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Zusammenfasung

Zusammenfassung

Durch drei komplementdre Publikationen beleuchtet diese Arbeit die Verteilung, Funktion und
Krankheitsassoziationen human-assoziierter Archaeen und erweitert damit das Verstédndnis des
menschlichen Archaeoms.

Kapitel 1 bietet einen umfassenden Uberblick iiber die Vielfalt und Biologie der Archaeen im
menschlichen Korper. Es fasst ihre einzigartigen metabolischen Eigenschaften, 6kologischen
Interaktionen und ihre Bedeutung fiir Gesundheit und Krankheit zusammen. Zudem werden
zentrale Wissensliicken in der Archaeenforschung aufgezeigt, was die Notwendigkeit
archaeom-inklusiver Ansétze in der Mikrobiomforschung unterstreicht, um mikrobielle und
Wirtsinteraktionen besser zu verstehen.

Kapitel 2 untersucht altersabhingige Dynamiken des archaeelen Mikrobioms im menschlichen
Darm in drei Altersgruppen — junge Erwachsene, éltere Erwachsene und Hundertjdhrige. Die
Studie  zeigt, dass methanogene Archacen wéhrend des Alterns deutliche
Zusammensetzungsidnderungen erfahren. Wéihrend die archaeale Diversitit insgesamt
abnimmt, weisen Hundertjahrige eine Gemeinschaftsstruktur auf, die jener jiingerer Personen
dhnelt — angereichert mit Methanobrevibacter smithii und gepragt durch eine hohe archaeal-
bakterielle Netzwerkverkniipfung. Funktionell sind ausgepriagte Methanogen-Phénotypen mit
einer verstirkten Produktion kurzkettiger Fettsduren iiber alternative Butyratwege assoziiert,
was darauf hindeutet, dass Archaeen zur metabolischen Resilienz und Darmstabilitdt im hohen
Alter beitragen konnten.

Kapitel 3 untersucht die krankheitsspezifische Rolle der Archaeen anhand einer gro3 angelegten
Metaanalyse von Shotgun-Metagenomen iiber verschiedene Erkrankungen hinweg, darunter
kolorektaler Krebs. Die Studie zeigt eine konsistente Anreicherung von M. smithii bei
kolorektaler Krebs. Integrative metabolische Modellierungen, Ko-Kultur-Experimente und
Metabolom-Analysen belegen, dass M. smithii mit CRC-assoziierten Bakterien wie
Fusobacterium  nucleatum ilber Metaboliten wie Succinat, Aminosduren und
Polyaminvorstufen interagiert und so zur Bildung eines metabolisch aktiven, krebsassoziierten
Mikrobioms beitrdgt. Diese Arbeit liefert den ersten mechanistischen Nachweis, der archaeelle
Aktivitdt mit der kolorektalen Karzinogenese in Verbindung bringt, und definiert Archaeen als

aktive metabolische Regulatoren statt als passive mikrobielle Mitbewohner.



Abstract

Abstract

Through three complementary publications, this work focuses on the distribution, function, and
disease associations of human-associated archaea. Chapter 1 provides a comprehensive
overview of archaeal diversity and biology across the human body. It summarizes their unique
metabolic features, ecological interactions, and relevance to health and disease. The review also
highlights major knowledge gaps in archaeal research, emphasizing the need for archacome-
inclusive approaches in microbiome studies to better understand microbe—microbe and
microbe—host interactions.

Chapter 2 explores age-related archaeal dynamics in the human gut across three age groups
(young adults, older adults, and centenarians). The study reveals significant compositional
shifts of methanogenic archaea during aging. While overall archaeal diversity declines with age,
centenarians display a community structure similar to that of younger individuals, enriched in
Methanobrevibacter smithii and characterized by strong archaeal-bacterial network
connectivity. Functionally, high methanogen phenotypes are associated with enhanced short-
chain fatty acid metabolism through alternative butyrate pathways, suggesting that archaea may
contribute to metabolic resilience and microbiome stability in extreme aging.

Chapter 3 investigates the disease-specific role of archaea through a large-scale meta-analysis
of shotgun metagenomes across multiple disorders, including colorectal cancer (CRC). The
study identifies a consistent enrichment of M. smithii in CRC. Integrative metabolic modeling,
co-culture experiments, and metabolomic profiling show that M. smithii engages in metabolic
interactions with CRC-associated bacteria such as Fusobacterium nucleatum. Through cross-
feeding of metabolites including succinate, amino acids, and polyamine precursors, M. smithii
influences bacterial metabolism and promotes the formation of a metabolically active, cancer-
associated microbiome. This work provides the first mechanistic evidence linking archaeal
activity to colorectal carcinogenesis and redefines archaea as active metabolic regulators rather

than passive microbial residents.
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Archaeal phylogeny

The domain Archaea represents one of the three fundamental branches of life, alongside
Bacteria and Eukarya, a classification first proposed based on 16S rRNA phylogenetic analyses
by Carl Woese and George Fox in 1977 (4). Although initially thought to be confined to extreme
environments, archaea are now known to inhabit a wide range of ecosystems, including
mesophilic and host-associated habitats such as the human body (5). Phylogenetically, archaea
are deeply divergent from bacteria despite superficial similarities in cellular structure (e.g., lack
of nucleus and organelles).

The archaeal domain is currently divided into several major phyla, including:
Methanobacteriota, Halobacteriota, Thermoproteota (formerly part of the TACK super-
phylum), Nitrososphaerota, Thermoplasmatota, Microcaldota, Promethearchaeota, and
Nanobdellota as well as several phyla proposed based on genomic or metagenomic data, which
are not cultured yet and have not been validly published under the formal rules of nomenclature,
including Candidatus Parvarchaeota, Candidatus lainarchaeota, Candidatus Korarchaeota,
Candidatus Aenigmatarchaeota, Candidatus Nanohalarchaeota, Candidatus Augarchaeota.
Modern archaeal phylogeny is now primarily reconstructed using concatenated marker gene
sets and whole-genome phylogenomic approaches, which have uncovered previously
unrecognized diversity and evolutionary relationships. In particular, genome-resolved
metagenomics has greatly expanded the known tree of life, revealing hundreds of novel archaeal

lineages, some of which inhabit the human gut, oral cavity, and skin (6).

Structural, molecular, and metabolic characteristics of archaea

Archaea possess unique biochemical and structural features that not only reflect their
evolutionary lineage but also enable their survival in diverse and often extreme environments.
Unlike bacteria, archaeal cell walls do not contain peptidoglycan. Instead, some species
synthesize pseudomurein, while others utilize proteinaceous S-layers that form paracrystalline
surface structures. These S-layers may serve multiple roles, including protection, adhesion, and
immune evasion (7, 8). Some archaeal species, such as Ignicoccus, possess a unique outer

cellular membrane that may maintain an electrochemical gradient and facilitate interaction with
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symbionts like another archaeal species called Nanoarchaeum equitans (9), through facilitating
metabolic exchange and energy sharing between the two partners. This organization is rare
among Archaea and makes Ignicoccus cell architecture quite unique. Classical double
membranes, resembling those in Gram-negative bacteria, have also been identified in
Methanomassiliicoccus luminyensis and Candidatus Altiarchaeum hamiconexum (10). The
presence of double membranes in these lineages suggests that the last common ancestor of
Archaea might have been more structurally diverse, or that double membranes evolved multiple
times independently (11). It is suspected that more archaea have such double membranes, but
detecting them remains technically challenging, since standard electron microscopy techniques
often lack the resolution to clearly separate two closely spaced membranes, and sample
preparation can create artifacts (12). Moreover, archaea lack established outer-membrane

markers, so there are no molecular signatures to confirm a second membrane (13).

One of the most defining characteristics of archaea lies in the composition of their cell
membranes. In contrast to the ester-linked fatty acids of bacterial and eukaryotic membranes,
archaeal membranes are composed of ether-linked isoprenoid chains bound to L-glycerol (14).
This lipid architecture provides exceptional chemical and thermal stability, enabling survival in
extreme environments and supporting metabolic flexibility in diverse habitats. The major
archaeal lipids include archaeol, caldarchaeol, and cyclic archaeol, accompanied by membrane-
associated sugars such as glucose, fructose, rhamnose, ribose, and xylose. Importantly,
synthetic vesicles made from these lipids, known as archaeosomes, display remarkable stability
and immunostimulatory activity, engaging innate immune receptors such as CLEC4E.

Archaea also exhibit distinct mechanisms of motility and adhesion. Their motility apparatus,
called the archaellum, is structurally more similar to bacterial type IV pili than to bacterial
flagella, reflecting convergent functional adaptation rather than shared ancestry. In addition,
archaea express a range of surface appendages, including pili and hami, the latter which are
grappling-hook-like filaments that are involved in adhesion to both abiotic surfaces and host
cells (15-17). Interestingly, many host-associated archaea encode adhesins or adhesin-like
proteins (ALPs), which are often highly glycosylated and thought to mediate host colonization
and interspecies interactions. These surface proteins, particularly well-characterized in
Methanobrevibacter and Methanosphaera species, may also influence host immune recognition

through their glycan structure (18). Interestingly, research has revealed that M. smithii and M.
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stadtmanae dedicate a remarkably high portion of their genomes (~10%) to encoding ALPs,
which is significantly more than typical bacteria (19). Furthermore, archaeal species are capable
of forming biofilms, a trait that supports persistence in complex microbial communities such as

the human gut (20).

An additional characteristic of archaeal physiology is the production of extracellular vesicles,
specifically archaeal extracellular vesicles (AEVs). While many archaeal lineages are capable
of releasing such vesicles, AEV production has also been observed in human-associated
methanogens like Methanobrevibacter smithii, M. intestini, and Methanosphaera stadtmanae,
which are morphologically similar to bacterial extracellular vesicles, with diameters typically
ranging from 87 to 198 nanometers. AEVs are enriched in putative adhesins and a range of
small metabolites, including glutamic acid, aspartic acid, and choline glycerophosphate.
Notably, these vesicles can be internalized by human macrophages in vitro and trigger species-
specific immune responses, including the induction of chemokines such as IL-8 and CX3CL1
in immune and epithelial cells. Moreover, one study on M. smithii demonstrated that its
extracellular vesicles also carry DNA (including extrachromosomal circular DNA and proviral
DNA), and biogenesis appears to occur via budding from the cytoplasmic membrane, with
vesicles initially trapped between the membrane and cell-wall (peptidoglycan) layers before
release. It is considered that AEVs may serve as a novel mechanism of host-microbe and
microbe-microbe communication within the gut ecosystem (21).

Interestingly, recent structural bioinformatics (AlphaFold2) has identified gut-specific proteins
involved in N-linked and O-glycosylation, suggesting that M. smithii may decorate its surface
to mimic the host’s intestinal glycan landscape to evade the immune system (22).

Internally, archaeal DNA is usually wrapped around histone proteins, forming compact,
nucleosome-like structures that help stabilize and organize the genome, a feature rarely found
in bacteria (23, 24). These simple histones are thought to represent evolutionary ancestors of
eukaryotic chromatin. In addition, many of the molecular systems that control transcription and
translation in Archaea are similar to those in eukaryotes. Their RNA polymerase closely
resembles eukaryotic RNA polymerase II, and transcription initiation relies on TATA-binding
protein and transcription factor B (TFB), parallels to eukaryotic TFII factors (25). Similarly,
the DNA replication machinery and ribosomal proteins of Archaea show greater similarity to

eukaryotic than to bacterial components, highlighting their central position in the evolutionary
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bridge between prokaryotes and eukaryotes (13, 26). Some archaeal species employ
translational recoding mechanisms, enabling them to incorporate non-canonical amino acids

such as pyrrolysine (27).

Although archaea are not typically considered spore-forming organisms, recent genomic
analyses have revealed the presence of sporulation-associated genes, such as SpoVAE and
SpoVAD, in M. smithii. These genes, likely acquired via horizontal gene transfer from
Firmicutes like Clostridium, are expressed in fecal samples, though their functional capacity for

sporulation has not yet been experimentally demonstrated (28).

Metabolically, the best-characterized archaea in the human gut are methanogens, particularly
species within the genera Methanobrevibacter and Methanosphaera. Methanobrevibacter
species, such as M. smithii, rely primarily on hydrogen and carbon dioxide to produce methane,
though they are also capable of utilizing formate. This metabolic strategy enables them to thrive
in the anoxic niches of the gastrointestinal tract (GIT). Other archaeal taxa, particularly
members of the Methanomassiliicoccales (e.g., Methanomassiliicoccus luminyensis), can
utilize trimethylamine (TMA) as a substrate for hydrogen-dependent methanogenesis,
converting TMA into methane. Through this process, these methanogens may modulate host
metabolism by consuming TMA, a microbial degradation product of dietary choline, carnitine,
and betaine. As TMA serves as the direct precursor of trimethylamine N-oxide (TMAO), which
is a a metabolite implicated in cardiovascular disease, atherosclerosis, and metabolic
dysfunction, archaeal activity may indirectly influence TMAO accumulation and thereby
contribute to host metabolic health (29, 30). Moreover, while traditionally viewed as
hydrogenotrophic, the discovery of acetoclastic pathways in monogastric hosts (like swine
Methanomassiliicoccales) in 2023 represents a major shift in understanding archaeal energy
acquisition in the gut (31).

M. stadtmanae differs from other methanogens by utilizing methanol as an electron acceptor,
reduced by hydrogen to produce methane. The methanol-hydrogen pathway of M. stadtmanae
represents a highly specialized adaptation to the human gut, where methanol arises from the

degradation of dietary pectins and methylated compounds by other microbes (32, 33).

A critical ecological role of methanogens lies in their syntrophic relationships with hydrogen-

producing bacteria, a process known as interspecies hydrogen transfer. During the fermentation



Introduction

of carbohydrates, many gut bacteria release hydrogen as a metabolic by-product. Accumulation
of hydrogen increases the partial pressure within the gut lumen, which can thermodynamically
inhibit further bacterial fermentation. Methanogens consume this hydrogen, using it to reduce
carbon dioxide or other one-carbon substrates to methane. By maintaining low hydrogen partial
pressure, they shift bacterial metabolism toward more complete oxidation of substrates, thereby
enhancing energy extraction from complex polysaccharides and promoting the production of
short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate, which are essential

energy sources for colonocytes and beneficial for host health (33).

This syntrophic relationship is particularly important in fiber-rich diets, where fermentation
rates are high and efficient hydrogen removal is critical. A well-characterized example is the
partnership between M. smithii and Christensenella minuta, first demonstrated using co-culture
and microscopy analyses. C. minuta forms flocculated aggregates that physically associate with
M. smithii, enabling direct interspecies hydrogen transfer and minimizing diffusion losses. This
interaction supports archaeal methanogenesis and simultaneously alters the bacterial
fermentation profile, shifting C. minuta’s metabolic end-products from butyrate toward acetate,

thereby modifying the gut SCFA pool and potentially influencing host energy balance (34).

In addition to cooperative interactions, methanogens also compete with other hydrogen-
utilizing microbes, such as homoacetogens (e.g., Blautia hydrogenotrophica) and sulfate-
reducing bacteria, shaping gut redox balance and community composition. The outcome of this

competition depends on environmental conditions such as hydrogen concentration (35).

Diversity and distribution of human-associated Archaea

While Archaea exhibit remarkable structural and metabolic diversity across ecosystems, only a
limited number of lineages thrive within the human host. The GIT remains the most prominent
habitat for archaea in the human body, where methanogenic archaea are particularly prevalent.
These organisms correspond to an average of approximately 1.2% of the total microbial

community (36).

Among the dominant archaeal species in the gut, M. smithii is the most commonly detected,
with a prevalence exceeding 90% and an average abundance of 0.56% (37). Other frequent gut
colonizers include M. oralis, found in nearly 44% of Chinese subjects, and M. stadtmanae,

present in approximately one-third of samples (38). Additional members of the gut archaeome
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include methanogens from the orders Methanomassiliicoccales (e.g., Methanomassiliicoccus
luminyensis, Candidatus Methanomassiliicoccus intestinalis, Candidatus
Methanomethylophilus  alvus), as well as species from Methanomicrobiales,
Methanosarcinales, and Methanococcales (38, 39). Interestingly, archaeal groups not
traditionally associated with the human body, such as Halobacteriales, Desulfurococcales,
Sulfolobales, Thermoproteales, and Nitrososphaerales, have also been detected in the gut (40-
44). Signatures of Methanobacterium, previously unreported in the human GIT, have been
identified in biopsy samples from the ileum and left colon (45). A recent large-scale catalog of
1,167 archaeal genomes from human GIT samples revealed a number of novel taxa, including
M. intestini, a species formerly misclassified under M. smithii. Compared to other anatomical

sites, the gut archaeome exhibits relatively high diversity (39).

The skin also harbors a distinct archaeal community, primarily composed of Thermoproteota
(former phylum Thaumarchaeota) closely related to ammonia-oxidizing Ca. Nitrosocosmicus
(46). These archaea can constitute up to 10% of the skin microbiome and may participate in
ammonia turnover, potentially influencing skin pH and odor. In addition to ammonia-oxidizing
Archaea, skin samples have revealed the presence of Euryarchaeota, including
Methanobacteriaceae, Halobacteriaceae, Woesearchaeota, and Aenigmarchaeota. Archaeal
abundance on the skin tends to increase with age, particularly in individuals younger than 12 or
older than 60 years, suggesting a possible link between skin maturation and archaeal

colonization (47).

In the oral cavity, the archaeal community is dominated by the genus Methanobrevibacter,
especially M. oralis and M. smithii. Other methanogens such as M. stadtmanae, as well as non-
methanogenic archaea from Thermoplasmata, Thaumarchaeota, and halophilic Euryarchaeota,
have also been identified (29). A 2024 study in Tunisia provided the first detailed data on
methanogens in North African adults, confirming their universal presence in the oral cavity
across diverse geographic populations (48). Moreover, Methanomassiliicoccus massiliense was
recently identified and cultivated from infected dental pulps, showing a symbiotic relationship

with specific bacteria like Pyramidobacter piscolens (49).

Archaeal sequences have also been recovered from the human respiratory tract, including both
nasal and pulmonary samples. In the lungs, Woesearchaeota, a member of the DPANN
superphylum, have emerged as the dominant archaeal taxa, with their presence in the human

microbiome first reported only recently. The nasal cavity harbors a combination of
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methanogens and Thermoproteota, with M. smithii and M. oralis detected consistently.
However, the functional roles and precise taxonomy of respiratory archaea remain largely

unknown (50).

The urogenital tract also supports archaeal colonization. In the vaginal microbiome, M. smithii
is frequently identified and appears to be the predominant archaeal species. Its presence has
been linked to maintaining pH balance by mitigating excessive acidification. In the urinary tract,
M. smithii has been detected in individuals with urinary tract infections (UTIs), suggesting a
potential role in urogenital pathophysiology (51, 52). Importantly, characterization of the M.
smithii genome (strain U29) from the urinary tract has revealed that contains unique viral

sequences that may facilitate its colonization and persistence in this environment (53).

Several factors influence the diversity and distribution of archaea across individuals and
populations. Archaea are not typically detected at birth, and evidence for in utero colonization
remains unsubstantiated. Archaeal signatures, primarily belonging to M. smithii, begin to appear
during the first months of life, coinciding with the establishment of anaerobic gut conditions
and the onset of breastfeeding. Longitudinal analyses have shown that M. smithii is rare or
absent in the neonatal period but becomes detectable by 1-3 months, with prevalence and
abundance increasing throughout infancy and early childhood (54, 55). Archaeal abundance
and diversity tend to increase with age in various human populations. For instance, M.
luminyensis has been particularly associated with older individuals, while certain halophiles
such as Haloarcula marismortui and Halorubrum lacusprofundi are also found in greater

abundance beyond the age of 50 (56-58).

Geographical origin, ethnicity, lifestyle, and dietary patterns also significantly shape archaeal
communities. Comparative studies have revealed striking differences across populations. For
example, Methanomassiliicoccales are generally absent in Chinese cohorts but prevalent in
Western populations, reflecting considerable transnational variation (59). Certain archaeal taxa
are enriched in specific ethnic groups. Urbanization has also been associated with archaeal
depletion: individuals living in rural areas tend to harbor a more diverse and archaeal-rich
microbiota, with taxa such as M. oralis, Methanobrevibacter sp 87 7, Methanobrevibacter
olleyae, and several Halococcus species enriched compared to urban residents. This trend may

reflect higher hygiene standards and reduced environmental exposure in urban settings (39, 59).

Dietary habits further modulate archaeal colonization. High-carbohydrate diets as well as diets

rich in fiber have been associated with increased detection of M. smithii, likely reflecting the
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greater availability of fermentation-derived hydrogen that supports methanogenesis (60, 61).
On the other hand, higher vitamin Bi. intake has been linked to reduced number of
methanogens. Mechanistically, vitamin Biz deficiency alters bacterial one-carbon metabolism,
leading to the accumulation of formate and molecular hydrogen, which are key substrates for
hydrogenotrophic methanogens such as M. smithii. This shift in redox balance and substrate
availability promotes methanogenic activity and methane emission, linking low B2 status to

enhanced archaeal metabolism in the gut (61).

Finally, host genetics also influences archaeal colonization. Twin studies have shown that M.
smithii abundance is more similar in identical (monozygotic) twins than in fraternal (dizygotic)
pairs, indicating a heritable component to archaeal establishment (62). Follow-up analyses
identified a single-nucleotide variant (rs2304130) in a long non-coding RNA locus associated
with M. smithii levels (63). Although the function of this locus remains unclear, it may affect
immune or metabolic regulation, creating a host environment that favors methanogen
persistence. Recent genome-wide studies have confirmed that human genetic variation
contributes to archaeal community structure, linking archaeal abundance to host genes involved

in lipid metabolism, bile acid turnover, and redox balance (64).

Interaction of Archaea with the human immune system

Archaea interact with the human immune system in diverse and species-specific ways, shaping
host responses through whole cells, extracellular vesicles, and their metabolic products. Among
gut-associated methanogens, M. stadtmanae and M. smithii have been the most intensively
studied, revealing striking differences in their immunogenicity. Both species can activate
human dendritic cells, yet M. stadtmanae consistently elicits a markedly stronger pro-
inflammatory response. Upon exposure to M. stadtmanae, dendritic cells produce high levels
of TNF-a, IL-1B, and IL-6, and upregulate maturation markers such as CD86 and CCR7,
indicating robust activation. This inflammatory signalling depends on phagocytosis and
phagolysosomal acidification, demonstrating that archaeal components must be internalized
and recognized within endosomal compartments. Supporting this mechanism, M. stadtmanae
RNA has been shown to activate Toll-like receptor 8 (TLR8), which triggers downstream
production of pro-inflammatory cytokines and type I/IIl interferons. In contrast, M. smithii

induces only weak dendritic cell activation, with lower cytokine levels and reduced surface
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maturation markers (65, 66). These observations mirror its ecological role as a dominant gut

commensal with limited pathogenic potential.

