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SUMMARY
The Segatella copri (formerly Prevotella copri) complex (ScC) comprises taxa that are key members of the
human gut microbiome. It was previously described to contain four distinct phylogenetic clades. Combining
targeted isolation with large-scale metagenomic analysis, we defined 13 distinct Segatella copri-related spe-
cies, expanding the ScC complex beyond four clades. Complete genome reconstruction of thirteen strains
from seven species unveiled the presence of genetically diverse large circular extrachromosomal elements.
These elements are consistently present in most ScC species, contributing to intra- and inter-species diver-
sities. The nine species-level clades present in humans display striking differences in prevalence and intra-
species genetic makeup across human populations. Based on ameta-analysis, we found reproducible asso-
ciations between members of ScC and the male sex and positive correlations with lower visceral fat and
favorable markers of cardiometabolic health. Our work uncovers genomic diversity within ScC, facilitating
a better characterization of the human microbiome.
INTRODUCTION

The human gut microbiome is a complex ecosystem shaped by

microbial, environmental, and host-derived factors.1,2 Bacillota

(formerly Firmicutes) and Bacteroidota (formerly Bacteroidetes)

are the two phyla that typically dominate the bacterial fraction

of these gut communities as detected by sequencing (avg. rela-

tive abundance of 51.5% ± 24% and 30% ± 23.8% in the gut of

healthy adults, respectively3). Members of the families Bacteroi-
Cell Host & Microbe 31, 1–16, No
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daceae and Prevotellaceae are the most prevalent and abundant

Bacteroidota (on average 49.8% ± 32.4% and 24.6% ± 33.5% of

Bacteroidota relative abundances, respectively3).4,5Within these

families, the gut microbiome of individuals living in Westernized

populations are frequently dominated by species in the Bacter-

oides and Phocaeicola genera, whereas the genus Segatella

(defined after the recent split of the genus Prevotella into

seven distinct genera6) clearly dominates in individuals living in

non-Westernized populations and following more traditional
vember 8, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lifestyles.2,7–11 Factors such as the consumption of fiber-rich di-

ets have been suggested to contribute to the enrichment in non-

Westernized individuals and subgroups of Westernized individ-

uals.12–16 Although an overabundance of Segatella spp. has

been identified in various studies to be associated with specific

diseases such as rheumatoid arthritis in Westernized popula-

tions,17–19 other studies failed to observe similar associa-

tions20,21 and even linked the presence of Segatella with an

improved metabolic health after dietary interventions such as

consumption of fiber-rich diets.15,22–25 Thus, whether the influ-

ence of Segatella spp., and specifically Segatella copri, on hu-

man health is positive or detrimental is yet to be clarified and

may be determined by unknown genetic factors and species

stratification.21

Recent advances in both metagenomic analysis and cultiva-

tion approaches are uncovering the taxonomic, genetic, and

functional diversities of many prevalent gut bacteria that were

not accessible with previous amplicon-based surveys. Faecali-

bacterium prausnitzii,26 Akkermansia muciniphila,27 and Agatho-

bacter rectalis (formerly Eubacterium rectale)28 are some recent

examples. Moreover, S. copriwas shown to encompass a diver-

sity overlooked by 16S rRNA gene analyses.20 S. copri was thus

expanded into a sub-genus level taxonomic complex comprising

four genetically distinct species-level clades with different func-

tional and host profiles but highly conserved 16S rRNA gene se-

quences.20 The continued expansion of metagenomic and

cultured bacteria collections together with novel strain-level

functional assay and genetic tools29 is opening new opportu-

nities to further characterize the S. copri-related taxa and their

contribution to human health. However, the genetic diversity of

the S. copri complex (ScC) is, to date, still unclear, limiting the

overall understanding of its role in the gut microbiome, for

instance, species- and strain-specific contributions to metabolic

health and immune-mediated diseases.

To resolve the diversity within ScC, we performed large-scale

studies combining (1) targeted isolation of 44 distinct strains fol-

lowed by long-read sequencing of 14 strains with (2) in-depth

metagenomic analyses of more than 20,000 metagenomes

from humans and non-human primates (NHPs) with curated

host information. This allowed us to identify 13 distinct bona

fide species within ScC, expanding beyond the previously

observed four clades.20 High-quality genome assembly enabled

by long-read sequencing revealed the presence of a large and

genetically diverse extrachromosomal element in almost all

strains, with enhanced genetic diversification compared with

that of themain chromosome. An analysis of metagenomic data-

sets corroborated the presence of these elements in S. copri-

containing samples, identified striking genetic differences within
Figure 1. The Segatella copri complex is composed of 13 different spe

(A) Overall description of the data and analyses of this work.

(B) Phylogenetic tree spanning the 13 ScC species. Isolate genomes were inte

genomes are shown. The tree highlights the well-defined taxonomic species bas

isolate genomes; the number of genomes sequenced in this work is reported in

(C) Genome characteristics for the ScC species by integrating available isolate g

(D) Genetic distances within (intra-species) and between (inter-species) the ScC

tances).

(E) Jaccard distance based on pairwise gene content (UniRef90 families) within (i

Boxplots in (E) show the median (center), 25th/75th percentile (lower/upper hinge

and Table S1.
species depending on their origin and lifestyle, and revealed a

positive correlation of multiple but not all members of ScC with

host characteristics.

RESULTS

An integrated approach to study S. copri

We performed a targeted isolation of strains of ScC,20 obtaining

44 isolates initially identified as S. copri using S. copri-specific

primers from fecal samples of human volunteers from three

distinct cohorts (see STAR Methods and Table S1A). DNA from

all 44 isolates was subjected to short-read sequencing, and

additional PacBio long-read sequencing was obtained for thir-

teen representative strains. This yielded thirteen closed ge-

nomes, one genomewith less than 3 contigs, and 30 high-quality

draft genomes. We integrated these 44 genomes from our own

isolates with (1) a collection of 404 isolate-derived genomes

belonging to the Prevotella genus (prior to its recent reclassifica-

tion into seven genera6) available in the NCBI GenBank database

(as of June 2021)30 and (2) 9,581 medium-to-high-quality meta-

genome-assembled genomes (M-HQ MAGs) (completeness

>50% and contamination <5%) belonging to species-level

genome bins (SGBs)31 from the family-level genome bin (FGB)

that contains all genomes assigned to the species previously as-

signed to Prevotella, including Segatella, in the MetaPhlAn 4

genomic database (version January 2021)3 (Figure 1A).

To investigate the species- and strain-level diversities of ScC

and its association with human phenotypes and lifestyles, we

leveraged 20,510manually curated and publicly available human

body metagenomes from 92 studies. These large catalogs span

six human body sites (19,066 samples from the gastrointestinal

tract, 743 from the oral cavity, 504 from the skin, 96 from the fe-

male urogenital tract, 93 from the airways, and 8 from breast-

milk); four age categories (2,946 newborns, 2,075 children,

13,855 adults, 1,611 seniors, and 23 without reported age);

sexes (8,795 males, 8,879 females, and 2,836 without reported

sex); lifestyles (18,738Westernized and 1,772 non-Westernized);

and geography (45 countries).32 Additionally, we considered 24

ancient human stool metagenomes from previous studies20,33–36

(ranging from 5,300 to 200 years ago) and 203 from NHPs (22

species from 14 different countries in five continents, including

primates living in the wild or held in captivity37) (Figure 1A;

Table S1B).

ScC spans 13 distinct species
To characterize the diversity and structure of the Segatella

genus, we computed the pairwise genetic distances between

the 10,029 MAGs and isolate genomes classified as belonging
cies

grated with MAGs. For each species, a maximum of 200 randomly selected

ed on inter-species vs. intra-species diversity. The n indicates the number of

parenthesis. NHP, non-human primate.

enomes with reconstructed MAGs.

species, shown as pairwise average nucleotide identity distances (ANI dis-

ntra-species) and between (inter-species) the ScC species. OS, other species.

s), 1.53 interquartile range (whiskers), and outliers (points). See also Figure S1
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to the genus Prevotella (prior to its recent reclassification into

seven genera6) and clustered them into SGBs. We established

a 5% genetic distance threshold for SGB definition as per previ-

ous validations31,38,39 and defined 165 SGBs (see STAR

Methods). In the phylogeny built for these 165 SGBs (see

STAR Methods), we identified ScC as the minimal monophyletic

subtree that comprised all reference genomes labeled as

S. copri in the NCBI GenBank database30 and resulted to be

clearly distinct from other species (Figure S1). The expanded

ScC20,21 comprised 9 additional species-level clades in addition

to the four clades previously described (clades A–D),20 revealing

a total of 13 distinct species (including the recently described

species Segatella hominis, formerly Prevotella hominis,40 as

clade E; Figure 1B).

Of the 9 additional S. copri clades, five (E–I) were mainly popu-

lated by strains reconstructed from the human gut microbiome,

whereas the genomes of the other four clades (J–M) were only

retrieved from NHPs. Seven clades (A–G) were supported by at

least one previously sequenced isolate genome, whereas the

single isolate genome of clade F has been sequenced in this

work (strain RHB01T; see STAR Methods). The different clades

exhibited relatively variable G + C content (GC) of genomic

DNA (from 43.1% for clade E to 47.5% for clades K and I) and

a number of core genes ranging from 907 for clade F to 1,567

for clade L (Figure 1C). Average nucleotide identity (ANI) be-

tween the 10,029 genomes showed limited intra-clade and

high inter-clade distances in comparison with the common 5%

threshold adopted to delineate species boundaries38 (Figure 1D),

and this separation is also supported by distances computed on

gene content (Figure 1E). Based on these results, we propose

the naming of these clades as individual species: Segatella

brunsvicensis (clade B), Segatella sinensis (clade C), Segatella

brasiliensis (clade D), Segatella sanihominis (clade F), Segatella

sinica (clade G), Candidatus Segatella caccae (clade H), Candi-

datus Segatella intestinihominis (clade I), Candidatus Segatella

violae (clade J),Candidatus Segatella albertsiae (clade K),Candi-

datus Segatella mututuai (clade L), and Candidatus Segatella pa-

pionis (clade M) (protologs provided in the STAR Methods).

