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SUMMARY

The role of intestinal Prevotella species in human
health iscontroversial,withbothpositiveandnegative
associations. Strain-level diversity may contribute to
discrepancies in genus and species associations
with health and disease. We dissected the gut meta-
genomes of Italianswith varying dietary habits, inves-
tigating the presence of distinct Prevotella copri
strains. Fiber-rich diets were linked to P. copri types
with enhancedpotential for carbohydrate catabolism.
P. copri strains associated with an omnivore diet had
a higher prevalence of the leuB gene—involved in
branched-chain amino acid biosynthesis—a risk fac-
tor for glucose intolerance and type 2 diabetes. These
P. copri pangenomes were compared to existing co-
horts, providing evidence of distinct gene repertoires
characterizing different P. copri populations, with
drug metabolism and complex carbohydrate degra-
dation significantly associated with Western and
non-Western individuals, respectively. Strain-level
P. copri diversity in gut microbiomes is affected by
diet and should be considered when examining
host-microbe associations.

INTRODUCTION

The gut microbiome plays a key role in human well-being, per-

forming important metabolic functions, such as the biosynthesis

of vitamins or the breakdown of indigestible compounds, and in-

teracting with the host through the production of beneficial or

detrimentalmetabolites (DeFilippiset al., 2018;DerrienandVeiga,

2017). Indeed, an imbalance among the microbial organisms in-

habiting our gut (commonly referred to as dysbiosis) has been
444 Cell Host & Microbe 25, 444–453, March 13, 2019 ª 2019 Elsevi
linkedwith the pathogenesis of both intestinal and extra-intestinal

diseases, including neurological disorders, obesity, atheroscle-

rosis, inflammatory bowel disease, and cancer (Marchesi et al.,

2016; Sharon et al., 2016; Blum, 2017).

In healthy adults, the gut microbiome may be influenced by

many extrinsic factors, among which diet may be considered

one of the most important (Zhernakova et al., 2016; Falony

et al., 2016; Sonnenburg and B€ackhed, 2016). Habitual diet

shapes the gut microbiome, and several researches have high-

lighted that dietary ‘‘Westernization’’— characterized by higher

consumption of high-fat and protein products at the expense

of foods rich in fiber—may have caused a loss of microbial diver-

sity, with ultimate repercussions on human health (Segata, 2015;

Sonnenburg and Sonnenburg, 2014).

Among the Bacteroidetes, two genera prevail: Bacteroides

and Prevotella, and while Bacteroides species are highly preva-

lent, they are usually dominated by Prevotella when this genus is

present (Falony et al., 2016; Arumugam et al., 2011). Higher

abundance of Prevotella was traditionally associated with the

consumption of an agrarian-type diet, rich in fruit and vegeta-

bles, while the abundance of Bacteroides is usually linked to

high-fat and protein-rich diets (David et al., 2014; Wu

et al., 2011).

In the past decades, metagenomics deeply increased our

knowledge on the role of the gut microbiome and how it is influ-

enced by external factors. Nevertheless, our knowledge often

relies on a genus- or species-level taxonomic assignment that,

although useful, may not be sufficient for a comprehensive un-

derstanding of the complex inter-connections between the gut

microbiome and human health. Indeed, each microbial genus

in the gut includes several species and strains that may harbor

substantial differences in their genomes. Such inter- and intra-

species variation endows each species, and even each strain,

with potentially distinct functional capacities (Faith et al., 2015;

Greenblum et al., 2015; Lloyd-Price et al., 2017; Schloissnig

et al., 2013; Scholz et al., 2016; Wu et al., 2017; Zhang and

Zhao, 2016).
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Figure 1. Prevotella copri Pangenome Is Associated with Specific Diets

(A) Principal coordinates analysis based on P. copri pangenome. Vegetarian and vegan (VVG) subjects are included in the same group.

(B) Same plot as (A), where subjects are colored according to omnivore (O), vegetarian (VG), and vegan (V) diet. Core genes (present in 100% of the samples) were

excluded.
The role of Prevotella spp. in the human gut microbiome is

controversial and deserves further exploration (Ley, 2016;

Cani, 2018). Its usual connection with agrarian and vegetable-

rich diets would suggest that Prevotella, as a fiber-degrader, is

an indicator of a microbiome associated with a healthy status.

Indeed, it was recognized as positively associated with the pro-

duction of health-promoting compounds such as short-chain

fatty acids (De Filippis et al., 2016a; De Filippo et al., 2010), an

improved glucose metabolism (Kovatcheva-Datchary et al.,

2015; De Vadder et al., 2016), or an overall anti-inflammatory

effect (De Angelis et al., 2015; Vitaglione et al., 2015). Neverthe-

less, some studies also highlighted an association of P. copri

with inflammatory conditions (Lozupone et al., 2014; Maeda

et al., 2016; Scher et al., 2013), as well as insulin resistance

and glucose intolerance (Pedersen et al., 2016). Consistently, it

has been recently brought to our attention that P. copri repre-

sents one of the clearest cases of dissimilar associations with

either health or disease (Cani, 2018), and such behavior can be

most likely explained by a strain-level diversity.