Beyond whole cells, AEVs represent an additional layer of host—microbe interaction. AEVs are
produced by several human-associated methanogens and carry a diverse cargo of proteins and
small metabolites capable of modulating immune responses. In intestinal epithelial HT-29 cells,
AEVs derived from M. intestini induce strong secretion of IL-8, whereas vesicles from M.
smithii or M. stadtmanae trigger minimal IL-8 release. Nonetheless, all tested AEVs stimulate
high levels of CX3CL1 (fractalkine), suggesting a shared ability among archaeal species to
activate epithelial chemokine signalling. In macrophages, AEVs produce more nuanced,
species-specific patterns of cytokine expression. Exposure of THP-1 macrophages to AEVs
results in differential induction of chemokines such as CXCL9 and CXCL11, indicative of a
Thl-skewing immune environment. Again, M. intestini AEVs shows the strongest pro-
inflammatory effect, underscoring substantial interspecies variability. Importantly, these
vesicle-driven responses require cellular uptake, pointing to intracellular recognition pathways,
likely involving endosomal pattern-recognition receptors similar to those engaged by whole M.

stadtmanae cells (21).

Archaea can also interact with the immune system through their intrinsic resistance to
antimicrobial peptides. For example, M. luminyensis exhibits notable resilience against several
mammalian antimicrobial peptides, including the human cathelicidin LL-37. Although LL-37
shows some effectiveness against M. [uminyensis, this species remains more susceptible than
M. stadtmanae or M. smithii, suggesting distinct membrane properties that differentially

influence archaeal survival under host immune pressure (65, 67).

Moreover, M. smithii has the potential to mimic human mucus glycans through specific
glycosyltransferases, allowing it to emulate eukaryotic surfaces and potentially evade host
immune detection (22). Recent research using mouse models has also demonstrated that M.
smithii specifically activates group 3 innate lymphoid cells, significantly augmenting the

production of TNF-a, [L-22, and IL-17, which helps protect the intestinal mucosal barrier (68).

Finally, archaeal metabolism itself may influence host immunity. Methane, the major end-
product of methanogenesis, has been proposed to exert immunomodulatory effects within the

gut. Experimental evidence suggests that methane exposure can enhance IL-10 production
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while suppressing the release of IL-6, TNF-a, and IL-1, collectively indicating a potential anti-
inflammatory role. Although the physiological relevance of methane-mediated immune
modulation in vivo remains unclear, these findings raise the possibility that methanogenesis

may indirectly contribute to shaping gut immune homeostasis (69, 70).

Challenges in detecting the human archacome

The detection of archaea is often hindered by several technical and methodological constraints.
Commonly used “universal” 16S rRNA primers capture only a limited portion of archaeal
diversity, while standard DNA extraction protocols often fail to disrupt archaeal cell envelopes
efficiently. The typically low archaeal-to-bacterial DNA ratio, together with incomplete
reference databases, further contributes to underestimation and misclassification of archaeal

sequences (71).

Recent large-scale metagenomic assessments have revealed that a substantial proportion of
archaeal reads are lost during conventional sequence assembly and binning, resulting in
systematic biases in community profiling. Approaches integrating long-read sequencing, hybrid
genome assemblies, and archaea-specific marker gene sets markedly improve detection and
genome recovery (37, 72). Together, these methodological refinements, including sample
preparation, sequencing strategy, and bioinformatic analysis, are now essential for accurately
reconstructing the human archaeome and understanding its role within complex microbial
ecosystems (73). Furthermore, the field lacks sufficient metadata regarding dietary habits and
bowel transit times, which are critical because methanogen growth is highly sensitive to the
gut's redox balance and substrate availability. Mathematical modeling, specifically ordinary
differential equation-based approaches, is now being used to supplement these gaps by tracking

biomass fluctuations and nutrient competition over time (74).
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Objectives and summary of the thesis

Chapter 1: Archaeal Kkey-residents within the human microbiome: characteristics,
interactions and involvement in health and disease (1).
Archaea represent an essential yet historically underexplored domain of life within the human
microbiome. For a long time, research on the human microbiome has primarily focused on
bacteria, while the archaeal community received comparatively little attention. However,
accumulating evidence in recent years has demonstrated that archaea are regular and
functionally relevant members of multiple human body sites, including the gastrointestinal tract,
oral cavity, skin, and even the respiratory system. With this growing awareness, the need to
better understand their biological roles, metabolic features, and interactions with other
microorganisms and the human host has become increasingly evident. In this review, the
available literature on human-associated archaea was systematically summarized to provide an
overview of their current taxonomic landscape, ecological characteristics, and putative roles in
health and disease. The main objectives were to:
e compile and compare the current knowledge on archaeal diversity, distribution, and
abundance across different human body sites
e describe their physiological and genomic features that enable survival and adaptation in
host-associated environments,
e highlight the ecological interactions between archaea and bacteria, including syntrophic
and competitive relationships
e outline the potential implications of archaeal activity for host physiology, immunity,
and pathophysiological processes, and
e identify existing knowledge gaps and future directions for archaeome research,
including methodological challenges and analytical limitations.
This chapter provides an overview of the human archaecome, spanning from fundamental
aspects of archaeal biology to their potential contributions in host-associated microbial
ecosystems. Special attention is given to the methanogenic archaea, particularly M. smithii,
which represents one of the most prevalent archaeal species in the human gut. Beyond its
metabolic specialization in hydrogen consumption and methane production, its ecological and
clinical relevance are discussed in the context of metabolic disorders, inflammatory diseases,

and colorectal cancer.
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Finally, this review highlights how the incorporation of archaea into microbiome research
reshapes our understanding of the human holobiont. It underscores the necessity of archacome-
inclusive approaches in future studies aiming to decipher microbe—microbe and microbe—host
interactions, ultimately contributing to a more comprehensive understanding of human health

and disease.
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Chapter 2: Age-related dynamics of predominant methanogenic archaea in the human gut

microbiome (2).

Although the relationship between gut microbiota composition and aging has been extensively
studied, information about the human gut archacome and its contribution to longevity remains
limited. In this study, we aimed to explore age-related dynamics of methanogenic archaea in
the human gut and their potential association with microbial networks and functional
metabolism. Shotgun metagenomic data from 247 individuals spanning three age groups of
young adults (YAs) (19-59 years), older adults (OAs) (60-99 years), and centenarians (CENT)
(100-109 years), were analyzed. Overall, archaeal diversity decreased with age, yet
centenarians displayed an archaeal composition resembling that of YAs, marked by an
increased relative abundance of M. smithii and a lower abundance of M. intestini, which
dominated in OAs. The class Thermoplasmata, particularly Methanomethylophylaceae and

Methanomassiliicoccaceae, increased in OAs but declined again in CENT.

Network analyses revealed that M. smithii and M. intestini co-existed and showed central roles
in age-specific microbial co-occurrence networks. The complexity of archaeal-bacterial co-
occurrences was highest in CENT, highlighting a stable and interconnected community. Both
methanogens consistently co-occurred with health-associated taxa such as members of
Oscillospiraceae and Christensenellaceae, while showing mutual exclusion with
Lachnospiraceae and Streptococcaceae. Notably, Lachnospiraceae, typically major butyrate
producers, decreases across aging, and Oscillospiraceae, another butyrate producer, appears to

compensate for this decline, in samples with high methanogen phenotype.

Stratification by archaeal abundance revealed a clear increase in the prevalence of the high
methanogen phenotype with age (25 % in young adults, 42 % in older adults, and nearly 60 %
in centenarians). Individuals with high methanogen phenotype exhibited significantly higher
microbial diversity and distinct community compositions compared to low methanogen
phenotype, especially among YAs and OAs. In subjects with high methanogen phenotype,
particularly in OAs and CENT, butyrate- and propionate-related genes, including those
encoding butyrate kinase (K00929) and phosphate butyryltransferase (K00634), were
significantly upregulated, suggesting enhanced potential for SCFA production, through butyrate
kinase pathway, rather than butyryl-CoA:acetate CoA-transferase pathway. Correlation

analyses further linked these genes to Oscillospiraceae rather than Lachnospiraceae, supporting
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a syntrophic association between methanogens and alternative butyrate-producing taxa, which

particularly produce butyrate through the butyrate kinase pathway.

Together, these findings indicate that methanogenic archaea, particularly M. smithii and M.
intestini, are integral to the restructuring of the gut ecosystem during aging. Their co-occurrence
with beneficial bacterial partners and enrichment of butyrate-related metabolic pathways may
help maintain intestinal stability and metabolic resilience in extreme aging, emphasizing the

archaeome’s potential contribution to longevity.
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Chapter 3: Cross-domain metabolic interactions link Methanobrevibacter smithii to

colorectal cancer microbial ecosystems (3).

The potential contribution of archaea to disease processes has remained largely unexplored. To
systematically assess archaeal—disease associations, we conducted the first large-scale meta-
analysis of the human gut archacome across 19 independent metagenomic studies comprising
3,243 participants from 12 countries, covering CRC, IBD, including Crohn’s disease (CD) and
ulcerative colitis (UC), T2D, MS, pre-Alzheimer’s disease (pre-AD), Schizophrenia (SCZ), and
PD. Using a standardized Kraken2/Bracken workflow based on the Unified Human
Gastrointestinal Genome (UHGG v2.0.1), archaeal and bacterial profiles were reconstructed
and case-control samples were matched for age, sex, and body mass index (BMI) in individual
studies, when the metadata was available. Samples of CRC, pre-AD, and PD (diseases with
more than one study each), were pooled for each disease, separately as well to obtain the global
trends of archaeome in these diseases, after correcting for batch effect, using MMUPHin. In the
pooled dataset of PD, significant enrichment of Methanobrevibacter A smithii,
Methanobrevibacter A smithii A, Methanomassilicoccus _intestinalis, and
Methanomassilicoccus luminyensis were observed. However, these significant trends were not
visible in individual studies after matching the case-control samples. On the other hand, CD and
UC were characterized by archaeal depletion, indicating disease-specific archaeome signatures.
The strongest and most consistent significant enrichment observed  for
Methanobrevibacter A smithii was in CRC patients across multiple datasets (Feng (75) and
Gupta (76) cohorts, as well as the pooled dataset). Other archaeal taxa, including
Methanobrevibacter A smithii A (known as  Methanobrevibacter  intestini)  and
Methanobrevibacter A sp900766745, were also significantly elevated in these individual
datasets. Moreover, in the Random Forest classification model distinguishing CRC patients
from healthy controls, Methanobrevibacter A smithii ranked among the top discriminatory
taxa, indicating that archaeal abundances contributed to the diagnostic signal captured by the

model.

To investigate the mechanisms underlying the CRC-specific enrichment of
Methanobrevibacter A smithii, genome-scale metabolic modeling (gapseq and PyCoMo) was
performed for M. smithii alongside 12 CRC-associated bacterial species, including

Fusobacterium nucleatum, Escherichia coli, and Bacteroides fragilis, which also showed co-
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occurrence and co-abundance with M. smithii in the pooled dataset. The reconstructed models
predicted extensive cross-feeding interactions, revealing that M. smithii can take up several
amino acids—such as L-asparagine, L-glutamine, L-leucine, L-threonine, L-valine, L-lysine,
L-serine, and L-arginine, many of which have been linked to CRC metabolism. Additionally,
M. smithii was predicted to import succinate, a key signaling metabolite implicated in

promoting CRC metastasis.

Co-culture experiments confirmed that M. smithii enhances growth and metabolic activity of
CRC-associated bacteria, and specially F. nucleatum. Quantitative PCR revealed elevated
bacterial 16S rRNA and archaeal mcr4 gene copy numbers in co-cultures relative to mono-

cultures, underscoring a synergistic relationship.

Untargeted metabolomic profiling by NMR and LC-MS further demonstrated that M. smithii—
F. nucleatum co-cultures produced a distinct metabolite spectrum enriched in amino acid
derivatives and small molecules with tumor-modulating potential, including polyamines, 4-
hydroxyphenylacetate, and other aromatic compounds. Several of these metabolites have been
previously linked to inflammation, epithelial proliferation, and altered immune signaling within

the tumor microenvironment.

Collectively, this multi-omics and experimental study identifies M. smithii as a key archaeal
contributor to CRC-associated microbiome shifts. By modulating bacterial metabolism and
metabolite exchange, M. smithii acts not as a passive hydrogen scavenger but as an active
trophic regulator of the cancer bacteriome. These findings reveal a previously unrecognized
ecological and metabolic link between the human archaeome and colorectal carcinogenesis and
underscore the importance of incorporating archaeal functions into future microbiome-

oncology framework
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Discussion

Chapter 1: Archaeal Kkey-residents within the human microbiome: characteristics,

interactions and involvement in health and disease (1).

This review (1) examined the emerging evidence on the human gut archaeome across a range
of disease contexts and highlighted that our understanding of archaea in human health is still in
its early stages. While the bacterial microbiome has been widely studied and clearly linked to
host physiology, metabolism, immunity, and disease, archaea remain comparatively overlooked
(77). The literature to date shows that archaeal signals in disease are not straightforward.
Importantly, this review provides, for the first time, reliable quantitative estimates of the relative
abundance of major archaeal taxa across studies, offering a clearer framework for interpreting
archaeal signals in health and disease. Instead of showing a universal increase or decrease across
all disorders, archaeal patterns appear to vary depending on the condition, the local gut
environment, and methodological differences between studies (including DNA extraction
protocols, primer choice, sequencing depth, and bioinformatic pipelines). This observation
underscores that archaea cannot yet be treated simply as a parallel version of bacteria within the

microbiome and should not be assumed to act as general indicators of dysbiosis.

Across available studies, methanogenic archaea, particularly M. smithii and M. intestini, were
the most consistently reported gut archaea. However, their direction of change differed across
diseases. Several studies reported enrichment of methanogens in colorectal cancer (CRC) and
in some neurological disorders, while others found reductions in inflammatory bowel disease
(IBD) (see more details on these aspects in Chapter 3) (78-81). Rather than representing
conflicting results, these opposite trends likely reflect the fact that archaea are strongly
influenced by the surrounding microbial and physiological environment. Methanogens thrive
in fermentation-rich, anaerobic settings and benefit from slower intestinal transit and increased
hydrogen production. In contrast, inflamed or oxygen-exposed environments, such as those in
Crohn’s disease (CD), or conditions with accelerated motility appear to be not ideal to their
growth (82, 83). In this sense, archaeal abundance or prevalence seems to reflect ecological

opportunity rather than being disease drivers.
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In fact, archaea contribute to the gut microbiome community through metabolic interactions,
particularly those linked to hydrogen disposal, fermentation efficiency, and redox balance.
Their role appears to be more that of metabolic integrators within the gut ecosystem than direct
pathogenic actors (78, 84). However, despite intriguing associations, definitive causal evidence

remains limited.

A major challenge in interpreting the current archaeome literature is methodological variation.
Differences in DNA extraction efficiency, sequencing depth, primer design, and bioinformatic
reference databases can substantially affect archaeal detection. Many early studies relied on
breath methane tests or 16S amplicon sequencing approaches that were not optimized for
archaea (57, 73, 85). These limitations mean that some reported increases or absences of archaea
may reflect technical factors rather than true biological differences. Confounding variables such
as diet, medication use, antibiotic exposure, bowel transit time, and host physiology have also
not been consistently accounted for (29, 86, 87). Together, these issues highlight the need for
greater methodological consistency and archaeal-specific approaches in future work. In
recognition of these challenges, chapters 2 and 3 included in this thesis were restricted to
shotgun metagenomic sequencing datasets, which avoids many of the primer- and
amplification-related biases inherent to 16S rRNA—based approaches and allows more reliable
detection and quantification of archaeal taxa, and whenever possible, the effect of confounders

were taken into consideration.

While variability in host and environmental factors cannot be fully resolved at the review level,
this approach enabled a more consistent comparison of archaeal abundance across disease

contexts and studies,

Overall, this review brings together the currently scattered evidence linking specific archaeal
taxa to human disease and highlights recurring patterns, limitations, and open questions in how
these associations are interpreted, suggesting that archaea should be understood as conditional
and context-dependent members of the gut microbiome. Their influence appears to depend on
the surrounding microbial community, substrate availability, and host physiology. As the field
progresses, archaeome research will likely need to move beyond cataloguing species presence
toward understanding metabolic flux, syntrophic interactions, spatial organization, and host

responses. Such a shift will be essential for accurately defining when and how archaea
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contribute to human disease and for evaluating their potential as therapeutic targets, diagnostic

markers, or modulators of gut ecosystem resilience.

Chapter 2: Age-related dynamics of predominant methanogenic archaea in the human gut

microbiome (2).

Understanding how the human gut microbiome evolves across the life course, and particularly
in individuals who reach exceptional longevity, has become a central question in microbiome
science. While bacterial dynamics during aging have been extensively studied, the archacome
remains comparatively unexplored. This study (2) provides a detailed characterization of
archaeal signatures across three distinct age groups comprising young adults (Y As), older adults
(OAs), and centenarians (CENT), based on whole-genome shotgun metagenomics. We used
age categories rather than a continuous age scale to analyze archaecome changes across the
lifespan. Although continuous models can increase statistical power, they were less suitable
here because the datasets had an uneven age distribution, with few individuals at very old ages,
which could skew results. To our knowledge, this is among the first studies to assess archacome
variation across the aging spectrum, including individuals over 100 years of age, with a

particular focus on methanogenic archaea and their functional and ecological interactions.

Our findings demonstrated that gut archaeal diversity and richness tend to decline with
advancing age, contrasting earlier 16S rRNA gene—based observations that suggested either
stability or a moderate increase in diversity during aging (88, 89). By leveraging shotgun
metagenomics rather than marker gene approaches, this study provides higher-resolution
evidence that archaeal diversity decreases with age, refining and partially revising conclusions
drawn from earlier 16S-based studies. To explore this further, we examined the compositional
shifts of the archaecome across different age groups. Consistent with previous studies, we
observed that methanogenic archaea, particularly members of the Methanobacteria, generally
exhibited higher relative abundances with aging. Prior reports have also described an age-
associated rise in members of Methanobacteria and even linked its abundance to pre-longevity

stages (90-92).

Interestingly, however, our data indicate that the OAs in our cohort harbored higher relative
levels of M. intestini rather than M. smithii, (vice versa to what was observed in YAs and

CENT), suggesting a potential species-level replacement or ecological niche shift within the
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Methanobrevibacter lineage during aging. Because our analysis is based on cross-sectional
data, it remains possible that these patterns partly reflect differences in health or medication
profiles between age groups rather than age per se. Longitudinal sampling of individuals will

be essential to understand these effects.

Another archaeal lineage of interest is the Thermoplasmata, which are recurrently detected in
the human gut and have been reported to increase in abundance among OAs (56). Similarly, in
our dataset, Thermoplasmata showed elevated relative abundance in OAs, but notably declined
again in CENT, approaching levels comparable to those of Y As. This non-linear trend may be
ecologically meaningful. Certain Thermoplasmata members encode enzymes involved in the
synthesis of potentially genotoxic or proinflammatory metabolites such as methylglyoxal,
indole, and acetaldehyde. Thus, their depletion in exceptionally aged individuals might reflect
a gut ecosystem more resistant to oxidative or metabolic stress, potentially contributing to

healthier aging (88, 93).

Within the Thermoplasmata, functional diversity is considerable. Some members appear
capable of metabolizing TMA, a precursor of trimethylamine N-oxide implicated in
atherosclerosis, whereas others lack this capacity (94). This heterogeneity complicates the
interpretation of their role in host metabolism. Of particular note, Candidatus
Methanomassiliicoccus intestinalis has been found enriched in frail individuals, raising
questions about whether its expansion is a consequence of altered intestinal motility or whether
it may actively contribute to inflammatory states. Future studies integrating metatranscriptomic
and immunological analyses are required to determine whether Methanomassiliicoccales
primarily show protective effects through TMA removal or whether their impact on host
physiology is more complex (95, 96). Moreover, as observed in chapter 3 (3) (see below),
memebers of Thermoplasmata including Methanomethylophilus alvus showed a significant
increase in the combined pre-Alzheimer’s disease dataset, while Methanomassiliicoccus
intestinalis and Methanomassiliicoccus luminyensis were significantly elevated in Parkinson’s
disease cohorts. These findings suggest that Thermoplasmatota may be associated with diseases

which are mostly associated with old age.
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Beyond compositional analysis, network analysis in our study revealed that both M. smithii and
M. intestini consistently co-occurred with Christensenellaceae and Oscillospiraceae. These
bacterial families are strongly associated with host genetics, leanness, fiber utilization, and
healthy metabolic aging (96, 97). They have been repeatedly linked to longevity (98) and their
stable co-presence with methanogens across age groups suggests an archaeal-bacterial

metabolic axis or niche sharing likely based on hydrogen transfer and SCFA production.

Notably, CENT exhibited the highest archaeal network connectivity, suggesting that archaea
may play a stabilizing role in the gut microbial ecosystem. In contrast, OAs showed the weakest
network integration, potentially reflecting a transition phase marked by ecological imbalance

or inflammaging (99, 100).

Stratifying individuals by high vs. low methanogen phenotype revealed that this phenotype was
twice as prevalent in CENT as in YAs. In centenarians, where total caloric intake and metabolic
rate are typically reduced (101), maintaining such cross-domain syntrophy (bacteria—archaea
cooperation) may help sustain microbial energy yield and redox balance despite limited
substrates. The high methanogen state could therefore act as a marker of a metabolically
efficient and ecologically stable gut microbiome that continues to recycle available substrates

effectively and resist oxidative or inflammatory stress.

Interestingly, the high methanogen phenotype was associated with reductions in
Lachnospiraceae, yet increases in Oscillospiraceae, suggesting compensatory butyrate-
producing networks that may buffer against age-associated depletion of core butyrate
producers, i.e Lachnospiraceae. Considering the central role of butyrate in supporting intestinal
barrier integrity and immune regulation, this compensation could have potential health

relevance (102).

The metagenomic results reinforce this idea by showing that subjects with a high methanogen
phenotype carry a broader set of genes involved in butyrate production. Although the abundance
of these genes differed somewhat across age groups, the two main butyrate-producing routes
(the butyryl-CoA:acetate-CoA and butyrate kinase pathways) remained active. Interestingly,
genes encoding butyrate kinase (K00929) and phosphate butyryltransferase (K00634) were
consistently more abundant in individuals with higher methanogen levels, suggesting that the

butyrate kinase pathway may gain importance in supporting SCFA production as people age.
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Moreover, the strong significant positive link between members of Oscillospiraceae and
butyrate kinase genes, together with the decline of Lachnospiraceae, points to a shift in
functional roles as alternative butyrate producers seem to step in and compensate for the loss of

the Lachnospiraceae, as SCFA producers.

Overall, this study provides several novel contributions to the understanding of archaeal
dynamics during human aging. Most importantly, it represents one of the first species-resolved,
shotgun metagenomic investigations of the gut archacome across the adult aging spectrum,
including centenarians, a group rarely captured in archaecome-focused studies. By moving
beyond marker gene—based approaches, the work offers new evidence for an age-associated
decline in archaeal diversity accompanied by selective enrichment and restructuring of
methanogenic archaea, thereby refining previous models of archaeal aging. A key new finding
is the identification of a species-level shift within the Methanobrevibacter lineage, with
differential dominance of M. intestini and M. smithii across age groups, a pattern that has not
been previously reported. Finally, by integrating taxonomic, network, and functional gene
analyses, this study newly demonstrates that methanogens act as central nodes in age-dependent
microbial interaction networks and are associated with compensatory butyrate-producing
pathways in late life, highlighting archaeal contributions to microbiome stability and metabolic

organization during aging.