Complete genome reconstruction unveils LEEs and
diverse extrachromosomal elements in ScC
The thirteen S. copri-related isolates, for which the combination

of short- and long-read sequencing allowed us to obtain closed

or nearly closed genomes, enabled us to investigate structural

features of the genomes. These thirteen isolates represent seven

distinct species (S. copri [clade A], S. brunsvicensis [clade B],

S. sinensis [clade C], S. brasiliensis [clade D], S. hominis [clade

E], S. sanihominis [clade F], and S. sinica [clade G];

Table S1C). In addition to the main replicon within the range of

the expected size (from 3.32 to 4.26 Mb), we found the presence

of an additional circular large extrachromosomal elements

(LEEs) spanning from 72.4 to 328.8 kb (Figure 2A; Table S1C)

in all species but S. brunsvicensis (clade B) and S. sanihominis

(clade F), strongly contributing to the ScC intra- and inter-spe-

cies diversities (Figures S2A and S2B). For S. sinensis (clade

C), we noticed that one strain contained an LEE, whereas the

other did not. Sequence similarity analysis of LEEs showed no

significant (partial) match with previously described extrachro-

mosomal elements or megaphages (see STAR Methods).41 Of
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note, various additional smaller plasmids were also detected in

some of the strains (n = 0–3, ranges = 2.8–58.9 kb; Figure 2A;

Table S1C).

These LEEs from 10 isolates have a GC% that is, on average,

3.09% ± 2.3% lower than the corresponding main chromosome

(Wilcoxon signed-rank test = 0.009, Figure 2A; Table S1C).

Notably, most of these elements encoded a complete copy of

a ribosomal operon (5S, 16S, and 23S rRNA geneswere all found

in 8 of the 10 isolates), various loci of toxin-antitoxin (TA) sys-

tems, and multiple transposases (Figure 2A). However, the ma-

jority of predicted genes in LEEs have an unknown function

(69.88% ± 10.22% in comparison with 56.02% ± 1.34% in the

main chromosome, Wilcoxon signed-rank test = 0.002). Pange-

nome analysis between the complete reconstructed genomes

(see STAR Methods) revealed an enrichment of unique proteins

(singletons) when compared with the main chromosome

(33.24% ± 9.84% vs. 12.84% ± 2.53%, Wilcoxon signed-rank

test = 0.002; see Key Resources Table). LEEs are highly diverse

within isolates of the same species (avg. ANI = 85.03% ± 3.48%)

especially in comparison with the corresponding main chromo-

some divergence (96.25% ± 0.28%, Wilcoxon signed-rank

test = 0.0009), and this diversity is enlarged when comparing

LEEs of isolates from different species (avg. ANI = 81.19% ±

1.19%,Wilcoxon signed-rank test = 3.65e�7) (Figure 2B). These

big differences between LEEs are also reflected at the functional

level, where only a few gene families are shared between the LEE

variants (only 19.32% are present in at least two variants and just

6.11% in more than two; Figure 2C).

We then expanded the analysis of LEEs using the dataset of

20,7000 publicly available human and NHP shotgun metage-

nomes (Table S1B). We mapped the LEE variants from 10 iso-

lates against the 8,477 samples for which, at least, one of the

ScC species was detected using MetaPhlAn 4,3 and then, we re-

constructed the LEE variants using a consensus-based metage-

nomic approach (see STAR Methods). In total, 4,683 samples

(55.24% of the ScC-positive samples) showed one LEE variant

with a breadth of coverage above 50%. For S. copri (clade A),

in which we recovered five different LEE variants, we found an

enrichment of the variant HDC01 (the most predominant, recon-

structed on 70.47%of the strains in the S. copri [clade A] phylog-

eny) in a subclade of the tree mainly populated by individuals

from Westernized populations (Figure 3A). For other variants of

S. copri (clade A), as well as for those of S. hominis (clade E)

(with two different variants), we did not find any similar associa-

tion to Westernization/non-Westernization (Figures 3A and S3).

Of LEEs that were identified from genomes at a coverage of

13, 96.6% were found at a breadth of coverage above 40%

(with the exception of HDE04 variant from S. sinensis [clade C];

median = 68.48%, 25th percentile = 59.61%, 75th percentile =

76.79%; Figure 3B). This distinct pattern reflects the observation

based on isolates, as an LEE was not consistently observed in

isolates from S. sinensis (clade C). In addition, we found high

collinearity between the depth of coverage of the main chromo-

some and that of LEE (when depth of coverage of the main chro-

mosome >23 and breadth of coverage of the LEE >50%, Spear-

man’s r = 0.88 ± 0.084, p < 1e�6, linear regression slope = 0.81 ±

0.073; Figures 3C and S2C). Both these findings suggest that for

most of the species, LEEs are always present and in the same

copy number as the main chromosome.
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Figure 2. Most ScC species harbor a large extrachromosomal element

(A) Number of plasmids and variability of the main chromosome and LEE genomic characteristics between the different isolates. Main chromosome lengths are

represented in terms of million (1e6) pair-bases, whereas LEE lengths are in terms of hundred thousand (1e5) pair-bases. TA, toxin-antitoxin system.

(B) Average nucleotide identity (ANI) between the main chromosome (top-right triangle) and LEE (bottom-left triangle).

(C) Pangenome presence/absencematrix of the different LEE from the 10 ScC genomes shows a highly diverse gene content between variants. Gene families are

defined at 80% genomic identity. See also Table S1.
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We then investigated whether there is evidence of co-diversi-

fication between the main chromosome and LEE or whether

LEEs are frequently horizontally transmitted. Specifically for

S. copri (clade A), we found a strong correlation between the

pairwise single-nucleotide polymorphism (SNP) rates of the

main chromosome and LEE (when assessing sequences sharing

the same LEE variant and the breadth of coverage of LEE >80%,

Spearman’s r = 0.87; Figure 3D), suggesting a potential co-diver-

sification between them. We found similar correlations when as-

sessing the SNP rates of the S. brasiliensis (clade D), S. hominis

(clade E), and S. sinica (clade G) (Spearman’s r = 0.71, 0.58, and

0.59, respectively; Figure S2D). The lowest co-phylogenetic cor-

relation was shown by S. sinensis (clade C) (Spearman’s r = 0.38;

Figure S2D). Interestingly, we found that the mutations observed

in the main chromosomes were mostly driven by neutral evolu-

tion, whereas those of LEEs produced significantly higher amino

acid changes (Figure S2E). Moreover, the analysis of horizontal

gene transfer (HGT) between main chromosome and LEE re-

vealed that from 30% in S. sinica (clade G) (HDE06 strain; 22

coding sequence [CDS] of 77 total LEE-encoded CDS) to

7.73% in the HDB01 strain of S. copri (clade A) (13 CDS of the

168 total LEE-encoded CDS) were shared. The gene annotations

of these shared CDS correspondmainly to hypothetical proteins,
integrases, and transposases, suggesting that mobile elements

actively contribute to HGT between LEE and main chromosome,

albeit at low level. Thus, although their divergence even within

species and their gene composition suggests that LEEs are un-

der horizontal transfer pressure, their host co-diversification pat-

terns and their essential need for the host suggested by their

consistent presence and TA systems point at a rather stable inte-

gration in the host cell.

All ScC species are underrepresented in Westernized
individuals
Westernization has been driven by industrialization and related

factors over the past two centuries and is broadly characterized

by urbanized dwelling, dietary changes, and access to health-

care and pharmaceuticals20,31,42 (see STAR Methods).

Numerous reports associated non-Westernized populations as

being rich in Prevotellaceae species compared withWesternized

individuals, which are conversely rich in Bacteroidaceae spe-

cies.2,7–10 Previously, it was shown that ScC was not only highly

prevalent in non-Westernized populations but also characterized

by multiple clades co-occurring within non-Westernized individ-

uals. Expansion of the complex shows that at least one member

of ScC is present in 49.18%Westernized comparedwith 92.71%
Cell Host & Microbe 31, 1–16, November 8, 2023 5
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Figure 3. LEEs are highly prevalent and diversifies with the main chromosome

(A) Phylogenetic reconstruction of S. copri (clade A). The length of the external bar plots represents the breadth of coverage of LEE in the sample. NHP, non-

human primate.

(B) Breadth of coverage of LEE when the depth of coverage of the main chromosome is above 13.

(C) Spearman correlation between the depth of coverage of themain chromosome (x axis) and LEE (y axis) of S. copri (clade A), when the depth of coverage of the

main chromosome is above 23 and the breadth of coverage of LEE is above 50% (Spearman’s r = 0.95). The color gradient represents the breadth of coverage

of LEE.

(D) Spearman correlation of the single-nucleotide polymorphisms (SNPs) rates between themain chromosome (x axis) and LEE (y axis) of S. copri (clade A), when

the breadth of coverage of LEE is above 80% (Spearman’s r = 0.87). SNP rates of the main chromosome were calculated using the multiple-sequence alignment

(MSA) of the StrainPhlAnmarker genes and those from LEE using theMSA of the full LEE alignment. Boxplots in (B) show themedian (center), 25th/75th percentile

(lower/upper hinges), 1.53 interquartile range (whiskers), and outliers (points). See also Figures S2–S5.
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non-Westernized individuals (in comparison with 48.66% and

91.85% when assessing only the original four species/clades,

Figure 4A—‘‘any clades’’), and similar results are obtained

when assessing each species separately (Figure 4B). Although

the expanded species (clades E–I) tend to be less prevalent

than the original four, S. hominis (clade E) and S. sinica (clade

G) are present in more than 65% of the non-Westernized individ-

uals (68.64% and 66.54%, respectively, Figure 4B). S. copri

(clade A) andS. sinensis (cladeC) are themost co-occurring spe-

cies in bothWesternized and non-Westernized populations (both

present in 13.26% and 78.64% of the individuals, respectively;

Figure S5A). Of non-Westernized individuals in which at least

one member of ScC was detected, 85.31% individuals have
6 Cell Host & Microbe 31, 1–16, November 8, 2023
more than one species compared with 19.59% Westernized in-

dividuals (Figure 4C), and in 15.06% of cases of non-Western-

ized individuals, all 9 ScC species are present (Figure 4C).

In order to confirm that the decreased prevalence and diver-

sity of ScC in Westernized populations compared with contem-

porary non-Westernized populations reflect the historical

changes that modern Westernized populations underwent in

the last few millennia, we analyzed fecal fossils (i.e., coprolites)

that are currently available. We examined 24 ancient fecal sam-

ples from different ancient individuals dated from �3,300 BC to

1,720–1,783 AD and 5 countries and 3 continents (Table S1B).

Although small in number, both prevalence and multiple species

co-occurrence were akin to contemporary non-Westernized
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Figure 4. Diversity and genetic stratification of the ScC species

(A) Prevalence of the ScC species acrossWesternized and non-Westernized populations, ancient samples, and non-human primates (NHPs). Number of samples

per dataset are reported between parentheses.

(B) Percentage of Westernized and non-Westernized samples containing multiple ScC species.

(legend continued on next page)
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individuals (Figure 4D). In the samples in which ScC was present

(95.83% of the ancient samples), we found at least three Sega-

tella species present simultaneously and in 87.5% and 20.83%

of the cases, 4 and 5 species were present (Figure S5B). Surpris-

ingly, S. hominis (clade E), S. sanihominis (clade F), S. sinica

(clade G), and Ca. S. caccae (clade H) were only found in Euro-

pean coprolites (Figure 4D). Ca. S. intestinihominis (clade I),

instead, was never found in the ancient samples (Figure 4D).

