicrobiome of te Spariisi
_pnpul?;mm irhasmbmggwd‘ﬂmmomwchangcsmmﬂx ging ey not b dirsedy attributable o
age ilsell; bul 1o different dielary and lifestyle habils acruss the different age groups1959,

Alpha diversity has demonstrated to play an essential role for understanding the human gut microbiome,
since loss of microbial diversity have been linked to intestinal dysbiosis in several human diseases™2, With
this in mind, investigating the distribution of alpha diversity metrics.in the “normal” (or “healthy”). population.
is key- From.all-the.variablesincluded in-the study. (sex, BMI, dietary.habits, etc.}, only.age was.significantly.
.associatedwith-aljhadiversityi{positive correlation); Thisassociationhaspreviouslgbeen foundin:other Eara-
pean. Americanand Asian coborts®*, In-fact,acconding to Badalet-al: (2020)% review; no stdies have-ever
confirmed a negative association of dlpha diversity with age: l'nterestmgly. our results replicated two specific
ﬂndmgs described by de la Cuesta-Zuluaga et al. (201%)%: (1) the increase in alpha diversity is more noticeable
in young adults, with a change in the trend at around age 40; and (2) young adult females present a higher—yet
-not significant trr-this-casc—alpha diversity-(and-especially a-higherrichness) when*compared to nreles-of the
same age range, suggesting thdt gut microbiome development throughout the early stages of adulthiood may be
sex-dependent, aithough-mere.researchiis stilt needed..

‘et Has dfsp heen proved as  concidi Tactor Tor understanding the'hnman putmicrobinta configuratinn and’
its modifarion tirouptiour HR5 57, Tt1s also worth HighHhtmng tiat Spam.xsoﬁcn considered asa paradigmatic
example of adherence to the Mediterranean diet, which has been linked to multiple beneficial effects™. For
that reason, We investigated how the consumption of different fonds or food groups influenced the composition
of the faecal microbiome.

Someofour-fndingseonfirm:thuse:of othrer:colrorts aed: studbes; underd g the robustness:ofithe:assacia-
Hioasacrdisdiferent experimentalidesipns mrethedelogicratdenvironmentzl variables Foreximple; wefoamd
wpositiverorrehtionbetwoen Bifidobacterium-and dairyintele;as:provicusiyreported™, Indeed; this-associa-
tion iscommaenily-used-as an-example ot the infloence-of host geneticsinethe got micrdbintz; since it hasheen:
proved that the abundance of Bifidobacteriur: depends on lactase persistence!®s!, Beyond genetics, a recent
study by Asnicar etal. (2021)% has shawn a significant positive correlation between lactose and the abundance
of three different Bifidobacterium species (B, catenulatur, B. longum and B, animalis), An assoctation between
yogurt, galactose and Tactose with Higher dbundances of Streptococcus thermoplhiilis was also identified, which
matched our obsetvation of a positive correlation between the genus Streptococcus and yogurt consumption in
the:Spanish cohort..

Remarkably; nots were the-food group: with-the-highernember of assoctations with-te-mierobisl markers
reporfed in‘Aspicaretil {2021)%, as-alsonoted in-our-stady. This could berexpectéd,; since natyare rich infiber
and polyphenals®, both of which have been widely demonstrated to modulate the function and compesition
of the gut microbiota®*¢43, Despite discrepancies in the methodologies used in both studies for studying the
microbiome {Asnicar-ct ak {2021)° used shotgun metagenomic sequencing and-reached the species level, while”
weused 2 metataxonomic approach and reached the genusevel); some of theidentificd associations-were similar.
Specifically, we foundmts consamptiontobeassociated with'the Eibacterium.eligens group, Bffidvbacterium,and
Flavonifractor, whiile Ksricar et ol (2021)* described corrélitivns fiv(ie same-direction-for Filacteriion digens,
E pliadii, B Bifiduinand*B; catenilatiion, Bl tbe.oppoiite carrelitian was fouiid for B ddimualls Weillbnlified"
a negative correlation for the abundance of Lactobacillus in the gut and nut consumption. Similarly, Creedon
ctal. (2020)% described that pistachio consumption decreased the number of lactic acid bacteria. Paradoxically,
although nuts have proved to have potential prebiotic effects®%5, negative correlations between nut consumption
and-Lactobacillus end-Bifidobacteriym, which-are:commonly.used as.probiotics, have-been:established: So; further
researchisstill needed in order 1o.depict. the underlying mechanisms.explaining this,