Despite the depth of our analysis, several considerations should be taken, while interpreting our
findings. First, the cross-sectional nature of the cohorts provides only a snapshot of archaeal
and microbial states at specific ages. As a result, we cannot distinguish true age-driven
microbiome trends from cohort effects, lifestyle differences between generations, or individual
variation. Longitudinal studies following individuals across the aging process, ideally with
repeated biological sampling and detailed health monitoring, will be essential to establish causal
links between archaeal dynamics and aging outcomes. Additionally, although the study
populations were recruited from comparable European settings, metadata such as detailed diet
information, medication history, bowel transit time, frailty measures, and immune phenotype
were not uniformly available. These factors, which are strongly associated with microbiome
structure in late life, could affect archaeal patterns and should be taken into consideration in
future work to strengthen causal inference and to understand host—microbiome interactions

(103-106).
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Another limitation relates to the integration of three independently generated cohorts. While
batch-effect control was applied and effectively reduced technical variation below the
biological signals of interest, differences in sample handling, DNA extraction, storage, or
sequencing depth cannot be entirely excluded. Harmonized cohorts would help confirm the
reproducibility of archaeal aging signatures. Furthermore, although our results strongly suggest
archaeal contributions to butyrate-associated pathways and syntrophic interactions, through
shotgun metagenomics, direct functional validation is required. Future studies incorporating
metatranscriptomics, and targeted metabolomics, including SCFA and methane measurements,
will be critical to confirm whether archaeal pathways are transcriptionally and metabolically

active across aging.

Finally, co-occurrence networks employed in this study capture ecological association rather
than direct interaction, meaning that physical proximity, hydrogen exchange, and metabolic
cross-feeding between archaea and bacterial partners remain inferred rather than demonstrated.
Experimental validation through spatially resolved technologies such as advanced FISH
platforms, imaging mass cytometry, and isotope tracing, alongside archaeal-bacterial co-
culture and gnotobiotic models, will be essential to reveal the mechanistic basis of archaeal
syntrophy and its potential role in maintaining metabolic resilience in longevity. As a whole,
future research combining longitudinal sampling, harmonized metadata collection, multi-omics
measurements, and experimental validation will enable a more definitive understanding of how
archaea contribute to healthy aging and whether targeted dietary or microbiome-based

approaches can modulate archaeal communities to support metabolic robustness in late life.

Chapter 3: Cross-domain metabolic interactions link Methanobrevibacter smithii to

colorectal cancer microbial ecosystems (3).

By investigating stool metagenomes across diverse disease contexts which have been
previously linked with archaea, this study (3) provides a unified view of archaeal dynamics in
human health and disease. Previous work on the human archaecome has been limited by
fragmented methodologies, 16S-based taxonomic constraints, and small cohort sizes, often
leading to inconsistent or incomplete interpretations of archaeal behavior in disease settings
(92, 107, 108), as discussed in chapter 1. By reprocessing shotgun data and covariate-aware

case-control matching, our analysis clarifies when, where, and how archaeal shifts are
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detectable and biologically meaningful, moving beyond scattered observations to a more

consistent view across diseases.

While the bacterial microbiome exhibits well-documented disease-specific dysbiosis pattern
(109-114), archaeal responses have been less consistent in the literature. This meta-analysis (3)
represents one of the most comprehensive attempts so far to disentangle the role of Archaea
across major human diseases, previously shown to be associated with archaeal shifts as
reviewed in our study (Figure 1) (3) using shotgun metagenomic data. By integrating 2,959
samples from diverse cohorts (including CRC, type 2 diabetes (T2D), IBD, including CD and
ulcerative colitis (UC), multiple sclerosis (MS), Alzeihmer’s disease (AD), schizophrenia
(SCZ), and parkinson’s disease (PD)) and adjusting for confounders such as age, sex, and BMI
for case-control samples, we aimed to move beyond the methodological fragmentation that has
long hindered archacome research. Despite differences in study design, sequencing platforms,
and metadata resolution, our analysis uncovered reproducible, disease-associated shifts in
archaeal community structure, highlighting that the human archacome participates in disease-

linked microbial reorganization.

Interestingly, these alterations were not universal but disease-specific, suggesting that archaeca
respond to particular ecological or physiological disturbances rather than showing a uniform
pattern of change. In CD, for example, we observed a significant reduction in most
Methanobrevibacter ~ species,  alongside  enrichment of a  single  taxon,
Methanobrevibacter A sp900766745. This inverse pattern within a single genus suggests that
even closely related methanogens may differ in their environmental tolerance and syntrophic
dependencies. CD is characterized by accelerated intestinal transit, altered substrate availability,
and inflammatory stress. These factors disadvantage slow-growing methanogens like M.
smithii, which rely on stable cross-feeding networks with hydrogen-producing bacteria (115).
It is therefore plausible that inflammatory dysmotility selectively filters archaeal populations,

allowing more resilient taxa to persist.

In contrast, SCZ showed a significant depletion of Methanobrevibacter A smithii. Although
this association does not imply causation, it supports the idea that archaeal metabolism could
be indirectly connected to host neurochemistry through its influence on fermentation end
products and hydrogen balance (116, 117). Methanogens help stabilize microbial redox status
by consuming hydrogen and formate, both of which affect SCFA production and intestinal pH
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(118). A reduction in methanogenic activity might therefore shift metabolic fluxes in a way that
modulates the gut—brain axis, since SCFAs are metabolites increasingly recognized as central
mediators of the gut—brain axis, influencing neuroinflammation, neurotransmitter metabolism,
and the integrity of the blood—brain barrier (119). While speculative, this link is intriguing in
light of emerging evidence connecting gut redox potential and microbial metabolites to

neurotransmission and inflammation in neuropsychiatric disorders.

In PD, our initial pooled analysis revealed an enrichment of methanogenic taxa, which was
consistent with previous findings (79, 120). However, after stringent case-control matching for
age, sex, and BMI, these differences no longer reached statistical significance within individual
datasets. This pattern highlights one of the recurring challenges in archaeome research, which

is the fragility of statistical signals to metadata handling and cohort structure.

Across disorders, the biggest challenge remains the limited metadata coverage. Important host-
related variables such as medication use, antibiotic exposure, bowel transit time, diet, and
inflammation status were rarely reported across studies. These factors are known to shape the
gut microbiome and are particularly relevant for archaea, whose growth depends on specific
substrate availability and redox balance (121-124). The absence of such information makes it
difficult to distinguish true biological patterns from confounding environmental effects.
Standardizing these metadata across future archaeome-focused studies will therefore be

essential.

Among all diseases investigated, CRC exhibited the most consistent and biologically plausible
archaeal signal. We observed a robust significant enrichment of Methanobrevibacter A smithii
across pooled dataset as well as individual cohorts (i.e, Feng et al. (75), Gupta et al. (76)).
Notably, when staging information was available, M. smithii abundance followed a non-linear
trend: higher abundance at stage 0, reduced in early invasive cancer (stage I/II), and increased
again in advanced or metastatic disease (stage III/IV), which was consistent with previous
studies (125, 126). This pattern suggests that archaeal proliferation might not be an early
initiating factor, but rather a secondary response to late-stage ecological remodeling within the
tumor-altered gut. Such remodeling is consistent with increased mucin degradation, amino acid

fermentation, and hydrogen accumulation observed in advanced CRC (127).
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Finding this pattern across pooled dataset and independent cohorts, alongside identification of
M. smithii as a top discriminatory feature in machine-learning models, indicates that
methanogens may be integrated into CRC-specific ecological networks rather than responding
solely to generalized gut disturbance. Importantly, this challenges prior assumptions that
methanogens are uniformly beneficial by promoting fermentative efficiency and gut transit
(128, 129); instead, our findings suggest a metabolic role within the tumor-altered colon.
Mechanistic integration across correlation networks, in silico metabolic modeling, and
anaerobic co-culture experiments revealed interesting metabolic cross-feeding patterns between

M. smithii and CRC-associated bacteria.

While several studies have reported a loss of overall microbial co-occurrence in CRC as
community structure becomes increasingly disordered (109, 110), our analysis reveals that
specific archaeal-bacterial partnerships persist or even strengthen within this disrupted
microbiome. In particular, Methanobrevibacter A smithii displayed positive co-occurrence
with key CRC-associated bacteria including F. nucleatum, B. fragilis, and E. coli. This pattern

was supported both by correlation analysis and binary presence/absence data.

Our metabolic modeling and experimental validation highlight M. smithii as an active metabolic
partner within CRC-associated microbial networks rather than a passive hydrogen sink. In silico
genome-scale metabolic reconstructions predicted a universal export of succinate by CRC-
associated bacteria and its uptake by M. smithii. Succinate is a central intermediate in anaerobic
metabolism and a known cross-fed metabolite in syntrophic communities (130). Elevated
succinate levels have been repeatedly observed in the CRC tumor microenvironment, where
they can function as signaling molecules, stabilize HIF-1a, and promote inflammation and
tumor growth (131). Thus, the predicted succinate uptake by M. smithii suggests a potential role

in buffering tumor-associated metabolite accumulation under hypoxic conditions.

Interestingly, M. smithii was also predicted to export riboflavin (vitamin B2) and import several
amino acids enriched in CRC metabolomes, including asparagine, glutamine, leucine, and
arginine. These metabolites are central to cancer cell metabolism, supporting nucleotide

synthesis, energy generation, and redox control (132, 133).

Experimental co-culture assays validated several of these predicted interactions. M. smithii

growth increased significantly in the presence of B. fragilis, while F. nucleatum and E. coli
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exhibited archaeon-induced early growth acceleration. These results support commensal or
unidirectional relationships, where M. smithii supports bacterial partners through hydrogen or
metabolite removal but gains little direct growth benefit. Notably, B. fragilis produces large
amounts of succinate during carbohydrate fermentation (134), consistent with the enhanced M.

smithii growth observed in their co-culture.

Untargeted metabolomics further confirmed elevated succinate levels in all co-cultures,
supporting our genome-scale predictions. The F. nucleatum—M. smithii pairing showed the most
extensive metabolic shift, with increased production of SCFAs (acetate, lactate, propionate, and
butyrate) and several amino acids (alanine, valine, leucine, isoleucine, phenylalanine, proline,
glycine). Many of these metabolites have been repeatedly associated with CRC progression and

tumor metabolism (135-137).

Regarding the results on butyrate, findings from this chapter and those from chapter 2 highlight
that the role of butyrate is highly context-dependent. In CENTSs, an increased genetic potential
for butyrate production aligns with a microbiome configuration associated with gut health, anti-
inflammatory effects, and longevity. In contrast, in a CRC setting, butyrate emerges within
microbial interactions, particularly involving M. smithii and F. nucleatum, that are linked to
tumor-promoting metabolic environments. These seemingly opposing observations can be
explained by the “butyrate paradox”: while butyrate supports normal colon cell function and
gut homeostasis, its effects change in cancer, where altered cellular metabolism can shift its
role toward influencing tumor-related pathways. Overall, this suggests that butyrate should not
be viewed as inherently beneficial or harmful, but rather as a metabolite whose impact depends

on the surrounding microbial community and the physiological state of the host (138).

Beyond SCFAs and amino acid changes, several oncologically relevant metabolites were
detected in the co-culture of F. nucleatum—M. smithii, including arginine derivatives (N-a-
acetyl-L-arginine, N-acetyl-arginine, N-3-acetylornithine), which feed into nitric oxide and
polyamine biosynthetic pathways, both of which are involved in CRC proliferation and immune
evasion (139). Other detected compounds such as hypoxanthine and indole-3-propionate (I3P)

also link microbial metabolism to cancer metabolism and immune modulation (140).

Interestingly, some metabolites with potential tumor-suppressive properties, including y-

linolenic acid and 4E,8Z-sphingadiene, were also detected in F. nucleatum—M. smithii co-
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cultures, both of which have been implicated in ferroptosis and apoptosis of cancer cells (141).
These observations suggest that archaea might contribute not only to pro-tumor but also anti-

tumor metabolic pools within the gut.

Together, our findings show M. smithii as a metabolically active member of CRC-associated
microbial communities. Rather than functioning as a passive hydrogen consumer, M. smithii
appears capable of shaping its surroundings through a network of cooperative metabolic
exchanges. By engaging with key bacterial taxa, it may influence their growth dynamics and
collectively contribute to a complex metabolic environment enriched in metabolites with both
tumor-promoting and tumor-suppressive properties. Such bidirectional interactions suggest that
M. smithii participates in maintaining, and possibly amplifying, metabolic cross-talk within the
tumor microenvironment. Understanding how host conditions regulate the balance between
beneficial and detrimental archaeal-bacterial interactions will be essential for clarifying
whether M. smithii supports tumor-associated dysbiosis or contributes to microbial stability
under stress. Finally, integrating archaeal metabolism into CRC models may open new
perspectives on microbe-driven mechanisms of disease progression and opportunities for

targeted therapeutic modulation.

Several important limitations should be acknowledged when interpreting these findings. First,
our meta-analysis is cross-sectional in nature, which limits the ability to determine causality or
the sequence of archaeal-bacterial changes during disease progression. Longitudinal studies
following individuals over time will be essential to reveal whether archaeal expansion precedes

disease onset or simply indicates downstream ecological shifts in a disturbed gut environment.

Second, despite consistent bioinformatic processing across datasets, absolute abundance data
were not uniformly available, and many original studies might have not been optimized for
archaeal detection during DNA extraction. This likely led to an underestimation of archaeal
abundance and diversity. Future work will benefit from archaeal-inclusive extraction methods,
and absolute quantification strategies that can more accurately capture archaeal contributions

within complex microbial communities.

Third, host factors that shape archaeal ecology, including diet, medications, and bowel transit
time were incompletely recorded across cohorts. Future studies should therefore integrate

detailed clinical, lifestyle, and physiological metadata to more accurately investigate archaeal—
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host interactions. Residual confounding remains an important consideration when interpreting
the association between M. smithii and CRC. Among these factors, gut transit time likely plays
the most prominent role. Because CRC is often accompanied by constipation, the resulting
slow-transit environment may favor methanogen growth, meaning that part of the observed
enrichment could reflect underlying gut physiology rather than a tumor-specific effect (142).
However, the fact that the association persists even after accounting for transit-related measures
suggests that it cannot be fully explained by this mechanism alone. Other factors, such as diet
and medication or antibiotic use, are known to influence the gut archacome, but their effects
appear to be relatively modest and inconsistent, contributing more to variability than to
systematic bias. Similarly, methodological differences across studies may affect how well
archaea are detected, but are unlikely to drive the biological signal itself (78, 143, 144). These
considerations suggest that improved standardization, particularly with respect to gut transit,

would likely reduce the strength of the observed association, but not eliminate it entirely.

Fourth, while our results demonstrate a consistent enrichment of M. smithii in CRC across
multiple cohorts, the directionality of this association remains unresolved and likely reflects a
complex, context-dependent relationship. Notably, the observed nonlinear pattern across
disease stages, characterized by enrichment in early lesions, reduction in intermediate stages,
and re-enrichment in advanced CRC does not support a simple linear driver model.

An alternative interpretation is that CRC-associated changes in the gut environment, including
altered substrate availability, inflammation, and intestinal transit dynamics, may create
ecological conditions that favor the growth and persistence of methanogens such as M. smithii.
Indeed, factors such as constipation and shifts in microbial fermentation have previously been
linked to increased methanogen abundance, suggesting that enrichment may, at least in part,
reflect a response to disease-associated environmental changes.

At the same time, our metabolic modeling and co-culture experiments indicate that M. smithii
can actively participate in microbial cross-feeding networks, influencing the availability of
metabolites such as succinate and amino acids that are relevant to tumor biology. This raises
the possibility that M. smithii contributes to shaping the metabolic landscape of the CRC-

associated microbiome once established.

Fifth, our in vitro co-culture system represents a controlled but simplified approximation of the

colonic environment. While necessary to achieve comparable starting biomass, pre-enrichment
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of M. smithii may bias ecological balance relative to natural systems. Moreover, these
experiments were performed under nutrient-rich anaerobic conditions that cannot fully consider
colonic nutrient gradients, mucin-rich matrices, immune pressures, or tumor-microenvironment
complexity. Although the observed metabolic cross-feeding and morphological interaction
signatures provide mechanistic insight, phenotypes in vivo are likely to be modulated by
additional host and microbial factors. Future efforts should incorporate tumor-mimetic
microfluidic systems, mucus scaffolds, and gnotobiotic mouse models to refine ecological
interpretation. Moreover, although we used M. smithii strain ALI in our study which is a human
gut-derived isolate, and supports its ecological relevance for modeling archaeal function in the
intestinal environment, strain ALI represents a single strain and may not capture the full extent
of strain-level heterogeneity within M. smithii populations (145). Accordingly, while ALI
provides a biologically meaningful and experimentally tractable model, further strain-resolved
studies with more strains obtained from human gut (e.g. M. smithii Graz 2) will be required to

assess the generalizability of these findings.

Finally, although our combined observational, computational, and experimental evidence
supports syntrophic coupling between M. smithii and CRC-associated bacteria such as F.
nucleatum, direct in situ proof of physical co-localization remains scarce. Spatial ecology tools,
including single-molecule FISH, spatial metabolomics, and imaging mass cytometry, will be
critical to determine whether archaeal-bacterial interactions are structured within tumor-

associated niche.
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Conclusion

Conclusion

The review component establishes the current state of knowledge on human-associated archaea,
highlighting both their widespread occurrence and the persistent methodological challenges that
have limited their investigation. Although no archaeal pathogens have been identified to date,
accumulating evidence indicates that methanogens, particularly members of the genus
Methanobrevibacter, are metabolically active and tightly integrated into microbial networks
through syntrophic interactions. It also shows that archaea should not be considered marginal
components of the microbiome, but rather as organisms with the potential to influence microbial

community structure and function.

Building on this conceptual framework, the aging-focused metagenomic analysis reveals
pronounced age-related dynamics within the archaeal microbiome. While overall archaeal
diversity decreases with age, the prevalence of methanogens and the frequency of a high-
methanogen phenotype increase. Notably, centenarians exhibit an archaeal composition more
similar to younger adults than to older adults, characterized by the co-occurrence of
Methanobrevibacter smithii and Methanobrevibacter intestini within highly connected
microbial networks. These findings suggest that specific archaeal-bacterial interactions may
contribute to microbiome stability during extreme aging and potentially compensate for age-
related losses of key bacterial taxa, particularly butyrate-producing lineages. Rather than
reflecting a simple decline, the archaeome appears to undergo selective restructuring across the

human lifespan.

The disease-oriented meta-analysis further demonstrates that archaeal alterations are visible
across human diseases but highly heterogeneous. Among the conditions analyzed, colorectal
cancer emerges as the most consistently associated with changes in the gut archaeome. Across
multiple independent cohorts, M. smithii is reproducibly enriched in colorectal cancer (CRC)
patients and integrated into disease-associated microbial networks. Mechanistic analyses
indicate that this archaeon engages in extensive metabolic interactions with CRC—associated
bacteria, including the exchange of metabolites with known relevance to tumor biology. These
findings support the notion that archaea may participate in disease-associated microbiome
configurations through indirect metabolic effects rather than through direct pathogenic

mechanisms.

37



Conclusion

Despite these advances, several important questions remain unresolved. Methodological
limitations continue to constrain archacome research, including incomplete reference databases,
primer coverage, and bioinformatic pipelines that are not optimized for archaeal detection.
Future studies would benefit from standardized protocols specifically designed to capture
archaeal diversity and activity, enabling more robust comparisons across cohorts and

conditions.

From a biological perspective, most findings presented here are associative. Longitudinal
studies and controlled experimental systems will be required to determine causality, particularly
in the context of aging and CRC. Gnotobiotic models, defined microbial consortia, and targeted
perturbation experiments could help clarify whether methanogens actively contribute to
microbiome stability and disease progression or whether they primarily respond to ecological

niches created by bacterial and host-derived factors.

The dual association of methanogens with both healthy aging and colorectal cancer highlights
the importance of ecological context. Future research should focus on strain-level resolution,
functional heterogeneity, and interaction specificity to determine under which conditions
archaeal activity may be beneficial or detrimental to the host. Incorporating the archacome into
future studies will be essential for developing a more complete understanding of microbial

ecology in human health, aging, and disease
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Archaea: history, distribution and diversity

Archaea were announced as a new domain of life in
1977 next to Bacteria and Eukaryotes [1]. Although first
considered as being present only in extreme ecosystems,
these microorganisms have been found in several moder-
ate habitats including the human body [2-4]. To date,
20 different archaeal phyla, identified based on archaeal
marker proteins, are listed within the Genome Taxonomy
Database (G'TDB) [5]. These include the Halobacteriota
(with former Euryarchaeota class Methanomicrobiales),
the Methanobacteriota (with former Euryarchaeota class
Methanobacteriales), the Thermoplasmatota (including

Methanomassiliicoccales) and the Thermoproteota phyla
(with former Thaumarchaeota class Nitrososphaeria), into
which most of the archaea associated with plant, animal
and human hosts are placed [5]. However, a further
expansion of archaeal diversity is to be expected [6].

Archaea have a unique biology, leading to a variety of
drawbacks with respect to their detection: Many DNA
extraction methods commonly used for bacteria might not
be efficient due to the rigid, pseudomurein-containing
cell wall, and universal primers used in standardized
approaches cannot completely cover the archaeal lineages

[7].

Nevertheless, the connection of archaea to eukaryotic
hosts has been manifested over the recent years [8],
resulting in a collection of more than 1000 unique
archaeal genomes from the human gastrointestinal tract
(GI'T) [9°°].

In this review, we focus merely on archaecal key species
found in and on the human body (Figure 1a), to give a
summary of the latest literature and briefly explain their
physiology, specific characteristics, metabolism, interac-
tions, and effects on human health status to facilitate the
exploration of current understanding of these human-
associated archaeal taxa.

However, in order to provide the broadest context for the
readers, we include a comprehensive summary of previ-
ous reviews on human archaea and their main contexts in
Table 1 (from 2015 onwards).

Methanobrevibacter — the ubiquitous
archaeon in human gastrointestinal tract

The first isolation of Methanobrevibacter from a human
fecal sample was reported by Nottingham and colleagues
in 1968 [20]. Methanobrevibacter (Methanobacteriaceae)
spp. have a coccobacillary shape and occur in single forms,
but mostly in pairs or short chains (Figure 1b). They are
considered as non-spore-forming, non-motile strict anae-
robes with pseudomurein as their cell wall component
[21]. All known Methanobrevibacter spp. in the human body
share the genetic potential for formate and hydrogen/
carbon dioxide utilization for methanogenesis [9°°]. It has
been indicated that by harboring the mraABC genes,
Methanobrevibacter spp. can additionally use alcoholic
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Diversity and phenotypes of human-associated Archaea.