All these findings reinforce the hypothesis that the ScC species

are long-standing core members of the co-evolved human mi-

crobiome but have rapidly declined in prevalence and diversity

in connection with the process of Westernization.20

The ScC species present a genetic structure linked to
geography and lifestyle
We further investigated the strain-level diversity and stratification

of the 9 human ScC species using StrainPhlAn 43 (Figure S3; see

STARMethods). We found a phylogenetic stratification for all the

species that is strongly linked with lifestyle (Westernized vs. non-

Westernized; Figures 4E and S6, PERMANOVA p < 0.05) and

geographic origin when comparing strains from different conti-

nents (Figures 4F and S7, PERMANOVA p < 0.01). Interestingly,

strains reconstructed fromWesternized individuals appear to be

phylogenetically closer between them than those from non-

Westernized ones (Figures 4G and S8A, Mann-Whitney U test

p < 0.05). We also found a significantly lower proportion of poly-

morphic positions (defined as the proportion of bases in the re-

constructed sequences in which the main allele dominance is

below 80%) in the strains of Westernized individuals

(Figures 4H, S5C, and S8B; Mann-Whitney U test p < 0.05), sug-

gesting that individuals from non-Westernized populationsmight

carry more strains from the same species than those from the

Westernized ones. However, this increase in polymorphisms

might also partially depend on the intra-population diversity of

the species (Figure S9).

Strains from ancient humans and NHPs were also integrated

into the phylogeny of the 9 ScC species (Figure S3). We found

strains from captive macaca (housed in a Chinese research facil-

ity43) clustering close to that from Chinese individuals. Although

more investigation is still needed, these potential strain-sharing

events might be explained by inter-species transmission that

could have been favored by the human-controlled primate’s

diet in captivity and environmental conditions and contact.

With the exception of Ca. S. caccae (clade H) and Ca. S. intesti-

nihominis (clade I), ancient strains were also reconstructed and

integrated into the phylogeny, and they were typically found

clustering between lifestyles or forming their own distant sub-

cluster. ScC is thus not only shaped in their prevalence and di-
(C) The prevalence of the ScC species differs between Westernized and non-Wes

were assessed.

(D) Per sample prevalence of the ScC species in ancient metagenomes. The hor

(E and F) Multidimensional scaling (MDS) based on the pairwise SNP rates on th

(E) lifestyle (PERMANOVA p < 0.001) and (F) continent (PERMANOVA p < 0.001)

(G) Differences in the intra-lifestyle phylogenetic distances comparison for S. cop

were calculated using the StrainPhlAn tree branch lengths normalized by the tot

(H) Differences in the polymorphisms found between Westernized and non-We

Polymorphisms were calculated using the StrainPhlAn consensus marker genes

allele frequency below 80%. Boxplots in (B), (G), and (H) show the median (center)

and outliers (points). See also Figures S3 and S6–S9.
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versity by lifestyle and/or geographical origin, but these factors

seem to also impact their genetic evolutionary and adaptive

trajectories.

The ScC displays a divergent functional repertory
between species
Next, we explored the functional diversity across the nine human

ScC species using UniRef-annotated open reading frames

(ORFs) of each genome44 (see STAR Methods). We observed a

significant variability in the presence and absence of UniRef50

families between and even within the different species (3,230

differentially present UniRef50 families, PERMANOVA on per-

genome profile, p < 0.001; Figure 5A; Table S2A). Consistent

with previous observations,20 S. brunsvicensis (clade B) has

the most distant functional profiles to other species, followed

byCa. S. caccae (clade H), which adjoins S. brunsvicensis (clade

B) based on principal coordinate analysis (PCoA). Significantly

distinguishing functional features include those involved in

amino acid metabolism or transport, e.g., branched chain amino

acid aminotransferase and amino acid carrier protein, which are

prevalent in all species except S. hominis (clade E) (Figure 5B).

Likewise, amino acid carrier proteins mediating the transfer of

amino acids in and out of cells were also depleted in

S. hominis (clade E). By contrast, dihydrofolate reductase (a

known ubiquitous enzyme that is important for cell proliferation

and growth) was found only enriched in two species, with variant

U50_A0A374C8Z1 differentially abundant in S. hominis (clade E)

and U50_R6XDH9 in S. sanihominis (clade F). Although dihydro-

folate reductase was considered to be essential for bacterial

growth, species or strains could also survive with alternative

pathways or enzymes providing reduced folate derivatives.45

Interestingly, most species are found devoid of virulence pro-

teins, but we observed multiple variants of virulence-associated

protein E co-existing in S. sanihominis (clade F). In the biosyn-

thesis of leucine, an essential amino acid, the gene

3-isopropylmalate dehydratase is common to all species but

depleted in Ca. S. caccae (clade H). Compared with other spe-

cies, Ca. S. intestinihominis (clade I) lacked riboflavin biosyn-

thesis and thiamine phosphate synthase, which are responsible

for Vitamin B production and thiamine metabolism, respectively

(Table S2A).

To better understand ScC’s capability of degrading dietary fi-

ber, which was typically rich in non-Westernized diet tradi-

tion,11,46 we extended the screening for carbohydrate-active en-

zymes (CAZymes) analysis to all species and additionally

analyzed their organization in polysaccharide utilization loci

(PULs) (see STAR Methods). Nine species have considerable

variability in the number of both CAZymes and PULs
ternized populations. Only stool samples from studies with at least 30 samples

izontal dashed line represents the total number of samples assessed.

e StrainPhlAn species-specific marker genes for S. copri (clade A) colored by

.

ri (clade A) (Mann-Whitney U test p < 1e�10). Pairwise phylogenetic distances

al branch length.

sternized samples for S. copri (clade A) (Mann-Whitney U test p < 1e�10).

and were defined as positions in the reconstructed markers with a dominant

, 25th/75th percentile (lower/upper hinges), 1.53 interquartile range (whiskers),
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Figure 5. Functional characterization of the human ScC species

(A) PCoA based on the Jaccard distances of the UniRef50 families (PERMANOVA p < 0.001).

(B) Prevalence (%) of selected UniRef50 families (except carbohydrate-metabolism-related families) depleted and enriched in the ScC species. All UniRef50

families shown were significantly enriched/depleted in one species compared with all other species separately (as defined by coupled Fisher’s exact tests

between each pair of species, false discovery rate [FDR] < 0.01).

(C) Prediction of total carbohydrate-active enzymes (CAZymes) in the different ScC species. (Kruskal-Wallis p = 1.7287e�68.).

(D) Prediction of total PULs in the different ScC species (Kruskal-Wallis p = 2.5194e�70).

(E) PCoA based on the Jaccard distances of the predicted CAZymes between S. brunsvicensis (clade B) MAGs reconstructed from Westernized or non-

Westernized individuals (PERMANOVA p = 0.0099).

(F) PCoA based on the Jaccard distances of the predicted PULs between S. brunsvicensis (clade B) MAGs reconstructed fromWesternized or non-Westernized

individuals (PERMANOVA p = 0.0199). Boxplots in (C) and (D) show the median (center), 25th/75th percentile (lower/upper hinges), 1.53 interquartile range

(whiskers) and outliers (points). See also Figures S10 and S11 and Table S2.
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(Figures 5C and 5D). Specifically, genomes of S. sinica (clade G)

contain the highest number of CAZymes on average and

S. sanihominis (clade F) encoded more PULs compared with

other species. Conversely, the lowest number of CAZymes and

PULs were detected in S. brunsvicensis (clade B) and Ca. S. in-

testinihominis (clade I), respectively. PCoA based on the pres-

ence of CAZymes and PULs further confirmed a significant

differentiation in carbohydrate and even polysaccharide degra-

dation potential between and within species (Figures S10A and

S10B). We found most CAZyme families are shared between

all species, but many are present across species with a large

degree of variance in prevalence (Figures S10C and

S10D; Table S2B), which is consistent with previously reported

observations.20 Notably, the glycoside hydrolases families

GH141 (includes a-L-fucosidase and xylanase activities),

GH138 (rhamnogalacturonan a-1,2-galacturonohydrolase), and

GH63 (a-glucosidase and mannosidase) are exclusive to

S. copri (clade A); the polysaccharide lyase family (PL) 2, impor-

tant for degrading plant tissues, was found only in S. brasiliensis

(clade D); the glycosyltransferase family GT10 was exclusively in

Ca. S. intestinihominis (clade I). For the carriage of PULs, we ob-

tained a similar presence pattern with Ca. S. intestinihominis

(clade I) being the most distinguished, lacking nearly all PULs

which were carried by at least one of the other species

(Figures S10E and S10F). Intriguingly, genomes from Western-

ized and non-Westernized samples displayed significant differ-

ences in both CAZymes and PULs in S. hominis (clade E) and

S. brunsvicensis (clade B), S. brasiliensis (clade D), and

S. sinica (clade G) (Figures 5E, 5F, and S11).

ScC is strongly enriched in males and individuals with
low levels of visceral fat
We investigated potential associations of the different ScC spe-

cies with host characteristics such as sex, age, and body mass

index (BMI). We queried the curatedMetagenomicData (cMD)

repository32 for gut microbiomes of healthy, adult individuals

from Westernized populations. In total, we analyzed using

MetaPhlAn 4 4,095 microbiome samples for the association

with sex (n = 14 studies), 3,190 (n = 11 studies) with age, and

4,783 (n = 24 studies) with BMI. For each species and study,

we fitted a logistic regression model linking the presence of

the ScC species with these host factors and performed meta-

analysis of the resulting log-odd ratios (see STAR Methods

and Tables S3A–S3C). The presence of S. copri (clade A),

S. sinensis (clade C), S. sinica (clade G), S. sanihominis (clade

F), and Ca. S. intestinihominis (clade I) was statistically associ-

ated with the male sex (Wald-p < 0.05; synthetic log-odd =

0.28, 95% confidence interval [CI] [0.09, 0.48], 0.4 [0.19,

0.62], 0.7 [0.34, 1.06], 0.74 [0.3, 1.18], and 1.55 [0.48, 2.61],

respectively), highlighting that the ScC presence is robustly

associated with the male sex in Westernized populations (Fig-

ure 6A). This association was also significant when investi-

gating the presence of any ScC species (Figure 6A), and the to-

tal number of ScC species present simultaneously (see STAR

Methods, overall standardized mean difference = 0.16, p =

1.9e�7, Figure 6E; Table S3D). We did not find any consistent

statistical association with age or BMI, with the exception of

age decreasing the probability of carrying Ca. S. intestinihomi-

nis (clade I) (Figures 6B and 6C).
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We next assessed the association between the ScC and

health-related conditions. We queried cMD for microbiome

studies containing samples of adult individuals from Western-

ized populations with, at least, 10 disease cases and 10 healthy

controls (21 studies and 11 different diseases), to which we

added one more study of rheumatoid arthritis,47 (1,635 cases

and 1,854 controls in total; Table S3E). None of the ScC species

resulted to be associatedwith any health condition when consid-

ering all the diseases together (Figure 6D). Two studies

(QinN_201448 and FengQ_201549 focusing on cirrhosis and colo-

rectal cancer, respectively) resulted in increased odds of

observing the presence of S. copri (clade A) (log-odds = 2.56

and 3.6, Wald-p = 0.002 and 3e�8, respectively). The present

analysis does not include per-disease medications, of which

many have shown to have a measurable impact on commensal

bacteria in vitro as well as the gut microbiome in vivo.50 The

fact that these associations lean toward either the diseased

and the control group and that they are relative to etiologies for

which different medications are normally prescribed does not

suggest treatments as common drivers of the observed

increased presence of ScC in health and disease.

