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Akkermansia muciniphila, a promising candidate for next-generation probio-
tics, exhibits significant genomic diversity, classified into several distinct
clades (Aml to AmlIV). Notably, a single Akkermansia clade tends to pre-
dominate within individual hosts, with co-occurrence of different clades being
rare. The mechanisms driving such clade-specific exclusion remain unclear.
Here, we show that extracellular vesicles (EVs) derived from Amll clade inhibit
the growth of clade I (Aml), conferring a competitive advantage to Amil.
Moreover, we observe clade-specific immunoglobulin A (IgA) responses,
where AmlI clade-specific IgAs, induced by EVs from Amill, facilitate niche
occupancy and competitive exclusion of Aml. These findings provide insights
into the competitive dynamics of A. muciniphila clades and suggest that future
personalized microbiome interventions could be optimized by considering
the clade composition of A. muciniphila in individual hosts.

Human microbiota, the trillions of microorganisms that inhabit the
human body, have emerged as critical factors contributing to human
health and disease*. Among the numerous species within gut micro-
biota, Akkermansia muciniphila has attracted considerable attention in
recent years as a candidate for application in next-generation
probiotics®*. A. muciniphila, a mucin-degrading bacterium residing
in the mucus layer of the gut, plays a pivotal role gut health main-
tenance and host homeostasis®®. Reduced A. muciniphila levels have
been linked to metabolic disorders such as obesity®’. A. muciniphila
ameliorates obesity-related symptoms by enhancing intestinal epi-
thelial barrier functions>”'® and promoting glucagon-like peptide-1

production in the intestinal epithelium’. Moreover, A. muciniphila has
been identified as a key microbial species that can enhance anti-tumor
immunotherapy efficacy based on immune checkpoint blockade
treatment in both humans and mice™'”. However, experimental
research has largely focused on the type strain (BAA-835) and a few
newly isolated strains, limiting our understanding of the broader
therapeutic potential of A. muciniphila strains.

Despite growing interest in A. muciniphila, the extent of its
genetic diversity and the functional implications, in addition to its
distribution across different populations, remain poorly understood.
Previous pangenomic studies have identified four distinct clades of
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A. muciniphila (Aml to AmIV)*™, Amll and AmIV clades have been
proposed as novel species within the genus Akkermansia, based on
phenotypic, phylogenetic, and genetic characteristics'®™®, The sub-
species-level genomic variability translates into phenotypic differ-
ences, particularly affecting host-microbe interactions'**°. Under-
standing A. muciniphila diversity within the host gut is therefore
essential for uncovering its functional relevance to gut health and
assessing its therapeutic potential across various diseases.

A. muciniphila colonization of the gut is a dynamic process,
influenced by the host and environmental factors* >, Previous studies
have investigated the mechanisms underlying the colonization and
persistence of A. muciniphila in the host gut, providing insights into its
ecological role within the human gut***. Notably, within individual
hosts, a single A. muciniphila clade typically predominates, with co-
occurrence of multiple clades being relatively rare’>**. However, the
global distribution pattern and population structure of such clade-
typed A. muciniphila remain poorly understood. Furthermore, the
mechanisms underlying the dominance of a single clade and co-
exclusion between A. muciniphila clades are unclear. Single clade
predominance of A. muciniphila clades in individual hosts further
emphasizes the necessity of re-evaluating the correlation between A.
muciniphila and beneficial health outcomes across different clades.
Furthermore, stratifying the A. muciniphila types present in the host
gut may facilitate the development of personalized therapeutic
intervention.

Bacteria produce and release extracellular vesicles (EVs), includ-
ing outer-membrane vesicles (OMVs), from Gram-negative
bacteria’”?%. The EVs mediate communication not only between bac-
teria but also with host cells”’. Bacterial EVs regulate microbial inter-
actions within microbial communities through various mechanisms.
Bacterial EVs promote nutrient acquisition and deliver molecules with
antimicrobial activities that target microbial competitors®. For
instance, Myxococcus xanthus uses OMVs as cargo to deliver hydrolytic
enzymes and antibiotics for killing prey microbes®. In addition, EVs
produced by gut microbes or enteric pathogens can elicit immune
responses® and modulate the functions of intestinal epithelial cells*.
Furthermore, EVs produced by A. muciniphila can interact with
intestinal epithelial cells, enhancing barrier function by regulating
tight junctions'®**. However, despite the importance of EVs in micro-
bial communication, the role of EVs produced by A. muciniphila in the
single clade predominance remains largely unexplored.

Gut microbiota play a critical role in shaping intestinal adaptive
immunity. Various gut microbes stimulate B cells to produce immu-
noglobulin A (IgA), which is secreted into the gut lumen. These anti-
commensal IgAs serve diverse functions, such as toxin neutralization,
prevention of pathogen infiltration, and promoting mucosal attachment
of specific gut microbes. IgA facilitates the mucosal colonization of Bac-
teroides fragilis by enhancing intimate association with the gut mucosal
surface™™. A. muciniphila stimulates the adaptive immune system to
produce A. muciniphila-specific antibodies®. However, it remains unclear
whether this interaction between A. muciniphila and host immune system
can influence the colonization dynamics of A. muciniphila and whether it
plays a role in the single clade predominance.

Here, we explore the global distribution and population structure
of clade-typed A. muciniphila, revealing that diversity of A. muciniphila
in humans is influenced by urbanization and its clade predominance is
widespread. Using in vitro co-culture experiments and gnotobiotic
mice associated with both Aml and Amll in various conditions, we
show that the co-exclusion of A. muciniphila clades is mediated
through a combination of inter-clade inhibitory mechanisms and niche
pre-occupation. Specifically, EVs derived from A. muciniphila clade Il
(Amll) unilaterally inhibit the growth of clade 1 (Aml), conferring a
competitive advantage to Amll. Moreover, clade-specific immunoglo-
bulin A (IgA) responses are observed. Amll clade-specific IgAs, induced
by EVs from Amll, facilitate niche occupancy and competitive

exclusion of Aml. These findings provide insights into the competitive
dynamics of A. muciniphila clades and suggest that future personalized
microbiome interventions could be optimized by considering the
clade composition of A. muciniphila in individual hosts.

Results

A. muciniphila diversity influenced by urbanization and single
clade predominance in human populations

We sequenced whole genomes of 44 newly isolated A. muciniphila
strains and analyzed them together with 48 publicly-available genomes
to investigate the genomic divergence of human-associated A. muci-
niphila genomes (Supplementary Data 1). Briefly, 16S rRNA phyloge-
netic analysis (Supplementary Fig. 1A) showed that the 92A.
muciniphila were classified into Aml (n=74), Amll (n=13), and AmIV
(n=5), as reported in previous studies” ™. Additionally, the A. muci-
niphila strains were equally classified according to average nucleotide
identity analysis based on whole-genome comparison (Supplementary
Fig. 1B). The functional classification and genomic diversity of the 92 A.
muciniphila were also evaluated, which showed the inter-clade genetic
distances (Supplementary results, Supplementary Table 1, Supple-
mentary Data 2, 3, and Supplementary Fig. 2).

Although A. muciniphila can be classified into several clades
(AmI-AmlV), studies on the global distribution of clade-typed A.
muciniphila are scarce. Our previous study characterized the gut
microbiome of 890 healthy Korean individuals using 16S rRNA
sequencing, especially based on Amplicon Sequence Variant (ASV)
analysis and microbial clusters®. ASV analysis was selected as it pro-
vides a higher resolution and allows precise identification of A. muci-
niphila clades*°. We confirmed 22 ASVs belonging to A. muciniphila
after taxonomic classification and aligned the ASVs with the 16S rRNA
sequences of A. muciniphila genomes to identify their respective
clades (Supplementary Fig. 3). The ASVs were classified into Aml
(n=13), Amll (n=8), and AmlV (n=1). Based on ASV analysis, we suc-
cessfully examined the distribution of A. muciniphila clades in healthy
Korean individuals. We identified the clades according to total read
count ranking: among the ASVs classified into Aml, those that showed
the highest total read count were named ASV_AmI_O1. A. muciniphila
was observed in 357 healthy Korean subjects (40.11%). A single A.
muciniphila clade was dominant (mainly Aml or Amll) in healthy
individual Korean hosts. In particular, the numbers of A. muciniphila-
harboring Korean subjects with Aml, Amll, and AmIV were 237
(66.39%), 112 (31.37%), and 2 (0.56%), respectively (Fig. 1A), but the co-
existence of two clades was observed in only 6 of the 357 subjects
(1.68%) (Fig. 1B).