(a) Overview of microbial genera that have been linked with the human skin and gastrointestinal tract microbiome (see also Ref. [8]). Dendrogram
was prepared with RawGraphs2.0 beta [19]. (b) Scanning electron micrographs of archaeal isolates of the human gut microbiome. Bar: 2 um,

applies to all single displays. M. stadtmanae: Methanosphaera stadtmanae. M. luminyensis: Methanomassilicoccus luminyensis. M. smithii:
Methanobrevibacter smithii.
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Table 1

Archaeal key-residents within the human microbiome Mohammadzadeh et al. 3

Recent reviews on human-associated Archaea (2015 onwards)

Commensal methanogens with respect to different body sites; presence of methanogens in different diseases
due to alterations in microbial community; Bacteria-Archaea interactions in different pathological and

Archaeal diversity and their potential associations with protists, plants, animals, and humans; methodological
challenges in archaeome investigations; specific interactions between Archaea and other members of
microbial community; roles of the archaeome in both health and disease; discussion on the pathogenicity of
Role of Archaea in the hemostasis between health and immune-associated conditions, specifically allergic and
Archaeal components of microbiota in different body sites; detection methods of human-associated Archaea in
Occurrence of Archaea in plants, animals, and humans; biofilm formation in Archaea; archaeal interaction with
Challenges in archaeome research; archaeal biogeographic patterns; archaeal role in human health status.
In vivo and in vitro interaction of Archaea with other microbial members; interaction of Archaea with living
habitats, including plants, animals, and humans; occurrence of Archaea in biofilms; principles of archaeal
Methods for investigation of methanogens within the human GIT; prevalence of methanogenic and non-
methanogenic Archaea within the human digestive microbiota; diversity of methanogens with respect to age;
association between human Archaea and diet; prospective role of human methanogens as probiotics;

ecological interactions (i.e. hydrogen consumption, heavy metal transformation, and fecal pollution indication);

Archaeal prevalence in different mucosal surfaces; developments in the detection and quantification of human-
linked Archaea; archaeal interactions with human innate and adaptive immune system; potential involvement of

Prevalence of Archaea in different body site, including human gut, subgingival area, and skin; overview of the

Author Publication  Main contexts
year
Djemai et al. [10] 2021
physiological conditions.
Borrel et al. [8] 2020
archaea.
Sereme et al. [11] 2019
atopic disorders.
Sogodogo et al. [12] 2019
the lab; involvement of Archaea in disease.
Bang et al. [13] 2019
the immune system.
Mahnert et al. [7] 2018
Moissl-Eichinger 2018
et al. [14]
interaction.
Nkamga et al. [15] 2017
implications of Archaea for human diseases.
Bang et al. [16] 2015
Archaea in human health or disease.
Lurie-Weinberger 2015
etal [17] putative effect of Archaea on human health.
Horz et al. [18] 2015

Medical implications of the commonly found Archaea; challenges of detecting archaeal taxa in humans.

fermentation end-products, such as ethanol and metha-
nol, a potential selective advantage for the human GIT
environment [9°°]. Additionally, acetate is used to feed
into an assimilative incomplete reductive tricarboxylic
acid cycle [22]. Notably, members of the genus Methano-
brevibacter are generally not sensitive to antibiotics target-
ing bacterial RNA or protein synthesis, cell wall, and
specific functions [23].

It has been established that a substantial proportion of the
encoding genes of Methanobrevibacter have bacterial ori-
gin. Most of these genes are associated with the adapta-
tions of archaea to their ecological niche and code for
proteins involved in adhesion [8,22]. Although these
genes most likely stem from the associated gut bacter-
iome, adaptation towards the human host was not
reflected by a generally higher proportion of horizontal
gene transfer (HG'T') compared to environmental/animal-
associated archaea [9°°].

Methanobrevibacter and the GIT

With the relative abundance of up to 14% in metage-
nomic datasets from GI'T, Methanobrevibacter spp. repre-
sent the most abundant methanogen in the human body
[24]. This abundance could be explained by symbiotic
cross-feeding, as they use bacterial fermentation end-

products for methanogenesis. In fact, co-occurrence
and syntrophy of M. smithii with human-associated bacte-
ria namely Bacteroides thetaiotaomicron and Christensenella
spp., as well as members of Ruminococcaceae have been
established thus far [25°°,26,27°°]. Both detrimental and
beneficial effects of Methanobrevibacteron human health
have been reported thus far. In general, the association
between methanogenesis within the human GIT and
reduced bloating has been proposed as the overall pres-
sure within this system is reduced through anaerobic
respiration and production of one mole of methane by
using four moles of hydrogen molecule and one mole of
carbon dioxide, and interestingly, this hydrogen removal
could enhance organic degradation and therefore promote
digestion and fermentation [28]. Methanobrevibacter spp.
have not been reported as pathogens; however, they have
been associated with alterations in microbial composition
and might contribute to certain medical conditions
(Table 2).

Methanobrevibacter smithii 1s considered as the dominant
methanogen in the human GI'T with a high prevalence of
>90% (Box 1). Reportedly, M. smithii comprise two spe-
cies-level clades initially named smithii and smithii_A
based on phylogenic relatedness [29] and later confirmed
and named M. smithii and Candidatus M. intestini based on

www.sciencedirect.com
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Table 2

Overview of the studies indicating a possible link between human-associated archaea and medical conditions/host phenotypes. Only the
studies published after 2019 and conducted on humans are included. For earlier references see Supplementary Table 1 (also available
here: DOI: 10.17632/njn6x2kjhg.1)

Medical condition Study type Study size Detection of Methodology Relevance to human health Ref.
Tonsillar phlegmon Case report n=1 M. smithii Archaeal 16S rRNA  Since M. smithii was detected in [43]
gene amplification, combination of different aerobic and
amplicon sequencing anaerobic bacterial pathogens, this
analysis methanogen could possibly support
their growth. The authors proposed
that tonsillar phlegmon should be
rather considered as a mixed
infection and not just bacterial
infection.
Irritable bowel Clinical case- n =67 patients,n M. smithii PCR, breath test High methane production by M. [44]
syndrome (IBS) control = 32 healthy smithii could lead to abdominal pain
subjects and deficient bowel movement.

Vaginosis Case-control  n = 33 patients M. smithii Microscopic M. smithii is considered as a [45]
with bacterial examination, dominant methanogen in human gut
vaginosis, n = fluorescence in situ  and vaginosis is hypothesized to be
92 controls hybridization, PCR-  associated with the transfer of feces

sequencing, real-time to vagina, and therefore, the

PCR, isolation and detection of this methanogen in

cultivation vaginosis could support this
hypothesis

Infectious Prospective n = 7716 blood M. smithii Microscopy, PCR- M. smithii was found to coincide [46]

endocarditis samples based detection, with Enterobacteriaceae which have
cultivation the potential to generate hydrogen,
reinforcing the hypothesis that this
methanogen could promote the
growth of other bacteria that could
be life-threatening. However, the
exact involvement of methanogens
in human pathology is not clear yet.

Urinary tract Prospective n =383 M. smithii Cultivation, PCR- The authors suggested that M. [47]

infections based detection smithii is a constituent of urinary
microbial community and together
with enteric bacteria, it could lead to
community-acquired urinary tract
infection.

Severe malnutriton  Case-control  n = 143 cases, n Absence of M. qPCR The authors proposed that [48]
= 110 controls  smithii alterations in gut microbial

community in cases with severe
acute malnutrition represents a loss
of M. smithii, thereby contradicting
the immaturity hypothesis.

Stomatology Cohort n = 31 patients M. smithii, ‘M. Cultivation, This study suggests that the oral [49]

diseases massiliense’ and M. Amplicon- cavity is a host for a repertoire of
oralis sequencing, methanogenic archaea irrespective
Fluorescence in situ  of the geographical region.
hybridization (FISH)

Colorectal cancer Cohort n = 585 Increased Metagenomic The authors suggested that the [50]
(184 CRC abundance of analysis increased abundance of halophilic
patients, Halopelagius, and archaea and the loss of
197 adenoma absence of methanogenic archaea (including
patients, methanogens Methanosphaera,

204 healthy Methanococcoides,
subjects) Methanocorpusculum,

Methanocaldococcus, and
Methanobacterium species) are
linked with colorectal cancer.

Current Opinion in Microbiology 2022, 67:102146
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Table 2 (Continued)

Archaeal key-residents within the human microbiome Mohammadzadeh et al.

Medical condition

Study type

Study size

Detection of

Methodology

Relevance to human health Ref.

High methane
emission

Peri-appendicular
abscesses

Orthopedic
ProsthesislInfection

Sarcopenic cirrhosis

Appendectomy

Parkinson’s disease
(PD)

Refractory sinusitis

Cohort

Case series

Case report

Case-control

Cohort

Cohorts
(reanalyzation
of 10 available
16S
microbiome
database)

Case series

n =471

n=4

n = 187 cirrhosis
patients, n =
149 controls

n = 193 with
appendectomy,
n = 4784 without
appendectomy

n =681 patient, n
= 530 control

1000-fold increase
in M. smithii

M. oralis and M.
smithii

M. oralis, M. smithii,
and M. wolinii

Reduced
abundance of
Methanobrevibacter

Reduced methane
production

Methanobrevibacter

M. smithii, M. oralis,
M. massiliensis

Amplicon-
sequencing, qPCR,
metagenomic
analysis

PCR, Sanger
sequencing, qPCR,
electron microscopy

PCR,
autofluorescence,
electron microscopy,
culture, next-
generation
sequencing

Metabolomics,
metagenomics

Breath test

16S sequencing

PCR, fluorescence
in-situ hybridization,
amplicon
sequencing, culture

A 1000 fold increase in M. smithii is [32°
linked to high methane emission in ]
the breath of humans. Increased
abundance is linked to diet, reduced
B12 uptake, and increased formate
levels in gut. M. smithii has the
potential to push the microbiome
function towards optimized fibre
degradation and increased formate
and acetate generation.

These methanogens were co-
detected with other enterobacteria
including Enterococcus faecium,
Escherichia coli, and Enterococcus
avium, suggesting the promotion of
their growth by supporting their
fermentation by hydrogen uptake.
The authors also suggested to use
of fusidic acid and metronidazole,
which are both active against
methanogens, for the treatment of
per-appendicular abscesses
Detection of methanogens in bones
and joint samples of patients with
bacterial infection (Staphylococcus
aureus, Staphylococcus epidermidis
and Proteus mirabilis) of these body
sites suggests the possibility of co-
occurrence of these methanogens
with these pathogens

The human GIT microbiota of
cirrhotic patients with sarcopenia
showed poor Methanobrevibacter
profile as well as Prevotella and
Akkermansia, which are associated
with physical function and the
authors suggest the association
between a healthy and physically
active lifestyle with the increased
abundance of these
microorganisms.

This study suggested that
appendectomy leads to the
decreased levels of methane within
breath and that appendix might be a
reservoir of methanogens.

The increased abundance of
Methanobrevibacter could be
explained by the increased
abundance of Christensenellaceae
family in PD patients since these
bacteria can support its proliferation
through H, production.

The authors suggested the
presence of methanogens as a
constituent of anaerobic microbiota
in refractory sinusitis patients, and
suggested the use of nitroimidazole
derivate, which is also active against
these microorganisms, to treat this
condition.

[51]

[52]

[53]

[54]

[59]

[56]

5

www.sciencedirect.com

Current Opinion in Microbiology 2022, 67:102146



6 Microbiota

Box 1 Abundance and prevalence of archaeal taxa in the human
GIT

The human GIT archaeome is predominated by methanogenic
archaea, that is, archaea capable of methane formation. Based on
Bracken (Bayesian Reestimation of Abundance with Kraken), a highly
accurate statistical method to compute the abundance of taxa in
metagenomic gut datasets, we recently estimated the average
(methano-) archaeal abundance to be 1.2% within the GIT micro-
biome, confirming previous estimations [9°°].

For this approach, we screened 691 datasets (= individual samples)
from various geographic locations (Europe, Asia, North/South
America, Africa, and Oceania). The most prevalent archaeal species
in the GIT are Methanobrevibacter smithii (0.56% average abun-
dance, prevalent in 91.32% of analyzed datasets (n = 691); preva-
lence was counted positive only when >80% of the representative
genome used for the mapping approach was covered (CoverM
analysis, [9°°]) and Candidatus Methanobrevibacter intestini
(0.131% average abundance, prevalent in 90.01% of all samples).
However, the Methanobrevibacter abundance correlates with
methane breath content and is highly variable, ranging from 0.002 to
2% relative abundance in individuals with low and high methane
emission, respectively [32°].

Also belonging to the Methanobacteriaceae, Methanosphaera
stadtmanae revealed an average abundance of 0.028%, with a
prevalence of 18.09% in the analyzed sample sets. The relative
abundance of Methanomassiliicocacceae (with Methanomassilii-
coccus luminyensis, and Methanomethylophilaceae (with Metha-
nomethylophilus alvus) was estimated to be 0.043% and 0.145%,
respectively. The prevalence of the mentioned species reached up to
6.95% in the analyzed datasets [9°°]. These recent analyses con-
firmed the ubiquitous nature of Methanobrevibacter spp. in the
human GIT despite their highly variable relative abundances [32°],
whereas other methanogens, such as Methanosphaera and
Methanomethylophilus representatives, appear only in a subset of
samples, potentially indicating a more dedicated role in human
development and health.

a unified archaeal protein catalogue, distant genome and
merA gene sequence as well as other specific character-
istics, including different gene sets for molybdate trans-
port [9°°].

It is still unclear at which age Methanobrevibacter estab-
lishes itself in the intestinal microbial community and
available studies are often contradictory [30°,31]. How-
ever, Methanobrevibacter spp. have been suggested to be
more abundant in the adult digestive tract compared to
the infants [32°].

Methanobrevibacter in the oral cavity and
other human niches

Methanobrevibacter oralis is considered as the predominant
archaeon in the oral cavity, and has been linked to this
location through ages of human evolution [32°]. Although
this species is infrequently detected in healthy oral loca-
tions or healthy patients in general, it was found to be
substantially linked with periodontal disorders [33] (prev-
alence in diseased locations: 45%; [34]). It has been

suggested that M. oralis contributes to periodontal dis-
eases through their syntrophy with sulfate-reducing and
acetogenic bacteria such as Desulfovibrio piger and Eubac-
terium limosum, respectively [35]. Moreover, syntrophy
between Methanobrevibacter massiliense and sulfate-reduc-
ing Pyramidobacter piscolens has been shown in severe
cases of generalized periodontitis [36].

"T'he first report on the detection of methanogens in the
respiratory tract was achieved in 2017 where we revealed
the occurrence of archaeal signatures in lung biopsies by
targeted metagenomics [4]. In a more recent study, M.
oralis and M. smithii were detected in bronchoalveolar
lavages and sputum samples using culture and molecular-
based methods as well as fluorescent 7z sifu hybridization
(FISH) [37]. Human skin is another potential habitat for
Methanobrevibacter spp., but it remains unclear whether
this archaeon is actively interacting with dermal epithelial
cells or is only persisting in this niche [38].

Methanobrevibacter and the human immune
system

It has been indicated that Methanobrevibacter interacts
with human dendritic cells and is capable of inducing
inflammatory cytokines and the subsequent recruitment
of inflammatory cells [39]. Furthermore, Methanobrevibac-
ter-derived archacosomes are potential adjuvants for vac-
cines due to their distinctive lipid structure [40]. Notably,
an increased abundance of Methanobrevibacter has been
shown in multiple sclerosis (MS) patients and confirmed
by increased breath methane contents [41]. Therein, a
positive correlation between the expression of T-cell
activation regulator TRAFS5, which is known to be upre-
gulated in MS patients, and Methanobrevibacter has also
been suggested. In addition, the negative correlation
between the abundance of this archaeal spp. and anti-
inflammatory cytokine TNFAIP3, which is downregu-
lated in MS patients, has been shown [41]. Furthermore,
in a pilot study, MS children harboring Methanobrevibacter
as a member of their microbiota, were shown to relapse
faster [42].

Methanosphaera — a rare but important
player in the human microbiome

Methanosphaera (Methanobacteriaceae) appears as irregu-
lar cocci organized either in single cells, pairs, or most
commonly tetrads (Figure 1b), with pseudomurein-con-
taining cell wall. Currently, two species of this archaeal
genus, M. stadtmanae and M. cuniculi, have been reported
from human GIT samples [9°°,57]. M. stadtmanae is
known for its different energy metabolism as it does
not grow on CO,. It uses acetate as the main carbon
source and is dependent on methanol and hydrogen for
generating methane. This different metabolism can be
explained by the absence of molybdopterin cofactor and
therefore, the absence of active formylmethanofuran
dehydrogenase synthesis [58]. The host-specificity of this
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archaeal genus can be attributed to variations of its
genomic properties as shown by a larger number of
different genotypes in ruminants and a smaller number
of different genotypes in humans and monogastric ani-
mals [59]. The preferred niche for M. stadtmanae is mostly
colonized by bacterial species within the Firmicutes and
Bacteroidetes phyla. In fact, 73 ORFs have been detected
in M. stadtmanae with high similarity to genes within
bacteria or eukaryotes [58]. These genes mostly code
for glycosyltransferase and are therefore involved in cell
adhesion, indicating a remarkable inter-domain lateral
gene transfer and the role of bacteria in the adaptation
of this archaeon to host systems [60].

Despite the relevant prevalence of Methanosphaera in the
digestive tract of most animals and humans [8], this
archaeal genus remains poorly characterized and there-
fore, its involvement in health or disease is not clear yet.
However, the increased abundance of Methanosphaera
spp. has been indicated in subjects with inflammatory
bowel disease (IBD) compared to healthy subjects [61].
On the other hand, M. stadtmanae has been associated
with lower likelihood of asthma in children aged between
6-10 years old, suggesting the tolerogenicity of this
archaeal species early in life [62].

T'he capability of M. stadtmanae to trigger immunological
responses has been reported. M. stadtmanae is able to
induce tumor necrosis factor-alpha (TNF-a) in high
amounts by human peripheral blood mononuclear cells
(PBMGs) [61]. Significant amounts of this cytokine as
well as interleukin-1 beta (IL-1B) were also released after
exposing monocyte-derived dendritic cells (moDCs) to
M. stadtmanae in a concentration-dependent manner [39].
In addition, the activation of the immune cells and the
subsequent cytokine release has been attributed to the
rapid phagocytosis of this archaeal species and endosomal
acidification. Notably, CD86 and CD197, which largely
contribute to moDCs maturation and B-cell and T-cell
activation, were upregulated after exposure to M. stadr-
manae, indicating the induction of both innate and adap-
tive immune responses by this archaeal species [39].
Recently, the immunogenicity of M. stadtmanae has been
assigned to its RNA component, where Toll-like recep-
tors TLLR7 and TLLR8 were detected as the respective
pattern recognition receptors for this molecule. Further-
more, a specific inflammasome activation pathway by this
archaeal species has been suggested [63].

Methanomassilococcales — characteristics
and interaction with the human host
Methanomassiliicoccales are frequently detected in
soil and aquatic environments, as well as host systems
[64°,65,66]. This order is split into two large clades, a
free-living clade (Methanomassiliicoccaceae; includ-
ing the isolates Methanomassiliicoccus —luminyensis
(Figure 1b) and Ca. M. intestinalis Issoire-Mx1) and

a host-associated clade (Ca. Methanomethylophila-
ceae; including Ca. Methanomethylophilus alvus
Mx1201). The host-associated clade shows several
genomic adaptations, including the carriage of genes
probably associated with shikimate pathway and bile
resistance [67].

The isolation or enrichment of several Methanomassilii-
cocales members from human stool samples as well as
subgingival plaques has been reported [67-70]. A specific
association with elderly individuals has been suggested,
whereas the representatives often remain undetected in
young adults and infants [71,72].

The metabolism of the order Methanomassiliicoccales
relies on H; as an electron donor and methyl-compounds
for methanogenesis, and the genes contributing to the
conventional CO,-reduction/methyl-oxidation pathways
are absent [73].

A different form of energy conservation has been shown in
M. luminyensis compared to other methanogens as it uses
different enzymatic compositions for electron transfer reac-
tions, namely membrane-bound ferredoxin:heterodisul-
fide oxidoreductase system [74°]. Another distinct feature
of these microorganisms is their capability to code for
pyrrolysine (Pyl) amino acid, which seems to be related
to a unique evolution [75]. This amino acid is essential for
the activity of certain methyltransferase and confers this
archaeal species the ability to produce methane using
methylated amines: mono-methylamine, di-methylamine,
and tri-methylamine (TMA). This metabolite is generated
by the host gut microbiota through the consumption of
dietary carnitine, lecithin, or choline and in the liver, it is
oxidized into trimethylamine N-oxide (TMAO) through
human flavin monooxygenases. A potential link between
"TMAQO and cardiovascular events as well as chronic kidney
diseases has been proposed, suggesting the contribution of
Methanomassiliicoccales members in reducing the risk of
these diseases [76,77]. Considering the potential positive
impacts of these microorganisms on human health, an
application as effective archaeobiotic has been proposed;
however, further animal and clinical studies are required to
validate its effectiveness [78].

Thus far, only one study has investigated the human
immune response against M. luminyensis. Bang et al. showed
the resistance of this strain against mammalian antimicro-
bial peptides, suggesting its adaptation to the intestinal
environment. However, human cathelicidin L1.37 (LL32)
was effective against thisarchacon and its effectiveness was
stronger than that against M. stadtmanae and M.
smithii. Furthermore, the moDCs activation by this Metha-
nomassiliicoccales member was rarely observed and pro-
inflammatory cytokines IL.-18 and TNF-a were released
only at very low levels, indicating its low immunogenicity
and commensal nature in the human gut [79].
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Thaumarchaeota on human skin
Thaumarchaecota, recently re-named as Thermoproteota
(G'TDB), comprise rod-shaped motile archaca with the
ability to grow under various aerobic conditions, includ-
ing the plant’s phyllosphere or human and animal [7].
These archaea contain a specific tetracther membrane
lipid with crenarchaeol and are mostly considered as
autotrophs with the ability of CO, fixation; nevertheless,
they sometimes depend on other bacteria or organic
substrates for survival and growth [80]. Most represen-
tatives can oxidize ammonia to nitrite, however, some
Thaumarchacota lineages lack the amoABC genes and
therefore are not dependent on ammonia for growth
[81,82].

Strains of Thaumarchaeota were initially identified as
common constituents of the human skin microbiota
[38]. It was envisaged that these archaeal members could
oxidize the ammonium from sweat, which is especially
clevated during physical activity, and consequently
decrease the skin pH, thereby supporting a healthy skin
and removing the bad sweat odor. A potential association
with age has also been indicated as <12 year-old or >60
year-old subjects had a more diverse and abundant thau-
marchaecome compared to those in their middle age [83].
Moreover, the effect of sex on the presence of Thau-
marchaeota has been reported as the continuous sampling
of the male palm showed transient presence of this
archaeal member, while its presence was persistent in
female cases, which could be explained by different
steroid productions [84]. The presence of these archaea,
although in low abundance (less than 0.01% of all sam-
ples), has also been reported in dental caries [85] as well as
nasal samples [4].

Conclusion/Outlook

Our knowledge on host-associated archaeal diversity and
specifically human-associated archaca is stll in its
infancy. In addition to the abovementioned archaeal
genera, many others may play a role in and on the human
body. This includes genera like Methanocorpusculum or
Methanobacterium, as well as a broad variety of unknown
Methanomassiliicoccales, whose  signatures  were
detected in metagenome-based approaches [9°°]. Another
frequently found archaeal signature in skin, fecal and
mucosal samples with unknown role is assignable to
haloarchaca. However, genomes binned from metage-
nomic datasets (Haloferax, Halorubrum) did not reveal
any GI'T-specific adaptations [9°°], and the presence of
haloarchaea had been previously linked with transient
high salt concentrations on skin, the consumption of salt-
fermented diet, and pre-endoscopic lavage solutions,
respectively [83,86,87]. Nevertheless, a recent study
reported a high abundance and prevalence of haloarchaea
in Korean subjects [88], indicating a potential geographic
allocation.

Evidently, the list of the human-associated archaea has
only recently expanded and our understanding of the
human archacome is restricted mostly due to the biased
methodologies towards bacteria. Identification and dedi-
cated investigation on human-associated archaeal species
could lead to a new insight on their potential links with
pathological states. Those analyses could involve specific
clinical studies, combined with multi-omic approaches,
extended cultivation strategies and the use of (artificial)
models in order to enlighten mechanistic connections.
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Abstract

Background The reciprocal relationship between aging and alterations in the gut microbiota is a subject of ongoing
research. While the role of bacteria in the gut microbiome is well-documented, specific changes in the composition
of methanogens during extreme aging and the impact of high methane production in general on health remain
unclear. This study was designed to explore the association of predominant methanogenic archaea within the human
gut and aging.

