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Revealing an unprecedented diversity of
episymbiotic Saccharibacteria in a high-
quality genome collection
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The episymbiotic Candidatus Saccharibacteria is the most studied lineage of candidate phyla
radiation. Living an epiparasitic lifestyle, Saccharibacteria might be associated with human mucosal
diseases by modulating the structure of the oral microbiome through interactions with host bacteria.
However, the knowledge of Saccharibacterial genomic diversity and the potential underlying their
adaptation to a wide range of habitats remains limited. Here, we construct a high-quality genome
collection of Saccharibacteria from multiple sources, providing 2041 high-quality genomes and
previously unidentified taxa. The comparative genomic analysis shows the widespread metabolic
defects of Saccharibacteria. Specific metabolic modules are commonly found in Saccharibacteria of
different habitats, suggesting Saccharibacteria might have undergone habitat adaptation during the
transition from different environments. We additionally show that Saccharibacteria account for ~1% of
the Chinese oral microbiome. A preliminary analysis of rheumatoid arthritis individuals and healthy
controls implies that Saccharibacteria might be associated with human systemic disease.

The Candidatus Saccharibacteria, formerly known as candidate division
TM7, cocultured with host bacteria, is the first member of the candidate
phyla radiation (CPR)" to be cultured™”. It took ~20 years from the dis-
covery of Saccharibacteria to uncover their epiparasitic lifestyle’. In the
human oral cavity, there are at least G1-G6 six groups of Saccharibacteria’,
while all species of Saccharibacteria cultivated from the human oral cavity
are from the G1 group’. So far, multiple species of Saccharibacteria have
been cultured from human oral cavity**™"', wastewater sludge'” and Cicadae
periostracum". Saccharibacteria exhibit diversification and adaptation
during the transition from environments to mammals at genome level .
The successful co-culture of Saccharibacteria with bacterial hosts
provide the first insight into the episymbiotic relationship between bacteria’.
The host bacteria undergo rapid evolution of decreased susceptibility after
continuous co-culture with Saccharibacteria, then the two maintain a stable
relationship'’. Saccharibacteria may exert negative impacts on host bacteria
and lead to their physiological changes such as increased stress responses,

3,6,12,15-17

reduced cell growth, inhibited cell division, and cell lysis . However,
some species of Saccharibacteria may benefit their bacterial hosts by pro-
moting their adaptation ability. For example, the Nanosynbacter lyticus
strain TM7x isolated from the human oral cavity is able to promote the
biofilm formation of its bacterial host Actinomyces odontolyticus strain
XH001", and facilitate XHO001 achieve better survival under acid stress'’.
Over the past dozen years, the cocultures of host-epibiont pairs demonstrate
Saccharibacteria have a limited host range restricted to some species of
Actinobacteria”™", and the type IV pili (T4P) play a part in the adhesion
between Saccharibacteria and host bacteria>"”. In the scheme of the epi-
biotic lifecycle of TM7i, Saccharibacteria adhere to the host bacteria through
T4P and proliferate, the progeny cells are dissociative, then adhere to new
hosts by motility mechanisms mediated by T4P".

Saccharibacteria includes members distributed both in mammalian
host-associated niches and natural environments", providing valuable
insights into the potential functions of CPR bacteria across various
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ecological niches. The human oral cavity is one of the main habitats of
Saccharibacteria, and the relative abundance of Saccharibacteria was higher
in the human oral cavity than in other ecological niches™. It has been
reported that an increased abundance of Saccharibacteria is often found in
mucosal diseases such as periodontitis and gingivitis, and there are spec-
ulations that Saccharibacteria may be periodontal pathogens™*'. However,
a recent study has reversed the assumption and found that in a ligature-
induced periodontitis mouse model, Saccharibacterial species such as
HMT346, 356, and 952 from periodontitis patients reduce inflammatory
bone loss by modulating the pathogenicity of their host bacteria®’. These
findings indicate that the associations between Saccharibacteria and human
health still need to be further explored™. In activated sludge, the co-culture
of Candidatus Mycosynbacter amalyticus strain JR1 and its host bacteria
was unexpectedly obtained when isolating bacteriophages from activated
sludge. The host bacteria species of JR1, such as Gordonia amarae and
Gordonia pseudoamarae, have been reported to be associated with the
formation of wastewater foams and hinder the wastewater treatment pro-
cess, while JR1 can lyse these host bacteria. In the future, JR1 might be used
to improve wastewater treatment efficiency.