Based on ASV analysis, we also evaluated A. muciniphila clade
distribution in the global human population (Fig. 1A and Supplemen-
tary Data 4). Overall, A. muciniphila had an incidence of 13.58-61.98%
depending on the country; in 16 of the 22 countries, the predominant
colonization of a single A. muciniphila clade was observed (mainly Aml
or Amll). The co-existence of two clades was observed only in six
countries: 1.32% in the USA, 2.20% in China, 5.81% in Sweden, 4.34 % in
Canada, and 8.93% in Colombia (Fig. 1A, B). Aml and Amll were
observed in all countries, excluding Republic of the Congo, where only
Aml was identified. Notably, Amll and AmIV proportions tend to be
high in countries with high urban rates (Fig. 1A, C).

To examine co-exclusion between A. muciniphila clades, Spear-
man correlation analysis was performed within (intra-clade) and
between clades (inter-clade) for A. muciniphila clades according to
ASV analysis in Korean subjects (Fig. 1D). An overall positive correla-
tion within clades was observed, except for one case (AmI_O1 vs
Aml_02, coefficient strength: —0.27, p-value < 2.387e-07). However, a
negative correlation was observed between clades (Aml vs Amll). This
was especially true for Aml_01 and AmII_01 ASV, which had the highest
read count and a strong negative correlation (coefficient strength:
-0.66, p-value <2.2e-16). In other countries, top-ranked Aml strains
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Fig. 1| Diversity of A. muciniphila influenced by urbanization and single clade
predominance in human populations. A Pie charts showing the distribution of A.
muciniphila clades within each country. The blue scale filling each country repre-
sents the urban rate. The size of the pie reflects the proportions of individuals
harboring A. muciniphila in each country. B Coexistence of A. muciniphila clades in
six countries. C Scatter plot with Pearson correlation coefficients after two-sided
multiple comparisons showing the correlation between the proportion of A.

muciniphila clades and urbanization rate. D Spearman correlation matrix of A.
muciniphila ASVs according to clade in 890 healthy Korean subjects. Spearman
correlation coefficient strength was 12 as indicated by the colored bar. Twenty-two
A. muciniphila ASVs were named for each clade according to the rank of total read
count, and 14 ASVs with >1000 read count were used for correlation analysis
(ASV_AmI 01 to ASV_AmI_09: black, ASV_AmlII_01 to ASV_ AmII 04: red, ASV A-
mlV_01: blue). Source data are provided as a Source Data file.

were similarly positively correlated with the other Aml strains but
negatively correlated with Amll strains (Supplementary Fig. 4).

The co-existence of multiple A. muciniphila strains within the
same clade could be identified by the presence of multiple ASVs in an
individual. The proportion of individuals harboring multiple ASVs
varied across different countries (Supplementary Fig. 5). In regions
where co-existence of strains from different clades was low or not
observed, individuals with multiple ASVs from the same clade was
more frequently observed. For instance, in the Korean populations, the
proportions of individuals with multiple ASVs in the Aml and Amll
clade were 34.5% and 24.1%, respectively, suggesting that A. mucini-
phila strains within the same clade can co-exist, while being mutually
exclusive with strains from other clades (Supplementary Fig. 5).
Overall, the findings suggest that A. muciniphila clade diversity in
human populations is influenced by urbanization, and single clade
predominance of A. muciniphila is a widespread feature, regardless of
ethnicity and global location.

Culture supernatants from various Amll clade strains uni-
laterally inhibit Aml clade growth in vitro

Given the observed predominance of either Aml or Amll clades in the
human gut microbiome, we aimed to investigate the mechanisms
underlying co-exclusion between the clades. Previous reports have

shown that Aml clades possess a higher genetic capacity for adapting
to the human intestinal environment, particularly through their ability
to utilize mucin-related substrates, and they exhibit faster doubling
times compared to Amll clades®”. Consequently, it has been assumed
that Aml could outcompete Amll owing to its superior ability to exploit
nutritional resources in the host gut. Aml strains possess specific genes
involved in assimilatory sulfate reduction (ASR), which aids in mucin
utilization (Supplementary Fig. 6 and Supplementary Data 2, 3). Some
essential ASR genes were absent in Amll strains. Although we did not
observe difference in growth rates between the representative Aml
and Amll strains, EB-AMDK19 and EB-AMDK39, respectively, in vitro,
presumably due to the nutrient-enriched media, the depletion of
L-cysteine inhibited the growth of EB-AMDK39 in vitro significantly
(Supplementary Fig. 6), further indicating potential metabolic vulner-
ability of Amll strains.

To examine competition between the A. muciniphila clades, an
in vitro co-culture experiment was performed using EB-AMDK19 (Aml)
and EB-AMDK39 (Amll) strains. Each A. muciniphila clade was detected
and quantified by qPCR with clade-specific primers. Unexpectedly, EB-
AMDK39 outcompeted EB-AMDK19, becoming obviously pre-
dominant subsequently, after 24 h of co-inoculation (Fig. 2A). These
results suggest that Amll possesses competitive advantages over Aml
despite lacking essential ASR genes.
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Fig. 2 | Culture supernatants from various AmlI clade strains unilaterally
inhibit AmlI clade growth in vitro. A Changes in relative abundance of EB-
AMDKI19(AmI) and EB-AMDK39 (Amll) after in vitro co-culture. Equal numbers of
EB-AMDK19 and EB-AMDK39 were co-inoculated into mucin-rich media. Values
are averaged from three biological replicates. B Changes in relative abundance of
A. muciniphila clades upon addition of EB-AMDK39 to EB-AMDK19-enriched
culture. EB-AMDK39 (1 x 108 CFU) was additionally inoculated into EB-AMDK19-
enriched culture (1x 10" CFU/culture). C Changes in growth of EB-AMDK19 (Aml)
and EB-AMDK39 upon the treatment with culture supernatants derived from EB-
AMDK19 and EB-AMDK39. D, E Changes in growth of various A. muciniphila

strains belonging to Aml and AmlI clades upon treatment with supernatants
derived from the EB-AMDK39 (D) and from the other Amll clade strains (E).
Growth of each A. muciniphila strain was measured as ODgqo at 48 h after
inoculation (Aml strains: black, Amll strains: red). Growth was depicted as a
percentage of media control (n =3 biological replicates). Cell-free supernatants
derived from A. muciniphila strains were prepared through filtration (0.2 um). At
least, two independent experiments showed similar results. Statistical differences
were determined using two-way ANOVA with Sidak’s multiple comparison tests.
ns: not significant. Error bars represent SEM. Source data are provided as a Source
Data file.

Next, we examined whether pre-occupancy of a specific A. muci-
niphila clade could prevent colonization of another clade introduced
subsequently. EB-AMDK39 was inoculated at a concentration of
1x 108 CFU into an EB-AMDK19-enriched culture (1 x 10° CFU/culture).
Under the conditions, EB-AMDK19 remained predominant and EB-
AMDK39 was barely detectable (Fig. 2B), suggesting that the niche pre-
occupied by Aml could prevent subsequent Amll colonization.

To investigate the mechanisms behind the competitive advantage
of Amll over Aml, we examined whether the culture supernatants of
Amll have inhibitory effects on Aml growth. Notably, EB-AMDK39-
derived supernatants inhibited the growth of EB-AMDK19 severely but
had no effect on EB-AMDK39 itself (Fig. 2C). In contrast, supernatants
derived from EB-AMDK19 did not impact the growth of either EB-
AMDK19 or EB-AMDK39, indicating that the inhibitory effects are
specific to Amll-derived supernatants (Fig. 2C).

Next, to examine whether the inhibitory effect of Amll-derived
supernatant was consistent across various strains, the cultures with
various Aml strains were treated with EB-AMDK39-derived super-
natants, including BAA-835, as well as Amll strains (EB-AMDK39, -40,
-41, and —43). As expected, EB-AMDK39-derived supernatants inhib-
ited the growth of all tested Aml strains but did not affect the growth of
Amll strains (Fig. 2D). Conversely, supernatants derived from Amil

strains other than EB-AMDK39 also inhibited the growth of various Aml
strains but not Amll strains (Fig. 2E).

Culture supernatants derived from both Aml and Amll strains
contain mucin from porcine stomach. To exclude the possibility that
the biotic components in the porcine mucus in Amll-derived super-
natants mediate Aml growth inhibition, the inhibitory effect of EB-
AMDK39-derived supernatants from the culture under mucin-free
conditions on EB-AMDK19 growth were tested. Mucin-free EB-
AMDK39-derived supernatants also effectively inhibited the growth
of EB-AMDK19 but not EB-AMDK39, suggesting that biotic con-
taminant derived from porcine mucus does not mediate Aml growth
inhibition (Supplementary Fig. 7). Overall, these findings suggest that
the specific components in Amll-derived supernatants are key players
in the competitive exclusion of Aml clades in co-culture conditions.