Finally, we investigated the association of ScC with the 19

main nutritional and cardiometabolic health markers from the

ZOE PREDICT 1 cohort51 (1,098 individuals; Table S3F). Visceral

fat was associated with a 60%-reduced chance of observing the

presence of S. copri (clade A), S. brunsvicensis (clade B), and

S. sinensis (clade C) (log-odds = �0.59, �1.22, and �1.02,

Wald-Q < 0.01, Q = 0.21, Q = 0.03, respectively; Figure 6F). Total

triglycerides (TGs) and very-low density lipoprotein (VLDL) were

also negatively associated with the probability of having S. copri

(clade A) and S. sinensis (clade C) (log-odds = �0.2, �0.35;

Wald-Q = 0.07, 0.14; and log-odds = �0.15, �0.34; Wald-Q =

0.12, 0.13, respectively, avg. decrease in chance of observing

the clade = 24%); another marker of inflammation, glycoprotein

acetylation (GlycA), resulted also associated with a negative

probability of having theS. copri (clade A) and also with the prob-

ability of carrying any ScC species (log-odds = �0.15, �0.17;

Wald-Q = 0.13, 0.11). High-density lipoprotein (HDL) was instead

positively associated with increased odds of having S. copri

(clade A) (log-odds = 0.16, Wald-Q = 0.13), and polyunsaturated

fatty acid (PUFA) was associated with the presence of S. copri

(clade A) and S. sinensis (clade C) (log-odds = 0.26, 0.51,

Wald-Q < 0.01 in both, avg. increase = 47%). S. sinensis (clade

C) also resulted positively associated with two healthy diet

scores (healthy eating index [HEI] and alternate Mediterranean

diet [aMED] scores, log-odds = 0.29 and 0.41, Wald-Q = 0.12

and 0.03, avg. increase = 42%).

DISCUSSION

Previous studies disclosed that genomes relatively close to the

S. copri type strain are not part of a single lineage monophyletic

species but rather form a species complex, comprising 4 genet-

ically and functionally distinct clades.20,21 In this work, we further

expanded the definition of ScC into a total of 13 different species

that we characterized and named as distinct species, 4 of which

are specific to NHPs. Due to the large intra-species genetic vari-

ability (Figures 1C–1E), their common co-presence within the

same individual (Figure 4C), as well diverse functional and
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Figure 6. Association analysis of the ScC species with sex, age, BMI, diseases and cardiometabolic health

(A–D) Condensed forest plots for the association of S. copri (clade A), S. brunsvicensis (clade B), S. sinensis (clade C), S. sinica (clade G), Ca. S. caccae (clade H),

S. sanihominis (clade F), andCa. S. intestinihominis (clade I) or any of the species with sex, aging, BMI, and health-related conditions, using four sets of 14 studies

(2,420 healthy females and 1,675 healthy males), 11 studies (3,190 healthy individuals), 24 studies (4,783 healthy individuals), and 22 studies (12 diseases, 1,635

cases, and 1,854 controls). Blue and red dots represent, respectively, non-significant and significant associations of the variable of interest in each dataset,

obtained through a logistic regression model having the presence/absence of ScC species as response variable and sex, age, BMI, and depth as predictors and

sex, age, BMI, depth, and health status in the disease one. Dark-blue and red diamonds represent, respectively, non-significant and significant random-effects

meta-analysis coefficients used to summarize the single-dataset coefficients.

(E) Condensed forest plot showing Spearman’s partial correlation of sex, age, BMI, and health statuswith the number of ScC species. Each correlation is adjusted

by each of the variables plus depth. Dark-blue and red diamonds represent the coefficient of a random-effect meta-analysis of the Fisher Z-transformed cor-

relations (for aging and BMI) or standardized mean differences (for sex and the diseases).

(F) Plot showing the associations of S. copri (clade A), S. brunsvicensis (clade B), S. sinensis (clade C), or any of the species, with 19 cardiometabolic health

parameters in 1,098 participants from the ZOE PREDICT 1 cohort. Each marker represents the coefficient of a logistic regression predicting ScC species

presence/absence using sex, age, BMI, depth, and the corresponding cardiometabolic parameter, with its 95% confidence intervals. Wald-ps are colored

according to an FDR correction using 0.2 as significance threshold. See also Table S3.
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metabolic capabilities of each clade (Figure 5), the original

concept of clades should now be considered deprecated and

substituted with the standard definition of multiple distinct spe-

cies. Notably, strains in different species within ScC have very

similar 16S rRNA gene sequences, which makes them difficult

to distinguish in amplicon-based microbiome analyses as it

has been shown for other species.27 As previously shown20 for
four ScC species, we confirmed that the human ScC species

are highly prevalent in non-Westernized populations (92.71%

of individuals carrying, at least, one species) with multiple spe-

cies commonly co-occurring within individuals (Figures 4A–4D)

closely resembling what could be recovered from ancient stool

microbiome samples pre-dating the industrial era. These differ-

ences in ScC species in prevalence between lifestyles are also
Cell Host & Microbe 31, 1–16, November 8, 2023 11
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mirrored at the intra-species strain level, as most ScC species

exhibit a genetic and phylogenetic structure associated with

host lifestyle (Figure 4E). Moreover, strains carried by non-West-

ernized individuals tend to be more different from each other in

comparison with those of individuals following a Westernized

lifestyle (Figure 4G). The higher ScC microbial diversity46

together with a larger number of co-occurring ScC species in

the microbiome of non-Westernized populations might reflect a

more diverse availability of ScC species-promoting nutrients

and fibers.52

Targeted isolation coupled with PacBio long-read sequencing

revealed the presence of LEEs within the ScC genomes (Fig-

ure 2). These LEEs encode rRNA genes, have a high prevalence

in most species, and, despite evidence of horizontal mobility,

show clear patterns of co-diversification with the main chromo-

some. Although plasmids are frequent in Segatella’s genomes

(including thosewe sequenced in this work) and secondary chro-

mosomes have been already found in other Prevotellaeae spe-

cies,53 LEEs we described in this work are difficult to be classi-

fied as either of the two. They show heterogeneous sizes

between strains of the same species (clade A: 135.1–211.7 kb),

contain full sets of rRNA genes, and show enrichment in trans-

poson elements. However, they lack the dnaA genes found in

the second chromosomes of other Prevotellaeae species.53

Hence, although the lengths of our LEEs ranging from 93.1 to

328.8 kbmay resemble that of larger plasmids, the genomic sim-

ilarities as well as the evolutionary patterns and their seemingly

consistent presence might suggest that these elements are pre-

cursors to secondary chromosomes. Clear exemptions are

S. brunsvicensis (clade B) and S. sanihominis (clade F), which

seems to completely lack an LEE. Moreover, LEE of S. sinensis

(clade C), unlike the other species, lacks an rRNA operon and

LEE of its type strain displays low prevalence in metagenomic

datasets, suggesting that in this species a further genomic rear-

rangement occurred. Further long-read assembly of diverse

strains of ScC as well as functional experiments including the

elucidation of the replication system will be required to clarify

their distribution and their contribution to ScC species biology.

The role of S. copri in health and disease17–19,54–57 has been

extensively explored, but so far, no consensus has been reached

regarding its beneficial contribution to human health.21,58–61

Although some authors have suggested that these incongru-

ences might be explained by its subspecies genetic varia-

tion,20,62 large-scale meta-analysis attempts have not shown

any strong associations between the previously identified

S. copri clades and human diseases.20 Likewise, our extension

of ScC did not reveal any strong statistical association with hu-

man health conditions (Figure 6D). However, we discovered

particularly strong associations between the presence of most

of the ScC species and the male sex (Figure 6A). Previous

studies have reported enrichment of Prevotella species in the

gut microbiome of men who maintain sexual relations with other

men (MSM) compared with that of women and men having sex

with women.63 Although it is highly speculative, as sexual orien-

tation is rarely recorded in microbiome studies, the consistently

higher prevalence of ScC in men could be partially explained by

this association as up to 6% of the Westernized male population

is estimated to be MSM.64 Of note, a metagenomic study of the

MSM gut microbiome revealed not only an increased relative
12 Cell Host & Microbe 31, 1–16, November 8, 2023
abundance of Prevotellaceae in MSM but also an increased di-

versity including the co-colonization with diverse members of

ScC similar to what has been observed in non-Westernized pop-

ulations (K.D.H., unpublished data). Additional large-scale

cohort studies will be required to further substantiate this unex-

pected link.

Despite the inconclusive results in relation to human diseases,

S. copri has been recurrently associated with high fiber and low

fat diets,12,14,65 favorable health measures such as reduced

visceral fat and improved glucose metabolism,51,66,67 and vegan

dietary habits.62 Although we did not find statistical associations

with any specific food group (Table S3F), re-analysis of the 1,098

deeply phenotyped individuals from the ZOE PREDICT 1

cohort51 further corroborated the beneficial associations be-

tween the presence of several ScC members and a decreased

visceral fat, total triglycerides, and VLDL (Figure 6F).

In summary, this work provides the definition and comprehen-

sive genomic characterization of ScC, extending its underesti-

mated diversity, discovering prevalent extrachromosomal ele-

ments, and further expanding previous associations in relation

to human health. Although the relation between S. copri and hu-

man diseases is still uncertainty, the strong associations with

glucose homeostasis and host metabolism pave the way for

future studies aiming to understand their potential anti-inflam-

matory role and the possibility of exploiting them as biomarkers

for a healthy gut. Functional studies ofmanymembers of the ScC

will be enabled by the reference strains now available in public

repositories.
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27. Karcher, N., Nigro, E., Pun�cochá�r, M., Blanco-Mı́guez, A., Ciciani, M.,

Manghi, P., Zolfo, M., Cumbo, F., Manara, S., Golzato, D., et al. (2021).