Considering the mysterious associations between Saccharibacteria
with human health® and the pioneering role of Saccharibacteria in CPR
bacteria, it’s important to conduct a comprehensive survey of the whole
Saccharibacteria lineage, especially those widespread in different environ-
ments that have not been cultured. Here, we construct a genome collection
of Saccharibacteria from multiple sources and further investigate their
taxonomic diversity, metabolic potential, and survival adaptation. We also
investigate the relative abundance of Saccharibacteria in the Chinese oral
cavity and preliminarily explore the associations between Saccharibacteria
and rheumatoid arthritis (RA). Overall, the genome collection provided in
this study will lay the foundation for a more comprehensive understanding
of Saccharibacteria and provide novel insights for CPR.

Results

The expanded taxonomic diversity of Saccharibacteria

After exhaustive quality control, a Saccharibacteria genome collection
comprised of 2041 high-quality genomes was constructed, there were 632
genomes from NCBI assembly” and 1409 from Chinese cohorts™, all 2041
genomes were used for subsequent analyses (Supplementary Figs. 1-3, and
Supplementary Table 1). The genomes were distributed in a variety of
niches, including human body (1533; 75.11%), other mammals (208;
10.19%), natural environments (148; 7.25%), engineered environments
(142; 6.96%), and insects (10; 0.49%). The majority of the genomes of the
human body were from the human oral cavity (1508), and others were from
the vagina (12), gut (11), and skin (2). The Saccharibacteria genome col-
lection spanned a wide taxonomic diversity and contained members of
Nanosynbacteraceae (538; 26.36%), Nanosyncoccaceae (407; 19.94%),
Saccharimonadaceae (238; 11.66%), UBA10027 (214; 10.49%), Nano-
gingivalaceae (158; 7.74%), Nanoperiomorbaceae (136; 6.66%), SDRKO1
(73; 3.58%), and other families (277; 13.57%) (Supplementary Fig. 3b, and
Supplementary Table 2), and genomes were taxonomically affiliated to the
genera Nanosynbacter (531; 26.02%), Nanosyncoccus (374; 18.32%), Sac-
charimonas (237; 11.61%), SDRWO0I (208; 10.19%), Nanogingivalis (158;
7.74%), Nanoperiomorbus (128; 6.27%), SDRKO01 (73; 3.58%) and other
genera (332; 16.27%).

Genome clustering at 95% average nucleotide identity (ANI) yielded a
total of 759 non-redundant representative clusters (Fig. la, and Supple-
mentary Table 2). Of the 759 representative clusters, 389 were from humans,
and 167, 102, 93, 9 were from other mammals, natural environments,
engineered environments, and insects, respectively. There were 389 clusters
from body, suggesting that Saccharibacteria have developed a rich diversity
during the adaptation to the human body, which further supported the
previous conclusion". Among the 759 non-redundant representative
clusters, 480 clusters were unclassified at species level, 66 clusters lacked a
genus-level match, and 8 clusters lacked a family-level annotation, under-
lying that the database revealed an unprecedented diversity of

Saccharibacteria (Fig. 1b). Among the unidentified clusters, the Chinese
cohorts contributed 293 novel species, 6 novel genera, and 5 novel families.
Moreover, it was worth mentioning that compared with cultivation, the
culture-independent method revealed a richer diversity of Saccharibacteria
(Fig. 1¢).

Saccharibacteria had a high taxonomic diversity and were widespread
in different types of environments (Fig. 1c). We further explore the asso-
ciation between the phylogeny of Saccharibacteria and their isolation
sources. The results suggested that each group of Saccharibacteria had a
distinctive distribution pattern with respect to others (Fig. 1d, e). At the
family level, the members of SDRKO01 (73, 100%), Nanosynbacteraceae (535,
99.44%), Nanogingivalaceae (156, 98.73%), Nanoperiomorbaceae (127,
93.38%) and Saccharimonadaceae (221, 92.86%) were mainly distributed in
human body, Nanosyncoccaceae were mainly distributed in other mam-
mals (204, 50.12%) and human body (198, 48.65%), UBA1547 (32, 76.19%)
and UBA4665 (33, 70.21%) were mainly distributed in natural environ-
ments, and UBA4665_A (63, 94.03%) and UBA1020 (14, 73.68%) were
mainly distributed in natural and engineered environments (Fig. 1d). In
addition, at cluster level, every cluster contained genomes of a specific type of
environment, except for one cluster containing 4 genomes from natural
environments (groundwater), and 3 genomes from engineered environ-
ments (hydrocarbon-contaminated groundwater) (Fig. le). Moreover,
when we focused on the clusters distributed throughout the human body, we
found that several clusters were shared between human oral cavity and other
niches of human body, such as human gut, skin and vagina.