Therefore, the current associations of Prevotella with the host

may represent an oversimplification that does not consider the

wide diversity possibly existing among different P. copri strains.

The vastly different genomic repertoires of P. copri strains may

help to explain some of the differences observed across individ-

uals in their metabolic responses to diet (Ley, 2016; Truong et al.,

2017; Cani, 2018). Any attempt to assess the influence of the gut

microbiome on human health or disease must acknowledge that

many relevant functions may well be strain specific, and there-

fore, strain-level dissection of metagenomics data can be crucial

to demonstrate a causative role of the gut microbiome in the bal-

ance between health and disease. In particular, the response to

different dietary regimens or nutritional interventions may be

strain dependent and, therefore, unpredictable in the current

scenario of genus- or species-scale resolution, complicating

the possibility of microbiome-targeted dietary interventions (De

Filippis et al., 2018; Derrien, and Veiga, 2017; Zmora et al., 2016).
In order to study in depth the association between diet and

strain-level determinants in the microbiome, we sequenced the

gut metagenome of healthy Italian adults with different habitual

diets and carried out a strain-level analysis of P. copri to explore

the possible diet-driven selection of specific strains and func-

tions. Moreover, we compared the overall P. copri functional

potential of our Italian subjects with previously studied non-

Westernized cohorts.

RESULTS

Strain-Level Differences of P. copri Are Associated with
Habitual Diet
We analyzed the gut metagenome of 97 Italian omnivores (O, n =

23), vegetarians (VG, n = 38), and vegans (V, n = 36). The relative

abundance of P. copriwas high enough for a strain-level analysis

in 47 samples (9 O, 22 VG, and 16 V). The average age of the 47

subjects was 40.8 ± 8.9, 42.1 ± 7.6, and 40.1 ± 12.3 years, and

body mass index (BMI) was 24.5 ± 4.5, 21.9 ± 3.0, and 21.8 ±

3.7 kg/m2 for O, VG, and V, respectively. No significant difference

in age and BMI was detected by pair-wise Wilcoxon tests (p >

0.05). Fifty-three subjects were part of a larger cohort previously

characterized (De Filippis et al., 2016a), while 44 subjects be-

longed to a newly recruited cohort. Dietary habits and main

demographics are reported in Table S1. The abundance of

P. copri in ourmetagenomes ranged from 0 to 83.2% (Figure S1),

and it was not significantly associatedwith diet type (O, V, or VG),

as determined by multivariate analysis of variance (MANOVA)

based on Bray Curtis’ dissimilarity matrix. To test the hypothesis

that strain-level structures could be associated with diet,

we characterized the strain-specific P. copri functional potential

by pangenome profiling, using PanPhlAn and grouping ortholo-

gous genes into Kyoto Encyclopedia of Genes and Genomes

(KEGG) functional categories. No associations of P. copri pan-

genome with sex was found by MANOVA (p > 0.05). Principal

coordinates analysis (PCoA) clearly separated omnivore from
Cell Host & Microbe 25, 444–453, March 13, 2019 445



Table 1. P. copri Genes with a Significantly Different Occurrence in Italian Omnivore, Vegetarian, and Vegan Individuals

Comparison of Omnivores, O, versus Vegans, V

Gene ID Gene Name KEGG Metabolism and Pathway E.C. *p Value

Prevalence

in V (%)

Prevalence

in O (%)

g000271 TonB-dependent receptor NA NA 0.058 29.4 0.0

g000338 3-isopropylmalate

dehydrogenase

amino acid metabolism; valine, leucine,

and isoleucine biosynthesis

1.1.1.85 0.009 23.5 70.0

g000562 4-amino-4-deoxychorismatel

yase

metabolism of cofactors and vitamins;

folate biosynthesis

4.1.3.38 0.003 94.1 41.7

g000563 para-aminobenzoate synthetase

componentI

metabolism of cofactors and vitamins;

folate biosynthesis

2.6.1.85 0.001 94.1 33.3

g000800 alpha-L-fucosidase glycan biosynthesis and metabolism;

other glycan degradation

3.2.1.51 0.006 82.4 25.0

g000807 1,4-beta-xylanase NA NA 0.056 94.1 58.3

g000920 pectate lyase NA NA 0.0004 76.5 8.3

g000922 alpha-glucosidase NA NA 0.003 76.5 16.7

g000924 peptidase S24 NA NA 0.018 17.7 66.7

g001013 arginase 1 amino acid metabolism; arginine and

proline metabolism

3.5.3.1 0.038 88.2 50.0

g001041 phosphoenolpyruvate

carboxykinase

carbohydrate metabolism; pyruvate

metabolism

4.1.1.49 0.045 82.4 41.7

g001142 rhamnulokinase carbohydrate metabolism; pentose

and glucuronate interconversions

2.7.1.5 0.053 58.8 16.7

g001144 L-rhamnose-proton symport

protein (RhaT)