Extracellular vesicles derived from Amll inhibit AmI growth

in vitro

Next, we sought to determine the characteristics of components in
Amll-derived supernatants, which mediate Aml growth inhibition,
through various conditions (Fig. 3). The inhibitory effect of EB-
AMDK39 (Amll)-derived supernatant on EB-AMDK19 (Aml) growth
was abolished by heat inactivation but not by proteinase K
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Fig. 3 | Extracellular vesicles derived from AmlI inhibit AmI growth in vitro.
A Changes in EB-AMDK19 (Aml) growth upon treatment with unprocessed, heat-
inactivated (HI) and protease-treated EB-AMDK39 (Amll)-derived culture super-
natant. Amll-derived supernatants were heat-inactivated at 95 °C for 15 min or
treated with proteinase K (1 mg/mL) for 16 h at 37 °C. Proteinase K-treated sam-
ples were supplemented with protease inhibitor (1 mM). B EB-AMDK19 growth
inhibition by EB-AMDK39-derived culture supernatant fractionated by molecular
weight. EB-AMDK19 growth was assessed after 24 h in the presence of 20% size-
fractionated EB-AMDK39-derived culture supernatant. C Identification of inhibi-
tory size-exclusion fractions derived from EB-AMDK39-derived culture super-
natant. Fractions prepared by size-exclusion chromatography were treated into
EB-AMDK19 culture at a final concentration of 10% (v/v). Growth of EB-AMDK19 at
37 °C for 24 h was depicted as a percentage of media control. Points and con-
necting lines are drawn to show the EB-AMDK19 growth changes according to the
fractions. Column bar graph shows the protein concentration (mg/mL) in each

a: PBS, b: EVs-EB-AMDK19, c: EVs-EB-AMDK39

PBS

EVs-EB-AMDK19

EB-AMDK39

- w1

EVs-

v e &

fraction. D Dose dependent inhibition of EB-AMDK19 growth by enriched EB-
AMDK39-derived EVs. EV particle number was determined by nano particle
tracking analysis. Enriched EB-AMDK39-derived EVs at various EV-to-cell ratios
were used to treat EB-AMDK19 culture (1x 10° CFU/culture) and growth was
assessed after 24 h. A-D Growth is depicted as a percentage of media control
(n=3 biological replicates). At least, two independent experiments showed
similar results. Statistical differences were determined by one-way ANOVA with
Tukey’s multiple comparison tests. ns: not significant. Error bars represent SEM.
E Disk diffusion test to monitor the growth inhibition of each clades by enriched
EVs derived from EB-AMDK19 (EVs-EB-AMDK19) and EB-AMDK39 (EVs-EB-
AMDK39). F Transmission electron micrographs showing enriched EVs derived
from EB-AMDK19 or EB-AMDK19 and the structural integrity of each clade strain
upon treatment with enriched EVs derived from EB-AMDK19 or EB-AMDK19. Bars
indicate 500 nm. At least two independent experiments showed similar results.
Source data are provided as a Source Data file.

treatment, indicating that the inhibitory components are thermo-
labile yet resistant to proteinase digestion (Fig. 3A). Furthermore,
fractions of EB-AMDK39 -derived supernatants with molecular
weights <30 kDa lost their inhibitory effect on EB-AMDK19 growth,
while fractions >100 kDa remained effective in inhibiting the EB-
AMDK19 growth (Fig. 3B).

To identify the specific inhibitory component, size-exclusion
chromatography was performed using Sepharose CL-6B and fractio-
nated EB-AMDK39-derived supernatants. The inhibitory effect of each
fraction on EB-AMDK19 growth was tested. The inhibitory activity was
observed in fractions (fractions 22-33) eluted before free proteins,
typically containing EVs (Fig. 3C)""**. EVs were clearly detected
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(1.19 £ 0.08 x 10° particles/mL and 237.53 +22.34 nm) in the fractions
(mostly 25-29 fractions) through nanoparticle tracking analysis.
Transmission Electron Microscopy (TEM) further confirmed the pre-
sence and morphology of EVs in the fractions (Supplementary Fig. 8).
Notably, treatment with Amll-derived fractions containing EVs led to
morphological changes in Aml, including loss of structural integrity
(Supplementary Fig. 8).

We further enriched EVs from the EB-AMDK39 (Amll) clade via
ultra-centrifugation (1.67 + 0.13 x 10” particles/mL and particles size of
214.77 + 0.74 nm) and used them to treat EB-AMDK19 (Aml) at EV-to-cell
ratios ranging from 0.1 to 1000 and EB-AMDK39 at EV-to-cell ratios of
1000 (Fig. 3D). Notably, EVs were enriched from mucin-free cultures.
Enriched EB-AMDK39-derived EVs effectively suppressed EB-AMDK19
growth in a dose-dependent manner, with no effect on the growth of EB-
AMDK39 (Fig. 3D). Complete inhibition of EB-AMDKI9 growth was
observed when the ratio of EB-AMDK39-derived EV particles to EB-
AMDK19 cells was 100-fold or higher. No inhibition was observed when
the EV-to-cell ratio was less than 1:1. This threshold response of enriched
EB-AMDK39-derived EVs likely contributes to the pre-occupancy effect
driving competitive exclusion between Aml and Amll. Considering that
1mL of EB-AMDK39-derived culture supernatant from the stationary
phase was treated to an EB-AMDK19 culture with 10° bacteria (Fig. 2C),
the EVs were estimated to be present at a concentration of >10° parti-
cles/mL in the EB-AMDK39-derived culture supernatant. EVs produced
by EB-AMDK39 during both mid-log and stationary growth phase con-
sistently inhibit the growth of EB-AMDK19 when EV-to-cell ratio was 100-
fold higher, indicating that EB-AMDK39 produces EVs with inhibitory
activity regardless of growth phase (Supplementary Fig. 9A-C). A disk
diffusion assay also confirmed the findings. A clear zone was only
observed near a disk containing enriched EB-AMDK39-derived EVs on an
EB-AMDK19-spread agar plate (Fig. 3E). Additionally, treatment with
enriched EB-AMDK39-derived EVs induced structural changes in EB-
AMDK19 cells but not in EB-AMDK39 cells (Fig. 3F).

To identify potential inhibitory components in enriched Amll-
derived EVs, proteomic analyses were conducted to compare the
protein profiles between whole cell lysates and EVs-enriched super-
natant fractions, both derived from EB-AMDK39 and EB-AMDK19
(Supplementary Data 5). The analyses revealed that six distinct rear-
rangement hotspot (Rhs) repeat proteins were more abundant in the
enriched EVs derived from EB-AMDK39, but not in those from EB-
AMDK19, when compared with whole cell lysates (Supplementary
Fig. 10A, B). Rhs repeat proteins are expressed and exported through
the type VI secretion system in Gram-negative bacteria®*. Rhs repeat
proteins mediate inter-bacterial competition via their C-terminal toxin
(CT) domain, which inhibits the growth of target bacteria***’. However,
Rhs-CT domain can be neutralized by cognate immunity Rhs proteins
(Rhsl) produced by the same bacteria***’. These C-terminal toxin
domains exhibit various enzyme activities, such as DNase, RNase,
deaminase, peptidase, and pore-forming activities*’. Therefore, the
growth inhibition and loss of structural integrity in EB-AMDKI19 upon
treatment with EB-AMDK39-derived EVs might be attributed to the
activity of Rhs repeat proteins. Furthermore, genomic analyses
revealed that the genes encoding these Rhs repeat proteins are absent
in Aml strains (Supplementary Fig. 10C). Rhs repeat proteins can be
classified into 10 distinct groups and the genes encoding Rhs repeat
proteins that were highly abundant in EB-AMDK39-derived EVs were
only present in the Amll genome (Supplementary Fig. 10D, E). Col-
lectively, the results suggest that Amll-derived EVs serve as a key
inhibitory factor for Aml growth.

Luminal EVs derived from Amll-associated germ-free mice
inhibit AmI growth in vitro

Next, we investigated whether Amll strains in the gut of germ-free (GF)
mice produce EVs and whether the luminal EVs can inhibit Aml growth
in vitro. We first mono-colonized GF mice with EB-AMDK19 (Aml) and

EB-AMDK39 (Amll) strains (Fig. 4A, B). Both strains colonized the
murine gut of GF mice successfully. EB-AMDK19 exhibited a faster
colonization rate in the gut lumen than EB-AMDK39, presumably due
to Aml’s superior capacity for mucin utilization (Fig. 4A, B).

Treatment of whole fecal soluble fraction (SF) from GF mice did
not affect the growth of both A. muciniphila strains (Fig. 4C, D).
However, whole fecal SF from EB-AMDK39-associated GF mice effec-
tively inhibited EB-AMDK19 growth but not EB-AMDK39 growth
(Fig. 4C, D). As expected, heat-inactivated SF or fecal SF below 30 kDa
from EB-AMDK39-associated GF mice did not affect EB-AMDK19
growth, whereas fecal SF >100 kDa effectively inhibited EB-AMDK19
growth (Fig. 4C).