Ahighly reduced genome is a common feature of CPR bacteria'”, same
as other CPR bacteria, Saccharibacteria have reduced genomes’. In our high-
quality genome collection, the genome sizes of Saccharibacteria ranged from
4.5 Kbp to 1.5 Mbp, with the smallest genome from the ruminant gastro-
intestinal tract and the largest from the rhizosphere soil. Notably, Sac-
charibacteria from natural and engineered environments had larger genome
sizes (Supplementary Fig. 4a) and proteome sizes (Supplementary Fig. 4b)
than those from mammalian host-associated environments, which could be
due to the fact that Saccharibacteria in open environments require a larger
stock of functional genes to cope with complex and variable environments,
as speculated in a previous study'’. Moreover, we also noticed that Sac-
charibacteria from other mammals had larger genome sizes and proteome
sizes than those from the human body.

The limited metabolic potential of yet-uncultured
Saccharibacteria

Although it has been reported that Saccharibacteria are metabolically
restrained, and depend on host bacteria for survival*’", the conclusion is
based on cultivation studies and a limited number of genomes. With the
acquisition of more Saccharibacterial genomes, whether the ubiquitous yet-
uncultured Saccharibacteria possesses the potential for an independent
living warrants further investigation. Here, to further explore this question,
we compared the functional gene composition of the host-epibiont
pairs*’", and subsequently evaluated the metabolic potential of unculti-
vated Saccharibacteria in our genome collection. In genomes of Sacchar-
ibacteria, ~15% of the genes are related to metabolism, while in genomes of
the bacterial hosts, metabolism-related genes account for ~37% (Fig. 2a).
Using a Python script to calculate the completeness of metabolic modules,
we found similar metabolic dependency patterns between different host-
epibiont pairs (Fig. 2b, and Supplementary Tables 3a, b). Species of Sac-
charibacteria lacked the potential to synthesize biomacromolecules such as
amino acids (proline, threonine, serine, leucine, tryptophan, etc.), nucleo-
tides (adenine ribonucleotide and guanine ribonucleotide biosynthesis, etc.),
vitamins (coenzyme A, pantothenate, etc.), and fatty acids, while host strains
had corresponding complete metabolic modules, which is consistent with
previous research findings (Fig. 2b).

Further investigation of the metabolic potential of the whole Sac-
charibacterial genome collection revealed a common feature of metabolic
deficiency, namely, the inability to synthesize biological macromolecules
such as amino acids, nucleotides, and vitamins (Fig. 3a, b). For
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Fig. 1 | Taxonomic profile of Saccharibacteria. a Rarefaction curves of the number
of representative clusters obtained as a function of the number of genomes analyzed.
Separate colored curves are depicted for clusters from different environments.

b Stack plots showing a number of new taxa contributed by Saccharibacteria
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levels are shown separately, colored by public data or China cohorts. ¢ Maximum-
likelihood phylogenetic tree of the 2041 genomes. The inner dots are colored by the
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family annotation. Bar graphs indicate the number of genomes from each cluster.
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color of the circles represents the completeness of metabolic modules in each genome,
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organisms, darker colors represent host bacteria, lighter colors represent Saccharibacteria.
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Saccharibacteria from different habitats. Only the top ten modules with the highest
median of each habitat were shown. The red color of the module text indicates that the
module is complete in all genomes of Saccharibacteria, and the blue color indicates that
the median of the completeness of the metabolic module in the genomes from a certain
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Saccharibacteria from different habitats, there were few metabolic modules
with a median of completeness of 100%, and only essential modules for
information storage and processing, such as DNA polymerase III complex,
RNA polymerase, and ribosome were found complete in all genomes (Fig.
3b). Moreover, it was worth mentioning that the metabolic deficiencies of
Saccharibacteria appeared to be independent of genome size. Although
several genomes in the genome collection were larger, such as >1.25 Mbp,
these genomes also exhibited metabolic deficiencies (Supplementary Fig. 5).
As the genome size increased, metabolic modules for the biosynthesis of
amino acids, nucleotides, cofactors, and vitamins were still incomplete,
suggesting Saccharibacteria with a larger genome size may not be able to live
independently. Thus, our results suggested that the ubiquitous yet-
uncultured Saccharibacteria rely on other bacteria for survival.