NA NA 0.053 58.8 16.7

g001203 Putative glycoside hydrolase NA NA 0.046 82.4 41.7

g001240 nitroreductase xenobiotics biodegradation and

metabolism; nitrotoluene

degradation

NA 0.010 23.5 75.0

g001419 phage associated protein NA NA 0.028 35.3 0.0

g001539 acetylxylanesterase NA 3.1.1.72 0.008 70.6 16.7

g001569 N-acetyl transferase NA NA 0.028 35.3 0.0

g002040 RagB/SusD domain protein NA NA 0.003 58.3 0.0

g002041 thiol-disulfide isomerase-like

thioredoxin

NA NA 0.005 11.8 66.7

g002054 SusE outer membrane protein NA NA 0.019 52.9 8.3

g002058 carbohydrate-binding protein NA NA 0.018 66.7 0.0

g002259 nitrate ABC transporter ATPase NA NA 0.001 17.7 83.3

g002283 threonine aldolase amino acid metabolism; glycine,

serine, and threonine metabolism

4.1.2.48 0.008 29.4 83.3

g002284 arginase amino acid metabolism; arginine

and proline metabolism

3.5.3.1 0.006 17.7 75.0

g002334 preprotein translocase, SecA

subunit

NA NA 0.001 11.8 75.0

g002397 tripeptidyl aminopeptidase NA NA 0.003 5.9 58.3

g002408 RagB/SusD domain protein NA NA 0.011 50.0 0.0

g002464 putative phage related protein NA NA 0.010 76.5 25.0

g002465 phage uncharacterized protein NA NA 0.001 82.4 16.7

g002469 zinc ABC transporter substrate-

binding protein

NA NA 0.029 23.5 66.7

g002508 thiolperoxidase NA NA 0.010 23.5 75.0

g003225 thiamine biosynthesis protein

ThiH

metabolism of cofactors and

vitamins; thiamine metabolism

NA 0.056 5.9 41.7

(Continued on next page)
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Table 1. Continued

Comparison of Omnivores, O, versus Vegans, V

Gene ID Gene Name KEGG Metabolism and Pathway E.C. *p Value

Prevalence

in V (%)

Prevalence

in O (%)

g003319 O-acetylhomoserine (thiol)-lyase amino acid metabolism; cysteine

and methionine metabolism

2.5.1.49 0.001 41.2 100.0

g003320 cystathionine beta-lyase energy metabolism; sulfur

metabolism

4.4.1.8 0.001 41.2 100.0

g003324 mannitol 2-dehydrogenase carbohydrate metabolism; fructose

and mannose metabolism

1.1.1.67 0.010 23.5 75.0

Comparison of Omnivores, O, versus Vegetarians, VG

Gene ID Gene Name KEGG Metabolism and Pathway E.C. *p Value

Prevalence

in VG (%)

Prevalence

in O (%)

g000046 alpha-L-fucosidase glycan biosynthesis and metabolism;

other glycan degradation

3.2.1.51 0.030 36.4 0.0

g000271 TonB-dependent receptor NA NA 0.036 31.8 0.0

g000562 4-amino-4-deoxychorismatel

yase

metabolism of cofactors and

vitamins; folate biosynthesis

4.1.3.38 0.026 82.0 41.7

g000859 N-acetylmuramoyl-L-alanine

amidase

NA NA 0.037 100.0 0.0

g001013 arginase 1 amino acid metabolism; arginine

and proline metabolism

3.5.3.1 0.012 90.9 50.0

g001419 phage associated protein NA NA 0.036 31.8 0.0

g002053 SusD family protein NA NA 0.030 59.1 16.7

g002499 Beta-xylosidase, xynB carbohydrate metabolism; amino

sugar and nucleotide sugar

metabolism

3.2.1.37 0.042 95.5 66.7

g003320 cystathionine beta-lyase energy metabolism; sulfur

metabolism

4.4.1.8 0.030 63.6 100.0

Comparison of Vegans, V, versus Vegetarians, VG

Gene ID Gene Name KEGG Metabolism and Pathway E.C. *p Value

Prevalence

in VG (%)