To compare the growth inhibitory effect of EVs derived from in
vitro-cultured Amll, we performed size-exclusion chromatography on
fecal SF from GF and EB-AMDK39-associated GF mice and assessed the
inhibitory effects of each fraction on Aml growth. As expected, frac-
tions from GF mice did not inhibit the growth of either A. muciniphila
clade (Fig. 4E). However, fractions (20-27) derived from the fecal SF of
EB-AMDK39-associated GF mice, which eluted before free proteins,
inhibited EB-AMDK19 growth, without affecting EB-AMDK39 growth
(Fig. 4E). Using the disk diffusion test, we also confirmed that mini-
mally processed fecal SF from EB-AMDK39-associated GF mice could
inhibit EB-AMDK19 growth (Fig. 4F). The results suggest that Amll
strain in the host gut produces EVs that inhibit Aml growth, con-
tributing to the observed predominance of single A. muciniphila clades
in the human gut.

Amll strains of A. muciniphila predominate in the host gut under
various conditions

To examine the colonization dynamics between Aml and AmlI clades
in vivo, gnotobiotic mice colonized with either EB-AMDK19 (Aml) or
EB-AMDK39 (Amll) were generated. To explore the pre-occupancy
effect on the competitive exclusion between the clades, GF mice were
sequentially colonized with EB-AMDK19 followed by EB-AMDK39, or
vice versa (Fig. 5A, B). The pre-occupied A. muciniphila clade (Aml or
Amll) in the host gut could not be displaced by the subsequent
administration of the other clade (Fig. 5A, B). Specifically, the initial
colonization levels of pre-occupied clade reached 1x10" genome
equivalents/g feces and this level was not affected significantly by the
introduction of the opposite clade.

Next, competition between Aml and Amll clades to occupy the
vacant niche in the gut was investigated by co-administering both
clades into GF mice (Fig. 5C). Initially, EB-AMDK19 dominated the gut,
accounting for over 99% of the population ( - 10'° genome equivalents/
g feces). However, within 4 days post co-administration, EB-AMDK19
decreased rapidly while EB-AMDK39 increased significantly (Fig. 5C).
Consistent with the in vitro co-culture test of Aml and Amll strains, EB-
AMDK39 outcompeted EB-AMDK19 in the host gut. The results suggest
that the pre-occupancy and unilateral inhibitory effects of Amll on Aml
growth can influence the predominance of specific A. muciniphila
clades in the host gut.

To further examine the interactions between various A. mucini-
phila strains, GF mice were colonized with a mixture of three Aml
strains (BAA-835, EB-AMDK?7 and EB-AMDK23), both with and without
Amll strains (either EB-AMDK39 or EB-AMDK43). Each A. muciniphila
strain was detected and quantified by qPCR with strain-specific pri-
mers. In GF mice associated with the three Aml strains alone, although
their levels were not equivalent, all strains were persistently above the
detection limit, suggesting that Aml strains can co-exist in the gut,
similar to observations in humans (Fig. 5D). However, in GF mice co-
colonized with the three Aml strains and Amll strains (EB-AMDK39 or
EB-AMDK43), the Aml strains were detectable only at the early time
point (day 4 post co-administration) but dropped below the detection
limit at later time points, indicating that Amll clade strains generally
outcompete Aml clade strains in the gut (Fig. SE, F).
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Fig. 4 | Luminal EVs derived from Amll-associated germ-free mice inhibit Aml
growth in vitro. A, B Levels of EB-AMDK19 (AmlI) (A) and EB-AMDK39 (AmlI) (B)
in feces from mono-associated GF mice at different time points. GF mice were
gavaged with each clade and fecal DNA was prepared to determine luminal levels
of each clade by qPCR (n =4). C, D Changes in growth of EB-AMDK19 (C) and EB-
AMDK39 (D) in vitro upon treatment of whole fecal soluble fractions (SF) from
GF mice, and whole fecal SF, heat-inactivated whole fecal SF, and size-
fractionated SF with indicated cut-off from EB-AMDK39-associated GF mice.
Growth was assessed after 24 h upon treatment. Growth is depicted as a per-
centage of media control (n =3 biological replicates). At least two independent
experiments showed similar results. Statistical differences were determined by
one-way ANOVA with Tukey’s multiple comparison tests. ns: not significant.
Error bars represent SEM. E Identification of inhibitory size-exclusion fractions
derived from fecal SF of GF (left) and EB-AMDK39-associated GF mice (right).
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Fractions prepared by size-exclusion chromatography were used to treat EB-
AMDK19 and EB-AMDK?39 culture at a final concentration of 20% (v/v). Growth of
each clade at 37 °C for 24 h is depicted as a percentage of media control. Points
and connecting lines were drawn based on the clade growth patterns (% of
medium control) according to the fractions. Growth of EB-AMDK19 and EB-
AMDK39 was marked in black and blue, respectively. The column bar graph was
drawn using the protein concentration (mg/mL) in each fraction (red). Data
represent the averages of triplicate measurements. Two independent experi-
ments showed similar results. Statistical differences were determined by two-
way ANOVA with Sidak’s multiple comparison tests. Error bars represent SEM.
F Disk diffusion test to show changes in growth of EB-AMDK19 upon treatment
with enriched EVs from EB-AMDK39 in vitro culture, fecal SF derived from GF
(B), and EB-AMDK39-asssociated GF mice (C). Source data are provided as a
Source Data file.

Additionally, we investigated the co-exclusion between different
A. muciniphila clades in the presence of other commensal bacteria,
such as Altered Schaedler Flora (ASF), a consortium of eight anaerobic
bacteria. A mixture of EB-AMDK19 and EB-AMDK39 was administered
into ASF-associated GF mice (Fig. 5G). The presence of ASF reduced the

luminal levels of A. muciniphila significantly (Fig. 5H). The overall level
of A. muciniphila in the presence of ASF was approximately 100-fold
lower than those in A. muciniphila mono-associated GF mice (Fig. 5I).
Nevertheless, A. muciniphila was able to stably colonize the gut with
EB-AMDK39 remaining predominant (Fig. 5I). Overall, the results
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Fig. 5| Amll strains of A. muciniphila predominate in the host gut under various
conditions. A, B Pre-occupancy effect on competitive exclusion between Aml and
Amll. A GF mice were first gavaged with EB-AMDK19 (Aml) followed by association
with EB-AMDK39 (Amll) on day 19 post-EB-AMDK19 administration (n =4). B GF mice
were first gavaged with EB-AMDK39 followed by association with EB-AMDKI19 on day
19 post-EB-AMDK39 administration (n = 4). C Competitive exclusion between Aml and
Amll in the murine gut. GF mice were administered simultaneously with an equal
mixture of two-clade strains (n =4). The genome equivalent levels of total A. mucini-
phila and each clade in feces was quantified using qPCR with A. muciniphila-specific
and clade-specific primers. The proportion of each clade (%) is shown as black points/
line (EB-AMDK19) and blue points/line (EB-AMDK39). Each point represents the
average of measurement in an individual mouse. Two independent experiments
showed similar results. D-F GF mice were gavaged with a mixture of three Aml strains
(BAA-835, EB-AMDK7, EB-AMDK23) alone (D) and with either EB-AMDK39 (AmlI) (E) or
EB-AMDK43 (Amll) (F) (n=4). The genome equivalent levels of each A. muciniphila

-= EB-AMDK19 -= Total A. muciniphila
-=- EB-AMDK39

strain in feces was quantified using qPCR with strain-specific primers. Each point
represents the average measurement in an individual mouse. G-1 Competitive
exclusion between A. muciniphila clades in gnotobiotic mice associated with Altered
Schaedler Flora (ASF). G-1 GF mice were first gavaged with ASF for 6 weeks. ASF-
associated GF mice were administered with an equal mixture of two-clade strains (EB-
AMDK19 and EB-AMDK39) (n =3). G Experiment scheme. H Changes in the genome
equivalent levels of ASF species and A. muciniphila (n=3). 1 Competitive exclusion
between EB-AMDKI19 and EB-AMDK39 in the gnotobiotic mice (n =3). The genome
equivalent levels of total A. muciniphila and each clade in feces was quantified using
qPCR with A. muciniphila-specific and clade-specific primers. The proportion of each
clade (%) is shown as black points/line (EB-AMDK19) and blue points/line (EB-
AMDK39). Each data point represents the average of measurements taken from an
individual mouse. Two independent experiments showed similar results. Statistical
differences were determined using two-way ANOVA with Sidak’s multiple comparison
tests (A-I). Error bars represent SEM. Source data are provided as a Source Data file.

suggest that Amll outcompetes Aml in the host gut under various
conditions.