Insights into Saccharibacteria habitat adaptation

Even though metabolically restrained, the ultra-small Saccharibacteria are
able to live in a variety of environments™, impelling us to investigate their
functional potential, which might help them adapt to different niches. The
comparative genomic analysis of Saccharibacteria was conducted on the
basis of eggNOG annotations. Most of the unique protein clusters of each
habitat were poorly characterized, others were involved in biological pro-
cesses such as metabolism, cellular process and signaling, and information
storage and processing (Fig. 4a). When we focused on unique protein
clusters that might be associated with the habitat adaptation of Sacchar-
ibacteria, a protein cluster with PFAM SBP_bac_3 was found, the protein
cluster had a high prevalence (74%) in the human body-derived Sacchar-
ibacteria (Fig. 4b, and Supplementary Table 4a). SBP_bac_3 belongs to the
bacterial solute-binding proteins (SBP) family, and usually binds to specific
substrates, and plays an important role in the nutrient uptake and meta-
bolism of bacteria”. Thus, we speculated that the habitat adaptation of
Saccharibacteria to the human body may be associated with the unique
nutrient absorption mechanism mediated by SBP. We also found a protein
cluster with PFAMs Cation_ATPase, Cation_ATPase_C, Cation_ATPa-
se_N, E1-E2_ATPase, Hydrolase had a high prevalence (70%) in the insect-
derived Saccharibacteria (Fig. 4b). The protein was corresponding to the
P-type Mg"" transporter that mediates magnesium influx into the cytosol.
Moreover, we noticed that Saccharibacteria of natural and engineered

environments had a large number of protein clusters in common (Sup-
plementary Table 4c). Of note, the top two protein clusters unique to Sac-
charibacteria of natural and engineered environments were annotated as
COX3 and COX1, corresponding to subunit 3 and subunit 1 of the cyto-
chrome o ubiquinol oxidase, which might support the aerobic respiration of
Saccharibacteria (Fig. 4c). Saccharibacteria from human body and other
mammals also shared many protein clusters, although these protein clusters
had different prevalence (Fig. 4, Supplementary Table 4b). Actually, for the
key functions of habitat adaptation of mammal-associated Saccharibacteria,
the arginine deiminase system (ADS) is often found complete in mammal-
associated Saccharibacteria but missing in environmental counterparts,
allows metabolically restrained Saccharibacteria to maintain higher viability
and infectivity when separated from the host bacteria, and protects Sac-
charibacteria and its host bacterium from acid stress™"”. Here, we found that
the arginine deiminase, ornithine carbamoyl transferase, and carbamate
kinase had high prevalence (83%, 73%, 82%) in Saccharibacteria from the
human body (Fig. 4d, e).

We also examined the metabolic modules of Saccharibacteria across
different habitats. (Fig. 3b, and Supplementary Tables 3¢, d). For example,
the cytochrome o ubiquinol oxidase complex (M00417) was found in more
than 50% of Saccharibacteria from both natural and engineered environ-
ments. This complex, which is composed of cytochrome o ubiquinol oxidase
subunits I, II, and III, and the cytochrome o ubiquinol oxidase operon
protein cyoD, functions as the terminal oxidase in the electron transport
chain. It catalyzes the oxidation of ubiquinol to ubiquinone and the
reduction of O, to H,O, creating a transmembrane proton gradient that
provides the energy for ATP synthesis. This suggested that some Sacchar-
ibacteria in natural and engineered environments might respire aerobically,
which has been reported in previous studies™". The acyl-CoA synthesis of
the beta-Oxidation (M00086), which plays a crucial role in fatty-acid
metabolism, was commonly identified in Saccharibacteria across other
mammals. It requires a long-chain fatty-acid-CoA ligase which activates
long-chain fatty acids by converting them into long-chain acyl-CoA. This
process is essential for both the degradation and synthesis of fatty acids.
Through this activation, long-chain fatty acids can be efficiently utilized for
energy production and other metabolic processes. This implied that some
gastrointestinal-derived Saccharibacteria in mammals might be able to use
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the host-derived fatty acids. On the other hand, several specific metabolic  and the energy released from this transport reaction is then used to release
modules were consistently identified in Saccharibacteria from various newly formed ATP from the active site of the F-ATPase. Moreover, the core
environments, which might also be related to the adaptation of Sacchar- module involving three-carbon compounds of glycolysis (M00002) was
ibacteria. For example, the F-type ATPase (M00157) was commonly commonly found in Saccharibacteria from the human body, other mam-
identified in Saccharibacteria from the human body, natural and engineered  mals, and insects. The acetyl-CoA => acetate of phosphate acetyltransferase-
environments. It uses a proton gradient to drive ATP synthesis. Protons  acetate kinase module (M00579) was commonly found in Saccharibacteria
passively flow across the membrane down their electrochemical gradient,  of other mammals and insects.
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Fig. 4 | Comparative genomic analysis of Saccharibacteria. a Lollipop chart
showing the PFAMs corresponding to the top ten unique protein clusters of each
habitat. b Cleveland dot plots showing the PFAMs composition corresponding to
top 20 shared protein clusters of Saccharibacteria from different environments.