Methods Shotgun metagenomic data from the stool samples of young adults (n=127, Age: 19-59y), older adults
(n=86, Age: 60-99 y), and centenarians (n =34, age: 100-109 years) were analyzed.

Results Our findings reveal a compelling link between age and the prevalence of high methanogen phenotype,
while overall archaeal diversity diminishes. Surprisingly, the archaeal composition of methanogens in the microbiome
of centenarians appears more akin to that of younger adults, showing an increase in Methanobrevibacter smithii, rather
than Candidatus Methanobrevibacter intestini. Remarkably, Ca. M. intestini emerged as a central player in the stability
of the archaea-bacteria network in adults, paving the way for M. smithii in older adults and centenarians. Notably,
centenarians exhibit a highly complex and stable network of these two methanogens with other bacteria. The mutual
exclusion between Lachnospiraceae and these methanogens throughout all age groups suggests that these archaeal
communities may compensate for the age-related drop in Lachnospiraceae by co-occurring with Oscillospiraceae.

Conclusions This study underscores the dynamics of archaeal microbiome in human physiology and aging. It
highlights age-related shifts in methanogen composition, emphasizing the significance of both M. smithii and Ca. M.
intestini and their partnership with butyrate-producing bacteria for potential enhanced health.
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Background

Aging is a complex process that affects the physiologi-
cal, metabolic, and immune functions of humans often
leading to chronic inflammation and metabolic issues
[1]. It is uncertain whether the observed changes in
the microbiota are a cause or consequence of aging.
According to previous studies, elderly and centenarians
tend to have distinct gut microbiome profiles as the lat-
ter are able to rearrange the microbiota that contribute
to host health and physiology. This includes mitigat-
ing the depletion of Ruminococcaceae, Lachnospiraceae,
and Bacteroidaceae through the promotion of potential
health-enhancing subdominant species like Akkerman-
sia, Bifidobacterium, and Christensenellaceae [2-5]. 1t is
however challenging to determine whether these micro-
bial differences contribute to extreme aging or result
from a healthier lifestyle [6]. Animal studies suggest that
age-related microbial imbalances can impact lifespan,
with some animals benefiting from supplementation with
a microbiome of younger ones [7] and others experienc-
ing intestinal problems and premature mortality due
to aging-associated microbiome changes [8]. Despite
uncertainties regarding whether gut dysbiosis is a cause
or consequence of aging and the subsequent inflamma-
tory disorders, maintaining gut microbiota homeostasis
is believed to be crucial for healthy aging and potentially
supportive of human longevity [9, 10].

Since short chain fatty acids (SCFAs) produced by
the microbiota are absorbed into the host bloodstream
through the intestinal epithelium, it is plausible that
microbiota-derived metabolites could have a substantial
impact on human longevity [11]. The decline in meta-
bolic health observed in old age may partly result from
altered levels of intestinal SCFAs, and in particular,
butyrate, leading to the disruption of gut barrier integrity,
increased vulnerability to infections, and affecting condi-
tions like insulin sensitivity and energy expenditure [12].
The study by Biagi et al., which is one of the few studies
on the microbiome of centenarians residing in Western
Europe, revealed the changes in gut microbial composi-
tion of these subjects, characterized by a decrease in core
abundant taxa like Bacteroides, Roseburia, and Faeca-
libacterium species, along with an increase in rare taxa.
Interestingly, they also observed a change in the popula-
tion of butyrate-producing bacteria among centenarians.
This suggests the possibility that, to achieve longevity,
a complex and pervasive remodeling, which includes
alterations of gut microbiota, should occur, favoring the
balance between inflammatory and anti-inflammatory
processes [13].

The human microbiome is not solely composed of bac-
teria; methanogenic archaea also play a significant but
often overlooked role [14]. However, our understanding
of age-related changes in gut-associated methanogens
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is limited. It is known that Methanobrevibacter smithii,
as the predominant archaeal species within the human
gut, gradually becomes the dominant archaeal colonizer
in early life, with reported higher relative abundances in
centenarians [13]. Moreover, Methanomassilicoccales
have been frequently observed in elderlies as compared
to younger adults (prevalence of 40% vs. 10%) [15], and
similarly, a significant age-related upward trajectory was
observed for Methanomassiliicoccus luminyensis and
Candidatus Methanomassiliicoccus intestinalis [16]. Yet,
the specific alterations in the composition of methano-
gens and their co-occurrence between bacterial mem-
bers of the human gut during extreme aging remains
unknown. It is noteworthy that a considerable proportion
of the human population, approximately 20% of Western
adults, falls into the category of high methane emitters,
which have been characterized by a 1000-fold increase in
M. smithii relative abundance in their gut microbiome.
While an association between high methane emissions
and complexity within the gastrointestinal microbiome of
younger populations has been reported [17], the precise
distribution of subjects with high methanogen phenotype
and their microbiome across various age groups remains
an aspect yet to be elucidated.

Furthermore, recently, the existence of two distinct
species within Methanobrevibacter smithii has been sug-
gested [18]. Indeed, a recent study of archaeal metage-
nome-assembled genomes (MAGs) underscores the
pronounced dissimilarities between M. smithii_ A and M.
smithii genomes within the Genome Taxonomy Database
(GTDB), to the extent that these distinctions fulfill the
threshold criteria for species differentiation, as stipulated
by the average nucleotide identity (ANI) metric (>95%).
Consequently, M. smithii_A has been designated as ‘Can-
didatus Methanobrevibacter intestini’ [18]. It remains an
open question whether the distribution of Ca. M. intes-
tini within the human population varies with age and
whether there is a contribution of this archaeal species to
methane production, analogous to its counterpart.

In the scope of this study, we sought to discern the
diversity and distribution patterns of methanogenic
archaea across different age groups of adults. Our study
also encompasses a comprehensive examination of the
prevalence for a high methanogen phenotype, within
varying age groups. In addition, we embark on an explo-
ration of the potential implications and associations of
the presence of high methanogen phenotype in the con-
text of extreme longevity. This research provides invalu-
able insights into the intricacies of archaeal dynamics
within the human microbiome, and their age-related
patterns.
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Materials and methods

Study population

To include different age groups, our study incorporated
three cohorts. As a young adult cohort, we used fecal
samples from 91 subjects enrolled in Graz, Austria,
which were initially collected for a study by Kumpitsch
et al. (Cohort A) [17]. To encompass the older adults,
a total of 94 participants aged 46-86 (68+9.5) years
(female: 51.6%) (Cohort B) were recruited at the Medi-
cal University of Graz, and finally, to include centenar-
ians (Cohort C) in our study, we chose the metagenomes
available in the Sequence Read Archive (SRA) repository
under BioProject number PRJNA553191 from the study
of Rampelli et al. [19], due to the close proximity of the
subjects (Emilia Romagna region, Italy) to those enrolled
for the first two cohorts.

Sample collection and DNA extraction

Following collection, stool samples were promptly placed
in a stool collection tube and immediately placed on ice.
Subsequently, the samples were divided into separate
Eppendorf tubes, suspended in a solution of approxi-
mately 0.1 gram of fecal material and 0.9% (w/v) DNA-
free phosphate-buffered saline, and stored at -20 °C for
subsequent analyses.

Genomic DNA extraction was carried out on 250 pl of
fecal samples using the DNeasy PowerSoil Kit (QIAGEN,
USA) according to the manufacturer’s protocol with a
slight modification as previously described [17]. DNA
was eluted in 80 pl elution buffer and the concentration
was measured using the Qubit dsDNA HS Assay Kit
(Thermo Fisher Scientific, USA).

Metagenomic sequencing

Extracted DNA from fecal samples, was sent for sequenc-
ing to Macrogen (Seoul, South Korea). Libraries were
generated via Nextera XT DNA Library construction kit
and sequenced on NovaSeq 6000 Illumina platform with
a read length of 151. Raw reads were obtained in fastq
format with a mean read count of 27,623,362 for each
sample.

Taxonomic classification

Reads were quality checked and human reads were
removed as previously described [19]. In summary, qual-
ity of all reads was assessed with fastqc (v0.11.8) [20], and
subsequently filtered with trimmomatic (v0.38) [21] (a
minimal length of 50 bp and a Phred quality score of 20
in a sliding window of 5 bp was applied). To filter out the
human-mapped reads after quality filtering against the
human chromosome GRCh38, bowtie2 (v2.3.5) and sam-
tools (v1.9) were employed [22]. Subsequently, bedtools
(v2.29.0) was used to extract the fastq files from the bam
files [23]. We then used Kraken2 v.2.1.2 [24] to profile

Page 3 of 16

these final quality filtered reads with the Unified Human
Gastrointestinal Genome (UHGG v.2.0.1) database of
genomes, which consists of more than 289.000 archaeal
and bacterial genomes. In order to increase the speci-
ficity and to compensate for the chance of returning the
incorrect lowest common ancestor (LCA) of all genomes,
a confidence threshold of 0.3 was chosen for Kraken2
v.2.1.2. To determine the relative abundance of bacterial
and archaeal species, the Kraken2 output was subjected
to analysis using Bracken v.2.7 [25]. with default settings.
The report files were then merged to obtain an abun-
dance table of microbial species which was used for fur-
ther analysis.

Removal of the batch effect

Differences in experimental designs and sequencing pro-
tocols have the potential to impact the distribution of
microbiome data [26]. Due to the inclusion of diverse age
demographics within three distinct cohorts A, B, and C,
and our aim to combine these cohorts for the compre-
hensive exploration of the microbiome in various age
groups, we opted to mitigate the influence of unwanted
batch variations arising from distinct study designs and
sequencing protocols employed. For this purpose, to gen-
erate a batch-corrected table of microbiome read counts
for further analyses, we utilized the ConQuR tool [27].
This tool effectively addresses read distribution through
quantile regression and handles the presence or absence
of microbes using conditional quantile regression. We
used Cohort B as the reference batch since it removed
batch effects the most (the least PERMANOVA R2) and
used it across all taxa to keep the overall composition of
microbiome and used the presence of high methanogen
phenotype (defined based on Methanobrevibacter rela-
tive abundance as described previously [17]), age classifi-
cation, and sex as variables.

Statistical analyses and visualization

Relative and differential abundance of archaea and bac-
teria were plotted in R (R-Core-Team, 2022) using the
ggplot2 package (v3.3.3). Differentially abundant taxa
were defined by q2-ALDex2 [28, 29] in QIIME2 [30]. To
display those taxa in boxplots in R (packages: ggplot2
[31], dplyr [32], reshape [33]) the data of relative abun-
dance were first CLR (centered log-ratio) transformed in
R [34]. For statistical analyses, IBM SPSS Amos v26 was
used. The normal distribution of parameters was checked
using the Shapiro-Wilk test for the selection of the suit-
able statistical test. Throughout the manuscript, uncor-
rected significance values are reported as p-values and
Benjamini-Hochberg corrected p-values are termed as
g-values.
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Co-occurrence analysis

The sparse nature of metagenomic data, which can be
attributed to various factors, including sample varia-
tions and sequencing depth, presents a challenge when
inferring co-occurrence patterns. These variables can
introduce challenges in statistical analysis, potentially
leading to false-positive results and misleading correla-
tions. To address this issue, we applied a prevalence filter
that excluded microbial species present in less than 20%
of samples in each age group. We chose this prevalence
threshold based on the number of reads for Ca. M. intes-
tini to avoid losing this particular species of interest. This
approach alleviated the impact of matrix sparsity on our
results.

To infer species-level associations of M. smithii and
Ca. M. intestini with other bacteria within the abun-
dance matrix of each age group separately, we employed
SparCC [35] within the SCNIC tool (Sparse Co-occur-
rence Network Investigation for Compositional data)
[36]. This method for inferring microbial associations
incorporates the compositionality of microbiome data
and considers the possibility of indirect correlations. Co-
occurrence events with correlation of >|0.4| were visu-
alized in Cytoscape v.3.10.0 where nodes represent taxa
and edges represent positive and negative co-occurrences
according to the SparCC R values. Betweenness and
closeness centrality of nodes within the networks were
also analyzed in Cytoscape.

Gene catalog construction and analysis

Protein-coding genes were initially identified using Prodi-
gal v.2.6.3 through the ATLAS workflow [37]. Elimination
of duplicate genes was achieved through linclust with
minid = 0.9 and coverag=0.9 parameters [38]. The quan-
tification of gene abundance per sample was performed
using the combine_gene_coverages function within the
ATLAS workflow, aligning high-quality filtered reads
to the gene catalog via the BBmap suite v.39.01-1 [39].
Taxonomic and functional annotations were assigned
based on the EggNOG database 5.0, employing eggnog-
mapper (v.2.0.1) [40]. Subsequently, KEGG annotations
were extracted from the output [41-43]. Read counts
were implemented from the quality control workflow in
ATLAS. The resultant outputs from ATLAS were ana-
lyzed in RStudio, following the procedures outlined in (
https://github.com/metagenomce-atlas/Tutorial/blobs/m
aster/R/Analyze_genecatalog.Rmd).

To ensure comparability of mapped read fractions for
each sample, genes with annotations were acquired and
normalized using the median of ratios method through
DESeq?2 [44]. Prefiltering was applied to retain only rows
with a count of at least 10 for a minimum number of
samples, which was determined based on the number of
subjects with high methanogen phenotype. Furthermore,
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a differential expression analysis was conducted between
subjects exhibiting a high methanogen phenotype and
other subjects, employing the DESeq2 package in R
Studio.

Gene correlation with taxonomic information

The normalized abundance of genes was then correlated
with the CLR transformed abundance of species from
the shotgun sequencing data in R. This analysis was per-
formed separately for each age group after the application
of ConQuR on the count data. Only the genes of interest
coding for enzymes responsible for butyrate and propio-
nate formation were correlated with the taxonomic data
using Spearman rank correlations [45]. The analysis was
plotted in a heatmap using ggplot2.

Results

Study overview

We studied three distinct cohorts; cohort A, consist-
ing of young adults recruited in Graz, Austria (n=91,
ages 19-37 years), cohort B consisting mostly of older
adults also recruited in Graz, Austria (7 =94, ages 46—86
years) and cohort C with subjects enrolled in the Emilia
Romagna (Italy) by Rampelli et al. [19] (n=62, ages
22-109 years) which was geographically very close to the
other cohorts and mostly included centenarians (Supple-
mentary Fig. 1).

Overall, the study cohorts included a total of 247 sub-
jects, of three age groups; 127 subjects aged 19-59 y
(young adults, “YAs”), 86 subjects aged 60-99 y (older
adults, “OAs”), and 34 subjects aged 100-109 (centenar-
ians, “CENT”).

The analysis of age distribution among the three study
groups (Cohort A, B, and C) revealed statistically signifi-
cant differences, as expected. One-way analysis of vari-
ance (ANOVA) was conducted to compare the mean ages
of participants in each cohort. The results indicated a sig-
nificant variation in age across the cohorts (F=391.323,
p<0.001), confirming the representation of different
age groups by each cohort. On the other hand, a simi-
lar distribution of males and females existed within the
investigated cohorts as shown by the chi-square test of
independence (x*=5.871, df=2, p=0.053).

It is important to note that the three cohorts under
study may exhibit variations in numerous potential
covariates that have remained unrecorded. Moreover, as
differences in sample processing could result in bias in
data analysis, we implemented a batch effect correction
procedure based on the available metadata (see below).

Removal of batch effect allows for comparison across
datasets

The abundance profiling of the combined datasets based
on UHGG showed a total of 4,253 distinct species, which
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were identified across 247 different samples. In order to
remove the batch effects between studies and eradicate
the high data variability, we employed the ConQuR. tool.
Additionally, since all covariates (e.g., dietary informa-
tion) could not be obtained for each subject in the study
of Rampelli et al. [19], ConQur could to some extent
account for these cofounders.

It was evident that ConQuR significantly diminished
the study-related variation observed in the raw count
data, as indicated by the Bray-Curtis and Aitchison dis-
tance analyses (Supplementary Fig. 2). PERMANOVA
test showed no differences in the Bray-curtis and Aitchi-
son distances before (Bray-curtis p=0.001, Aitchison
p=0.001) and after (Bray-curtis p=0.001, Aitchison
p=0.001) applying ConQur. However, when looking at
the raw count scale, ConQur made significant adjust-
ments to both the average values (centroids) and the
spread of the data (size of the ellipses). Specifically, this
tool aligned the averages of the three datasets to the same
point, as depicted by the ellipses connecting the 95th
percentile of points for each set in the bivariate plot (Sup-
plementary Fig. 2).

Moreover, based on the PERMANOVA analysis on
the count data, the initial R*=0.10026030 (before apply-
ing ConQuR), reduced to R?=0.01868353 (after apply-
ing ConQuR), which was lower than the effect of age
(R*=0.03042544, after ConQuR vs. R”=0.05358378,
before ConQuR) and effect of the presence of high meth-
anogen phenotype (R*=0.02614169; after ConQuR vs.
R?=0.03092168; before ConQuR).

Aging is mirrored in the overall microbiome profile

After applying ConQuR for the 247 samples analyzed, the
average number of raw reads for metagenomic analyses
per subject from each age group ranged from 7,741,637,
6,993,479.8, and 10,103,384 for YAs, OAs, and CENT,
respectively, with archaeal reads constituting 0.4972%,
0.4001%, and 0.9476% of all reads corresponding to each
age classification in the mentioned order, indicating
almost the highest distribution of archaeal read counts in
CENT (Mann-Whitney U-test; YAs: OAs p=0.07, YAs:
CENT p=0.219, OAs: CENT p=0.463) (Supplementary
Fig. 3A).

For alpha diversity analysis of the overall microbi-
ome, we calculated the Shannon, richness, and evenness
indices. The Shannon index of CENT was significantly
lower than that of YAs (Wilcoxon test, p=0.002) and
OAs (Wilcoxon test, p=0.005) (Fig. 1A). The same trend
was observed for the evenness index as it was signifi-
cantly lower in CENT compared to YAs (Wilcoxon test,
p=0.003) and OAs (Wilcoxon test, p=0.002) (Supple-
mentary Fig. 3B). The richness index decreased with
age (Supplementary Fig. 3B); however, this was not sig-
nificant (Supplementary Fig. 3B). These results suggest
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a lack of statistical divergence in the alpha diversity of
the microbiota community between YAs and OAs; how-
ever, alpha diversity of CENT was significantly lower as
compared with the other two age groups. This significant
drop in the Shannon diversity measure of CENT was in
line with observations made in previous studies [12, 46].

To characterize gut microbial patterns associated with
aging, we also performed a [B-diversity analysis using
principal coordinates analysis (PCoA) and Non-Metric
Multidimensional Scaling (NMDS). A major overlap was
observed in the PCoA and NMDS plots, however, PER-
MANOVA under 999 permutations showed a significant
difference (p <0.001; stress (NMDS): 0.2577) between the
beta-diversity of the three age groups (Fig. 1B, Supple-
mentary Fig. 3C), as observed previously [6].

With respect to the bacteriome, we could observe that
at phylum level, Firmicutes, Proteobacteria, Actinobac-
teriota, and Bacteroidota were the dominant bacterial
taxa in each age group, which was in accordance with
previous reports with different cohorts (Fig. 1C) [47].
However, both Firmicute A and Bacteroidota exhibited
significantly lower levels in CENT when contrasted with
YAs and OAs (Firmicute_A p<0.01, g<0.01; Bacteroid-
ota p<0.001, g<0.001; Wilcoxon test).

The composition of methanogens in centenarians is similar
to that of young adults

The potential impact of archaea, as the understudied
members of the human microbiome, on aging was inves-
tigated in more detail. Aging affected the alpha diversity
of methanogenic archaea as exhibited by the statistically
significant decrease in the Shannon index (p<0.001)
across the studied age groups (Fig. 1D). This results is in
contrast with previous reports based on 16S rRNA gene
amplicon sequencing [15].

We observed distinct age-related shifts in the
archaeome profile. Focusing first on the class Metha-
nobacteria, there was a non-significant decline trend of
increasing relative abundance with age [16, 48]. Within
this class, the family Methanobacteriaceae showed a
slight, non-significant decline in relative abundance
in OAs compared to YAs and CENT (Fig. 1E, Supple-
mentary Material 1). At the species level (same family),
Methanobrevibacter spp. exhibited notable age-related
differences: Methanobrevibacter smithii was less abun-
dant in OAs compared to both YAs and CENT, while
Candidatus Methanobrevibacter intestini, a newly
identified species [18], increased in OAs relative to YAs
before declining in CENT (Fig. 1E, Supplementary Mate-
rial 1).

Shifting focus to the class Thermoplasmata, a statis-
tically significant increase in relative abundance was
observed in OAs compared to both YAs and CENT
(Fig. 1E, Supplementary Material 1). This increase was
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Fig. 1 Comparative analysis of fecal microbiome diversity and methanogens in different age groups. (A) Comparison of Shannon diversity between
three age groups of YAs, OAs, and CENT. (B) Beta diversity of fecal microbiomes between YAs, OAs, and CENT. (C) Stacked bar plot of relative abundances
of the top microbial phyla is displayed by age groups (D) Shannon diversity of methanogens in different age groups of YAs, OAs, and CENT. (E) Box plot
of CLR-transformed abundances of the methanogenic archaea in each age group (Methanobacteria: YAs: OAs g=0.162, YAs: CENT g=0.489; OAs: CENT
q>0.5; Methanobacteriaceae: YAs: OAs, g=0.062; YAs: CENT g >0.5; OAs: CENT, g > 0.5; Methanobrevibacter smithii: YAs: OAs g > 0.5, YAs: CENT g>0.5; OAs:
CENT; Candidatus Methanobrevibacter intestini: YAs: OAs g=0.263; YAs: CENT g=0.0905, OAs: CENT g > 0.5; Thermoplasmata: YAs: OAs, g < 0.001, YAs: CENT
g=0.00102 OAs: CENT g=0.00102; Methanomethylophylaceae: YAs: OAs g <0.001, YAs: CENT g>0.5; OAs: CENT g <0.001; Methanomassilicocaceae: YAs:
OAs g>0.5; YAs: CENT g=0.019; OAs: CENT g=0.0013). Line in boxes is a median of index scores, boxes represent interquartile range, whiskers represent
lowest and highest values, and dots represent each sample. Statistical significance in 1 Aand 1D is indicated by **p <0.001**p <0.01 and *p < 0.05. Statisti-
cal significance levels of ALDEx2 test in 2E after adjustment for multiple comparison are indicated with ***q <0.001, **q <0.01, *qg <0.05

primarily driven by two families: Methanomethylophyla-
ceae and Methanomassiliicocaceae. Methanomethy-
lophylaceae were significantly more abundant in OAs
compared to YAs and CENT, while Methanomassiliicoca-
ceae showed a more complex pattern. Although OAs had
higher levels of Methanomassiliicocaceae than YAs, the
difference was not significant. However, CENT exhibited
significantly elevated levels compared to both YAs and
OAs (Fig. 1E, Supplementary Material 1), consistent with
previous studies.