EV-induced clade-specific IgA enhances initial colonization of
Amll in the host gut

Various commensal bacteria can induce cognate adaptive immune
responses during homeostasis***°. A. muciniphila also triggers

adaptive immune responses, including both specific IgA as well as
IgG responses™®. Anti-commensal IgA can enhance the aggregation
and colonization of a particular bacteria by facilitating bacterial
adhesion to mucosal layers®. Therefore, it is plausible that
A. muciniphila induces the production of luminal IgA to facilitate its
colonization in the host gut. We investigated the effect of mono-
association with different A. muciniphila clades on adaptive
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immune responses, particularly focusing on clade-specific IgA
production.

Using bacterial cell flow cytometric analysis (Fig. 6A), the propor-
tions of IgA-bound bacteria in the gut of GF mice mono-associated with
each A. muciniphila clade were examined. IgA-bound bacteria increased
over time following colonization (Fig. 6B). Notably, EB-AMDK39 (AmlI)
induced luminal IgA responses rapidly than EB-AMDK19 (Aml). By day 14
post-colonization, a majority of A. muciniphila were bound by IgA,
irrespective of clade. Fecal SFs from EB-AMDKI19- and EB-AMDK39-
associated GF mice were then analyzed for cross-reactivity of clade-
induced IgA (Fig. 6C, D). IgAs from EB-AMDKI19-associated GF mice
showed stronger binding to EB-AMDKI9 than to EB-AMDK39
(214 +11.4% vs 7.5+5.7%), while IgAs from EB-AMDK39-associated GF

Days post gavage
— GFWT — GF WT EVs-EB-AMDK39
— GF Jy /- EVs-EB-AMDK39

mice more specifically bound to EB-AMDK39 (64.4 +20.9%) than to EB-
AMDK19 (8.5+4.1%) (Fig. 6C, D). The results suggest that each A.
muciniphila clade induces clade-specific IgA responses.

As bacterial EVs can elicit IgA responses under various
conditions®, we examined whether Amll-specific IgAs could be
induced through oral-administration of Amll-derived EVs in GF mice,
and whether these EV-induced IgAs confer competitive advantages
against Aml. Fecal SF obtained after oral administration of enriched EB-
AMDK39-derived EVs were used to identify Amll-specific IgA. Treat-
ment with enriched EB-AMDK39-derived EVs induced specific IgAs
against EB-AMDK39, albeit at a lower level than that of EB-AMDK39-
associated GF mice, but still significantly higher than that of GF mice
(Fig. 6E, F).
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Fig. 6 | EV-induced clade-specific IgA enhances initial colonization of Amll in
the host gut. A Schematics of strategies for bacterial cell flow cytometry to
examine the proportion of IgA-bound bacteria. B Proportions of IgA bound bacteria
in GF mice mono-associated with EB-AMDK19 (Aml) and EB-AMDK39 (Amll) (n=4
per group). Each data point represents the average of measurements taken from an
individual mouse. C, D Cross-reactivity of luminal IgAs induced by each clade. Fecal
soluble fraction (fSF) obtained from EB-AMDK19- and EB-ADMK39-associated GF
mice (n =4 per group). fSF from an individual mouse was used to treat EB-AMDK19
and EB-AMDK39 bacteria and the proportion of IgA bound bacteria was determined
by bacterial cell flow cytometry. C Representative contour plot showing the pro-
portion of IgA-bound bacteria gated on DNA-stained bacteria. D Percentage of IgA-
bound bacteria (EB-AMDK19 or EB-AMDK39). Data points represent individual
mice. E, F GF mice were orally treated with enriched EB-AMDK39-derived EVs. At
indicated time points, fecal soluble fractions were obtained to examine specific
binding to EB-AMDK39 bacteria by bacterial flow cytometry (n =4 for GF mice

associated with EB-AMDK39, n = 8 for untreated GF mice and GF mice orally treated
with enriched EB-AMDK39-derived EVs). E Representative plot showing the pro-
portion of IgA-bound EB-AMDK39 gated on DNA-stained bacteria. F Percentage of
IgA-bound EB-AMDK39. G Effect of IgAs induced by oral administration of enriched
EB-AMDK39-derived EV on the initial colonization of EB-AMDK39. GF wildtype (WT)
mice, GF WT mice, and B cell-deficient /,;” mice treated with enriched EB-AMDK39-
derived EVs (50 pg per mouse) were administered with a mixture of EB-AMDK19
(1x10°® CFU per mouse) and EB-AMDK39 (2 x 107 CFU or 4 x 10° CFU) on day 14
post-EV administration. GF WT mice without EV administration were used as a
negative control (n =4 per group). The level of each clade in feces was quantified by
qPCR with clade-specific primers. Each point represents the average of measure-
ments taken from an individual mouse. Statistical differences were determined by
two-way ANOVA with Sidak’s multiple comparison tests (B, D, G) or by one-way
ANOVA with Tukey’s multiple comparisons test (F). ns: not significant. Error bars
represent SEM. Source data are provided as a Source Data file.

Next, to assess whether Amll-specific IgA influences competitive
exclusion between A. muciniphila clades, we orally treated GF mice
with enriched EB-AMDK39-derived EVs before introducing a mixture of
EB-AMDK19 and EB-AMDK39. As EB-AMDK39 predominated under
equal co-administration, the effect of EV-induced IgAs was investigated
by lowering the ratio of EB-AMDK39 to 1/5" or 1/25® of EB-AMDKI19.
Pre-treatment of enriched EB-AMDK39-derived EVs boosted EB-
AMDK39 levels significantly, enabling it to outcompete EB-AMDK19
by day 2 post co-administration. Conversely, in GF mice without EV
pre-treatment, EB-AMDK19 levels surged above those of EB-
AMDK39 (Fig. 6G).

To further clarify whether pre-administration of Amll-derived EVs
drive Amll predominance via IgA induction, we compared the out-
comes in GF J;;7~ mice lacking B cells. In these mice, pre-treatment of
enriched EB-AMDK39-derived EVs failed to confer a competitive
advantage to EB-AMDK39 over EB-AMDKI9 by day 2 post co-
administration (Fig. 6G). These results support the idea that the
effect of EVs pre-treatment on competition between two clades is
dependent on clade-specific IgA responses. By day 14, however, EB-
AMDK39 outcompeted EB-AMDK19 regardless of EV pre-treatment,
suggesting that the inherent competitive advantage of Amll persists,
even at lower initial ratios. Overall, these results suggest that Amll-
derived EVs not only facilitate inter-clade competition by inhibiting
Aml growth but also engage the host immune system to produce Amll-
specific IgA, which enhances the colonization of Amll.

Discussion

Genomic divergence at the sub-species level during host adaptation
and evolution leads to phenotypic variations that influence inter-
species and host-microbe interactions significantly*> . Identifying gut
microbes at the sub-species level, particularly A. muciniphila, in which
single clade predominates within an individual host, is critical for
understanding their roles in health and disease. Here, evolutionary
divergence was observed among human-associated A. muciniphila
using the Genome Taxonomy Database, revealing distinct evolutionary
patterns (Supplementary Fig. 11). Despite the low pairwise sequence
distance of the 16S rRNA gene (<2%), whole-genome comparisons
indicated substantial divergence (>12%) (Supplementary Fig. 1 and
Supplementary Table 1), likely driven by rapid genomic diversification
within humans. The low sequence divergence of 16S rRNA gene com-
plicates the identification of A. muciniphila clades through 16S rRNA
operational taxonomic unit (OTU) clustering.

The application of ASV analysis, therefore, is essential in unco-
vering sub-species diversity and A. muciniphila clade population
structure®* 5, By leveraging the high-resolution power of ASVs, we
successfully typed A. muciniphila clades simply using 16S rRNA
amplicon sequencing data. The approach proved useful in under-
standing A. muciniphila diversity in Korean subjects, and could be
extended to investigate the global distribution of A. muciniphila

clades. We found that A. muciniphila diversity can be influenced by
urbanization and a single clade predominance is a widespread feature
across different human populations. Notably, a strong correlation was
observed between urbanization rates and the prevalence of certain
clades, such as Amll and AmIV. The findings suggest that environ-
mental factors, including diet and lifestyle associated with indus-
trialization, impact A. muciniphila clade distribution significantly. The
findings also open new avenues for investigating how modern life-
styles and dietary habits may shape gut microbiota composition at a
fine taxonomic level.

It remains unclear whether individuals with distinct A. muciniphila
clades might experience different health outcomes. In our dataset of
890 healthy Koreans, no significant physiological differences were
observed based on A. muciniphila clade, suggesting no severe health
impacts associated with clade variation in healthy individuals. How-
ever, it is plausible that health outcomes could differ depending on the
A. muciniphila clade in disease contexts, such as obesity and cancer.
Future studies aimed at elucidating the specific environmental factors
affecting A. muciniphila diversity and the correlations between its
clades and health outcomes will be crucial, not only for deeper
understanding of how the gut microbes impact health and disease at
the sub-species level but also for developing A. muciniphila-targeted
therapeutic interventions.