Wealsosrewvealed:microbialassociatinnsin:oppesits: dxmsﬁnnshamem'fbadxgmnpmhabmn}k:mﬂeeramagm—
nistic dietaryhabits (i.e., nuts, vegetables.and fruils vsweat andsugary diinks), which wasin line withi-the
behaviour described by Asmicar et al. {2021)** For instence, Flavonifractor showed a negative correlation with
healthy plant-based food groups (garnish vegetables, salad, green beans/chard/spinach, other fruits and nuts), and
a positive correlation with less healthy food groups (sugar sweetened beverages and the group formed by pizza,
croguette and others). Surprisingly, thiese results overlapped almost completely with the associatipns described
for F, plautii by Asnicar el al. (2021)%, which indeed reporled negative correlulions belween this species and
‘maltiplehealthrindicators,including BMT-and-visceral fat: The:genus Flavorifractor and-the species E glantiihave
beenproviosulylinked to.different discascs and diserders; such as-major depression disorder™, bipolar.disorder™
orcolorectal cancer™. Moreover; it is worth highlighting that F planutiiwas negatively associatéd with adherence
to MD®, while its abundance was reduced after switching to this diet™. E plautii is a flavonoid-degrading bac-
terium, which has been suggested to potentially reduce the bicavailability of beneficial flavonoid5*5, although
the specific mechanisms explaining the role of Flavenifractor in health and disease are not.yet clear and require.
furtherinvestigation.

#nother interesting ease-id that'of Bubavteriumi-eligens group and Raminovorcus torgues-group: Fheformer
ws-positively associuted withrhealthy foodsemdnegatively sssociated witirminced beef (sl nditrg Fremiburgers
and sausages), spirits.and the pizzafcroquettefother gronp; whichwas similaritorwhtat waseported by oiter-
studies'®*, ‘The latter was rather positively and negatively associated to animal-based and plant-based foods,
respeclively. These bacleria have been previously linked o vegelarian (Eubacterium eligens) and non-vegetarian
(Ruminococcus torques) subjects™, Moreover, Eubacterium eligens was linked to a higher adherence to the MD®
and to 2 heneliciil healfh signature®, while Ruminococcus torqueshasbeen negatively associated with MID$70..
Altogetherand considering that the Spanish population - mainly follow the MD, Flavenifractar {or E plautis),
Runiinocpecus- torgues.grouy, and:Evbacterium. efigens group:could be; propesedias, gubmiceobial markers.of
-adiverencerlorthis-diet:

Other remarkable associations found in'the studfed Spanishi cohort were:
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Gy amegatwe'currefauun betweenr Afkermansis ogems w’fncﬁ*]m’ﬁem‘memlyfluﬂ(e&‘te several'disease-
states™ anditigherconsumptionrofssuparyidrinks endsspirits Thisicontrasted with proviousistudies™ ™,
although a negative association between Akkermansia and other sugar-rich foods has been pre\nously
reported™.

{2) Alll) inverse correlation between wine consumption and both Bifidobacterium and Acidaminicoccus. Inter-
estingly, a decrease in. the shundance of Acidaminocaccus.sp. D21 hasheen linked to dlcohol depenience
syndrome:and liver cirrhosis®, while a negative correlation between B, bifidum and alcabol intake has heen. -
speexiously, desciibed?..

(3Y A positive correlitida beétwesi 1egiies Constinplion, oné 6f the ey signafiices-of MD,40d G
“Thiis genus proved to'increase with' igher quality of life indicators and‘to be depletedin depressmn" Bt
its interrelationship with dietary habits is yet tmclear,

{(4) Several correlations between BMI and different genera, including a positive association with the abundance
of Roseburia. A positivé correlation between R-inulinivorans and BMIwas also-deseribed by Asnicaret al
{Z0ZIY®, although other members of the Rosebitiria genus (Le., R Hiomiitis or Roseburia bacterium CAG:182)
‘havebeendinked to healthy plant-based foods, adherenceto-MPand stherindicators of goodhealth**4970,,
"This snggests a species-Gependant highavionr of fhe assnﬁaﬁbnsbetweenﬂoszhurm anil] hea.].t.h_pa.mmeters.
including BMIT.