¢ Upset plot and Venn diagram displaying the number of protein clusters found
across different types of environments. Vertical bars of the upset plot represent the
number of protein clusters shared between the different environments. Horizontal
bars of the upset plot in the lower panel indicate the total number of protein clusters
in each type of environment. A Venn diagram was added with the COG composition

of protein clusters. d Phylogenetic tree of 2041 genomes combined with the heatmap
on the outermost layer indicating the isolation source of genomes and the presence
or absence of ADS-related proteins. e Distribution patterns of ADS-related proteins
in the genome collection, colored by the same annotation of isolation source of
genomes as in (d). f Phylogenetic tree of 2041 genomes combined with the heatmap
on the outermost layer indicating the isolation source of genomes and the presence
or absence of T4P-related proteins. g Distribution patterns of T4P-related proteins
in the genome collection, colored by the same annotation of isolation source of
genomes as in (f).
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Fig. 5 | The distribution of Saccharibacteria in Chinese oral cavity. a Abundance
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a relative abundance of Saccharibacteria in each sample. ¢ Violin plot displaying the
number of clusters of Saccharibacteria in each sample. Only the number of clusters
with relative abundances above 0.01% in each sample is shown.

The type IV pili (T4P) are surface-associated filamentous appendages
of bacteria, participating in twitching motility, cellular adherence, and DNA
uptake”. Previous studies have identified five protein-coding genes related
to T4P in genomes of Saccharibacteria from different environments,
including assembly ATPase, retraction ATPase, membrane core protein,
membrane accessory protein, and prepilin peptidase'”. Here, we investigated
the distribution of related protein-coding genes of T4P in our genome
collection and confirmed that two primary genes of T4P had high pre-
valence in Saccharibacteria genomes of all habitat types (Fig. 4f, g). The pilM
gene, which encodes the membrane accessory protein, was annotated in
97.84% of the genomes, and the pilT gene, encoding the retraction ATPase,
was annotated in 91.47% of the genomes (Fig. 4g). Although the other three
T4P-related genes were not annotated in the majority of genomes in our
collection, we believe the consistent detection of the two key genes of T4P,
pilM and pilT could support the routinely detected T4P and facilitate Sac-
charibacteria the maintenance of an epiparasitic lifestyle".

Saccharibacteria in Chinese oral cavity

The human oral cavity is one of the main habitats of Saccharibacteria™.
Although accumulating evidence has shown that Saccharibacteria are part
of the core microbiome of the human oral cavity'*”, the distribution pat-
terns of Saccharibacteria in the Chinese oral cavity have been poorly char-
acterized. Here, we investigated the relative abundance of Saccharibacteria
in the Chinese oral cavity (Fig. 5a) utilizing the 759 species-level repre-
sentative genomes of Saccharibacteria and 445 presentative genomes of
cultivated oral bacteria (Supplementary Table 5). Overall, the oral

microbiome of Chinese harbored Saccharibacteria at a low relative abun-
dance (Fig. 5b), the median of Saccharibacterial relative abundance across all
4362 samples was 1.2% and the mean was 1.89%, which was slightly higher
than the previously reported relative abundance of 1% of Saccharibacteria in
non-disease states’. The oral-derived Saccharibacteria had higher relative
abundances and occurrence in the Chinese oral cavity than Saccharibacteria
from other habitats (Fig. 5a). We further focused on representative clusters
with higher relative abundance, with a relative abundance of 0.01% in the
metagenome selected as a threshold, we found the median and mean of
Saccharibacteria clusters in each sample were 16 and 23, respectively (Fig.
5¢). Of note, there were three clusters (RSZYD18187466_A_saliva.metas-
pades.bin.39, RSZYD18078343_A_saliva.metaspades.bi-n.34, RSZY-
D18078188_A_saliva.metaspades.bin.16) present in over 99% of the
samples, and the median of relative abundance was 0.035%, 0.031, 0.029%,
respectively, indicating these three clusters represented the most prevalent
and abundant taxa of Saccharibacteria in Chinese oral cavity.