Prevalence

in V (%)

g000563 para-aminobenzoate

synthetase

component I

metabolism of cofactors and

vitamins; folate biosynthesis

2.6.1.85 0.024 59.1 94.0

g000800 alpha-L-fucosidase 2 glycan biosynthesis and metabolism;

other glycan degradation

3.2.1.51 0.020 40.9 82.4

g003319 O-acetylhomoserine

(thiol)-lyase

cysteine and methionine metabolism 2.5.1.49 0.059 72.7 41.2

g003324 mannitol 2-dehydrogenase carbohydrate metabolism; fructose

and mannose metabolism

1.1.1.67 0.023 63.6 23.5

g000800 alpha-L-fucosidase glycan biosynthesis and metabolism;

other glycan degradation

3.2.1.51 0.020 40.9 82.4

g000920 pectate lyase NA NA 0.023 36.4 76.5

g001240 nitroreductase xenobiotics biodegradation and

metabolism; nitrotoluene degradation

NA 0.050 59.1 23.5

g001449 putative PTS permease protein NA NA 0.024 54.6 17.7

g002259 nitrate ABC transporter ATPase NA NA 0.049 50.0 17.7

g002283 threonine aldolase amino acid metabolism; glycine,

serine, and threonine metabolism

4.1.2.48 0.010 72.7 29.4

g002284 arginase amino acid metabolism; arginine

and proline metabolism

3.5.3.1 0.049 50.0 17.7

g002341 glycosyltransferase NA NA 0.037 54.6 88.2

g002380 TonB-dependent receptor NA NA 0.002 59.1 100.0

g002416 TonB-dependent receptor NA NA 0.056 77.3 100.0

(Continued on next page)
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Table 1. Continued

Comparison of Vegans, V, versus Vegetarians, VG

Gene ID Gene Name KEGG Metabolism and Pathway E.C. *p Value

Prevalence

in VG (%)

Prevalence

in V (%)

g002417 glucoside-hydrogenase carbohydrate metabolism; pentose

phosphate pathway

1.1.1.47 0.012 68.2 100.0

g002464 putative phage related protein NA NA 0.010 31.8 76.5

g002465 phage uncharacterized protein NA NA 0.003 31.8 82.4

g002496 putative bacteriophage

integrase

NA NA 0.010 68.2 23.5

g002301 amino acid carrier protein NA NA 0.056 0.0 100.0

NA, not available; VG, vegetarians; V, vegans; O, omnivores; E.C., Enzyme Commission; KEGG, Kyoto Encyclopedia of Genes and Genomes.

*p values were calculated by paired chi-squared test. Occurrence was calculated based on the percentage of samples for each diet group showing

the gene.
non-omnivore (V and VG) subjects (Figure 1A), based on

the P. copri gene repertoire. Moreover, by further distinguishing

V and VG subjects, we observed a gradient of separation from

vegans to omnivores (Figure 1B). Compared to O, thirty-six

and eight pangenes occurred differentially in P. copri pange-

nomes of V and VG, respectively (p < 0.05; Table 1). Interestingly,

V-associated P. copri strains showed a higher prevalence of

genes involved in complex carbohydrate break-down (Table 1).

Vegans showed a higher prevalence of genes identified as ace-

tylxylan esterase, pectate lyase, alpha-L-fucosidase, 1,4 beta-

xylanase, phosphoenolpyruvate carboxykinase, and several

carbohydrate transporters (susD family). As confirmation, we

also used the CAZy database (Lombard et al., 2014; http://

www.cazy.org) for the identification of P. copri pangenes (see

STAR Methods). Glycoside hydrolase (GH) and carbohydrate

esterase (CE) families were enriched in V compared to O and

VG, although only CEs were significantly enriched in V (p <

0.05; Figure S2). In particular, CE7 and CE8, including acetyl

xylan esterase and pectin methyl esterase, showed a higher

prevalence in vegans. GH5, GH95, and GH127 containing en-

zymes, involved in complex polysaccharides breakdown, were

enriched in V, while GH2, including b-galactosidase, prevailed

in O (Table S2). In addition, genes involved in sulfur compound

metabolism (cystathionine beta-lyase and O-acetylhomoserine

thiol-lyase) were enriched in O compared to V, as well as 3-iso-

propylmalate dehydrogenase (leuB, EC 1.1.1.85), which is

involved in branched-chain amino acid (BCAA) biosynthesis.

All O, 67% of VG, and 18% of V harbored the leuB gene in

P. copri pangenome. Interestingly, when we divided subjects

for presence or absence of leuB in the P. copri pangenome, we

found significantly lower urinary BCAA levels in V and VG individ-

uals not harboring the P. copri leuB gene (p < 0.05; Figure S3).