Genomic diversity and ecology of human-associated Akkermansia spe-

cies in the gut microbiome revealed by extensive metagenomic assembly.

Genome Biol. 22, 209. https://doi.org/10.1186/s13059-021-02427-7.

28. Karcher, N., Pasolli, E., Asnicar, F., Huang, K.D., Tett, A., Manara, S.,

Armanini, F., Bain, D., Duncan, S.H., Louis, P., et al. (2020). Analysis of

1321 Eubacterium rectale genomes from metagenomes uncovers com-

plex phylogeographic population structure and subspecies functional ad-

aptations. Genome Biol. 21, 138.

29. Li, J., Gálvez, E.J.C., Amend, L., Almási, É., Iljazovic, A., Lesker, T.R.,
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Till Strowig

(till.strowig@helmholtz-hzi.de).

Materials availability
All strains isolated as part of this study are readily available from the DSMZ or will be provided upon reasonable request from Till

Strowig (till.strowig@helmholtz-hzi.de).

Data and code availability
d The genome assemblies for the isolates produced in this study are publicly available in the European Nucleotide Archive (ENA)

at EMBL-EBI: PRJEB60954. Curated metadata for the public metagenomic samples is available in Table S1B.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design
Within this study, we included fecal samples from participants of three distinct German cohorts: MikroDivers, Nutrimmune89 and

RheumaVOR.90 The Nutrimmune cohort comprises 94 healthy individuals with different dietary habits, between the age of 25 and

45 and with a BMI ranging from 20 to 28 kg/m2. Exclusion criteria for the study participation were regular consumption of tobacco,

intake of antibiotics or laxatives and/or weight loss within the last six months as well as gastrointestinal or chronic cardiovascular

diseases. The RheumaVOR cohort is an ongoing cohort comprising patients being newly diagnosed with different rheumatic dis-

eases as well as their householdmembers. Following their initial examination by a rheumatologist, patients as well as their household

members were asked to donate stool samples and provided written informed consent. There were no further inclusion criteria for the

RheumaVOR study participation. Until September 2023 more than 500 individuals were included. The MicroDivers cohort is an

ongoing study recruiting volunteers aged 18 and above. The inclusion criteria are the willingness and ability to sign the informed con-

sent, to provide a fecal sample, and to answer a questionnaire on geographic origin, diet preferences, age, gender, BM, weight, and

height. The exclusion criteria were recent antibiotic intake (<4 weeks), intake of chemotherapeutics and immunosuppressive med-

ications (ever), acute and chronic inflammatory bowel disease, colon cancer, recipient of fecal microbiota transplants, and being

involved in direct patient care (e.g., in a hospital). Until September 2023 more than 30 individuals were included.

Ethics statement
The studies involving human participants were reviewed and approved by the Ethics commision of the Hannover Medical School

(MikroDivers: 8628_BO_K_2019, RheumaVor: 8063_BO_K_2018) and of the Medical Association of Lower Saxony (Hanover,
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Germany; Nutriimmune). The Nutriimmune study was registered in the German Clinical Trial Register (DRKS 00019887). All patients/

participants provided their written informed consent to participate in this study.

METHOD DETAILS

Stool sample collection and processing
Stool samples were collected freshly and were further processed inside an anaerobic chamber. A pea-sized aliquot of the sample

was resuspended in 5ml BHI-S and subsequently filtered through a 70mm cell strainer. The resulting flow-through was either imme-

diately used for the isolation of S. copri or was mixed with an equal volume of BHI/Glycerol medium, filled into sealed glass vials and

kept at -80�C for long term storage.

Isolation of Segatella copri strains
Fecal samples of participants from the cohorts Mikrodivers, Nutrimmun and Rheuma-VOR were previously screened for the pres-

ence of S. copri by 16S rRNA gene sequencing. Stool from S. copri-positive donors was diluted and was streaked out in serial di-

lutions on BHI (brain heart infusion) blood agar plates supplemented with vancomycin. After incubation of the inoculated plates at

37�C for 48-72h inside an anaerobic chamber, individual colonies were picked into BHI medium supplemented with FBS and Vitamin

K3. Following incubation at 37�C for 24-48h, resulting cultures were screened by PCR using S. copri specific primers (P_copri_69F/

P_copri_853R) as well as the clade primers. S. copri-positive cultures were further passed on agar plates to obtain pure isolates,

which were additionally confirmed by Sanger sequencing. To enable storage of the isolates, bacterial cultures were mixed with an

equal volume of BHI + 50%glycerol, were aliquoted into sealed glass vials andwere immediately cryopreserved at -80�C. Information

about all the isolates was collected in Table S1A.

DNA extraction and sequencing
For short-read library preparation, total DNA was isolated from bacterial cells and stool pellets using the ZymoBIOMICS DNA

MiniPrep Kit following the manufacturer’s instructions. Total DNA was quantified and diluted to 25 ng/ml.

Short read library preparationwas performed usingNEBNext�Ultra� II FSDNA Library Prep Kit (NewEngland Biolabs) for Illumina

with parameters as followed: 500 ng input DNA and 5 min at 37�C for fragmentation; > 550-bp DNA fragments for size selection;

primers from NEBNext Multiplex Oligos for Illumina Kit (New England Biolabs) for barcoding. The library was sequenced on the Illu-

mina MiSeq 2 x 250 bp .

For the PacBio long-read sequencing we selected every isolate from all ScC species butS. copri (clade A). For S. copri (clade A) we

selected 5 strains from different donors, as well as the type strain DSM 18205T. For long-read library preparation, high molecular

weight DNAwas prepared usingQiagen Genomic Tip/100 G (Qiagen, Hilden, Germany) according to themanufacturer’s instructions.

In case of sequencing on the PacBio RSII, SMRTbell� template libraries were prepared according to the instructions from Pacific

Biosciences (Menlo Park, CA, USA), following the Procedure &Checklist – Greater Than 10 kb Template Preparation. Briefly, for prep-

aration of 15 kb libraries 8 mg genomic DNA were sheared using g-TUBEs� from Covaris (Woburn, MA, USA) according to the in-

structions of the manufacturer. DNA was end-repaired and ligated overnight to hairpin adapters applying components from the

DNA/Polymerase Binding Kit P6 from Pacific Biosciences. Reactions were carried out according to the instructions of the manufac-

turer. BluePippin� Size-Selection to greater than 4 kb was performed according to the instructions of the manufacturer (Sage Sci-

ence, Beverly, MA, USA). Annealing conditions of sequencing primers and binding of polymerase to purified SMRTbell� template

were assessed with the calculator in RS Remote. Libraries were sequenced on the PacBio RSII taking one 240-minutes movie for

each SMRT cell.

In case of sequencing on the Sequel II, SMRTbell� template library was prepared according to the instructions from Pacific Bio-

sciences, following the Procedure & Checklist – Preparing Multiplexed Microbial Libraries Using SMRTbell� Express Template Prep

Kit 2.0. Briefly, for preparation of 10 kb libraries 1 mg genomic DNA was sheared using g-TUBEs� from Covaris, (Woburn, MA, USA)

according to the instructions of the manufacturer. DNA was end-repaired and ligated to barcoded adapters applying components

from the SMRTbell� Express Template Prep Kit 2.0 from Pacific Biosciences. Reactions were carried out according to the instruc-

tions of the manufacturer. Samples were pooled according to the calculations provided by the Microbial Multiplexing Calculator. An-

nealing conditions of sequencing primers and binding of polymerase to purified SMRTbell� template were assessed with the calcu-

lator in SMRT Link . Libraries were sequenced on the Sequel II taking one 15h movie per SMRT cell.

Genome assembly
Short-read assembly was performedwith SPAdes (version 3.10.0) using the ‘‘careful’’ mode.78 Obtained contigs were then filtered by

length and coverage (contigs > 500 bp and coverage > 5x) and furthermore gene prediction and gene annotation were performed

using Prokka version v1.1472 with default parameters.

Long-read genome assembly of PacBio RSII sequencing reads was carried out using the ‘RS_HGAP_Assembly.3’ protocol in

SMRT Portal (version 2.3.0). Resulting contigs were trimmed and circularized by removing overlapping ends. Chromosomes were

adjusted to dnaA as the starting point. Extrachromosomal elements were adjusted to their predicted replication or partitioning pro-

teins (when possible). Long-read correction and circularization control was carried out using the ‘RS_BridgeMapper.1’ protocol im-

plemented in SMRT Portal (version 2.3.0).
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Long-read genome assembly of PacBio Sequel II sequencing reads was carried out using the SMRT Analysis Application ‘Micro-

bial Assembly’ in SMRT Link. When circularized within the application, chromosomes and extrachromosomal elements were

adjusted to dnaA or predicted replication or partitioning proteins (when possible), as in case of PacBio RSII sequenced genomes.

Long-read correction was carried out using the SMRT Analysis Application ‘Resequencing’ available in SMRT Link.

Further quality improvement was achieved with the Burrows-Wheeler Aligner80 (version 0.7.12-r1039) mapping the Illumina reads

onto the genomes obtained by PacBio sequencing (hybrid assembly) followed by subsequent automatic detection of sequencing

errors by Varscan81 (version 2.3.6) yielding a genome quality of QV60. Gene prediction and gene annotation were performed using

Prokka version v1.1472 with default parameters. The genomes are deposited in the European Nucleotide Archive (ENA) at EMBL-EBI

under accession number PRJEB60954 .

Publicly available metagenomic datasets
We collected 20,737 publicly available shotgun metagenomic samples from 92 studies from modern and ancient humans as well as

from non-human primates. For modern humans, we retrieved 93 samples from human airways, 19,066 from the gastrointestinal tract,

743 from oral, 504 from skin, 8 from breastmilk and 96 from the female urogenital tract. These samples span different age categories

(2,946 newborns, 2,075 children, 13,855 adults, 1,611 seniors and 23 without reported age), sex (8,795 males, 8,879 females and

2,836 without reported sex), lifestyles (18,738 Westernized and 1,772 non-Westernized), 67 different health conditions and 45 coun-

tries. Stool human samples from ancient origin (N=24) were retrieved from 5 different studies, and stool samples from non-human

primates (N=203) from 7 different ones (Table S1B). For all the modern human samples, metadata was retrieved from the curatedMe-

tagenomicData 3 R package.32

Catalog of isolated and metagenomic-assembled Prevotella genomes
Starting from the original catalog of 560,084 medium-to-high quality (completeness > 50% and contamination < 5%) metagenomic-

assembled genomes (MAGs) by Blanco-Miguez et al.,3 we retrieved 9,581 MAGs belonging to the sole family-level genome bin

(FGB579)31 that contained all genomes assigned to the species previously assigned to Prevotella in the NCBI taxonomy database,

previous to its reclassification in 7 different genera.6 We integrated this set with 458 genomes resconstructed from isolate sources,

i.e. the 54 genomes generated in this work in addition to the 404 genomes assigned to the Prevotella genus (previous to its reclassi-

fication in 7 different genera6) in the NCBI RefSeq database as of June 2021. This resulted in a catalog of 10,039 genomes that were

kept for downstream analyses.We computed pairwise genetic distances among these genomes usingMash (version 2.0; ‘‘-s 10000’’

parameters for sketching), and genomes were clustered through hierarchical clustering (python package fastcluster, single-linkage

mode). Species-level genome bins (SGBs)31 were obtained by cutting the dendrogram with a 5% distance.