Associations between Saccharibacteria and RA

The connections of the human oral cavity to the rest of the body have been
increasingly explored and understood, and dysbiosis in the oral microbiome
is often implicated in the pathogenesis of both oral and systemic diseases’.
As a part of human commensal bacteria, Saccharibacteria has been reported
to be associated with human oral mucosal diseases such as periodontitis and
gingivitis*”, yet the associations between Saccharibacteria and human
systemic diseases remain understudied. RA is a long-term autoimmune
disorder that primarily affects joints. Previous studies have reported
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different compositions of the oral microbiome between healthy individuals
and RA individuals’*>. Here, we downloaded 47 metagenomes of healthy
controls (HC) and 50 metagenomes of RA patients (RA) from a public
database”, and initially investigated the potential associations between
Saccharibacteria and RA. Utilizing a total of 1204 species-level bacterial
clusters as the database, the abundance profiles were conducted. The linear
discriminant analysis (LDA) effect size (LEfSe)”’ was then performed to
identify clusters with significantly different abundance between the HC and
RA groups. There were 104 clusters significantly enriched in HC, and 53
clusters significantly enriched in RA (Supplementary Fig. 7, Supplementary
Table 6a). Among the clusters, eight clusters of Saccharibacteria were found
to be significantly enriched in RA, and one cluster of Saccharibacteria was
significantly enriched in HCs (Fig. 6a and Supplementary Fig. 7). Subse-
quently, the correlation network of Saccharibacterial clusters and related
bacterial clusters differing in abundance in HC (Fig. 6b, Supplementary
Table 6b) and RA (Fig. 6¢, Supplementary Table 6¢c) was conducted,
respectively. Result indicated that, in HC, apart from one Saccharibacterial
cluster was significantly positively correlated with bacterial clusters from
multiple phyla, most Saccharibacterial clusters were significantly positively
correlated with bacterial clusters within Actinobacteriota. Conversely, in RA
patients, the network was more complex. Several clusters of Saccharibacteria
showed a significant positive correlation with bacterial clusters from mul-
tiple phyla in RA patients, such as clusters within Actinobacteria, Proteo-
bacteria, Fusobacteriota, etc. The above preliminary results implied that
species of Saccharibacteria might play an important role in the changes of
the microbiome during disease conditions. Given the currently limited
sample size, the associations between Saccharibacteria and RA disease
require validation with a larger cohort and further in-depth research.

Discussion

As the first and most extensively cultured group of CPR, Saccharibacteria
has provided profound insights into the morphology characteristics, phy-
siological properties, and ecological functions of CPR bacteria®*"*"**",
However, these findings were primarily based on cultured Saccharibacteria,
especially from the human oral cavity, and thus may represent only a
minority of Saccharibacteria taxa. Alternatively, although previous studies
have conducted comparative genomic analyses of existing genomes of
Saccharibacteria, the amount of data is very small, and the preliminary
analysis results cannot represent the entire Saccharibacterial lineage'***.
With an increasing number of Saccharibacterial genomes obtained through
culture-independent methods, several questions remain understudied. For
instance, what is the taxonomic diversity of the whole Saccharibacteria
lineage, and what are the potential differences in lifestyle and metabolic
potential between yet-uncultured Saccharibacteria and their cultured
counterparts'®. In order to further explore these questions, we collected
Saccharibacterial genomes from multiple source data and conducted a
comprehensive genomic analysis.

The 2041 Saccharibacterial genomes, which passed rigorous quality
control, spanned various habitats and encompassed diverse taxa. Covering a
large range of genome size, most of the genomes (1935; 94.80%) ranged from
0.45 Mbp to 1 Mbp, and a small portion of the genomes (106; 5.20%) ranged
from 1 Mbp to 1.5 Mbp. Generally, genomes of Saccharibacteria from engi-
neered and natural environments were larger than those from the human
body and other mammals, implying that there were potential biological
differences between Saccharibacteria derived from different habitats. On the
other hand, Saccharibacterial genomes were reduced compared to bacteria
outside the CPR lineage, yet the genomes exhibited high diversity in both
phylogeny and gene content (Fig. 4a, b, Supplementary Tables 4a-d), indi-
cating the evolution of Saccharibacteria might be very complex. Currently, the
understanding of the evolutionary driving force of CPR bacteria is essential in
the field of CPR. Gene loss and lateral gene transfer might play a role in
shaping the genomic evolution of CPR bacteria****. We envisage our gen-
ome collection will be used in future studies on the evolution of CPR bacteria.

Through comparative genomic analysis, genomic traits related to the
habitat adaptation of Saccharibacteria were identified. For example, the SBP

proteins commonly identified in Saccharibacteria derived from the human
body might facilitate nutrient absorption within the human host, and the
cytochrome o ubiquinol oxidase complex in Saccharibacteria in natural and
engineered environments suggested the potential for aerobic respiration.
However, due to the relatively low abundance of Saccharibacteria in various
habitats and the challenge in recover genomes in metagenomes, the cur-
rently genomes may not represent the full diversity of Saccharibacteria in a
given habitat, thus the results need further validation using more datasets.
Alternatively, genomes in our collection contained a large proportion of
genes that lack annotation, which might also increase the limitations of
current results. Thus, understanding the function of the large proportion of
unannotated genes is warranted for a deeper understanding of CPR
bacteria"’. Techniques for the genetic manipulation of Saccharibacteria” are
likely to enhance our knowledge of uncharacterized genes of Sacchar-
ibacteria and other CPR bacteria in the future.