In summary, while both OAs and CENT showed
decreased methanogen diversity, the methanogenic
archaea composition in CENT more closely mirrors
that of YAs than OAs. This similarity is most evident at
the family and species levels, particularly in the relative
abundance of Methanomethylophylaceae and Methano-
bacteriaceae (at family level), and M. smithii (at species
level), where patterns in CENT align more closely with
those of YAs.
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Fig. 2 SparCC co-occurrence networks of M. smithii and Ca. M. intestini in all samples irrespective of the presence of high methanogen phenotype (A).
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Table 1 Parameters of M. smithii and Ca. M. intestini networks with the gut microbial community of the studied subjects

Archaeal species  Network parameter Network inference for all studied Network inference for subjects with high methanogen
subjects phenotype
YAs OAs CENT YAs OAs CENT
M. smithii Node degree (+/-) * 25 37 231 82 17 169
18+, 7-) (15+,21-)  (132+,98-)  (46-/36+) (62+/55-)  (47-,122+)
Betweenness centrality  0.246 0.832 0.659 0.507 0.902 0.790
Closeness centrality 0.627 0911 0.871 0442 0678 0.734
Ca. M. intestini Node degree (+/-) * 56 19 190 156 48 120
(37+,19)  (12+,79) (1214,69-) (90 -/66+) (27+/21-) (60 +/60 -)
Betweenness centrality  0.876 0.251 0424 0.864 0416 0.593
Closeness centrality 0.901 0.661 0.770 0.626 0421 0.649

* Positive (co-presence) /negative (mutually excluded) association

The two predominant Methanobrevibacter species co-exist
and demonstrate co-occurrence with health-associated
bacterial species

Microbial networks, which are constructed based on
correlations in species abundances, offer insights into
co-occurrences among microbes within a community.
In order to gain a better understanding of the microbes
with potential co-occurrence with M. smithii and Ca. M.
intestini in the gut across different age groups, we uti-
lized abundance data of taxa from each group to gener-
ate three distinct networks (Fig. 2A). Of note, while these
networks reveal niche-sharing patterns, they do not

necessarily indicate direct physical or biochemical inter-
actions between microbes [49].

Our analysis of the networks revealed, that M. smithii
and Ca. M. intestini had the highest degree of intercon-
nectivity in CENT (Table 1), suggesting that these meth-
anogens play a more central role in the gut microbiome
of this age group. In contrast, OAs exhibited the lowest
interconnectivity, pointing to a less complex network
structure for these methanogens.

Centrality metrics, including betweenness and close-
ness centrality, as well as node degree, revealed a shift
in the key drivers of these networks across age groups
(Table 1). In YAs, Ca. M. intestini emerged as the
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keystone species, driving microbial networks, whereas in
OAs and CENT, M. smithii took on this role (Table 1).

A detailed examination of microbial species in these
networks highlights the consistent co-occurrence of
M. smithii and Ca. M. intestini across all three age
groups (Fig. 2A), which is unexpected given their simi-
lar resource requirements. The persistence of both spe-
cies suggests that competition does not entirely exclude
one from the niche, indicating a more complex dynamic
between these two species.

Additionally, certain microbial taxa showed consistent
associations with these methanogens. Members of the
orders Oscillospirales and Christensenellales (specifi-
cally families Oscillospiraceae and Christensenellaceae)
frequently co-occurred with both M. smithii and Ca. M.
intestini in all age groups (Fig. 2A and B). This aligns with
previous findings of positive associations between Oscil-
lospira spp. and Christensenellaceae with M. smithii [17,
50].

However, the family Lachnospiraceae exhibited mixed
associations. While species within this family, like Rose-
buria hominis, Blautia hansenii, and Blautia massiliensis
positively co-occurred with M. smithii and Ca. M. intes-
tini in CENT, a larger proportion of Lachnospiraceae
members were associated with negative co-occurrences
(mutual exclusion) across all age groups (Fig. 2B).

Age-specific patterns were also observed for other
abundant bacterial taxa. For instance, Streptococcus
emerged as a key taxon showing mutual exclusion with
both M. smithii and Ca. M. intestini predominantly in
OAs (Fig. 2B). This may reflect a shift toward “oraliza-
tion” of the gut microbiome, possibly influenced by the
use of proton pump inhibitors [51].

Furthermore, while some opportunistic pathogens
within the family Enterobacteriaceae exhibited positive
co-occurrences with M. smithii and Ca. M. intestini,
mutual exclusion with pathogens like Klebsiella, Sal-
monella, and Proteus was mostly observed in YAs and
CENT, suggesting a more protective role of these metha-
nogens against harmful bacteria in YAs and CENT.

High methanogen phenotype is twice as common in
centenarians

Since the focus of our study was on the human
archaeome and its association with aging, a phenotypic
grouping of individuals according to their archaeal profile
was necessary. A bimodal pattern has been demonstrated
for the prevalence of Methanobrevibacter in the human
gut, indicating that it is either highly prevalent or almost
absent [52]. However, some subjects might still show a
certain relative abundance of Methanobrevibacter, while
not being categorized as high methanogen phenotype. To
investigate how methanogens are linked with the overall
microbiome composition, subjects were stratified into
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high and low methanogen phenotype based on the rela-
tive abundance of Methanobrevibacter according to our
previous observations [17]. Interestingly, the prevalence
of the subjects with high methanogen phenotype within
distinct age groups was as follows: 25.2% (32/127; 95%
CL: 19.6-31.6%) among YAs, 41.86% (36/86; 95% CIL:
32.6-51.1%) among OAs, and 58.82% (20/34; 95% CL
41.3-73.1%) among CENT (Supplementary Fig. 4A).
This observation suggests an elevated prevalence of sub-
jects with high methanogen phenotype with respect to
aging. According to the results of Pearson’s chi-square
test the prevalence percentages of subjects with high
methanogen phenotype appear to be significantly dif-
ferent among different age groups (chi-square=13.762,
df=2, p=0.001027), and the presence of high methano-
gen phenotype and age group variables are significantly
associated (chi-square =15.458, df=2, p<0.001) (Supple-
mentary Fig. 4B). In fact, based on these results, it was
evident that the highest association between the presence
or the frequency of high methanogen phenotype was in
centenarians, while the reduced frequency of high meth-
anogen phenotype was positively associated with YAs.

The presence of high methanogen phenotype affects
microbiome characteristics across age groups

A significantly higher Shannon diversity was observed
in subjects with high methanogen phenotype com-
pared to those without in YAs and OAs (Fig. 3A) (Shan-
non index=4.247+0.353, p<0.001 for YAs; Shannon
index=4.171+0.265, p=0.025 for OAs) (consistent with
previous results [17]). There was also a consistent and
statistically significant elevation in microbial richness
attributed to the high methanogen phenotype, across all
three age groups (p<0.001; t-test), indicating a higher
diversity of microbial signatures in the presence of high
methanogen phenotype. The evenness measure, how-
ever, exhibited significant elevation with respect to the
high methanogen phenotype only among YAs (p =0.002;
t-test) (Supplementary Fig. 5A).

The microbial community composition revealed sta-
tistically significant differentiation between clusters
of subjects characterized by the presence of the high
methanogen phenotype and those lacking it (within the
age groups of YAs p=0.001, OAs p=0.004, and CENT
p=0.034) (Fig. 3B).

It is important to note that the variability within the
microbial communities of subjects with high methano-
gen phenotype was notably higher in both YAs and OAs
compared to CENT (YAs p<0.001, OAs p=0.005, CENT
p=0.028; PERMANOVA). The finding that subjects with
high methanogen phenotype in CENT do not exhibit a
strongly significant difference in their microbiome com-
pared to those subjects within YAs and OAs might sug-
gest that the gut microbiota of these subjects within the
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Fig. 3 Differences in alpha and beta diversity, and top abundant taxa based on the metagenomics shotgun sequencing between subjects with high
methanogen phenotype and other subjects in different age groups. (A) An examination of Shannon diversity index revealed significant differences in
alpha diversity based on high methanogen phenotype in both YAs and OAs (***p <0.001, *p <0.05). However, all subjects either with or without high
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phenotype clustered significantly differently in the PCoA plots, regardless of age classification. However, this significance was notably higher only in YAs
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CENT might possess less unique microbiota as com-
pared with those without high methanogen phenotype in
this age group.

The results centered around the presence of the high
methanogen phenotype revealed consistent variations in
the relative abundance of some specific taxa, regardless
of their categorization within a specific age group. Spe-
cifically, the family Lachnospiraceae and within this fam-
ily, at genus level, Agathobacter, Blautia, Dorea (known
butyrate-producing taxa) [53-55] were reduced in rela-
tive abundance in subjects with high methanogen pheno-
type across all age groups (Fig. 3B and C, Supplementary
Fig. 5A, B, Supplementary Material 1). Additionally,
diminished relative abundance of the family Streptococ-
caceae and the genus Streptococcus was documented
in these subjects across all age groups (Fig. 3C, Supple-
mentary Fig. 6A, B), while Acutalibacteriaceae, Chris-
tensenellales CAG-74, and Oscillospiraceae showed high
relative abundances within the high methanogen pheno-
type subjects regardless of their age (Fig. 3C, Supplemen-
tary Fig. 6A, B, Supplementary Material 1).

The microbial composition of those with a high
methanogen phenotype was particularly similar in YAs
and OAs. In contrast, CENT exhibited slightly varied

microbial composition for the high methanogen pheno-
type, highlighting a distinct microbial ecosystem within
this age group. Particularly, a noteworthy observation
was made within CENT, where Gemmiger and Faeca-
libacterium as well as Ruminococcaceae demonstrated
a marked reduction in subjects with the high methano-
gen phenotype (Fig. 3C and D, Supplementary Fig. 6A,
B, Supplementary Material 1). On the other hand, Rumi-
nococcaceae showed increased relative abundance in
subjects with high methanogen phenotype in YAs and
OAs. Interestingly, although not statistically significant,
Ruminococcus_E was highly abundant in subjects with
high methanogen phenotype within all three age groups
(Fig. 3D, Supplementary Fig. 6B, Supplementary Mate-
rial 1), which was consistent with previous reports [17].
Ruminococcus demonstrates a significant correlation
with dietary fibers, owing to its efficient breakdown of
microcrystalline cellulose. Previous studies conducted by
researchers have indeed elucidated a link between cellu-
lose degradation and the subsequent emission of meth-
ane [56].
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Co-occurring bacterial consortium of predominant
Methanobrevibacter spp. Is complex and dynamic in
subjects with high methanogen phenotype across all age
groups

When examining the microbial networks of M. smithii
and Ca. M. intestini in individuals exhibiting a high
methanogen phenotype, it became apparent that the sta-
bility of the microbial networks for these two archaeal
species remained consistent in these subjects, irrespec-
tive of age categorization. Each network displayed com-
parable complexity. Interestingly, the network complexity
and co-occurring microbes were mostly similar in sub-
jects with high methanogen phenotype within YAs and
CENT. The microbiome composition and co-occurring
taxa are often linked to health status. In aging, OAs com-
monly experience inflammaging, a chronic low-grade
inflammation where the microbiome plays a pivotal role
[57]. Centenarians may exhibit a unique microbial profile
associated with superior health and longevity, reflecting a
more similar composition of co-occurring taxa.

The betweenness and closeness centrality metrics for
M. smithii and Ca. M. intestini exhibited comparable
patterns to those seen in all subjects, irrespective of
the presence of high methanogen phenotype (Table 1).
Among YAs with high methanogen phenotype, Ca. M.
intestini played a central role in the microbial network,
whereas in OAs and CENT with high methanogen phe-
notype, M. smithii emerged as the primary driver of the
microbial network (Table 1).

Taking a closer look at M. smithii and Ca. M. intes-
tini edges within networks, mutual exclusion of these
archaeal species with members of Ruminococcaceae, Bac-
teroidaceae, and Streptococcaceae/Streptococcus, and co-
presence with Oscillospirales/Oscillospiraceae as well as
Christensenellales were observed (Supplementary Fig. 7),
which was similar to the trends observed before, irre-
spective of the presence or absence of high methanogen
phenotype.

Of note, while most members of Lachnospiraceae,
including Acetatifactor (YAs, CENT), Agathobacter
(all age groups), Blautia (all age groups), Dorea (all age
groups), Eubacterium (YAs, CENT), Fusicatenibacter (all
age groups), Lachnospira (YAs, CENT), and Roseburia
(YAs, CENT), showed co-presence with M. smithii and
Ca. M. intestini, some of the genera within this family
including Eisenbergiella (all age groups) and Mediterra-
nibacter (all age groups), showed mutual exclusion with
these archaeal species. This could be attributed to poten-
tial different ecological roles or metabolic functions of
these bacteria leading to competition or niche differen-
tiation as well as difference in their adaptation to specific
environmental conditions.
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High methanogen phenotype is associated with the
upregulation of genes involved in butyrate and propionate
production

The decrease in Lachnospiraceae, known butyrate pro-
ducers, has been consistently documented in CENT in
several studies, irrespective of the geographical region
[13, 58, 59]. This prompts the hypothesis that individu-
als having detectable M. smithii and Ca. M. intestini in
their gut microbiome may better cope with decline dur-
ing aging, as evidenced by the consistent co-occurrence
of these archaeal species with Oscillospiraceae, another
known butyrate-producing component of the gut micro-
biota. Notably, an increased relative abundance of Oscil-
lospiraceae was observed in subjects exhibiting a high
methanogen phenotype (Fig. 2, Supplementary Figs. 6, 7).

Diverse and abundant genes related to butyrate metab-
olism are present in the metagenomic datasets. Specifi-
cally, pathways such as the butyryl-CoA: acetate-CoA
pathway and the butyrate kinase pathway contribute
to the formation of butyrate. Genes encoding enzymes
directly involved in butyrate production were analyzed
and individuals with a high methanogen phenotype
exhibited varying levels of these genes (Fig. 4A).

In YAs, the majority of genes involved in both path-
ways, were significantly elevated in individuals exhibiting
a high methanogen phenotype compared to other sub-
jects (Fig. 4A). In OAs and CENT, only the genes asso-
ciated with pyruvate ferredoxin oxidoreductase (K00169,
K00170) were significantly elevated (q<0.05) within the
butyryl-CoA: acetate-CoA pathway, though most other
genes in this pathway also showed an increased level
(Supplementary Material 1). Intriguingly, in subjects with
high methanogen phenotype within these age groups,
butyrate kinase (K00929), the terminal enzyme in the
butyrate kinase pathway responsible for synthesizing
butyrate, exhibited statistically elevated levels (q<0.01)
and the gene coding for phosphate butyryltransfer-
ase (K00634) displayed an increasing trend (though not
reaching statistically significance), hinting at the poten-
tial significance of the butyrate kinase pathway in the ele-
vated butyrate levels in these individuals (Fig. 4A).

Both butyrate kinase and acetate-CoA transferase are
key enzymes in butyrate production, and butyrate kinase
levels were significantly higher in all age groups in indi-
viduals with a high methanogen phenotype (Supplemen-
tary Material 1). A closer examination revealed a positive
correlation between butyrate production genes via the
butyrate kinase pathway and Oscillospiraceae, while a
negative correlation was observed with Lachnospiraceae
(Fig. 4B, Supplementary Fig. 8). This observation sup-
ports our hypothesis that individuals with a high metha-
nogen phenotype, may compensate for the reduction in
butyrate levels by harboring elevated levels of Oscillospi-
raceae, particularly through the butyrate kinase pathway.
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Fig. 4 (A) Boxplot of gene copy numbers (metagenomic abundance) involved in butyrate production. K00169, KO017, K03737: Pyruvate ferredoxin oxi-
doreductase [EC: 1.2.7.1]; K00626: Acetyl-CoA acetyltransferase [EC: 2.3.1.9]; KOO074: 3-hydroxylbutyryl-CoA dehydrogenase [EC: 1.1.1.157]; KO1715: Enoyl-
CoA hydratase [EC: 4.2.1.17]; K00248: butyryl-CoA dehydrogenase [EC: 1.3.8.1]; KO1034, KO1035: Acetate-CoA transferase [EC: 2.8.3.8]; KO0634: phosphate
butyryltransferase [EC: 2.3.1.19]; K00929: butyrate kinase [EC: 2.7.2.7]. Significance levels are indicated as ***q <0.001, **q <0.01, *q <0.05, for differentially
abundance testing by DESeq?. (B) Correlation of butyrate kinase pathway genes in centenarians with bacterial taxa. ***q <0.001, **q <0.01, *q < 0.05

Discussion

Aging-associated changes in the gut microbiome have
been tackled in several studies [60], however, despite the
vital importance of the gut archaeome, there is a signifi-
cant gap in our understanding regarding how age, and
especially longevity, affects the distribution of archaea
within the gut and vice versa. Specifically, the role of
methanogenic archaea with a profound impact on the
structure and functionality of the entire gastrointestinal
microbiome remains poorly elucidated. Moreover, since
Methanobrevibacter smithii, as the predominant archaeal
species within the human gut, has been recently divided
into two clades, namely M. smithii and Candidatus
Methanobrevibacter intestini, highly resolved investiga-
tion of gut archaeome helps to deepen our understand-
ing of the association of these two archaeal species with
aging and their role in the emergence of high methano-
gen phenotype.

Our study revealed that, with aging, the gut archaeome
richness and/or diversity decreased, which was in con-
trast to the previous reports based on 16S rRNA gene
sequencing [15]. We then delved more into the differ-
ences of the archaeal profile of different age groups. The
increased relative abundance of M. smithii with advance-
ment of age, and the possible increased relative abun-
dance of this methanogen prior to longevity has been
previously reported [6].

Similarly, our study suggests a trend where the rela-
tive abundance of Methanobacteria generally shows
increased abundance in older age groups. However, we
observed that OAs in our study showed a higher rela-
tive abundance of Ca. M. intestini compared to YAs and
CENT, rather than M. smithii. It is important to note that
these observations are based on cross-sectional data.
Hence, observed differences could be also influenced by
varying health statuses among the studied age groups.

Thermoplasmata is another commonly found archaeal
taxon in the human gut that tends to be more abundant
in OAs. This has led to the hypothesis that since these
archaea have environmental origins, age could play a
role in promoting their survival in certain individuals
[16]. Our observations also indicated the high relative
abundance of these archaea in OAs compared with YAs,
however, interestingly, the relative abundance of Ther-
moplasmata in CENT showed reduction as compared
with OAs and was observed to be rather comparable to
YAs. There is evidence suggesting that Thermoplasmata
could potentially contain genes responsible for producing

certain metabolites such as methylglyoxal, indole, and
acetaldehyde with the potential of disrupting DNA or
signaling pathways [61, 62]. Although further molecu-
lar experiments and longitudinal studies are required to
fortify the involvement of these archaea in disease pro-
gression, there might be a potential link between the
presence of Thermoplasmata and disease, which could
explain why they appear to be less abundant in individu-
als with a longer lifespan. Interestingly, according to the
literature, within this archaeal order, certain species may
counteract trimethylamine (TMA, involved in the pro-
gression of atherosclerosis), while some species lack this
capability. On the other hand, the high relative abun-
dance of Ca. Methanomassilicocales intestinalis in frail
individuals raises questions about its role and it is not
clear whether its high relative abundance is favored due
to factors like altered gut transit or independently con-
tributing to inflammation. Further research is needed to
assess the immune potential of dominant Methanomas-
siliicoccales, especially those using TMA, and determine
if their role is primarily positive through TMA removal
or more nuanced [48].

According to the archaeal abundance, subjects could be
stratified into low and high methanogen phenotypes. Our
study revealed that the prevalence of subjects with high
methanogen phenotype increases with age. Interestingly,
not only M. smithii, but also Ca. M. intestini was found
to contribute to the emergence of high methanogen phe-
notype, with a more evident contribution of Ca. M. intes-
tini in OAs, which can be argued by the increased relative
abundance of this archaeal species in this age group. The
exact cause of the link between the higher prevalence of
high methanogen phenotype in older age remains some-
what elusive, however, the slower digestive transit times
often observed in aging individuals, as well as their differ-
ences in dietary habits and contact with livestock could
contribute to the overrepresentation of archaea [63, 64].
Moreover, the centenarians lifelong adherence to tradi-
tional dietary patterns, such as the Mediterranean diet
[65] likely plays a significant role in shaping their gut
microbiome and the overrepresentation of methano-
gens like Methanobrevibacter and the subsequent higher
prevalence of high methanogen phenotypes. One key fac-
tor is the high intake of dietary fiber from plant-based
foods, which supports the breakdown of complex car-
bohydrates into C1 metabolites. These metabolites serve
as substrates for Methanobrevibacter, fueling methano-
genesis and resulting in higher methane emissions in the
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gut [17]. However, a notable limitation of our study is the
lack of precise nutritional data for each sample. This con-
straint prevented a more detailed analysis of the specific
dietary contributions to high methanogen prevalence in
each age group and gut archaeome composition. Addi-
tionally, the association between Methanobrevibacter and
a lean phenotype [66, 67] may also help explain its higher
abundance in centenarians, since Italian centenarians
remained physically active throughout their lives, main-
taining lean body types [65].

Subjects with high methanogen phenotype showed
different microbiome signatures and higher microbial
diversity, especially evident in YAs and OAs rather than
CENT. Interestingly, a significantly higher alpha diver-
sity has been frequently linked to improved stability
and resistance to disruptions [68]. This increased diver-
sity of microbial species in subjects with high methano-
gen phenotype has been previously linked to the ability
of methanogens to reduce the hydrogen partial pressure
and thus facilitating the microbial fermentation, which
is otherwise restricted by the hydrogen accumulation
and inhibition of NAD coenzyme regeneration [69]. In
CENT with high methanogen phenotype, only the rich-
ness index was significantly higher and not the evenness.
In general, despite occasional contradictions [70], lower
gut microbial alpha diversity has been shown in CENT
compared to that of YAs and OAs [12, 71]. A variety of
confounding factors can influence the controversial
reports regarding microbiota alpha diversity with respect
to aging. These factors include host and/or lifestyle fac-
tors as well as geography or the number of included sub-
jects in cohorts. Moreover, although the CENT cohort
represents a healthy population, the process of aging,
particularly in its later stages, is associated with a natural
decline in gastrointestinal function and the host immune
response. This decline may contribute to the onset of
chronic low-grade inflammation and metabolic disorders
[72-74]. Therefore, a reduction in alpha diversity mea-
sures of high methanogen phenotype in CENT compared
to those within YAs and OAs is not surprising.

When examining the relationship between the bacte-
rial taxa associated with M. smithii or Ca. M. intestini
in different age groups, we observed that in CENT, these
species had more complex networks with other bacte-
rial taxa compared to YAs and OAs, which was more
akin to those seen in individuals with a high methano-
gen phenotype, who showed a dynamic archaea-bacteria
network. Upon closer examination of these networks,
we found that M. smithii or Ca. M. intestini consistently
co-occurred regardless of the age group, which was in
contrast to previous findings based on Sanger sequenc-
ing [75]. Additionally, the family Christensenellaceae was
consistently associated with these archaeal species across
all age groups. The co-occurrence of Christensenella
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with M. smithii or Ca. M. intestini was consistent with
previous research that demonstrated a mutually benefi-
cial relationship between Christensenella and Methano-
brevibacter through interspecies hydrogen transfer [76].
Methanobrevibacter spp. play a crucial role in efficiently
digesting complex polysaccharides by optimizing hydro-
gen levels for bacterial polysaccharide digestion and
consuming the end products of bacterial fermentation.
In our analysis of bacteria-archaea networks, we iden-
tified Oscillospiraceae known for butyrate production
[77, 78] and subsequent anti-inflammatory properties
to co-occur with both M. smithii and Ca. M. intestini.
This suggests a mutualistic or syntrophic relationship
between these gut bacteria and archaea. Conversely, we
observed a significant negative association between these
archaeal species and members of the Lachnospiraceae
family, which are also known butyrate producers in the
gut [79]. The mutual exclusion between Lachnospiraceae
and methanogens is not surprising, given that Lachno-
spiraceae functions as acetogens, utilizing hydrogen and
carbon dioxide in the gut to produce acetate. In contrast,
although some methanogens, such as Methanosarcina,
can use acetate as the sole energy source, the predomi-
nant gut methanogens employ hydrogen and carbon
dioxide for methanogenesis. Consequently, these micro-
organisms engage in a competitive relationship for sub-
strates [80, 81].