A. muciniphila can establish collateral commensalism with other
microbial species, and the interaction, particularly with species such as
Eubacterium hallii, enhances responses to immune checkpoint block-
ade in tumor patients significantly’>. The microbial species that cor-
relate with A. muciniphila may vary depending on the clade. While
addressing this issue is beyond the scope of the present study, sig-
nificant differences in gut microbial composition were observed
according to A. muciniphila clades in healthy Korean subjects (PER-
MANOVA, p = 0.028) (Supplementary Fig. 12A, B). The core ASVs cor-
related with A. muciniphila differed by clade, suggesting that the
microbial species with which A. muciniphila symbiotically interact may
vary between clades (Supplementary Fig. 12C). The ASV-based analysis
further supports the possibility that A. muciniphila may influence
health outcomes depending on clade by inducing compositional
changes in gut microbiota.

Aml clades possess genes involved in the assimilatory sulfate
reduction, specifically related to mucin utilization, some of which are
absent in Amll (Supplementary Data 2, 3). In contrast, Aml lacks certain
capabilities, such as vitamin B12 synthesis, which are retained in Amll
(Supplementary Data 2)'*. This suggests that A. muciniphila clades may
have adapted to occupy ecological niches within the gut via different
colonization strategies. A possible scenario for Aml involves under-
going genetic changes to enhance mucin utilization for host adapta-
tion while relying on syntrophic interactions with other microbial
species for essential nutrients such as vitamin B12*°. Considerable
proportions of individuals bearing Amll clade, especially in urban
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populations, suggest that Amll clade may have evolved to possess a
competitive advantage over Aml. We propose that Amll gains a com-
petitive advantage by producing EVs with inhibitory effects on Aml
growth, surpassing AmlI’s superior capacity for mucin utilization. While
Amll-derived EVs directly mediate Aml growth inhibition, these EVs
also stimulate host immune responses to produce Amll-specific IgA.
Although clade-specific IgA is not a decisive factor for Amll pre-
dominance, it could facilitate the mucosal colonization of Amll. The
findings underscore the importance of understanding the immune
modulatory properties of gut microbes at the sub-species or clade
levels to unravel the immune-microbe interactions. Exploring how
host immunity can be modulated to enhance mucosal colonization of
A. muciniphila could facilitate development of effective therapeutic
intervention strategies.

However, the widespread prevalence of Aml in human popula-
tions suggests that competition between clades is not determined
solely by the unilateral inhibitory effects of Amll-derived EVs. Factors
such as the pre-occupancy effect, where early colonization may confer
advantages that override subsequent competitive pressures, appear to
play a significant role in shaping a clade predominance in human
populations. Moreover, the inhibitory effect mediated by Amll-derived
EVs exhibits a specific threshold, suggesting that a balance between
inter-clade inhibition mediated by Amll-derived EVs and pre-
occupancy effect, affected by colonization timing, contribute to the
overall composition of A. muciniphila in the host gut.

The exact mechanism via which Amll-derived EVs inhibit Aml
growth remains unclear. Interestingly, proteomic profiling between
Amll-derived whole cell lysates and EVs revealed that Amll-derived EVs
are enriched with Rhs repeat proteins which are associated with inter-
bacterial competition*®*’, While it is possible that Rhs repeat proteins of
Amll, delivered via EVs, contribute to unilateral inhibition of Aml growth,
direct experimental evidence supporting this mechanism is currently
lacking. However, several observations make this hypothesis worth
further investigation. First, EVs, such as OMVs produced by Gram-
negative bacteria, can carry proteolytic enzymes that mediate the killing
of microbial prey”?. Second, Rhs repeat proteins promote bacterial
diversity and evolution by enabling bacteria to outcompete and elim-
inate neighboring rivals in resource-limited environments***. Although
limited to Aml, Rhs repeat proteins have likely exerted selective pressure
during A. muciniphila evolution®. Third, comparative genomic analysis
revealed that Amll strains express unique Rhs repeat proteins not found
in Aml strains, permitting unilateral inhibition. Fourth, bacteria can
produce immunity Rhs protein that neutralize their own Rhs-CT toxins,
allowing for selective targeting of competitors*®*’. Future studies using
targeted mutations of Rhs repeat proteins in A. muciniphila will be
needed to clarify whether these proteins directly contribute to the
competitive exclusion of Aml by Amil.

In conclusion, the widespread predominance of a single A. muci-
niphila clade is driven by the evolutionary diversification of inter-clade
competition strategies. Specifically, the Amll clade exhibits a compe-
titive advantage by producing EVs that not only inhibit the AmI growth
directly but also promote Amll clade colonization by inducing IgAs.
These Amll-derived EVs effectively counteract Aml clade’s enhanced
capacity for mucin utilization. Our findings underscore the importance
of understanding the diversification of A. muciniphila and its interac-
tions with the host immune system, providing valuable insights for
harnessing its therapeutic potential for the treatment of metabolic
disorders and enhancing anti-tumor immunotherapy.

Methods

A. muciniphila clade ASV and 16S amplicon data collection and
analysis

To examine the population-level distribution of A. muciniphila clades,
we first utilized the 16S rRNA gene sequencing data from our previous
study that characterized the microbiomes of 890 healthy Korean

individuals®. The 16S rRNA gene sequencing data were processed into
an ASV frequency table using the DADA2 pipeline of QIIME2 (v2022.02)
(https://qiime2.org/). Taxonomical classifications were annotated to
the ASVs using the scikit-learn naive Bayes machine-learning classifier
and the Silva v138 database®. To classify the ASVs into A. muciniphila
clades, 92 complete human-associated A. muciniphila genomes were
transformed into a BLAST database using the BLAST+ package. Each
ASV sequence was queried in the database using BLAST (v2.9.0 +)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The corresponding clades of
the retrieved genomes were assigned to the ASVs (perfect matches).
For global clade distribution analysis, 16S rRNA gene sequencing data
were collected from 21 other countries, targeting the V3-V4 or V4
region with the Illumina sequencing platform (Supplementary
Data 4)°>%*, Only healthy adult samples, such as control groups or pre-
intervention samples, were included. The ASV generation and clade
classification methods were consistent with those used for the Korean
data. Urban rates for each country were sourced from the world
urbanization prospects published by the United Nations®. Map image
created using R packages maps v3.4.1. and ggplot2 v3.4.0.

In vitro A. muciniphila co-culture test

Changes in the relative abundance of each A. muciniphila clade were
examined after co-inoculation with both clades. Equal numbers of Aml
and Amll representative strains, EB-AMDK19 and EB-AMDK39,
respectively, were co-inoculated into the culture media (30 g/L of
tryptic soy broth, 2.5 g/L of mucin from porcine stomach, 0.1 mg/L of
cyanocobalamin, and 0.5 g/L of L-cysteine hydrochloride) in an anae-
robic chamber filled with 90% N,, 5% CO,, and 5% H, at 37 °C. Single
clade inoculation served as controls. Bacteria pellets were harvested at
24 and 48 h post-inoculation by centrifugation (10,000 x g for 10 min
at 4 °C). To monitor the levels of live bacteria belonging to each clade,
total RNA was extracted using an RNA extraction kit (TaKaRa MiniBEST
Universal RNA Extraction Kit, Dalian, China). Total RNA (100 ng) was
reverse-transcribed into cDNA using an M-MLV cDNA synthesis kit
(Enzynomics, Daejeon, South Korea), and relative expression of clade
specific genes was examined by quantitative PCR (qPCR) using a
quantitative PCR kit (TOPreal SYBR Green High-ROX PreMIX, Enzy-
nomics) and the CFX96TM real-time system (Bio-Rad, Hercules, CA,
USA). Information on the clade-specific primers is listed in Supple-
mentary Data 6. Ct values were normalized to those of the 16S rRNA
gene as an internal control, and relative gene expression was calcu-
lated using the 2742 method.

To examine changes in the relative abundance of A. muciniphila
clades upon addition of EB-AMDK39 (Amll) to EB-AMDKI9 (Aml)-
enriched culture, EB-AMDKI19 was first inoculated into the culture
media under anaerobic conditions at 37 °C. At 24-48 h post-incuba-
tion, EB-AMDK39 (1 x 10® CFU) was additionally inoculated into the EB-
AMDKI19-enriched culture (1 x 10" CFU/culture). Single inoculation of
each A. muciniphila clade was used as the control for the relative
abundance of each clade. Furthermore, the relative abundance of each
A. muciniphila clade was analyzed as explained above.