In order to confirm the results obtained by reference-based

computational profiling, we assembled the metagenomes into

contigs and extracted those belonging to P. copri (see STAR

Methods). Core genes identified in the assemblies were

aligned and used to build a phylogenetic tree. Although only

part of the samples had >2.5 Mb total alignment to P. copri

genome (due to assembly and coverage limitations), results

still showed a sharp separation of P. copri strains present in

O and V, while VG subjects were separated in the two groups

(Figure 2).
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Comparison of P. copri Functional Potential between
Western and Non-Western Cohorts
We also compared the P. copri gene repertoire of our cohort

with Western and non-Western populations from previously

published studies (Rampelli et al., 2015; Le Chatelier et al.,

2013; Obregon-Tito et al., 2015; Yatsunenko et al., 2012). The

functional potential of P. copri strains present in Western and

non-Western populations was different, and we could identify

two main clusters separated by subject-origin (Figure 3A). Inter-

estingly, the few American and Italian controls from the other

studies clustered together with Italians from this study and

Danes from Le Chatelier et al. (2013) (Figure 3B). In particular,

1,368 genes differentiated Western and non-Western subjects

(Table S3). Among them, several genes encoding for SusC

and SusD transporters, involved in starch binding, and xyla-

nases, pectinesterases, b-glucosidases, and alpha-amylases,

involved in carbohydrate catabolism, were enriched in non-

Western subjects. Conversely, proteases and genes related

to the biosynthesis of several vitamins of the B group (B1,

B2, B5, and B6) and folate prevailed in Western individuals.

Finally, the P. copri pangenome of Western subjects showed

higher prevalence of genes encoding for TolC and MATE family

(multi-drug efflux transporters) proteins, which are responsible

for antibiotic and toxic compound export from the cell, and

DedA family proteins, which are membrane proteins possibly

involved in drug resistance.

DISCUSSION

Our understanding of gut microbial communities is usually

limited to a genus- or species-level description that, although

useful, is still a simplification in a complex ‘‘consortium’’ of

strains (Lloyd-Price et al., 2017; Truong et al., 2017). Indeed, in-

ter-individual differences in the type and number of strains pre-

sent in the healthy human microbiome exist (Faith et al., 2015;

Hansen et al., 2011; Schloissnig et al., 2013; Scholz et al.,

2016), with possibly different genomic potentials. Each strain

may have very specific mechanisms through which it can affect

health or respond to dietary patterns. Accordingly, strain-spe-

cific microbial determinants were found in virulence (Solheim

et al., 2009; Pierce and Bernstein, 2016), drug resistance (Gill

et al., 2005) or catabolism (Haiser et al., 2013), nutrient utilization

http://www.cazy.org
http://www.cazy.org


Figure 2. Single-Nucleotide Polymorphisms in Prevotella copri Genomes Differentiate Subjects by Diet

Phylogenetic tree built on concatenated P. copri genes extracted from assembled metagenomes. Only samples showing at least 2.5 Mb of alignment to P. copri

DSM 18205 genome were retained.
(Wexler, 2007; Wu et al., 2017), adhesion to the gut epithelium

(Hansen et al., 2011), and even induction of obesity (Fei and

Zhao, 2013), highlighting the importance of a strain-level dissec-

tion to address the functional role of the gut microbiome.
Prevotella defines a clear subtype of the human gut micro-

biome (Arumugam et al., 2011) and is one of its most abundant

members (Falony et al., 2016). However, its role in relation to

human health is still unclear (Ley, 2016; Cani, 2018), being
Cell Host & Microbe 25, 444–453, March 13, 2019 449



Figure 3. Prevotella copri Pangenome Differentiates Western and Non-Western Individuals

(A) Principal coordinates analysis based on P. copri pangenome of our cohort and other Western/non-Western cohorts from previous studies. Samples are

colored according to the origin.

(B) Same plot as (A), where subjects are both according to the origin and to the reference study. Core genes (present in 100% of the samples) were excluded.
contrastingly associated either with health-promoting (Kovatch-

eva-Datchary et al., 2015; De Vadder et al., 2016) or detrimental

effects for the host (Lozupone et al., 2014; Maeda et al., 2016;