Interestingly, the cumulative presence of Lachno-
spiraceae, recognized as butyrate-producing bacteria,
decreases with age [13]. Our findings reveal that indi-
viduals with a high methanogen phenotype in the OAs
and CENT age group exhibit elevated levels of genes
(metagenome) associated with the butyrate produc-
tion pathway, particularly the butyrate kinase pathway.
Our correlation analysis highlights a positive associa-
tion between the gene responsible for butyrate kinase, a
pivotal enzyme in the butyrate production pathway, and
members of Oscillospiraceae. This underscores the signif-
icance of these microbial taxa in butyrate production, a
known health-promoting factor, among individuals with
a high methanogen phenotype. Hence, it can be inferred
that these individuals may compensate for the decline
in Lachnospiraceae not only through the co-occurrence
of M. smithii and Ca. M. intestini with Oscillospiraceae
but also through an increased abundance of the latter in
their microbiota. Consequently, it is plausible to suggest
that, as individuals age, the reduction in Lachnospiraceae
(potentially due to dietary factors) could be more man-
ageable for those with high methanogen phenotype, as
indicated by comparable butyrate levels to the microbi-
ome of subjects lacking this phenotype. Therefore, having
high methanogen phenotype could be potentially associ-
ated with the maintenance of optimal butyrate levels in
the gut.
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Another interesting observation was the consistent
negative co-occurrence of M. smithii or Ca. M. intestini
with Streptoccocus, especially in OAs. It is noteworthy
to mention that increased levels of metabolic makers of
dysregulation has been associated with increased abun-
dance of Streptococcus and therefore it is mostly linked
with unhealthy aging [82], suggesting that the presence
of these methanogens might be associated with healthy
aging rather than the progression of disease. However,
more longitudinal studies are required to confirm this
hypothesis.

Conclusion

This study again supports the relevance of the archaeal
microbiome component on human physiology and aging.
Our research highlights the dynamic age-related associa-
tions in methanogen composition, and particularly the
higher prevalence of the high methanogen phenotype in
centenarians. Our study emphasizes the significance of
Ca. M. intestini, evident in its surge in older adults, its
co-occurrence with M. smithii, and its substantial role
in subjects with high methanogen phenotype. This is the
first insight into the critical role of this new archaeal rep-
resentative for the human host. Moreover, our findings
underscore the importance of methanogens partner-
ing with specific butyrate-producing bacteria using the
butyrate kinase pathway, enhancing the health status of
individuals with high methanogen phenotype.
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Ca. M. intestini  Candidatus Methanobrevibacter instestini
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OAs Older adults
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Supplementary Material 1

Supplementary Material 2: Fig. 1. Conceptual outline of study cohorts.
Three different study populations were used. For Cohort A, stool samples
collected for a study by Kumpitsch et al. [17] were used. Cohorts A and B
were collected from the same location but at different time points and
from different subjects. Samples from Cohorts A and B were processed
the same way and a similar method for library preparation was employed.
Subjects within Cohort C were enrolled in a study with a close location

to cohorts A and B by Rampelli et al. [19], and the deposited sequences
were used for further evaluations. In order to mitigate the study effect and
remove the bias based on the methods employed in sequencing, ConQuR
was used for correcting the read counts. Fig. 2. Principal Coordinate Analy-
sis (PCoA) plots were generated to visualize the clustering of study cohorts
based on Bray-Curtis and Aitchison dissimilarity computed using raw
count data. Each data point on the plot corresponds to a sample, while
each ellipse represents a batch (study cohorts A, B, or C), with the centroid
denoting the mean. The size of the ellipse reflects the dispersion of data
points within each batch, and the angle of the ellipse indicates higher-
order characteristics specific to the batch. Furthermore, the ellipse con-
nects the 95th percentile of data points, providing a visual representation
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of the batch's overall distribution. Fig. 3. Alpha and beta diversity indices
of overall microbiome in different age groups (A) Evenness and richness
indices tended to decrease with aging. T-test was used for statistical analy-
sis of the richness index due to the normal distribution of the values while
evenness values were not normally distributed. (B) NMDS analysis shows a
shift of the clusters based on aging. Statistical significance is indicated by
**p<0.001**p<0.01 and *p <0.05. C). Fig. 4. Age-dependent prevalence
of high methanogen phenotype. (A) The prevalence of high methanogen
phenotype increases with age. (B) Association plot visualizing that high
frequency of high methanogen phenotype is associated with the CENT
age group rather than other age groups. Area of the box is proportional
to the difference in observed and expected frequencies of the presence
of high methanogen phenotype. The baseline (dotted line) indicates
independence of high methanogen phenotype to aging. The boxes rising
above the baseline indicate that the observed frequency of a cell is greater
than the expected one (if the data were random), and vice versa. Cells
representing negative residuals are drawn below the baseline and vice
versa. The width of each of the bar elements in the mosaic reflects the
relative magnitude of its value. Fig. 5. An examination of the richness index
revealed significant differences based on the presence of high methano-
gen phenotype irrespective of the age classification, with those with high
methanogen phenotype showing significantly higher richness. However,
the evenness index was only significantly higher in the presence of high
methanogen phenotype in YAs. ***p <0.001, **p <0.01. Fig. 6. Box plot

of CLR-transformed abundances of the top bacterial taxa per age group
based on the presence of high methanogen phenotype. (A) Top bacterial
taxa at family level per age group. (B) Top bacterial taxa at genus level.
Significance levels are indicated as ***q < 0.001, **q<0.01, *q< 0.05, for
differentially abundance testing by ALDEX. Fig. 7. SparCC co-occurrence
networks of M. smithii and Ca. M. intestini in samples with high metha-
nogen phenotype in different age groups of YAs, OAs, and CENT (2 A).
Positive and negative SparCC co-occurrences are indicated in green and
black, respectively. The details of these co-occurrences are shown in more
detail in (2B). Fig. 8. Correlation of butyrate kinase pathway genes in young
adults with bacterial taxa. ***q<0.001, **q<0.01, *q <0.05.
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The human gut is colonized by trillions of microbes that influence the health of
their human host. Whereas many bacterial species have now been linked to a
variety of different diseases, the involvement of Archaea, an evolutionarily
distinct group of microbes, in human disease remains elusive. By analyzing 19
independent clinical studies, we demonstrate that associations between
Archaea and human diseases are widespread yet highly heterogeneous, with a
pronounced and consistent enrichment of Methanobrevibacter smithii in col-
orectal cancer (CRC) patients. Metabolic modelling and in vitro co-culture
identified distinct mutualistic interactions of M. smithii with CRC-causing
bacteria such as Fusobacterium nucleatum, including metabolic enhancement.
Metabolomics further reveal archaeal-derived compounds with tumor-
modulating properties. Together, our results provide mechanistic insights into
how the human gut archaeome may participate in CRC-associated microbial
networks through metabolic cooperation with bacteria.

Alterations in the gastrointestinal microbiome have been implicatedin  remains a major challenge due to the inherent complexity and inter-
a wide range of diseases, including inflammatory bowel diseases (IBD), dependence of microbial ecosystems. Microbiomes are shaped by
metabolic disorders like obesity and type 2 diabetes (T2D), cardio- intricate networks of cross-feeding, competition and host interactions
vascular conditions, and neurodegenerative or neuropsychiatric dis- across domains of life, including a complex interplay of bacteria, fungi,
eases, including Parkinson’s disease (PD), Alzheimer’s disease (AD), viruses, and archaea.

schizophrenia (SCZ), and multiple sclerosis (MS)"®. Establishing Archaea, in particular methane-forming representatives, can
mechanistic links between specific microbes and disease phenotypes  constitute up to 4% of the gut microbiome’, but remain severely under-
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researched. The most abundant genus is Methanobrevibacter, whose
representatives are generally considered commensal and have not
been linked to pathogenicity in humans or other hosts'. Yet, their
metabolic activity, primarily the consumption of bacterial fermenta-
tion products (Hz, CO,) to produce methane, positions them as key
microbial interactors". Methanobrevibacter abundance has been
associated with beneficial outcomes, including higher short-chain fatty
acid levels, reduced body mass index (BMI), and increased
longevity®*™*. Archaeal depletion has been observed in several dis-
orders, such as IBD", obesity’, and irritable bowel syndrome with
diarrhea (IBS-D)"%. Conversely, elevated Methanobrevibacter levels
have also been linked to constipation-dominant IBS (IBS-C)", intestinal
methanogen overgrowth (a small intestinal bacterial overgrowth
subtype)?®?, and in some reports, colorectal cancer (CRC)*. These
associations suggest that methanogens may modulate host physiology
both directly, through metabolite production, and indirectly, by
shaping bacterial activity through otherwise inhibiting H, removal.

Despite their potential significance, archaea are largely neglected
in most microbiome studies due to methodological limitations. Stan-
dard 16S rRNA gene-targeted primers lack archaeal coverage, refer-
ence genome databases remain incomplete, cultivation is tricky, and
many computational pipelines are not optimized to detect archaeal
signatures®**. Most existing data on archaea come from using low-
resolution methods, such as breath methane testing or 16S rRNA gene
profiling, which cannot resolve species-level taxa or infer metabolic
functions. As a result, key hypotheses remain untested: that distinct
diseases may induce characteristic shifts in gut archaeome (the
archaeal community residing in the human gut); that methanogens
may be selectively enriched or depleted depending on the disease
context; that certain archaeal taxa could serve as reliable, disease-
specific biomarkers across diverse cohorts; and that archaeal meta-
bolites, whether unique to this domain or produced via syntrophic
interactions, may exert biologically relevant effects on host physiology
and disease processes.

To address these knowledge gaps, we performed a multi-level
study, starting with the first comprehensive meta-analysis of the
human gut archaeome across multiple diseases, leveraging high-
quality shotgun metagenomes from around 3000 fecal samples
derived from 19 studies spanning 12 countries. This dataset covered a
spectrum of conditions: CRC, T2D, CD, UC, MS, AD, SCZ, and PD. Using
a unified analytical framework, we systematically quantified archaeal
prevalence, identified disease-specific patterns, and assessed the sig-
nificance of these associations across cohorts while adjusting for major
confounders, including age, sex, and BMI, when possible. Observed
correlations with CRC were further addressed by genome-scale
metabolic modeling and archaeal-bacterial co-culture experiments,
involving CRC-associated pathogens, such as Fusobacterium nucle-
atum. Functional interactions were resolved by metabolomics,
revealing that M. smithii engages in complex exchanges that have the
potential to shape the tumor microenvironment.

Our findings position M. smithii as a potentially active metabolic
and ecological contributor within CRC-associated microbial networks.
By redefining its role from a passive H, scavenger to a dynamic mod-
ulator of microbial interactions and host-relevant metabolites, this
study highlights the importance of integrating archaeal functions into
microbiome-disease frameworks.

Results

Systematic reprocessing of human gut metagenomes enables
standardized archaeal profiling across diverse studies

We systematically collected, reprocessed, and reanalyzed raw micro-
biome datasets, selecting only those studies that provided publicly
accessible metagenome sequencing data (in FASTQ or FASTA format)
derived from stool samples, accompanied by disease metadata (i.e.,
case versus control classifications) for at least 20 subjects per

category. Out of an initial pool of 627 studies, 573 were excluded after
abstract screening, resulting in 54 eligible studies. Subsequent refine-
ments led to the exclusion of an additional 35 studies due to missing
metadata, inconsistencies between sample identifiers in metadata and
sequencing files, unavailable data or full texts, or the use of 16S rRNA
amplicon sequencing instead of metagenomic shotgun sequencing,
the latter being essential for our meta-analysis due to its superior
species-level resolution for archaea. Ultimately, 19 studies were
retained for meta-analysis (Fig. 1a and Supplementary Fig. 1).

The dataset initially comprised one fecal metagenome sample
each for 3243 subjects. For the study by Zhou et al.%, only individuals
who had not received any medication for MS treatment were included
in the analysis to minimize confounding effects®. Additionally, for
datasets where antibiotic use was explicitly reported in the metadata
(e.g., Franzosa et al. study” and Wallen et al. study®®), we excluded
those samples to avoid potential microbiome alterations due to anti-
biotic exposure. To minimize confounding effects of sex, age, and BMI,
factors known to influence both the archaecome and microbiome?™,
we matched case-control samples separately within each study
whenever possible. In the studies conducted by Yu et al. and Jo
et al.***, case-control sample matching based on these covariates was
not feasible due to incomplete metadata. However, both studies
reported no significant differences in sex, age, or BMI between case
and control groups. In contrast, case-control samples in datasets from
Feng et al., Boktor et al., and Bedarf et al.>** had already been pre-
matched for sex, age, and BML. In Franzosa et al. study?”, case-control
matching was performed solely by age, as BMI and sex information
were not available. For all remaining 13 studies, we applied case-
control matching based on sex, age (+5 years), and BMI (3 units),
resulting in a final dataset of 2214 samples (without combining the
datasets) (Supplementary Data 1 and Fig. 1b).

A detailed summary of the included studies, covering study
design, geographic origin, sample sizes, processing methods, and
sequencing protocols, is provided in Supplementary Data 1. While the
studies utilized different DNA extraction kits, sequencing platforms,
and sample accession numbers, each study maintained methodologi-
cal consistency within its own framework. To ensure consistency,
metagenomic data from all included studies were uniformly processed
following a standardized protocol, and each study underwent inde-
pendent analysis to avoid the batch effect (Fig. 1c). To gain additional
insight into diseases represented by multiple cohorts, datasets were
also analyzed in pooled form. Post-correction PERMANOVA
(Bray-Curtis dissimilarity) analyses confirmed a substantial reduction
in inter-study variance across all disease cohorts after batch correc-
tion: from R?=0.154 to R?=0.080 (p < 0.001) for CRC, from R?= 0.055
to R?=0.011 (p=0.001) for pre-AD, and from R?=0.144 to R?>=0.087
(p=0.001) for PD datasets. Due to the lack of consistent covariate
information across studies, case-control matching based on the
aforementioned metadata was not feasible in the combined dataset.

Alpha and beta diversity of the gut archaeome is cohort- and
disease-dependent

To investigate differences in archaeal composition between disease
(case) and control groups, we performed a comprehensive re-analysis
of multiple independent datasets. This approach enabled the identifi-
cation of both shared and disease-specific archaeal taxa across differ-
ent conditions.

To investigate the relationship between gut metagenome archaeal
composition and disease, we assessed the beta diversity of the samples
using Bray-Curtis distance to quantify microbial community dissim-
ilarities, and principal coordinate analysis (PCoA) was employed to
visualize clustering patterns based on species abundances derived
from metagenomic shotgun sequencing. Associations between
archaeome beta diversity and disease states were identified in CRC and
pre-AD. Among CRC studies, 4 out of 9 (conducted by Feng et al.**
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Fig. 1| Schematic overview of the study. a Metagenomic sequencing datasets
were selected using stringent inclusion and exclusion criteria. b Nine studies were
retained for downstream analysis, and samples were adjusted for confounders,
such as sex, age, and BMI, when possible. For diseases represented by more than
one dataset (CRC, pre-AD, and PD), each dataset was first analyzed individually, and
subsequently, the datasets were combined to enable integrative analyses. ¢ Raw
reads were retrieved, quality-controlled, and filtered to remove human sequences,
followed by taxonomic classification using Kraken2 and Bracken. For pooled
datasets, MMUPHin was performed for batch-effect removal. Archaeal profiles were
then extracted, and differential abundance testing was performed. Machine
learning was additionally performed for the pooled CRC dataset in order to assess
the diagnostic potential of archaeal compositional differences in CRC. Co-

In vitro experiments

abundance correlations between Methanobrevibacter smithii and CRC-associated
bacterial taxa were assessed, and their co-occurrence and presence-absence pat-
terns were further examined to evaluate potential ecological associations. Meta-
bolic modeling was used to explore metabolite exchange between
Methanobrevibacter smithii and CRC-associated bacteria. d In vitro experiments
were conducted to understand the dynamics between M. smithii and CRC-
associated bacteria. CRC colorectal cancer, CD Crohn’s disease, UC ulcerative
colitis, T2D type 2 diabetes, MS multiple sclerosis, pre-AD pre-Alzheimer’s disease,
SCZ schizophrenia, PD Parkinson’s disease. Figure a, ¢, d were created in BioRender
(Neumann, C. (2026) https://BioRender.com/r338i6l). b Visualization was per-
formed using the ggplot2 package, and axis breaks were introduced using
ggbreak""““.

(R*=0.029, p=1E-03), Yu et al.** (R*= 0.036, p = 4E-03), Thomas et al.”
(R?=0.064, p=1.4E-02), and Gupta et al.’® (R*=0.368, p=9E-03))
showed significant divergence. For pre-AD, both studies analyzed
(Laske et al.*, R>=0.037, p = 4E-02; Ferreiro et al.*’, R*=0.040, p = 1E-
02) demonstrated archaeal compositional differences (Supplementary
Fig. 2). No detectable archaeal community variations were found when
comparing cases to controls for CD, UC, T2D, SCZ, or PD (Supple-
mentary Fig. 2).

Interestingly, in CRC studies where archaeal beta diversity exhib-
ited significant case-control differences, bacterial beta diversity followed

a similar trend (Supplementary Figs. 2 and 3), suggesting a potential
relationship between archaeal and bacterial communities in CRC within
the gut, while this trend was not observed in pre-AD. Moreover, in other
datasets, including two CRC studies (Zeller et al.*; both stages I/1l and Ill/
IV; and Wirbel et al.*?), IBD (both UC and CD), three PD studies (Wallen
et al”, Jo et al.”, and Boktor et al.*), and the SCZ study, bacterial beta
diversity showed distinct clustering between cases and controls,
whereas archaeal beta diversity remained unchanged.

Overall, these findings suggest that archaeal beta diversity dif-
ferences in disease states are not consistently observed across studies.
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This variability may stem from the lower relative abundance of
archaea, which limits statistical power, or from the possibility that
archaea are less responsive to disease-related microbiome shifts
compared to bacteria in these datasets. Furthermore, differences in
cohort composition, geographic and environmental factors, patient
individuality, dietary habits, different DNA extraction protocols, as
well as variances in sequencing methodologies may have contributed
to the inconsistencies observed across studies, potentially influencing
archaeal beta diversity outcomes®.

Analysis of alpha diversity using the Shannon index revealed sig-
nificant reductions in archaeal diversity in only one of the nine CRC
studies, namely the Wirbel et al. study*’, where cases had lower
diversity compared to controls (p=3.1E-2), while in another study
(Gupta et al.*®), CRC patients showed higher Shannon diversity com-
pared to the control (p =3.3E-2). In contrast, UC cases (Franzosa et al.
study?) exhibited significantly reduced archaeal diversity compared to
controls (p =4.5E-2), suggesting a potential link UC and alterations in
the archaeal community (Supplementary Fig. 4).

Notably, in studies where significant archaeal Shannon index
reductions were observed, bacterial Shannon index differences fol-
lowed a parallel trend, with cases showing reduced diversity compared
to controls (Supplementary Figs. 4 and 5). However, this consistent
relationship was not observed across all studies of the same disease,
nor in diseases for which only a single dataset was available. These
findings again indicate the study-dependent shifts in archaeal
diversity.

Predominant gut-associated archaea show an increasing trend
in certain diseases, such as CRC

Next, we investigated if specific archaeal species are more prevalent in
disease compared to the control. We first analyzed the combined
dataset to identify overall trends, and then examined each study
separately (to account for study-specific confounders), to assess
the composition of the archaeome, and compared the presence and
relative abundance of archaeal species in healthy and diseased
individuals.

In total, our analysis identified eight validly described archaeal
species, five taxa assigned to provisional species within known genera
(e.g., Methanobrevibacter A_sp900769095), and additional genomes
with low taxonomic resolution (here referred to as unclassified),
defined by the unified human gastrointestinal genome (UHGG) refer-
ence catalog.

The gut archaeome was consistently dominated by various
species of the genus Methanobrevibacter, particularly Methano-
brevibacter_A_smithii (UHGG representative of M. smithii), Methano-
brevibacter A_smithii A (UHGG representative of M. intestini), and
Methanobrevibacter A_sp900766745. These species were universally
detected across all studies, regardless of the participants’ disease
status. Additional Methanobrevibacter species, including Methano-
brevibacter A_woesei, Methanobrevibacter_A_sp900769095, and
Methanobrevibacter_A_oralis, were observed at lower abundances but
were consistently detected (Fig. 2a). These observations suggest
that members of the genus Methanobrevibacter are stable and persis-
tent colonizers of the human gut, irrespective of host disease
conditions.

Aside from Methanobrevibacter, substantial contributions to the
gut archaeome included species from the genus Methanosphaera.
Methanosphaera_sp900322125 was detected in nearly all studies and
patient groups (Fig. 2a).

Further diversity within the gut archaeome was represented by
species from the genera Methanomassilicoccus, Methanomethylophi-
lus, and Methanobacterium. Notably, Methanomassilicoccus_lumi-
nyensis was exclusively identified in PD patients, appearing in three out
of four PD-related studies (Wallen et al.”, Boktor et al.*, and Bedarf
et al.* studies) (Fig. 2a).

To explore disease-specific variations, we first evaluated the
combined dataset to identify general disease-associated patterns,
when possible, and then compared cases and controls within indivi-
dual studies to account for study-specific effects. Differential abun-
dance analysis (CLR +Wilcoxon, BH-FDR) of archaeal species were
conducted in the context of the whole microbiome to account for their
compositional relationships with the broader bacterial community.
Among the five most prevalent archaeal species, Methano-
brevibacter A_smithii demonstrated significant (CLR + Wilcoxon,
p-adjusted <0.05) differences across multiple studies (Supplementary
Data 2 and 3).

A potential association of Methanobrevibacter was observed for
neurological disorders. Methanobrevibacter A_smithii exhibited sig-
nificant enrichment in SCZ patients (p-adjusted =2.10E-02). Indeed,
the association of higher abundances of Methanobrevibacter with
cognitive impairment and SCZ has been reported in patients in one
study*’, whereas in healthy individuals, high methanogen phenotypes
showed improved cognitive function in another study’. This archaeal
species showed a markedly higher abundance in the combined PD
datasets (p-adjusted = 3.64E-08). However, after subject matching, this
association was no longer statistically significant within the individual
datasets, although three out of four studies (Wallen et al.”® Jo et al.*
and Boktor et al.*) still exhibited an increased abundance of this
species. Increased transcriptional activity of M. smithii has also been
previously linked to alterations in microbial metabolism in the gut of
PD patients*‘. The other prevalent member of the Methanobrevibacter
genus, Methanobrevibacter A_smithii_ A (M. intestini), similarly dis-
played significant enrichment in PD patients in the combined analysis
(p-adjusted = 9.55E-08). As with the previous species, the significance
was lost after matching cases and controls in the individual studies, yet
a consistent, though nonsignificant, enrichment trend was observed
across all four cohorts. Similar patterns were observed for Methano-
massilicoccus_luminyensis and Methanomassiliicoccus_A intestinalis,
which were significantly enriched in PD patients in the pooled dataset
(p-adjusted =4.94E-02 and p-adjusted =5.69E-04, respectively), but
lost statistical significance in the case-control matched, study-specific
analyses.