In vitro test for cross-clade growth inhibition of A. muciniphila
via cell culture supernatants

Cell-free culture supernatants derived from each clade were tested for
their effects on the growth of the other. Aml and Amll strains were
inoculated into the mucin-based media (30 g/L of tryptic soy broth,
2.5¢g/L of mucin from porcine stomach, 0.1 mg/L of cyanocobalamin,
and 0.5g/L of L-cysteine hydrochloride) under anaerobic conditions
(90% N,, 5% CO,, and 5% H,) at 37 °C. After 24 h, when the cultures had
reached stationary phase, culture supernatants were separated by
centrifugation (10,000 x g for 10 min at 4 °C) and filtered through a
0.2 um syringe filter. The supernatants (20% v/v) were then added to
fresh cultures of A. muciniphila strains (1 x 10° CFU/culture). Growth
inhibition was assessed by absorbance after 24 h, compared with
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untreated controls. Heat treatment (95 °C for 15 min) was also tested
for its effect on inhibitory activity of culture supernatants. To assess
the effect of proteinase K treatment, supernatants were treated with
proteinase K (1 mg/mL, iNtRON Biotechnology, Seoul, Korea) for 16 h
at 37 °C and protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA) was
added (ImM). To estimate the molecular weight of the inhibitory
substances present in Amll-derived supernatants, the supernatants
were passed through Amicon Ultra centrifugal filters with cut-off sizes
of 10, 30 and 100 kDa (Sigma-Aldrich, St. Louis, MO, USA). The effect
on Aml growth was assessed by comparing the absorbance value
after 48 h.

Test for ASR gene expression by A. muciniphila strains and
influence of L-cysteine depletion on A. muciniphila growth

in vitro

The distribution of assimilatory sulfate reduction (ASR) genes among
A. muciniphila clades was assessed using BAA-835 as a reference to
identify homologs in other A. muciniphila strains®. To examine each
ASR gene in various A. muciniphila strains, Aml and Amll strains were
inoculated into a mucin-based medium as described above. After 48 h,
total RNA was extracted and cDNA was prepared for qPCR. The primer
sequences for each ASR gene are listed in Supplementary Data 6. To
further examine the effect of ASR genes on mucin utilization, Aml and
Amll strains were inoculated into the mucin-based medium with or
without L-cysteine (0.5g/L) and cultured under anaerobic conditions
at 37 °C. The effect of L-cysteine on growth was assessed by comparing
the absorbance value after 48 h.

In vitro test to examine mucin-free Amll supernatants for Aml
growth inhibition

To examine whether biotic components from the porcine mucus in
Amll-derived supernatants contribute to Aml growth inhibition, Amll-
derived supernatants were prepared under mucin free conditions.
Specifically, EB-AMDK39 (Amll) strain was inoculated into two types of
mucin-free medium, either a glucosamine-based medium (30g/L of
tryptic soy broth, 2.5g/L N-acetyl-D-glucosamine, 2.5g/L D-lactose,
4.0g/L L-Threonine, 0.1mg/L of cyanocobalamin, and 0.5g/L of
L-cysteine hydrochloride) or a soy-peptone-based medium (20 g/L soy-
peptone, 10 g/L yeast extract, 2.5 g/L. K2ZHPO4, 2.5 g/L. KH2PO4, 5 g/L N-
acetyl-D-glucosamine, 5 g/L D-lactose, 2.5 g/L D-fructose, 8 g/L L-aspartic
acid, 0.1 mg/L cyanocobalamin, and 0.5g/L L-cysteine hydrochloride).
Supernatants derived from the media (20%, v/v) were applied to fresh
cultures of EB-AMDK19 (Aml) in three different media and the effect on
the Aml growth was examined as described earlier.

Size exclusion chromatography

A. muciniphila was cultured in mucin-free soy-peptone-based medium
(20 g/L soy-peptone, 10 g/L yeast extract, 2.5g/L K2HPO4, 2.5g/L
KH2PO4, 5g/L N-acetyl-D-glucosamine, 5g/L D-lactose, 2.5g/L D-
fructose, 8 g/L L-aspartic acid, 0.1 mg/L cyanocobalamin, and 0.5 g/L
L-cysteine hydrochloride) in an anaerobic chamber filled with 90% N,
5% CO,, and 5% H, at 37 °C. A. muciniphila-derived cell-free super-
natants were concentrated using Ultra-15 30 kDa Amicon centrifugal
filter units to a final volume of 500 pL. For further purification of EVs,
the filtrate was subjected to size-exclusion chromatography; 500 uL of
filtrate was loaded onto a column filled with Sepharose CL-6B resin in a
10-mL bed volume. Subsequently, samples were fractionated into
50 samples of 0.25 mL each. Phosphate-buffered saline (PBS) was used
as the mobile phase. To test the inhibitory effect of fractions, the
obtained fractions were treated with 10% (v/v) conditions when
inoculating EB-AMDK19 and EB-AMDK39 into the culture medium.

Preparation of A. muciniphila-derived EVs
To prepare enriched A. muciniphila-derived EVs, the supernatant was
filtered through a 0.22 um vacuum filter and concentrated using a

500 kDa hollow fiber membrane mounted on a QuixStand benchtop
system (GE Healthcare, Little Chalfont, UK). The resulting supernatant
was then precipitated using differential centrifugation methods. Spe-
cifically, the sample was centrifuged at 80,000 x g for 1h at 4 °C, and
the resulting supernatant was centrifuged further at 150,000 x g for 3 h
at 4 °C, and the pellet was resuspended in 20 mM Tris-HCI buffer (pH
8.0). The protein concentration of each sample was determined using
a micro BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Finally, the samples
were aliquoted and stored at =80 °C until further use.

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using a NanoSight
NS300 (Malvern Panalytical, Westborough, MA, USA) device to con-
firmthe concentration (particles/mL) of EVs (NTA 3.4 Build 3.4.003). In
the NTA, a CCD camera with a slider shutter speed of 1500 a slider gain
of 680, at 30.0 frames/s, and the number of frames was 2700. Samples
were collected and diluted to perform NTA.

Disk diffusion test

Each A. muciniphila strain (EB-AMDK19 or EB-AMDK39) was spread
onto the tryptic soy broth containing mucin (TSBM) agar plate (30 g/L
of tryptic soy broth, 2.5 g/L of mucin from porcine stomach, 0.1 mg/L
of cyanocobalamin, and 0.5 g/L of L-cysteine hydrochloride, and 14 g/L
agar). Then, sterilized and dried filter paper disks were placed on the
agar plate. At 24 h post-incubation under anaerobic conditions, 10 pL
of EV-containing samples, such as enriched EB-AMDK39 (AmlI)-derived
EVs or whole soluble fractions from EB-AMDK39-associated GF mice,
was dropped onto the filter paper disks, and the plates were incubated
for 24-48 h.

Transmission electron microscopy

A drop of a sample was placed on discharged formvar/carbon-coated
grids for 5min and rinsed three times with deionized water. After a
single wash with distilled water, negative staining was then performed
with three consecutive contrasting steps using 1% uranyl acetate. Dried
grids were used to observe images through TEM (JEM-2100F, JEOL,
Tokyo, Japan) at an acceleration voltage of 200 kV with a Megaview Il
CCD camera.

Protein sample preparation and proteomic analysis using LC-
MS/MS

Two subcellular fractions, WCLs and EVs, were prepared from A.
muciniphila. To obtain the fractions, 1L of bacterial culture was har-
vested through centrifugation at 10,000 x g for 20 min at 4°C to
remove cell debris. The resulting supernatant and pellet fractions were
separated and subjected to further processing. The WCL was washed
thrice with 20 mM Tris-HCI buffer (pH 8.0) and then disrupted using a
French pressure cell (SLM Aminco, Urbana, IL, USA) at 138 MPa until a
transparent solution was obtained.

To conduct label-free proteomics, in-gel digestion was per-
formed. The eluents were analyzed through LC-MS/MS using Orbitrap
Q Exactive Plus (Thermo Fisher Scientific). The MaxQuant platform
was used for label-free quantification (LFQ) analysis. Briefly, LFQ
represents the normalized intensity of proteins, allowing comparison
across samples without labeling techniques®®. The genome of A.
muciniphila (NCBI, CP029753.1, 2542 sequences, date of release: Feb-
ruary 6, 2020) was used as a reference genome. The following para-
meters were used for protein identification: missed cleavages, 2;
peptide mass tolerance, +10 ppm; peptide fragment tolerance,
+ 0.8 Da; peptide charge, 2+, 3+, and 4 +; static modifications (car-
bamidomethyl); and dynamic modification (oxidation (Met)). A target-
decoy search was employed to remove the low-confidence peptides
and proteins with a false discovery rate of at least 1%. To reduce the
number of false positives, proteins identified more than twice in the
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three replicates were considered positive in the dataset. The differ-
entially expressed proteins (DEPs) were selected using the Limma
package in R (version 4.3), which employs an empirical Bayes approach
to improve variance estimation in small-sample proteomic datasets. A
moderated two-sided t-test was performed, and multiple testing cor-
rection was applied using the Benjamini-Hochberg method to control
the false discovery rate. Functional annotations of DEPs were analyzed
using GSEA-Pro v.3 (http://gseapro.molgenrug.nl/).