Westernization definition
Over the last centuries, industrialization and urbanization have had a significant effect on most human populations. This process,

known asWesternization, includes changes derived from the access to pharmaceuticals products and healthcare, improved hygiene

and sanitation, increased urban density, decreased exposure to livestock, and the adoption of diets enriched in fat and animal pro-

teins, high salt and simple carbohydrates. In this study we define Westernized or non-Westernized individuals and/or populations

based on either the definition given in the original publication or on the criteria described above.

Pangenome annotation of the Prevotella SGBs
Open reading frames were annotated on all 10,039 genomes assigned to Prevotella (previous to its reclassification6) using Prokka

(version 1.14).72 Coding sequences (CDS) were then assigned to a UniRef50 cluster44 by aligning all the CDSs against the

UniRef50 database (version 201906) using Diamond (version 0.9.24)73 and assigning a Uniref50 cluster ID in the cases the sequence

identity to the cluster centroid sequencewas above 50%and it coveredmore than 80%of the centroid sequence. Protein sequences

that could not be assigned to any UniRef50 cluster were de novo clustered using MMseqs274 (version cf150146df852b25eebf621-

ce0ffda2ac07d818d) following the Uniclust50 criteria.91 Based on the UniRef50 and UniClust50 annotations, a pangenome was

generated by collecting all the UniRef/UniClust50 clusters present in at least one genome.

Definition of the ScC and phylogenetic analysis
We considered one representative genome per Prevotella SGB to generate the tree of genomes of strains of Prevotella species (pre-

vious to its reclassification,6 see Figure S1). The representative was chosen randomly among the set of isolate genomes, when avail-

able, otherwise among the set of high quality genomes (i.e., with completeness > 90%and contamination < 5%according to CheckM

estimates92). We restricted the analysis to the SGBs containing at least one isolate genome or three reconstructed genomes. The

phylogenetic treewas built using PhyloPhlAn 3.068 of 400 universal markers available in PhyloPhlAn 3.0.We identified amonophyletic

group composed of thirteen species and comprising exclusively all available S. copri genomes. We defined this as ScC that

expanded the set of four clades identified by Tett et al.20 We named them from clade A to clade M, with clades A, B, C, D that over-

lapped with the ones described in Tett et al.20 In addition, we built the ScC-specific phylogeny (see Figure 1B) by considering only the

genomes belonging to these thirteen species. For the PhyloPhlAn database, we retrieved ScC core genes by selecting Uniref50 clus-

ters present in, at least, 50% of the genomes of each ScC species. A maximum of 200 randomly selected genomes were considered

per species.
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Genome characteristics were extracted and summary of them in terms of average values per species were considered for Fig-

ure 1C. Genetic distance between and within the ScC species were computed in terms of ANI from the whole-genomes using

Mash (Figure 1D) and from the UniRef/Uniclust50 profiles (Jaccard distance; Figure 1E).

Similarity analysis between the LEE and the Lak megaphages
Similarity analysis between the LEEs and the Lak megaphages41 was performed using BLASTn version 2.9.0.79 Genomic sequences

of 34 Lak megaphages were retrieved from the Crisce et al. work93 and used to build a BLAST nucleotide sequence database.

Genetic and functional analysis of the ScC closed genomes
Genome statistics were calculated for the 9 ScC complete genomes using the Biostrings83 package in R (version 2.64.0). Specifically,

the function letterFrequencyInSlidingView was used with a sliding-window size of 1,000 bp to determine the percentage of GC con-

tent. For comparative genomics, a pangenome was inferred in R using the FindMyFriends84 package (version 1.17.0) with the cdhit-

Grouping option (kmer = 5, similarity threshold 0.6). This resulted in a pangenome consisting of a total of 30,001 genes, which were

categorized into 8,324 gene groups. Of these gene groups, 1,458 were classified as core groups, 2,644 were accessory groups, and

4,222 were singletons.

The ribosomal RNA genes in genomeswere predicted using Barrnap85 (version 0.9). The identification and annotation of toxin-anti-

toxin gene systems were performed using the SLING tool86 (version 2.0.1) with default parameters.

Average nucleotide identity between chromosomes and LEEs was calculated using fastANI (version 1.3).38 Pangenome analysis of

the LEEs was performed using Roary82 (version 3.13.0) with parameter ‘‘-i 80’’.

Reconstruction of the LEEs from metagenomic samples
The public 20,737 human and non-human primates metagenomes were mapped against the 9 LEE variants using Bowtie2 (version

2.4.2)70 with parameters ‘‘-a—sensitive’’. Alignments against small reads (<70bp) were discarded from the mapping results. LEE

consensus sequences were reconstructed from the mapping results using CMSeq’s (version 1.0.4)71 consensus.py script with pa-

rameters ‘‘–minqual 30 –mincov 1’’. Breadth and depth of coverage were assessed using CMSeq’s breadth_depth.py script with pa-

rameters ‘‘–minqual 30 –mincov 1’’. Breath of coverage of the main chromosome was assessed using the breadth of coverage of the

MetaPhlAn 43 marker sequences of their respective ScC species. Single-nucleotide polymorphisms (SNPs) between the recon-

structed LEE sequences were assessed using PhyloPhlAn 368 (–mutation rates parameter). SNPs between the main chromosomes

were calculated using the multiple-sequence alignment (MSA) produced by StrainPhlAn 43 (–mutation rates parameter). Spearman

correlations between main chromosome and LEE’s SNPs and depth of coverage were calculated using the ‘‘stats.spearmanr’’ func-

tion of the scipy python library (version 1.5.3). For depth of coverage-related comparative analysis we employed a minimum breadth

of coverage threshold of 50% (i.e. to capture medium-to-high quality LEE variants). For the analysis of the correlation between SNP

rates between the main chromosome and the LEEs, strongly affected by the completeness of the LEEs, we defined a minimum

breadth of coverage threshold of 80%.

Prevalence and abundance of the ScC
Taxonomic profiling of the public 20,737 human and non-human primates metagenomes was performed using MetaPhlAn 4 against

the Jan21 database3 with default parameters. Prevalence and abundance of the 13 ScC species (Table S1D) was assessed using

datasets with more than 30 samples. For the modern human metagenomes, only stool samples from healthy adults reporting no an-

tibiotics usage were included. For the prevalence analysis, a minimum relative abundance of 0.001% was defined.

Strain-level diversity and stratification of the ScC
Strain-level profiling with StrainPhlAn 43 was performed for all 13 ScC species on the 20,737 human and non-human primates meta-

genomes using parameters ‘‘–marker_in_n_samples 66 –sample_with_n_markers 66 –mutation_rates’’. Isolate genomes sequences

in this work were added to the phylogenetic trees using parameter ‘‘–references’’. The phylogenetic trees generated by StrainPhlAn

were plotted with GraPhlAn version 1.1.4.69 Phylogenetic distances were extracted based on the distance between samples in the

tree and normalized by the total branch length of the tree using PyPhlAn (https://github.com/SegataLab/pyphlan). Ordination plot for

each ScC species was performedwith the ‘‘stats.ordination.pcoa’’ function of the skbio python package (version 0.5.6) using the pair-

wise normalized phylogenetic distances. Statistical differences between Westernized and non-Westernized phylogenetic distances

and polymorphic rates were assessed using the ‘‘stats.mannwhitneyu’’ function of the scipy python package (version 1.5.3).

Functional characterization of the ScC
For each ScC species, a species-level pangenome was generated by collecting all the UniRef/UniClust50 clusters present in at least

one genome of the species. UniRef/UniClust50 clusters were tested for the significant enrichment or depletion in at least one species

relative to the other species separately, using pairwise Fisher’s exact test and an enrichment/depletion was considered significant for

FDR < 0.01.

Identification of Carbohydrate-Active Enzymes (CAZymes) was performed using dbCAN275version v2.0.6(CAZy-DB version

07312019, https://github.com/linnabrown/run_dbcan). The results were post-processed with stringency cut-offs as suggested in

Yin et al.94 and the family-domain assignments were defined based on the HMM database. CAZyme activities were predicted using
Cell Host & Microbe 31, 1–16.e1–e9, November 8, 2023 e5

https://github.com/SegataLab/pyphlan
https://github.com/linnabrown/run_dbcan


ll
OPEN ACCESS Article

Please cite this article in press as: Blanco-Mı́guez et al., Extension of the Segatella copri complex to 13 species with distinct large extrachromosomal
elements and associations with host conditions, Cell Host & Microbe (2023), https://doi.org/10.1016/j.chom.2023.09.013
an online databaseCarbohydrate-Active enZYmesDatabase (http://www.cazy.org). Polysaccharide utilization loci (PUL) and susC/D

gene annotations were performed using PULpy76 (commit 8955cdb, https://github.com/WatsonLab/PULpy) using a sliding window

of five genes and an intergenic distance 500 bp. The tool was implemented with the updated CAZy-DB (version 07312019) from

dbCAN2. Putative substrates of these PULs were predicted by dbCAN-PUL (version 2020-10-30) as previously described.77 All CA-

Zymes and PUL substrates were tested for the significant enrichment or depletion in at least one species relative to the other species

separately, using Bonferroni corrected Fisher’s exact test in a manner of pairwise comparison (FDR < 0.05).

QUANTIFICATION AND STATISTICAL ANALYSIS

Spearman correlations between main chromosome and LEE’s SNPs and depth of coverage were calculated using the ‘‘stats.spear-

manr’’ function of the scipy python library (version 1.5.3). Statistical differences between Westernized and non-Westernized phylo-

genetic distances and polymorphic rates were assessed using the ‘‘stats.mannwhitneyu’’ function of the scipy python package

(version 1.5.3). UniRef/UniClust50 clusters were tested for the significant enrichment or depletion in at least one ScC species relative

to the other species separately, using pairwise Fisher’s exact test and an enrichment/depletion was considered significant for

FDR < 0.01. All CAZymes and PUL substrates were tested for the significant enrichment or depletion in at least one species relative

to the other species separately, using Bonferroni corrected Fisher’s exact test in a manner of pairwise comparison (FDR < 0.05).