Pedersen et al., 2016; Scher et al., 2013). Thus, further charac-

terization of P. copri with strain-level resolution is required to

understand if differences in the genomic potentials exist, how

they are linked to human health or disease, and whether different

dietary styles may select specific P. copri strains. Here, we

investigated the pangenome of P. copri strains from gut metage-

nome of subjects with different dietary habits. We found a

distinct clustering of the subjects based on the sample-specific

P. copri gene repertoire and driven by diet, suggesting that

different dietary habits may select for specific P. copri strains,

as we had previously speculated based on the results of oligo-

typing 16S rRNA gene sequences (De Filippis et al., 2016b). Om-

nivores with high abundance of P. copri oligotypes previously

linked with an animal-based diet (P5, P12, and P16; see De Fili-

ppis et al., 2016b) consistently harbor a P. copri functional

potential strongly different from V, supporting the value of oligo-

typing in recognizing sub-genus diversity patterns in the gut mi-

crobiome (Eren et al., 2013). According to our results, a diet

richer in fiber from fruit, vegetables, and legumes may select

for P. copri strains with higher potential for complex carbohy-

drate degradation. On the contrary, the P. copri strains associ-

ated with omnivore diet showed a higher prevalence of genes

related to BCAA biosynthesis, and subjects harboring these

genes in their microbiome consistently showed higher BCAA

urinary levels. Accordingly, Pedersen et al. (2016) found high

plasma concentrations of BCAA in subjects showing higher

levels of P. copri in their gut microbiome and associated
450 Cell Host & Microbe 25, 444–453, March 13, 2019
P. copri abundance with the development of insulin resistance, a

forerunner of type 2 diabetes. Moreover, gut metagenomes of

Western individuals were found to be enriched in genes related

to BCAA biosynthesis compared to non-Westernized popula-

tions (Rampelli et al., 2015). Our results suggest that specific

P. copri strains, possibly selected by diet, may contribute to

BCAA biosynthesis. We also compared P. copri strains of our

cohort with those found in non-Westernized populations, still

adhering to a hunting-gathering (Hadza, Amerindians) or agricul-

turalist (Tunapuco, Malawian) subsistence pattern (closely

resembling those of our ancestors), consuming primarily a

plant-based diet, heavily relying on fibrous tubers and vegeta-

bles (Rampelli et al., 2015; Obregon-Tito et al., 2015; Yatsunenko

et al., 2012). In addition, we included Western healthy Danes (Le

Chatelier et al., 2013) in the analysis. The totally different dietary

habits and lifestyles of the Western and non-Western cohorts

probably drive a consistent selection of different P. copri.

Indeed, P. copri strains from non-Western populations are

well-adapted to rescue energy from a wide range of complex

plant polysaccharides, as demonstrated by the enrichment in

genes encoding for enzymes acting on starch, xylans, pectins,

and polygalacturonans. On the contrary, the P. copri pange-

nome of Western subjects was enriched in proteases, possibly

reflecting a diet richer in proteins, as well as genes involved in

the biosynthesis of vitamin B and folate. Green vegetables are

usually rich in folates, while vitamins B1 and B2 are present in

a wide range of food products, including cereal bran. Therefore,

these are consistently reduced in refined cereals, which are typi-

cally consumed in Western countries. Consistently, a recent

study reported loss of P. copri genes associated with cellulose,



b-mannans, and xyloglucan degradation in rural Thai upon immi-

gration to the United States (Vangay et al., 2018). Our results

support the existence of a strain-level selection that probably

took place during our evolutionary history, in response to

different diets. Nevertheless, we have to point out that other fac-

tors besides diet might have their influence in shaping such strain

diversity (e.g., different lifestyles and host genetics). Interest-

ingly, Italian V and VG clustered with Western populations, sug-

gesting that a Western plant-based diet is still not effective in

establishing a P. copri strain consortium typical of a traditional

agrarian diet, and supporting the existence of a geographically

based distribution of different strain patterns (Truong et al.,

2017). Finally, the P. copri gene repertoire in Western individuals

was enriched in genes associated with drug metabolism and

antibiotic resistance, pointing to the dramatic impact of thewide-

spread contact with xenobiotics in the Western world on our in-

testinal microbial counterpart.

Our results provide evidence of a strain-level diversity in our

gut microbiome, with possible evolutionary implications, that

can be driven at least by diet beyond other environmental fac-

tors. Recent studies suggested that gut microbiome features

may be implicated in the different responses observed to die-

tary interventions or drug therapies (De Filippis et al., 2018;

Zmora et al., 2016; Derrien, and Veiga, 2017). Consequently, in-

ter-personal differences at strain-level exist and should be

considered when investigating the role of certain microbial spe-

cies in disease development. Strain-level biodiversity will also

have to be considered in the near future in microbiome-targeted

nutritional interventions developed for the prevention or treat-

ment of diseases.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Healthy Italian adults’ fecal samples De Filippis et al., 2016a N/A

Healthy Italian adults’ fecal samples This study N/A

Hadzas’ and Italians’ fecal samples Rampelli et al., 2015 N/A

Malawians’, Amerindians’ and Americans’ fecal

samples

Yatsunenko et al., 2012 N/A

Peruvians’ and Americans’ fecal samples Obregon-Tito et al., 2015 N/A

Danes’ fecal samples Le Chatelier et al., 2013 N/A

Chemicals

Nextera DNA Library Preparation kit Illumina FC-121-1031

Deposited Data

Gut metagenomes (Italians, n=97) This study https://www.ncbi.nlm.nih.gov/sra;

NCBI SRA: SRP126540; SRP083099.