Mice

GF C57BL/6 N (B6) and J;;/~ mice were kindly provided by Dr. Andrew
Macpherson (Bern University, Switzerland) and maintained in sterile
flexible film isolators (Class Biological Clean Ltd., Madison, WI, USA)
under a standard 12-hour light/dark cycle and given autoclaved Teklad
Global 18% Protein Rodent Diet (2018S, Envigo, USA) ad libitum. Age-
and sex-matched 6- to 8-week-old mice bred in the animal facility of
the POSTECH Biotech Center were used for all experiments. All animal
studies were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee of POSTECH (approval
no. POSTECH-2023-0045 and POSTECH-2024-0090). GF mice were
routinely monitored for microbial contamination by culturing fresh
fecal samples in aerobic and anaerobic conditions.

Colonization of A. muciniphila strains into GF mice and ASF
gnotobiotic mice

GF C57BL/6 (B6) mice were used to examine co-exclusion between A.
muciniphila clades. For colonization of A. muciniphila into GF mice, a
tightly-sealed frozen stock vial containing each A. muciniphila clade
was imported into flexible film isolators. For mono-association,
1x108 CFU of A. muciniphila were administrated orally into GF mice.
For association of multiple A. muciniphila strains, tightly-sealed frozen
stock vials each containing an A. muciniphila strain were imported,
equally mixed inside flexible film isolators using syringes, and then
administrated orally into GF mice or gnotobiotic B6 mice colonized
with Altered Schaedler’s flora, a consortium of eight different anae-
robic bacteria (1 x 108 CFU per A. muciniphila strain)®’. To produce ASF
gnotobiotic mice, NOD.SCID mice harboring ASF were purchased from
Taconic Biosciences and co-housed with GF B6 mice. Feces were har-
vested from the co-housed GF B6 mice and used for producing ASF
gnotobiotic mice. To test the pre-occupancy effect on competitive
exclusion between different clades, GF mice were first gavaged with
1x10® CFU of EB-AMDK39 (Amll) or EB-AMDK19 (AmlI) and then at day
19 post-administration, EB-AMDK19 or EB-AMDK39 were gavaged,
respectively.

Determination of luminal levels of A. muciniphila and ASF
strains in gnotobiotic mice

To determine luminal levels of A. muciniphila, fresh fecal samples were
collected at various time points from GF or ASF gnotobiotic mice
associated with either single or multiple strains of A. muciniphila. Fecal
genomic DNA was extracted using a fecal DNA extraction kit (QIAamp
PowerFecal pro DNA kit, Qiagen) for each experimental group. qPCR
was conducted with species-, clade- or strain-specific primers for A.
muciniphila, using a quantitative PCR kit (TOPreal SYBR Green High-
ROX PreMIX, Enzynomics). To assess luminal levels of ASF bacteria,
gPCR was conducted using fecal genomic DNA from ASF gnotobiotic
mice associated with A. muciniphila, as described above®. Primer
sequences are listed in Supplementary Data 6. The PCR conditions
were as follows: 40 cycles at 50 °C for 4 min, 95 °C for 10 min, 95 °C for
305, and 56 °C for 30s.

EVs isolation from fecal samples

Frozen feces (0.5 g; stored at —80 °C for less than 2 weeks) obtained
from GF mice or Amll-colonized mice were dissolved in 10 ml filtered
PBS. Two rounds of centrifugation were applied (3000 x g for 15 min at

4°C) to remove solid debris. After centrifugation, the fecal SF was
filtered through two filters with different pore sizes consecutively:
0.45pm and 0.2 um (Minisart, Sartorius AG, Goettingen, Germany).
Vesicles were concentrated by loading the original flow through onto a
filter with a molecular weight cut-off of 30 kDa (Amicon Ultra 15 ml
Centrifugal Filter Unit, Merck Millipore, Billerica, MA, USA). The filter
membrane was rinsed with 250 pl sterile PBS, and an end volume of
500 pl was used for the size-exclusion chromatography. The con-
centrate was purified using size-exclusion chromatography with 10 mL
CL-6B Sepharose columns (GE Healthcare, Eindhoven, the Nether-
lands). The concentrated supernatant was loaded onto the column,
and 0.5 mL of fractions was immediately collected in sterilized tubes.
In total, 0.25 mL of 50 fractions was collected per sample. To test the
inhibitory effect of fractions, the obtained fractions were treated
under 10% (v/v) conditions when inoculating EB-AMDK19 and EB-
AMDK39 into the culture medium.

Experiments with enriched EVs-administrated GF mice

To assess the induction of EB-AMDK39-specific IgA by the oral
administration of enriched EB-AMDK39-derived EVs and its effect on
the EB-AMDK39 colonization, GF B6 and J,,”~ mice were administrated
orally with 50 pg of enriched EB-AMDK39-derived EVs two times on
day O and 4. Feces were collected on days 7 and 14 to examine the
induction of EB-AMDK39-specific IgA. On day 14, EV-administrated GF
mice were colonized with mixtures of EB-AMDK19 (10® CFU per mouse)
and EB-AMDK39 (1/5" or 1/25" of EB-AMDKI19 per mouse). Fresh fecal
samples were collected at different time points to examine luminal
levels of each strain using qPCR with clade-specific primers.

Bacterial flow cytometry

For fecal bacterial isolation, fecal pellets were resuspended at 100 mg/
mL in sterile PBS and homogenized. The samples were centrifuged at
400 x g for 5min at 4 °C, and the supernatant was transferred into a
new tube to remove solid debris; the process was repeated twice. The
supernatant was centrifuged at 8000 x g for 10 min at 4 °C to pellet
bacteria. Supernatant containing soluble antibodies was transferred
into a new tube and stored at —80°C for in vitro bacteria cross-
reactivity assay. Bacterial pellets were resuspended in sterile PBS
containing bovine serum albumin (1% v/v). Fecal bacteria isolates were
stained with the following fluorochrome-conjugated antibodies: at
1:100 dilution: PE conjugated anti-mouse IgA (Invitrogen, MA, USA,
mA-6E1, #12-4204-83) for 30 min at 4 °C in the dark. Samples were
washed and resuspended in PBS with 5 mM SYTO-BC, a cell-permeable
DNA staining dye (Invitrogen, MA, USA, #34855). Flow cytometry was
performed on CytoFLEX LX (Beckman Coulter, Brea, CA, USA) at the
Microbiome Core facility of POSTECH and analysis was performed
using FlowJo software (Treestar Ashland, OR, USA).

In vitro cross-reactivity assay

Fecal soluble fractions were collected from GF mice mono-associated
with EB-AMDK19 and EB-AMDK39 on day 14. Soluble antibodies in
50 pl of fecal soluble fraction was incubated with 1x 10° CFU of each A.
muciniphila strain (EB-AMDK19 and EB-AMDK39) at 37 °C for 2 h. After
incubation, cross-reactivity was assessed through bacterial flow
cytometry.

Clustering and phylogenetic analysis of Rhs repeat proteins

Full set sequences of Rhs repeat proteins, including disordered,
repeated, and core domains, were multiple aligned using Clustal-
Omega with default options (filtered with the minimum length cri-
terion, 1500 aa). Pairwise distance was calculated using the
Jones-Tayler-Thornton substitution model and uniform substitu-
tion rate through MEGALII software®®. Distances were reformed to a
similarity matrix, and hierarchical clustering was performed
through single-linkage clustering with the number of clusters
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restricted to 10. The phylogenetic tree was visualized through
Interactive Tree Of Life®.

Statistical analysis

GraphPad Prism 10 (GraphPad, San Diego, CA, USA) was used for all
statistical analyses, including one-way or two-way Analysis of Variance
with Turkey’s or Sidaak’s multiple comparisons tests, respectively. p-
value lower than 0.05 indicates significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data associated with this study are present in the Supplementary
Materials. All raw data for the main figures is provided in the Source
Data file provided with this paper. Accession codes for 92 human-
associated A. muciniphila genome data are summarized in Supple-
mentary Data 1. Accession codes for 16S amplicon data collection are
summarized in Supplementary Data 4. The mass spectrometry raw
data generated in this study have been deposited in the Proteo-
meXchange database under following accession code:
PXD045095 Source data are provided with this paper.

Code availability

No new code was created in this study.
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