Association analysis
Association analyses of different human ScC species with host’s phenotypic traits (sex, age, BMI) and health condition (12 in total:

colorectal cancer (CRC), ulcerative colitis (UC), Crohn’s disease (CD), type-2-diabetes (T2D), Behcet disease (BD), atherosclerotic

cardiovascular disease (ACVD), asthma, migraine, schizophrenia, cirrhosis, and myalgic encephalomyelitis or chronic fatigue syn-

drome (ME/CFS), rheumatoid arthritis (RA)) were carried out using set of cohorts from curatedMetagenomicData 332 and designed

to study these problems. In brief, we queried cMD 3 for gutmicrobiomes from healthy, adult, Westernized individuals present with the

first time point at the most to study the sex, age, and BMI, and gut microbiomes from adult individuals that are part of case-control

settings to study multiple diseases. In the sex-analysis we considered microbiomes from datasets with a balance of at least 25% of

both sexes and at least 40 individuals per class for a total of 4,095 samples (1,675 males and 2,420 females, 14 studies). In the age-

analysis, we considered 3,190 microbiomes (11 studies), from datasets with an age IQR of at least 15 years. For the BMI analysis, we

considered 4,783 microbiomes from datasets with a BMI minimum IQR of 3 (24 studies). For the disease analysis, we considered all

case-control settings having at least 10 cross-sectional microbiomes in both groups and not belonging to a population classified as

non-westernized. In total, we considered 11 diseases and 21 cohorts of adult, Westernized, gut microbiomes (1,856 cases and 1,958

controls). Antibiotics usage information was available for 25 of the 32 studies analyzed. From those 25 studies, 23 excluded individ-

uals having undergone antibiotics treatment in 3-6 months prior to sampling.

We assessed the associations of each ScC species with sex, age, BMI, and diseases in the corresponding set of cohorts as fol-

lows: for each set, the ScC species presence/absence was predicted in each dataset independently by a logistic regression (stats-

models python library, ver. 0.11.1) having sex, age, BMI, depth (and disease-state in the disease analysis) and the species as

response variable. The coefficients for the variable of interest (sex, age, BMI, or disease-state) were then extracted and pooled in

random-effects meta-analyses with Paule-Mandel heterogeneity estimator. P-values of the single datasets are computed as

Wald-test for the variable of interest in each dataset Meta-analysis P-value was computed as a Z-score over the hypothesis of

null average association. The significance threshold adopted was P-value < 0.05 in the single-dataset analyses and in the meta-ana-

lysis.We investigated the correlation between the number of ScC species with sex, age, BMI, and disease in the corresponding set of

cohorts similarly: Spearman’s partial correlation (pingouin python library v0.3.7) between the number of ScC species in the cases of

aging and BMI, and a Standardized Mean Difference meta-analysis for sex and the twelve diseases. In all cases the variables of in-

terest were adjusted by the other variables plus depth. In aging and BMI, ingle datasets correlations coefficients were Fisher-Z trans-

formed, synthesized in a random-effects meta-analysis with Paule-Mandel heterogeneity, and then reverted back. In the case of sex

and the twelve diseases, meta-analysis by SMDwas conducted. The significance threshold adoptedwas P-value < 0.05 in the single-

dataset analyses and in the meta-analysis. The code to run this and the previous meta-analysis is available at https://github.com/

waldronlab/curatedMetagenomicDataAnalyses.

To study the association between the ScC species and 19 pre-selected cardiometabolic health parameters from the ZOEPREDICT

1 study51 we run logistic regression models predicting the presence of clades A, B, C, and any species (statsmodels python library,

ver. 0.11.1) using sex, age, BMI, depth, and the standardized parameter of interest (BMI was also standardized and analyzed among

the parameters). P-values for each of the cardiometabolic health parameters were obtained byWald-test and FDR corrected, and the

significance threshold adopted was FDR < 0.2 and 0.05 for assessing clinical relevance (statsmodels python library, ver. 0.11.1).

PROTOLOGUES OF NOVEL SEGATELLA SPECIES

The novel species represented by the clades for which isolates could be obtained are described below. These descriptions were

generated based on functional insights from Protologger88 using gut metabolic models,95 and ANI comparisons using fastANI38

(version 1.3).
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Description of Segatella brunsvicensis
Segatella brunsvicensis (bruns.vic.en’sis. N.L. fem. adj. brunsvicensis, pertaining to Brunswick). The description of this species is

based on the features of the type strain, NI025T, as the only cultured representative of this species. The assignment as a novel spe-

cies was made based on detailed genomic analysis, including ANI values below 95.0% to the studied isolates assigned to other

clades within the ScC; Segatella copri (clade A), 82.64 ± 0.48 %; clade C, 83.21 ± 0.22 %; clade D, 83.01 ± 0.0 %; Segatella hominis

(clade E), 83.89 ± 0.03 %; clade F, 81.54 ± 0.0 %; clade G, 83.02 ± 0.39 %. Species separation was confirmed by GTDB-Tk assign-

ment of the strains as ‘‘Prevotella sp900313215’’. Genomic analysis identified the functional potential for the degradation of arabi-

noxylan (MF0001), fructan (MF0002), starch (MF0005), lactose (MF0006), melibiose (MF0009), mannose (MF0018), galacturonate

(MF0022), aspartate (MF0028, MF0029), cysteine (MF0044), glutamine (MF0047), serine (MF0048), threonine (MF0049), arginine

(MF0051), and the production of acetate (MF0086). The type strain, NI025T (=DSM 113023T = JCM 35353T) (Genome:

PRJEB60954), was isolated from human feces. Its genome size is 3.69 Mbp with a G+C content of DNA of 45.60 %.

Description of Segatella sinensis
Segatella sinensis (si.nen’sis. N.L. fem. adj. sinensis, pertaining to China). The description of this species is based on the features of

seven isolates (strains: HDE04T; HDD14; HDD11; HDD10; HDD16; HDD13; HDD03). These isolates were observed to share an

average ANI of 98.81 ± 1.82 % between each other, confirming they form a single species. The assignment as a novel species

was made based on detailed genomic analysis, including ANI values below 95.0% to the studied isolates assigned to other clades

within the ScC; Segatella copri (clade A), 86.94 ± 0.29 %; clade B, 83.30 ± 0.24 %; clade D, 89.17 ± 0.22 %; Segatella hominis

(clade E), 85.08 ± 0.26%; clade F, 82.82 ± 0.09%; clade G, 89.06 ± 0.32%. Species separation was confirmed by GTDB-Tk assign-

ment of the strains as ‘‘Prevotella copri_A’’. Genomic analysis identified that all strains contained the functional potential for degra-

dation of arabinoxylan (MF0001), fructan (MF0002), starch (MF0005), lactose (MF0006), melibiose (MF0009), mannose (MF0018), gal-

acturonate (MF0022), aspartate (MF0028, MF0029), alanine (MF0034), cysteine (MF0044), glutamine (MF0047), serine (MF0048),

threonine (MF0049), arginine (MF0051), and the production of acetate (MF0086). Uniquely all strains belonging to this clade,

and no strains belonging to other clades, were observed to encode lactaldehyde degradation (MF0078). The type strain, HDE04T

(= DSMZ 108151T =JCM 35349T) (Genome: PRJEB60954), was isolated from human feces. Its genome size is 4.24 Mbp with a

G+C content of DNA of 45.37 %. It also contains a large extrachromosomal element of 0.18 Mbp.

Description of Segatella brasiliensis
Segatella brasiliensis (bra.si.li.en’sis. N.L. fem. adj. brasiliensis, fromBrazil). The description of this species is based on the features of

two isolates (strains: HDD05T, HDD06). These isolates share an average ANI of 99.95 ± 0.00 % between each other, confirming

they form a single species. The assignment as a novel species was made based on detailed genomic analysis, including ANI values

below 95.0% to the studied isolates assigned to other clades within the ScC; Segatella copri (clade A), 87.42 ± 0.24 %; clade B,

83.36 ± 0.11 %; clade C, 89.03 ± 0.24 %; Segatella hominis (clade E), 85.41 ± 0.42 %; clade F, 82.38 ± 0.04 %; clade G, 88.15 ±

0.18 %. Species separation was confirmed by GTDB-Tk assignment of the strains as ‘‘Prevotella sp900546535’’. Genomic analysis

identified that all strains contained the functional potential for degradation of arabinoxylan (MF0001), fructan (MF0002), starch

(MF0005), lactose (MF0006), melibiose (MF0009), mannose (MF0018), rhamnose (MF0019), galacturonate (MF0022), aspartate

(MF0028, MF0029), alanine (MF0034), cysteine (MF0044), glutamine (MF0047), serine (MF0048), threonine (MF0049), arginine

(MF0051), and the production of acetate (MF0086). The type strain, HDD05T (=DSM 112105T, =JCM 35352T) (Genome:

PRJEB60954), was isolated from human feces. Its genome size is 3.99 Mbp with a G+C molecular content of DNA of 44.88 %.

Description of Segatella sanihominis
Segatella sanihominis (sa.ni.ho’mi.nis. L. masc. adj. sanus, healthy; L. masc./fem. n. homo, a human being, a man; N.L. gen. n. sa-

nihominis, of a healthy person). The description of this species is based on the features of the type strain, RHB01T, as the only

cultured representative of this species. The assignment as a novel species was made based on detailed genomic analysis, including

ANI values below 95.0% to the studied isolates assigned to other clades within the ScC; Segatella copri (clade A), 82.46 ± 0.17 %;

clade B, 81.67 ± 0.0%; clade C, 82.69 ± 0.1%; clade D, 82.45 ± 0.01%;Segatella hominis (clade E), 83.43 ± 0.04%; cladeG, 82.58 ±

0.01 %. Species separation was confirmed by GTDB-Tk assignment of the strains as ‘‘Prevotella sp000436035’’. Genomic analysis

identified the functional potential for the degradation of arabinoxylan (MF0001), fructan (MF0002), starch (MF0005), lactose

(MF0006), melibiose (MF0009), mannose (MF0018), rhamnose (MF0019), galacturonate (MF0022), aspartate (MF0028, MF0029),

cysteine (MF0044), glutamine (MF0047), serine (MF0048), threonine (MF0049), arginine (MF0051), and the production of acetate

(MF0086). The type strain, RHB01T (=DSM 113786T = JCM 35979T) (Genome: PRJEB60954), was isolated from human feces. Its

genome size is 3.77 Mbp with a G+C content of 45.35 %.