Overall, the present wark constitutes the first complete analysis of the gut microbiome of a Mediterranean
country. Qur findings clearly confirm the association between some of the foods that characterize the Mediter-
ranean diet (vegetables and nuts, basically). with the abundance of bacterial taxa which,.in turn,.are associated
with-healidrbencfits Moreover;-divtarylubits Inwedanonstratedto:be sex: -amdrape-dupumdont, Imparticalar;
feimalerended toadheretohealthierdietury:patierns; while yormgindividinds reported s increased-consupy-
tipmr-of-lesshealthy-fondsor fovdgroups: Thissupgests-tiutwdivrenteto M DHEnSpainds: thmremmgﬂmung
young people; which:caild have a'negative impacton-the hedlth condition and.gutnuauhome composition
of the Spanish population. Diespite the difficulties encountered when comparing our investigation with other
studies because of methodological bias, our results demonstrate or point out the robustress of the associations
between healthy lifestyle traits and particular microbial markers, some of which have not been deeply studied
“in previous nation-wide miicroBiome studies. Taken togethier,. our results strongly suggest . double éffect of the
Mediterranean.diet on the health of the Spaniards: direct ones (i.e. “inherent” nutritional values such.as content.
in vitamins; fibev, healthy fats;etc) andinditect onesthronglva.nat-yet; filly nnderstand, buryet strong;associa-
{Horbetweenspecific foods, micrubiul murkers and healtin

Materials and methods

Study design, participant recruitment, and sample collection.  This study targeted healthy citizens
with.an.age sanging from. 18.t0-70 years, who-did.not meet any of the exclusion criteria. summarized in-the Sup-
plementary Note: Briefly; the-maimrexclusiorr criteria-were related to-a range-of Infections; diseases/syndromres,
asweelliasito the- e ofan b tics i the Tast6 mronths:. &' somple gronp-6f 530 individinats was designed i
uccordurce wittr ufticil femugrapiic Tata twww.ine.esyimordertofravea: representative: pmmrcﬂf‘ﬁteﬁpams‘ﬁ
popustiowin ermsalage, seizand ghography (aiseribard i1 7 adtmohious régii s and 2 aaleibiio cities).
The number of individuals corresponding lo each crilerium is shown in Supplementary Table 1.

Volunteer participants were recruited through the ICLANP website {https://ienp.es/), and selected as follows:
fixst, a standard EQ-5D-5L questionnaire (EuroQol Group, 2009) (Supplementary Note) was used to evaluate
the generic health-status-and to.pre-select. participants- with. satisfactory values-in five different aspects-(mobility,
self-care, usnat activities, pain/discomfort, and.anxiety/depression). Second; an-ad-hoc questionnaire was.used to-
seigeseparticipantsdataregardingages; sex,andilasation; anditnwwahiatethe differentexdnsinnnitesis: Hinelly,

~the volunteers that obtdined'a Positive evaluation:iri the previcus steps; completed an additional online-question:
naire regarding dietary habits (Supplementary Note). Specifically, parficipants were asked Tor (heir wedkly and/
or monthly consumption (in mumber of portions) of 43 different focds (e.g., bread, yogurt, milk, etc.) and food
groups (c.g., nuts, sugar-swectened beverages, etc.) (Supplementary Table 2). For those participants that only
provided theweekly consumption of certutn foods or-food-groups; thre: nmnﬂtly ‘consumptionwas calodated by
muTinymg the weekly consumption by four. This data was used for establishing associations between diet-related
-and -microbial markers; as:describedbelow:

"The selected perticipents signed an informed consent containing 2ll the information.on the dbjectives,.genersl
methoddlogy, and data management and protection aspects-of the'study. Stoclsampling was periérmed byeach
participant with the Stool Nucleic Acid Collection and Preservation Kit (Norgen Biotek), and the anonymized
samples were processed at the facilities of Darwin Bioprospecting Excellence, SL {Valencia, Spain) foliowing the
THMS (International Human Microbiome Standards),