The host specificity is another key remaining question in the field of
CPR bacteria. Even though our analysis implied the ubiquitous uncultured
Saccharibacteria might rely on other bacteria to survive, the question of the
host specificity of Saccharibacteria still remained. Although several studies
have speculated on the potential hosts of Saccharibacteria based on hor-
izontal gene transfer’* and abundance correlations™, these speculations have
not been experimentally validated. Given the intricate interactions between
Saccharibacteria and their host bacteria, their potential roles in the human
body and other niches such as groundwater, rhizosphere soil polluted
environments, etc., remain for further analysis. With more cocultures of
CPR-host bacteria obtained, a broader host range for CPR might be
uncovered, consequently, more dynamic and complex microbial interac-
tions might be unveiled. By then, the functions of CPR bacteria in broader
ecosystems will be better elucidated.

To summarize, our study compiles a comprehensive genome collection
of Saccharibacteria from diverse sources. We provide new insights into the
phylogeny, metabolic potential, and habitat adaptation of Saccharibacteria
across various habitats. Additionally, our analysis initially investigates the
associations between Saccharibacteria and RA. We envisage our work will
foster a more comprehensive understanding of Saccharibacteria and sup-
port further research on other CPR bacteria.

Methods

Genome assembly and quality assessment

To better explore the biodiversity of Saccharibacteria, we collected assemblies
of Saccharibacteria from NCBI Assembly” (01-2023) and assembled
assemblies of Saccharibacteria from 5427 oral metagenomic samples of
multiple Chinese cohorts™. The Chinese cohorts were derived from both our
sequencing data and public datasets, including the following: (1) 3953 samples
from the Chinese Shenzhen cohort, including 2678 samples from the SZ-4D
(Disease, Drug, Diet, Daily life) cohort and 1275 new sequencing samples™,;
(2) 671 samples from Chinese Yunnan cohort™; (3) 294 RA samples from
Chinese Beijing cohort’. The method of assembling from metagenomic
shotgun reads was described by Zhu et al.**. In brief, in each sample, contigs
were assembled using metaSPAdes™, contigs longer than 1500 bp were bin-
ned by MetaBAT2”. The CheckM (v.1.2.1)* custom workflow with a set of 43
marker genes for CPR bacteria™"' was used to evaluate Saccharibacterial
genome completeness and contamination. GUNC (v1.0.5)* was used to
detect chimerism. 4019 Saccharibacterial genomes with 50-90% complete-
ness and 5-10% contamination were considered as medium-quality gen-
omes. Quality filtration at >90% completeness and <5% contamination, plus
subsequent removal of chimeric genomes, yielded a non-redundant set of
2041 high-quality genomes for downstream analysis.

Genome clustering and taxonomic analyses

The full set of 2041 genomes was clustered on the basis of whole-genome
ANI using dRep (v.3.4.0)" with a 95% ANI threshold (-sa 0.95 -nc 0.3),
yielding a set of 759 representative clusters. All genomes were taxonomically
annotated using GTDB-Tk (v.2.1.0)** ‘classify_wf function with default
parameters against the GTDB r207 release, defining Saccharibacteria as the
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class Saccharimonadia of Patescibacteria phylum. The genome maximum-
likelihood phylogenetic tree was constructed using GTDB-Tk based on 120
bacterial marker genes and visualized by iTOL*. Information on genome
isolation sources was gathered through NCBI. The “human body” includes
the human oral cavity, gut, vagina, and skin. The “other mammals” included
the ruminant gastrointestinal tract and intestines of mice, baboons, pigs, etc.
The “natural” included natural environments such as groundwater, lake,
sediment, soil, rhizosphere, marine water, etc. The “insects” included ter-
mite gut and cicada slough. The “engineered” isolation category was defined
to include human-made or industrial systems as summarized by Jaffe et al.”.
A Circle packing plot was generated with RAWGraphs (https://app.
rawgraphs.io). An upset plot was generated using Intervene (https://asntech.
shinyapps.io/intervene)*.