Gut metagenomes (Hadza and Italians, n=38) Rampelli et al., 2015 https://www.ncbi.nlm.nih.gov/sra; NCBI SRA:

SRP056480.

Gut metagenomes (Malawian, Amerindians and

Americans, n=110)

Yatsunenko et al., 2012 MG-RAST: qiime:621.

Gut metagenomes (Peruvians and Americans, n=58) Obregon-Tito et al., 2015 https://www.ncbi.nlm.nih.gov/sra; NCBI SRA:

PRJNA268964

Gut metagenomes (Danes, n=96) Le Chatelier et al., 2013 European Nucleotide Archive: ERP003612

Software and Algorithms

SolexaQA++ Cox et al., 2010 v.3.1.7.1

MetaPhlAn2 Truong et al., 2015 v.2.6

PanPhlAn Scholz et al., 2016 v.1.0

RAxML Stamatakis, 2014) v.8.0

BLAST+ Camacho et al., 2009 v.2.3.0

MEGAN Huson et al., 2016 v.5.0

SPAdes Bankevich et al., 2012 v.3.9.0

MetaProdigal Hyatt et al., 2012 v.2.6.3
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Danilo

Ercolini (ercolini@unina.it).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study Population
Study population included 53 subjects coming from our previously characterized cohort, and the protocol was approved by the

Ethics Committees as previously reported (De Filippis et al., 2016a). Moreover, we added 44 metagenomes from a newly recruited

cohort study in Turin (Italy). Subjects were healthy volunteers recruited between May 2017-July 2018, in collaboration with the Italian

Society of Vegetarian Nutrition (http://www.scienzavegetariana.it/). All subjects filled a validated, self-administered food-frequency

questionnaire assessing the usual diet, together with lifestyle and personal history data, in accordance to the EPIC study standards

(Vineis and Riboli, 2009), where specific questions for vegan and vegetarian dietary regimes were included. All subjects were 18-60

years old, following the declared dietary regime for at least one year. The following exclusion criteria were applied: supplementation

with prebiotics or probiotics, consumption of antibiotics in the previous 3 months. pregnancy and lactation. intestinal pathologies

(Crohn’s disease, chronic ulcerative colitis, bacterial overgrowth syndrome, constipation, celiac disease, Irritable Bowel Syndrome,
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mailto:ercolini@unina.it
http://www.scienzavegetariana.it/
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra


colorectal cancer), and other pathologies (type I or type II diabetes, cardiovascular or cerebrovascular diseases, concomitant

neoplastic diseases, neurodegenerative disease, rheumatoid arthritis, allergies). Informed consent was obtained from all subjects,

the protocol was approved by the Ethics Committee of Azienda Ospedaliera ‘‘SS. Antonio e Biagio e C. Arrigo’’ of Alessandria, Italy

(protocol number Colorectal miRNA_CEC2014).

The final dataset included 97 adult subjects (46 males, 51 females): omnivores, n=23; vegetarians, n=38; vegans, n=36. The main

characteristics of the cohort are reported in Table S1. Metagenomes sequenced in this study are available at the Sequence Read

Archive (SRA) of the National Center for Biotechnology Information (NCBI SRA: SRP083099; SRP126540).

We further complemented themetagenomes of our cohort with those of previously published cohorts fromWestern and non-West-

ern populations: 27 Hadza (traditional hunter-gatherer population from East-Africa) and 11 Italians (Rampelli et al., 2015 - NCBI SRA:

SRP056480); 23 Malawian, 21 Amerindians and 66 Americans (Yatsunenko et al., 2012 – MG-RAST: qiime:621); 24 Matses (hunter-

gatherer population from the Peruvian Amazon), 12 Tunapuco (traditional agricultural community from the Andean highlands) and 22

Americans (Obregon-Tito et al., 2015 – NCBI SRA: PRJNA268964); 96 healthy, normal-weight Danes (Le Chatelier et al., 2013 – EBI

European Nucleotide Archive: ERP003612).

Only 79 metagenomes (i.e., 2 Italians and 23 Hadza from Rampelli et al.; 10 Tunapuco and 3 Americans fromObregon-Tito et al.; 7

Malawian, 3 Amerindians and 2 Americans from Yatsunenko et al.; 29 Danes from Le Chatelier et al.) from the different cohorts were

retained in the analysis due to low abundance of P. copri in the other samples.

Urinary levels of the branched-chain amino acids (BCAA) leucine and isoleucine available for some of the Italian subjects were

retrieved from the results reported in the original study (De Filippis et al., 2016a).