Description of Segatella sinica
Segatella sinica (si’ni.ca. N.L. fem. adj. sinica, pertaining to China). The description of this species is based on the features of two

isolates (strains: HDE06T, HDD09). These isolates share an average ANI of 95.66 ± 0.06 % between each other, confirming they

form a single species. The assignment as a novel species wasmade based on detailed genomic analysis, including ANI values below

95.0% to the studied isolates assigned to other clades within the ScC;Segatella copri (clade A), 87.02 ± 0.29%; clade B, 83.04 ± 0.33

%; clade C, 89.13 ± 0.28%; clade D, 88.31 ± 0.12%; Segatella hominis (clade E), 84.92 ± 0.56 %; clade F, 82.49 ± 0.17 %. Species
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separation was confirmed by GTDB-Tk assignment of the strains as ‘‘Prevotella sp900767615’’. Genomic analysis identified that all

strains contained the functional potential for degradation of arabinoxylan (MF0001), fructan (MF0002), starch (MF0005), lactose

(MF0006), melibiose (MF0009), mannose (MF0018), rhamnose (MF0019), galacturonate (MF0022), aspartate (MF0028, MF0029),

cysteine (MF0044), glutamine (MF0047), serine (MF0048), threonine (MF0049), arginine (MF0051), and the production of acetate

(MF0086). The type strain, HDE06T (=DSM 111807T, =JCM 35351T) (Genome: PRJEB60954), was isolated from human feces. Its

genome size is 4.26 Mbp with a G+C content of 46.17 %, including also contains a large extrachromosomal element of 0.09 Mbp.

Description of Candidatus ‘‘Segatella caccae’’
Candidatus ‘Segatella caccae’ (cac’cae. Gr. fem. n. kakke, human ordure, feces; N.L. gen. n. caccae, of feces). The description of this

species is based on the features of 36 genomes. These genomes share an average ANI of 97.54 ± 0.45% between each other, con-

firming they form a single species. The assignment as a novel species was made based on detailed genomic analysis, including ANI

values below 95.0% to the studied isolates assigned to other clades within the ScC; Segatella copri (clade A), 80.30 ± 0.89 %; clade

C, 80.40 ± 0.99 %; clade D, 80.21 ± 0.84 %; Segatella hominis (clade E), 80.56 ± 0.96 %; clade F, 79.99 ± 0.58 %; clade G, 80.32 ±

0.86%; clade I, 79.15 ± 0.53%; clade J, 78.98 ± 0.57%; clade K, 78.95 ± 0.48%; clade L, 81.20 ± 0.31%; clade M, 78.82 ± 0.55%.

ANI values could not be calculated for comparison against clade B. Species separation was confirmed by GTDB-Tk assignment of

the genomes as ‘‘Prevotella sp900556395’’. Genomes assigned to this species have been reconstructed from human faecal samples

belonging to individuals from Argentina, Guinea, Tanzania, Madagascar, Denmark, Mongolian and Cameroon. The type genome,

‘RubelMA_2020__CM.378_WGS__bin.6’, was reconstructed from a fecal sample taken from a healthy human female fromCameroon

(Sample ID: SRR9293009). Its size is 2.90 Mbp, with a G+C molecular content of DNA of 47.21 %, completeness of 95.12% and

contamination of 2.10%.

Description of Candidatus ‘‘Segatella intestinihominis’’
Candidatus ‘Segatella intestinihominis’ (in.tes.ti.ni.ho’mi.nis. L. neut. n. intestinum, the intestine; L. masc. n. homo, aman; N.L. gen. n.

intestinihominis, of the human intestine). The description of this species is based on the features of 28 genomes. These genomes

share an average ANI of 97.84 ± 0.56% between each other, confirming they form a single species. The assignment as a novel spe-

cies was made based on detailed genomic analysis, including ANI values below 95.0% to the studied isolates assigned to other

clades within the ScC; Segatella copri (clade A), 82.86 ± 0.77%; clade C, 83.01 ± 0.67%; clade D, 83.24 ± 0.70%; Segatella hominis

(clade E), 81.34 ± 0.76%; clade F, 82.78 ± 0.55%; cladeG, 83.34 ± 0.60%; cladeH, 79.14 ± 0.58%; clade J, 82.43 ± 0.42%; clade K,

80.74 ± 0.43%; clade L, 79.64 ± 0.43%; cladeM, 81.85 ± 0.47%. ANI values could not be calculated for comparison against clade B.

Species separation was confirmed by GTDB-Tk assignment of the genomes as ‘‘Prevotella sp900548535’’. Genomes assigned to

this species have been reconstructed from human faecal samples belonging to individuals from China, Ethiopia, Ghana,

Madagascar, Tanzania, and Cameroon. The type genome, ‘Obregon-TitoAJ_2015__SM18__bin.46’, was reconstructed from a fecal

sample taken from a healthy human female from Peru (Sample ID: SRR1761761;SRR1761703[TH1] ). Its size is 2.90Mbp, with a G+C

molecular content of DNA of 44.66 %, completeness of 92.48% and contamination of 2.05%.

Description of Candidatus ‘‘Segatella violae’’
Candidatus ‘Segatella violae’ (vi.o’lae. L. gen. n. violae, of Viola, the name of a social group of baboons from which the type genome

was reconstructed). The description of this species is based on the features of ten genomes. These genomes share an average ANI of

98.80 ± 0.46 % between each other, confirming they form a single species. The assignment as a novel species was made based on

detailed genomic analysis, including ANI values below 95.0% to the studied isolates assigned to other clades within the ScC; Sega-

tella copri (clade A), 81.82 ± 0.26 %; clade C, 81.84 ± 0.29 %; clade D, 81.91 ± 0.28 %; Segatella hominis (clade E), 80.76 ± 0.39 %;

clade F, 81.84 ± 0.34%; clade G, 82.20 ± 0.25%; clade H, 78.87 ± 0.58%; clade I, 82.42 ± 0.41%; clade K, 83.83 ± 1.08%; clade L,

81.67 ± 0.76%; cladeM, 87.87 ± 1.19%. ANI values could not be calculated for comparison against clade B. Species separation was

confirmed byGTDB-Tk assignment of the genomes as ‘‘Prevotella sp002440225’’. Genomes assigned to this species have only been

reconstructed from metagenomic samples originating from faecal samples of Baboons. The type genome, ‘Tung-

J_2015__F03__bin.23’, was reconstructed from a faecal sample from a female Baboon (Sample ID: SRS812635). Its size is 3.37

Mbp, with a G+C molecular content of DNA of 47.32 %, completeness of 97.87% and contamination of 1.58%.

Description of Candidatus ‘‘Segatella albertsiae’’
Candidatus ‘Segatella albertsiae’ (al.bert’si.ae. N.L. gen. n. albertsiae, of Alberts, named after Susan Alberts for her work on the social

structure and biology of Baboons). The description of this species is based on the features of seven genomes. These genomes share

an average ANI of 99.31 ± 0.32%between each other, confirming they form a single species. The assignment as a novel species was

made based on detailed genomic analysis, including ANI values below 95.0% to the studied isolates assigned to other clades within

the ScC; Segatella copri (clade A), 80.59 ± 0.36 %; clade C, 80.62 ± 0.30 %; clade D, 80.67 ± 0.29 %; Segatella hominis (clade E),

81.19 ± 0.20%; clade F, 82.08 ± 0.32%; clade G, 80.81 ± 0.30%; clade H, 78.92 ± 0.50%; clade I, 80.75 ± 0.41%; clade J, 83.81 ±

1.08 %; clade L, 81.55 ± 0.55 %; clade M, 83.47 ± 1.07%. ANI values could not be calculated for comparison against clade B. Spe-

cies separation was confirmed by GTDB-Tk assignment of the genomes as ‘‘Prevotella sp002451555’’. Genomes assigned to this

species have only been reconstructed from metagenomic samples originating from faecal samples of Baboons. The type genome,
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‘ParksDH_2017__UBA789’, was reconstructed from a faecal sample from an adult female Baboon (Sample ID: SRX834651). Its size

is 3.36 Mbp, with a G+C molecular content of DNA of 44.99 %, completeness of 85.92% and contamination of 1.23%.

Description of Candidatus ‘‘Segatella mututuai’’
Candidatus ‘Segatella mututuai’ (mu.tu.tu.a’i. N.L. gen. n. mututuai, named after Raphael Mututua for his work conducting research

with Baboons). The description of this species is based on the features of six genomes. These genomes share an average ANI of

99.62 ± 0.24 % between each other, confirming they form a single species. The assignment as a novel species was made based

on detailed genomic analysis, including ANI values below 95.0% to the studied isolates assigned to other clades within the ScC; Se-

gatella copri (clade A), 79.94 ± 0.17%; clade C, 80.10 ± 0.09%; clade D, 80.02 ± 0.17%;Segatella hominis (clade E), 80.09 ± 0.17%;

clade F, 80.32 ± 0.09%; clade G, 80.10 ± 0.14%; clade H, 81.27 ± 0.32%; clade I, 79.63 ± 0.44%; clade J, 81.67 ± 0.76%; clade K,

81.57 ± 0.55%; cladeM,81.42 ± 0.77%. ANI values could not be calculated for comparison against clade B. Species separation was

confirmed byGTDB-Tk assignment of the genomes as ‘‘Prevotella sp002439605’’. Genomes assigned to this species have only been

reconstructed from metagenomic samples originating from faecal samples of Baboons. The type genome, ‘ParksD-

H_2017__UBA6442’, was reconstructed from a faecal sample from an adult male Baboon (Sample ID: SRX834620). Its size is

2.68 Mbp, with a G+C molecular content of DNA of 46.88 %, completeness of 80.74% and contamination of 0.34%.

Description of Candidatus ‘‘Segatella papionis’’
Candidatus ‘Segatella papionis’ (pa.pi.o’nis. N.L. gen. n. papionis, of the baboon (genus Papio)). The description of this species is

based on the features of five genomes. These genomes share an average ANI of 98.99 ± 0.58 % between each other, confirming

they form a single species. The assignment as a novel species was made based on detailed genomic analysis, including ANI values

below 95.0% to the studied isolates assigned to other clades within the ScC; Segatella copri (clade A), 81.38 ± 0.49 %; clade C,

82.17 ± 0.39 %; clade D, 81.83 ± 0.36 %; Segatella hominis (clade E), 80.27 ± 0.38 %; clade F, 81.30 ± 0.49 %; clade G, 82.29 ±

0.36 %; clade H, 78.73 ± 0.53 %; clade I, 81.81 ± 0.56 %; clade J, 87.74 ± 1.41 %; clade K, 83.32 ± 1.09 %; clade L, 81.31 ±

0.66%. ANI values could not be calculated for comparison against clade B. Species separation was confirmed by GTDB-Tk assign-

ment of the genomes as ‘‘Prevotella sp002297965’’. Genomes assigned to this species have only been reconstructed frommetage-

nomic samples originating from faecal samples of Baboons. The type genome, ‘ParksDH_2017__UBA731’, was reconstructed from

a faecal sample from an adult female Baboon (Sample ID: SRX834658). Its size is 2.94 Mbp, with a G+Cmolecular content of DNA of

46.45 %, completeness of 77.52% and contamination of 0.51%.
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