Genome annotation, protein catalog, and comparative genomic
analysis

Genes were predicted using Prokka v.1.14.6"” with default parameters and
further characterized using eggNOG-mapper v.2.0* and the eggNOG v.5.0
database”. The non-redundant gene catalog was generated by CD-HIT
v4.8.1%" (parameters: -d 0 -c 0.95 -a$ 0.9 -G 0 -M 0). Genes were clustered at
different percentage identities, and the number of unique genes resulting per
clustering for each isolation source was visualized (Supplementary Fig. 6a).
The protein catalog was generated by combining all predicted CDSs derived
from the 2041 genomes (Supplementary Fig. 6b). Protein clustering of the
concatenated proteins dataset was performed with the ‘linclust’ function of
MMseqs2 (Version 14.7¢284)°" with options ‘--cov-mode 1 -c 0.8 and
‘--kmer-per-seq 80". Comparative genomic analysis was carried out based
on a protein catalog with 50% amino-acid sequences similarity. Venn dia-
gram was performed with EVenn™. The metabolic module completeness
was calculated with a python script, briefly, the script calculates the com-
pleteness of the metabolic modules in each Saccharibacterial genome by
counting the annotation of KOs in the eggNOG output and comparing it to
the KOs required for the metabolic module in the KEGG database. The T4P-
related genes and ADS-related genes were identified by prokka as well as
eggNOG, and manually curated.

Metagenomic analysis

For investigating the distribution of Saccharibacteria in a larger Chinese
population, human oral metagenome sequencing data of Chinese cohorts
were downloaded from the CNGB Sequence Archive (CNSA)™ (https://db.
cngb.org/cnsa/) of China National GeneBank DataBase (CNGBdb)™. 3691
metagenomic samples were obtained from the 4D-SZ cohort under the
accession code CNP0000687, and 671 metagenomic samples were obtained
from the Yunnan cohort under the accession code CNP0001221. For
investigating the associations between Saccharibacteria and RA, 47 meta-
genomic samples from healthy individuals and 50 metagenomics samples
from RA individuals’ were downloaded from https://www.ebi.ac.uk/ena/
browser/view/PRJEB6997. Reads were quality-filtered and trimmed using
fastp v0.19.4”, and human contamination was removed using Bowtie2
v2.3.5° and SeqKit v1.3* as described by Zhu et al.**. In order to explore the
relative abundance of bacteria in metagenomes, clean reads were mapped to
1204 reference genomes, which included 445 reference genomes of oral
bacteria and 759 representative genomes of Saccharibacteria. The 445
reference genomes of oral bacteria were selected from 1019 genomes of the
expanded Human Oral Microbiome Database (¢tHOMD)™ and 1089 gen-
omes of a Cultivated Oral Bacteria Genome Reference (COGR)”, using
dRep (v3.4.0)" with the criterion of 95% ANI as the threshold for distinction
at the species level. The relative abundance of representative clusters was
estimated using Kraken v2.1.2” and calibrated using Bracken v2.5%. Sam-
ples or genomes without any reads mapped were filtered out. In order to
calculate the coverage and depth of reference genomes, clean reads of each
sample were mapped against reference genomes using bowtie2 v2.5.4%, the
mapped reads were sorted using samtools v1.20°'. Subsequently, for contigs
of each representative cluster, the coverage of contigs was calculated using
bedtools v2.31.1%, and the depth of contigs was calculated using pandepth

v2.25%. Finally, the average of the coverage and depth within the same
representative cluster was utilized as the mean coverage and depth of each
representative genome, respectively.

Statistical analysis

Statistical tests were performed using R v4.2.2. P values of differences in
genome size and proteome size of Saccharibacteria from different habitats
were calculated using the Wilcoxon rank-sum test (two-sided). LDA Effect
Size (LEfSe) analyses™ were performed to estimate the clusters that differed
significantly among the HCs and RA individuals. LEfSe was calculated using
P value < 0.05 for the Wilcoxon test, a LDA score >2 was used as the
threshold cutoff. Clusters with differential abundance in HC and RA groups
were used for the network analysis in HC and RA groups, respectively. The
“reorr” function of the R package Hmisc was used to compute the Spearman
correlations between clusters based on the relative abundances in HC and
RA groups, respectively. The strong (r<—0.5 or >0.5) and statistically
significant (P value < 0.05 adjusted using the Benjamini-Hochberg method)
correlations were retained for the visualization in Cytoscape (v3.9.1)%.

Data availability

All genomes in the 2041 high-quality genome collection of Saccharibacteria
have been deposited into CNSA™ of CNGBdb** under accession number
CNP0004645.

Code availability
Scripts of this work can be downloaded form https://github.com/
WenxinHe616/Supplementary-Data-for-reviewers/tree/main.
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