Micrahinme sequencing, Sl were mosved it processed in et Hatchs Fom My 2019 to.
“Septeniter ZUZT Brielly, TINA wasextratted Trom stadl'sampies using fhie'Stodl Nucdleic AcillTsolation Kit {(Nor-
grn Blotel)Y illowing die i BOnicess ingtrnetions, T, Qabindt SEITNACHS Assay K (Qubit 20 Fluo-
rometer, Thermo Fisher, Waltham, United States) was used for DNA quantification. The amplicon sequencing
protocol targeted the V3 and V4 regions (459 bp) of the 165 tRNA genes with the primers designed on sur-
rounding conserved regions™. Following the Illumina amplicon libraries protocol, DNA amplicon libraries were
] Lusing-alimited-cycle PCR: initial: denaturation:at: 95:°C.far 3-min,. followed hy: 25-cycles of anncaling.
,(95 o0 A0 & 5500 A-s; 72 °C. A sy ex¥tension. at 72 °F, S min;: ‘using aAPA BHER HoiStart ReadyMix (KK2602).

TFhem, Hivming-sequending:adaptors.and: dual-index:bardodes, (Nextera: X indonkit:x2; FE-131-2001) were
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sddedoitireamplicons: Elbraries weremormlired endpooled’prioriosequenciig: Tlre-pndl'contmmrgmﬂmd*
ampliconswas then Joadéd-ontothe MiSeqgreagent: cartridge v3{MS-102:3003)spiked with 10% PhiX control to
improve base mllmg during sequencing, as recommended by luimina for amplicon sequencing. Sequencing was
conducted using a paired-end, 2X250pb and 2 x300pb cycle runs on an Illumina MiSeq device.

Bioinformatic and statistical analysis. Raw Hlumina: sequences: were: analysed: using Qiime2: {w
2020:8)7%. Briefly thrgnalityofthe reads wasassessed sitly the- D:mnxg]ugm, and: gmmm wetr-subseqnomtly-
trimmod fronnthebeginningafitheimodswin DADAR (q2-~dade2)®. FHr dsousedfordemaistapiamt
truncating the teadsat 2456 and for tlustetingtherdnto amplicon sequence vatiants: {AS¥E) The taxonomy
of each sequence variant was assigned employing the g2-feature-classifier classify-sklearn naive Bayes taxonomy
classifier®’. SILVA (v. 138)* was used as reference database for taxonomic assignment. SILVA taxonomy nomen-
clature was used for preparing Lhe figures (Le., Bactercidota was used instead of Bacteroidetes).

Microbiome data was andlyzed and visudlized in R, mainiy usihg pliyloseq® and ggplotZ packages. Rarefaction
curves were constricted with the iINEXT and ggiNEXT fanctions (iNEXT)%. Correlations between guantita-
-tivervariables {iz,, munthly comsumption-of-foods priood groups, BMI, age; ete.)wnd the relutive abundance,
.of microbieme markers were evaluated-using Spearman’s rank-correlation test. Categorical variables-(i.e., sex,
regionm, etc:) were tesledwith- DESeq; using its biiilt-in fimction for normelizing the raw oticrobiome counts®.
All the p-values obtained in both cases were adjusted using p. adjust R function with the Benjamini-Hochberg
procedure (EDR), and significance was defined 4t adjusled p-value <0.05. Significant correlations were plotted
into-heatmaps.using pheatmap.package. Alpha diversity metrics{richness.and Shannon}were calculated at the
ASV Tevel. Toraiplta d'nrcrmty tests;-all’ t}rc'sampicswcrc rarcﬁcd to- 1“5 UBDmds to nntlgarc'um:vc:r scqucncmg

Ethicyapproval, All'the proceedings followed'in fiis studly (inclading data management and protection)
were approved by the Ethics Committee of Hospital Clinico San Carlos (Madrid, Spain; project reference 18/557-
E). All methods were performed in accordance with the relevant guidelines and regulations. All the participants
af the study gave their informed consent..

Bt availabil

Reew-emiorobiomesequencingdatais availableforresearchuseronly: Accesstotheddata candse requesteruning the-
Foltowing eniliriéTorni: https://forms.office.com/r/v8rG8j6r0B. Supfilementary Tikile2 inchiles themetaitat oF
the study. The code and intermediate files used for analyzing the data and creating the figures have been deposited
on Github (https://github.com/adlape95/ME). The authors confirm that the rest of the results have been included
in thearticle andfor uploaded as supplementary material,
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