METHOD DETAILS

Libraries Preparation and Sequencing
Libraries were prepared using the Nextera DNA Library Preparation kit (Illumina) and sequenced on an Illumina HiSeq platform (lead-

ing to 40,552,111 ±9,650,536 reads/sample).

Bioinformatics Data Analysis
Read Filtering

Host contamination was removed using the human sequence removal procedure from the Human Microbiome Project (Turnbaugh

et al., 2007). Raw reads were quality-trimmed (Phred score < 25) and reads shorter than 60 bp were discarded with the SolexaQA++

software (Cox et al., 2010). Number of reads/sample resulting after filtering is reported in Table S1.

Taxonomic Profiling

Taxonomic profiling was carried out by using MetaPhlAn2 (version 2.6; Truong et al., 2015).

Prevotella copri Pangenomics from Short-Reads
Strain-level analysis was performed through a gene-content-based profiling using PanPhlAn (Scholz et al., 2016). P. copri pange-

nomes from all the samples were inferred using PanPhlAn (Scholz et al., 2016), with parameters –min_coverage 1, �left_max

1.70, and –right_min 0.30. This led to 50 samples left in the Italian dataset (9 omnivores, 22 vegetarians, 19 vegans). Pangenome

representative sequences were extracted from the PanPhlAn P. copri database and aligned to the NCBI Non-Redundant (NR) data-

base using BLASTx (version 2.3.0, Camacho et al., 2009; e-value cutoff of 1e-5, requiring a hit to display > 90%of identity over at least

30% of the query length) for performing functional annotation. Functional annotation in the KEGG database was performed through

MEGAN 6 Ultimate Edition (Huson et al., 2016). Carbohydrates Active Enzymes were identified using the CAZy database (Lombard

et al., 2014; http://www.cazy.org/).

Finally, we compared P. copri pangenomes of our samples with Western and non-Western subjects from Rampelli et al. (2015).

Obregon-Tito et al. (2015), Yatsunenko et al. (2012), Le Chatelier et al. (2013). Seventy-nine metagenomes (i.e., 2 Italians and 23

Hadza from Rampelli et al.; 10 Tunapuco and 3 Americans from Obregon-Tito et al.; 7 Malawian, 3 Amerindians and 2 Americans

from Yatsunenko et al.; 29 Danes from Le Chatelier et al.) were retained in the analysis by considering the aforementioned PanPhlAn

parameters. Differential occurrence of pangenes between O, VG and V groups or between Western and non-Western groups was

determined by Chi-squared test. carried out in the R environment (chisq.test function in the package MASS).

Prevotella copri Genome Reconstruction through Metagenomics Assembly
High-quality reads were assembled with SPAdes 3.9.0 using the –meta option (Bankevich et al., 2012) and kmer length from 21 to

91bp. Resulting contigs (> 1000bp length) were then aligned to the P. copri reference genome (DSM 18205) with BLASTn, using

an e-value cutoff of 1e-5, requiring a hit to display > 90% of identity over at least 30% of the query length. ORFs were called on

the resulting contigs with the automated gene prediction pipeline MetaProdigal (version 2.6.3; Hyatt et al., 2012). Assembly results

and alignment length are reported in Table S1. Since the P. copri reference genome is about 3.5Mb, samples with less than 2.5Mb of

alignment length were excluded from further analysis, which resulted in a total of 33 reconstructed genomes. This generated a cata-

logue of 26,104 ORFs spanning 154 core (present in 100% of the strains) and soft core (95-99% of the strains) genes. Core genes

were concatenated, aligned and processed with RAxML (version 8; Stamatakis, 2014) to generate a phylogenetic tree, visualized by

using Archaeopterix (https://sites.google.com/site/cmzmasek/home/software/archaeopteryx).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analyses were carried out in the R environment. Chi-squared test was carried out using the chisq.test function in the pack-

ageMASS. Principal Coordinates Analysis (dudi.pco function inmade4 package) was carried out on a distance matrix calculated on

Bray Curtis’s distance (vegdist function in package vegan). Multivariate Analysis of Variance (MANOVA, adonis function in package

vegan) was carried out on Bray Curtis’ dissimilarity matrix to test the overall difference in pangenome composition among diet groups

or between Western and non-Western subjects. Pair-wise Wilcoxon-Mann-Withney (pairwise.wilcox.test function in package base)

test was used to test differential abundance of Prevotella copri, BCAA or CAZymes hits. If not specified, p-value < 0.05 was consid-

ered statistically significant.

DATA AND SOFTWARE AVAILABILITY

Metagenomes produced in this study are available at the Sequence Read Archive (SRA) of the National Center for Biotechnology

Information (the accession numbers for the sequences reported in this paper are NCBI SRA: SRP126540 and SRP083099).
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