An opposite trend was observed in CD, where several archaeal
species were significantly reduced under disease conditions. This
depletion included Methanobrevibacter_A_smithii (p-adjusted = 2.90E-
03), Methanobrevibacter_A_smithii_A (M. intestini) (p-adjusted = 1.10E-
03), Methanobrevibacter_A_oralis (p-adjusted =2.47E-02) and Metha-
nobrevibacter_A_sp900769095 (p-adjusted =2.47E-02), while Metha-
nobrevibacter A_sp900766745 (p-adjusted =1.72E-02) was shown to
be higher compared to healthy controls (Fig. 2b and Supplemen-
tary Fig. 6).

In the pooled CRC dataset, Methanobrevibacter A_smithii showed
a significant enrichment in CRC patients compared to controls (p-
adjusted = 9.78E-05). Consistently, in the individual studies, this trend
remained evident (except for Thomas's study®), reaching statistical
significance in two cohorts (Feng et al.**, p-adjusted = 1.56E-03; Gupta
et al.®, p-adjusted = 4.85E-03) (Fig. 2b). In the cohorts where CRC sta-
ging could be assessed after case-control matching (Yachida et al.*,
Zeller et al.”, and Vogtmann et al.*®), we observed a stage-dependent
trend in the abundance of Methanobrevibacter A_smithii. While in the
Yachida et al. cohort®, M. smithii was already enriched in stage O
lesions, this archaeon tended to be depleted in early-stage CRC (stages
I-1I), but showed enrichment in advanced stages (IlI-IV). Similar cor-
relations between CRC progression and Methanobrevibacter abun-
dance in the gut has also been reported before**5,

Methanobrevibacter_A_smithii_A (M. intestini) similarly displayed
significant enrichment in CRC patient groups in studies by Feng et al.**
(p-adjusted =2.61E-03) and Gupta et al.*® (p-adjusted =4.93E-03).
Methanobrevibacter_A_sp900766745 was also enriched in CRC
patients in Feng et al. study* (p-adjusted=3.89E-02) (Fig. 2b).
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Fig. 2| Archaeal community profiles and differential abundance analysis across
disease cohorts. a Stacked bar plots showing the relative abundances of archaeal
species across shotgun metagenomic datasets, stratified by disease and study.
Within each study, samples are grouped according to disease status (cases vs.
controls). For the Yachida et al.”, Zeller et al.”, and Vogtmann et al.*® cohorts,
where sufficient information and sample sizes were available, subjects were further
stratified by colorectal cancer (CRC) stage. b Five abundant archaeal species are
represented, each with a symbol indicating the direction of abundance change
between disease and control groups: squares denote higher abundance in disease,
and circles denote lower abundance in disease. An orange dot inside the symbol
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indicates a statistically significant difference (FDR-adjusted <0.05), while empty
symbols represent nonsignificant trends. Archaeal species are represented by their
corresponding UHGG (unified human gastrointestinal genome) identifiers. Differ-
ential abundance was assessed using CLR-transformed (centered log-ratio) data
and two-sided Wilcoxon rank-sum test with FDR (false discovery rate) correction.
CRC colorectal cancer, SO stage 0, SI/SII stage I/11, SIII/SIV stage II/IV, CD Crohn’s
disease, UC ulcerative colitis, T2D type 2 diabetes, MS multiple sclerosis, pre-AD
pre-Alzheimer’s disease, SCZ schizophrenia, PD Parkinson’s disease. Source data
are provided as a Source data file.

Considering that not all studies might have used an archaea-suitable
methodology*, these associations are a strong indicator for a potential
association of Methanobrevibacter species with CRC. Similar positive
associations of Methanobrevibacter signatures with CRC have been
previously reported in 16S rRNA gene-based studies*, and a recent
meta-analysis of shotgun metagenomic data?.

Metabolic cross-feeding between M. smithii and CRC-associated
bacteria suggests functional integration

A consistent, significant, and positive association between elevated M.
smithii abundance and CRC was demonstrated across three indepen-
dent studies (studies by Feng et al.**, Yu et al.**, and Gupta et al.*®), and
was also confirmed by a recent CRC meta-analysis* and our study
(Fig. 2b). To evaluate whether observed differences in M. smithii
abundance were detectable within a multivariate microbiome classifi-
cation framework, we applied a random forest (RF) classification
model trained on microbial relative abundances of the pooled dataset.
Across all folds, the model achieved a mean receiver operating

characteristic (ROC) area under the curve (AUC) of 0.74 + 0.03, indi-
cating a stable discriminative performance between CRC and control
microbiomes (Supplementary Fig. 7a). The learning curve showed
convergence between training and validation AUC values, confirming
generalization without overfitting.

Notably, the archaeon Methanobrevibacter A_smithii ranked
among the top discriminatory features, indicating that archaeal
abundances substantially contributed to the signal captured by the
model (Supplementary Fig. 7b). SHAP analysis further characterized
model behavior, indicating that Methanobrevibacter A_smithii con-
tributed to the random forest’s classification of CRC and control
samples (Supplementary Fig. 7c). This observation is consistent with a
recent meta-analysis, in which M. smithii was also identified among the
top features in a CRC diagnostic model*. The consistent identification
of M. smithii as both significantly enriched in CRC (Fig. 2b) and as a
high-impact classifier feature (Supplementary Fig. 7b, c) suggests that
this archaeon contributes to the model’s discrimination between CRC
and control samples.
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Given that methanogenic archaea rely on metabolic by-products
of bacterial fermentation, we aimed to explore the ecological and
functional interactions between M. smithii and bacterial species pre-
viously associated with CRC.

We curated a set of twelve bacterial taxa identified as CRC microbial
biomarkers based on a literature review (Supplementary Data 4). Taxa
are referred to by their original names in UHGG v.2.0.1 datasets, with
updated nomenclature (GTDB r226) provided in parentheses where
applicable. The selected taxa include Prevotella_copri A (updated to
Segatella_copri), Mediterraneibacter torques, Prevotella_intermedia,
Peptostreptococcus_stomatis, Porphyromonas_asaccharolytica, Parvir-
omonas_micra,  Gemella_morbillorum,  Clostridium_Q_symbiosum
(updated to Otoolea_symbiosa), Akkermansia_muciniphila, Escher-
ichia_coliD (updated to Escherichia_coli), Bacteroides_fragilis, and
Fusobacterium_nucleatum.

We validated the presence and enrichment of these bacterial
biomarkers in our compiled CRC dataset through differential abun-
dance analysis. In the combined dataset, 9 of the bacterial CRC bio-
markers showed significant differential abundance, whereas
Prevotella_A_copri, Mediterraneibacter_torques, and Porphyr-
omonas_asaccharolytica were not significantly enriched (Supplemen-
tary Fig. 8). Across individual studies, after we controlled for
confounding factors, such as age, sex, and BMI, 10 bacterial CRC bio-
marker species exhibited significant differential abundance across at
least two independent studies (CLR-transformed data with the Wil-
coxon rank-sum test, p-adjusted <0.05), whereas Prevotella_A_copri
and Akkermansia_muciniphila each demonstrated differential abun-
dance in only one study (Supplementary Fig. 8). Notably, all taxa,
except Mediterraneibacter_torques, appeared at least once in our
selected CRC datasets, and our differential abundance findings aligned
mostly with the original articles, with some small differences, which
could be due differences in case-control sample matching (Supple-
mentary Fig. 8 and Supplementary Data 5).

Correlation analysis between these CRC-associated bacterial taxa
and Methanobrevibacter_A_smithii revealed predominantly positive
abundance-based associations across both the combined and indivi-
dual datasets, with all taxa showing positive correlations with this
archaeon except for Otoolea_symbiosa, which exhibited mostly nega-
tive correlations (Supplementary Fig. 9 and Supplementary Data 6). In
addition, co-occurrence analysis based on presence-absence patterns
showed that Methanobrevibacter_A_smithii exhibited mainly positive
co-occurrence with CRC-associated bacterial taxa, with both the fre-
quency and magnitude of these associations being higher in CRC than
in controls. Although the differences in co-occurrence strength
between groups were not statistically significant, the overall trend
indicates a more pronounced archaeal-bacterial co-association under
disease conditions (Supplementary Fig. 10), which was in accordance
with previous studies where co-occurrence of M. smithii and these
bacterial taxa were shown?.

The M. smithii genome encodes an extensive array of transporters
(see transporter file in gapseq output of M. smithii in Data availability),
including those for amino acids (e.g., aspartate, arginine, glutamate,
glutamine, or histidine), but also organic acids (e.g., succinate), indi-
cating that the archaeal-bacterial metabolite exchange might go well
beyond H, and CO, transfer. Experimental cultivation of M. smithii ALI
(mono-culture in rich MS medium, Supplementary Data 7) confirmed
the uptake of several amino acids (leucine, valine, isoleucine, alanine,
arginine, glutamic acid, methionine, asparagine, lysine, cystine, gly-
cine, threonine, tyrosine, histidine, phenylalanine, and tryptophane)
and other compounds (butyrate, propionate, lactic acid, and acetic
acid etc.) from its environment (Supplementary Fig. 11 and Supple-
mentary Data 7).

To functionally explore archaeal-bacterial cross-feeding potential,
we performed in silico co-culture metabolic modeling using PyCoMo®°.
The models included all 12 bacterial CRC biomarkers (one in each

simulated co-culture), and, as a control, the non-CRC-associated
Christensenella minuta, given its known syntrophic interaction with M.
smithii*,

A key finding was the universal predicted export of succinate by
all bacterial partners (n =13, 100%), and the predicted import of this
compound by M. smithii (Fig. 3). This widespread pattern suggests that
succinate-mediated cross-feeding could be a conserved feature of
archaeal-bacterial interactions. Succinate is a common fermentation
by-product during carbohydrate fermentation, primarily from fuma-
rate respiration, serving for electron disposal’*2. M. smithii, encoding
succinate-specific transporters, succinate dehydrogenase (Sdh) and
succinyl-CoA synthetase (Suc), is thus well equipped to utilize this
metabolite, potentially for redox balancing or as an anaplerotic sub-
strate in its incomplete reductive TCA cycle®**.

The relevance of succinate extends beyond microbial metabo-
lism. Succinate, produced by bacteria, such as Fusobacterium nucle-
atum, has been shown to serve as a critical metabolic signaling
molecule implicated in promoting CRC metastasis by activating the
transcription factor STAT3, which induces epithelial-to-mesenchymal
transition and enhances tumor invasiveness and metastatic potential®.

Additionally, succinate suppresses the cGAS-interferon-3 signal-
ing pathway, reducing CD8 + T cell infiltration in tumors and conse-
quently contributing to impaired anti-tumor immunity**”. This
positions succinate cross-feeding as a mechanistic link between
microbiome metabolism and host oncogenic processes®®.

Beyond succinate, M. smithii models consistently exported ribo-
flavin in all pairwise interactions. Riboflavin is an essential precursor
for the synthesis of flavin coenzymes, flavin adenine dinucleotide
(FAD) and flavin mononucleotide, which play a central role in
oxidation-reduction reactions, redox metabolism’® and consequently,
M. smithii may be beneficial to its bacterial partners. Additional pre-
dicted export-import dynamics were observed for metabolites, such as
amino acids (L-asparagine, L-glutamine), taurine, ornithine, various
carbohydrates, methanol, and acetaldehyde (Fig. 3).

Notably, in interactions with CRC-associated bacteria, M. smithii
models exhibited uptake of amino acids, including L-asparagine*, L-
glutamine*, L-leucine*, L-threonine*, L-valine*, L-lysine*, L-serine*, L-
arginine*, L-aspartate, L-glutamate (Fig. 3). Most of these amino acids
(indicated by *) have previously been linked to CRC***¢°"%", These
amino acids contribute to CRC progression by supporting structural
protein synthesis, providing alternative energy sources, and activating
oncogenic pathways, such as mTORCI (mechanistic target of rapa-
mycin complex 1). Their elevated levels in tumor tissues reflect
increased uptake and metabolic reprogramming by cancer cells and
have been shown to be further shaped by gut microbial interactions.
The uptake of these amino acids by M. smithii suggests a potential co-
feeding pattern that may not only support microbial interactions but
could also influence host metabolic or signaling pathways. Notably,
while amino acid and organic acid uptake is not unique to M. smithii,
our goal was not to establish metabolic specificity but rather to
delineate potential routes of archaeal-bacterial metabolite exchange.

Co-culture with M. smithii promotes bacterial growth and
metabolite production linked to CRC biomarkers

To investigate the interactions between M. smithii and CRC-associated
bacteria, we performed a series of controlled co-cultivation experi-
ments under strictly anoxic conditions (Fig. 1d and Supplementary
Fig. 12). We selected F. nucleatum, enterotoxigenic Bacteroides fragilis,
and Escherichia coli (E.coli) and their well-documented roles in CRC
pathogenesis. These bacteria are known to contribute to tumor
development through specific virulence factors, including colibactin,
cytolethal distending toxin (CDT), cycle-inhibiting factor (CIF), and
cytotoxic necrotizing factor (CNF) in E. coli; the adhesin FadA in F.
nucleatum; and the enterotoxin Bft in B. fragilis®®. Notably, the E. coli
strain, previously referred to as strain D, was isolated in our previous
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Fig. 3 | Integration of metabolic modeling analysis in colorectal cancer (CRC)
datasets. Community-scale metabolic models show predicted cross-feeding
interactions between Methanobrevibacter smithii and CRC-associated bacterial
biomarkers in gut medium, generated using PyCoMo. Metabolite exchanges were
calculated independently of growth rates for each archaeon-bacterium pair. Colors

indicate metabolite export or production (yellow), import or consumption (pur-
ple), or both (gray). Only metabolites involved in cross-feeding interactions are
shown. Metabolites highlighted in bold have been previously linked to CRC in the
literature. Source data are provided as a Source data file.

study from a methane-producing patient, where it was found to co-
occur with M. smithii®®. As archaeal representative, we chose the
human gut strain M. smithii ALI (the type strain of M. smithii was iso-
lated from an anaerobic digester).

SEM analysis revealed close proximity between M. smithii ALI and
bacterial partners in all co-culture conditions, without showing any
specific morphological alterations relative to mono-cultures. All co-
cultures appeared densely populated and contained numerous
archaeal and bacterial cells undergoing division (Fig. 4a). Consistent
with SEM observations, fluorescence microscopy revealed the
presence of M. smithii strain ALI cells in co-cultures exhibiting the
characteristic shape of this archaeal strain and F4o-based auto-
fluorescence in both the mono- and co-culture conditions, indicating
active growth.

Co-culture dynamics were highly specific. M. smithii ALI exhibited
increased growth (p = 4.1E-02) (evidenced by elevated mcrA gene copy
numbers) only in the presence of B. fragilis compared to mono-culture
conditions. F. nucleatum (p =3.07E-06) and E. coli (p =4.61E-06) dis-
played significantly enhanced 16S rRNA gene copy numbers at time
point 1 compared to mono-cultures, indicating archaeon-mediated
stimulation of bacterial growth speed (Supplementary Fig. 13 and
Supplementary Data 8). However, methane production by M. smithii

ALI was not significantly different between mono-cultures and none of
the co-cultures (Supplementary Fig. 14). Notably, none of the co-
cultures resulted in a statistically significant mutual growth benefit,
suggesting asymmetrical or unidirectional metabolic support (Sup-
plementary Fig. 13).

Metabolic profiling further elucidated the biochemical landscape
of the archaeal-bacterial interactions. In agreement with in silico mod-
eling, all co-cultures produced higher amounts of succinate compared
to their mono-cultures, confirming this metabolite as a conserved cross-
feeding intermediate (Figs. 3, 4b, and Supplementary Fig. 15). While
metabolic alteration in B. fragilis and E. coli co-cultures with M. smithii
ALI were relatively modest beyond succinate, the F. nucleatum-M. smi-
thii pairing exhibited a distinct and expansive metabolic signature.

Specifically, co-cultivation with F. nucleatum led to a significant
accumulation of succinic acid*, acetic acid, lactic acid, propionic acid,
butyric acid, and a range of amino acids, including alanine*, proline*,
isoleucine*, leucine*, valine* and glycine*, arginine*, and phenylala-
nine*. Conversely, notable consumption of methionine, glucose, cho-
line, glycerophosphocholine, and pyroglutamic acid was observed
(Supplementary Data 9, 10, and 11). Several of these amino acids
(marked with *) have previously been implicated in the metabolism of
CRC>%%¢%°¢7 reinforcing their potential functional relevance.
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Although the co-culture results did not entirely recapitulate
the in silico predictions (e.g., the predicted production of aspar-
agine and glutamine could not be measured; Fig. 4b and Supple-
mentary Fig. 15), both approaches converged on the identification
of succinate and amino acids as key mediators of archaeal-bacterial
metabolic exchange. These findings indicate M. smithii as an
active participant in CRC-associated microbial networks, poten-
tially shaping the tumor microenvironment through metabolite
cross-feeding.
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CRC-associated compounds are prominent in the F. nucle-
atum-M. smithii symbio-metabolome

To further investigate the metabolites present in co-culture, we sub-
jected the supernatant from three replicates of M. smithii ALI and F.
nucleatum co-culture at time point t1 (corresponding to the highest
observed growth, as shown in Supplementary Fig. 13) to detailed mass
spectrometry (MS) analysis. This analysis aimed to identify metabolites
specifically enriched under co-culture conditions compared to the
blank control medium (MS + BHI).

Nature Communications | (2026)17:2979


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-69711-7

Fig. 4 | Scanning electron microscopy and NMR metabolomic profiling of
Methanobrevibacter smithii ALI in mono- and co-culture with colorectal
cancer-associated bacterial strains. a Scanning electron microscopy (SEM) ana-
lysis of M. smithii ALI and the bacterial strains used in co-culture experiments,
including the colorectal cancer-associated species Fusobacterium nucleatum, Bac-
teroides fragilis, and Escherichia coli. Imaging was performed for both mono-
cultures and co-cultures with M. smithii ALIL. The experiments were repeated two
times independently with similar results. b The heatmap displays normalized area
under the curve (AUC) values obtained from metabolomics analysis, representing
the relative abundance of metabolites across conditions. For improved compar-
ability and visualization, the amount of metabolites were centered, and log-ratio
transformed. A metabolite was classified as enriched or depleted in co-culture only
if its abundance was significantly higher or lower, respectively, compared to both
M. smithii ALl and the corresponding bacterial mono-culture, as well as in relation

to the blank medium. For each co-culture experiment, mono-cultures of M. smithii
ALI and the respective bacterial strain were grown in parallel under identical con-
ditions. Both monocultures and co-cultures were performed in five biological
replicates, with blank medium included in three replicates. Metabolites previously
associated with colorectal cancer are highlighted in bold and indicated with an
asterisk. Time points are defined as follows: t(-1): initial of the experiment prior to
inoculation; t0: 24 h post-inoculation of M. smithii ALI; t1: 24 h post-inoculation of
the bacterial strain (48 h post M. smithii ALl inoculation), t2: 72 h post bacterial
inoculation (96 h post M. smithii ALI inoculation). A blank medium control was
included to account for background metabolite levels. Metabolite depletion (tri-
angle) or enrichment (circle) in co-cultures was determined using two-sided Wil-
coxon rank-sum test, adjusted-p < 0.05 (FDR). Source data are provided as a Source
data file.
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* CRC-associated metabolite
* Potential tumorgenesis inhibiting metabolite

Fig. 5 | Mass spectrometry-based metabolomic profiling of the supernatant
from Methanobrevibacter smithii ALl + Fusobacterium nucleatum co-culture
(triplicates). Heatmap showing significantly increased metabolites (FC > 1.5, two-
sided t-test, p-adjusted <0.05) detected by mass spectrometry in the co-culture of F.
nucleatum and M. smithii ALI at t1 (24 h after addition of F. nucleatum to an
established M. smithii ALI culture, coinciding with peak growth of both strains)
compared to the blank medium (BHI + MS). Each cell represents the Z-score of the

respective metabolite, calculated across all samples as the number of standard
deviations from the mean. Metabolite concentrations were normalized using PQN
and log;o-transformed to adjust for cell count differences and dilution effects.
Metabolites with reported CRC-related promoting effects are highlighted in black,
while those with potential tumorigenesis-inhibiting effects are highlighted in green.
Source data are provided as a Source data file.

The co-culture supernatant displayed a diverse range of meta-
bolite classes, including organic acids, amino acids and their deriva-
tives, nucleotides, carbohydrates, lipids, vitamins, signaling molecules,
and peptides (Fig. 5 and Supplementary Data 12). Notably, several
amino acids previously associated with CRC, such as phenylalanine
and valine, as well as amino acid derivatives, including N-acetyl-tyr-
osine, N-acetyl-valine, N-acetyl-phenylalanine, Né6-acetyl-L-lysine, N-
acetylleucine, N6,N6,N6-trimethyl-L-lysine, and isovalerylglycine, were

significantly enriched. These compounds are derivatives of CRC-
associated parent amino acids, such as tyrosine, valine, phenylalanine,
lysine, leucine, and glycine, which were previously highlighted in
Figs. 3, 4b, and Supplementary Fig. 11. Their presence in the MS data is
consistent with findings from NMR-based metabolomics (Fig. 4b).
Additionally, we detected N-a-acetyl-L-arginine, N-acetyl-arginine, and
N(6)-acetylornithine, which are metabolites involved in the arginine
biosynthesis and degradation pathways in the co-culture supernatant
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(Fig. 5). Arginine serves as a precursor for nitric oxide (NO) and poly-
amines; while polyamines promote tumor growth’’, NO can exert
either tumor-promoting or tumor-suppressive effects depending on
its concentration’.

Hypoxanthine, a key intermediate in purine metabolism, was also
detected in the co-culture supernatant of M. smithii ALl + F. nucleatum.
This metabolite is widely produced and utilized by both host and
microbial cells. Previous studies have associated microbial hypox-
anthine production, particularly by Peptostreptococcus stomatis,
another CRC-associated bacterium (Supplementary Fig. 8 and Fig. 3),
with altered gut motility and serotonin release, processes that may
contribute to CRC progression®>’>7*,

Another interesting metabolite in the supernatant of the co-
culture was 3(-indole-3-yl) pyruvic acid, also known as indole-3-pyruvic
acid (I3P). I3P supplementation has been shown to rescue tumor cells
under tryptophan starvation, identifying it as a critical oncometabolite
and therapeutic target’. Microbial production of I3P could circumvent
tryptophan restriction, suggesting tumor-microbiome metabolic
cross-talk that may promote cancer progression, particularly in gut-
associated cancers like CRC, where gut barrier dysfunction could be
present’®”’.

Notably, several metabolites with known or potential antitumor
activity were also identified in the co-culture supernatant (Fig. 5).
Among these, y-linolenic acid, previously derived from Lactobacillus
plantarum MM89, has been shown to induce ferroptosis in tumor cells,
suggesting a therapeutic mechanism for targeting CRC’®. Another
detected metabolite, 4E,8Z-sphingadiene, belongs to the sphingadiene
class, has demonstrated pro-apoptotic effects in colon cancer cells and
has been shown to suppress intestinal tumorigenesis in vivo, high-
lighting its potential in cancer prevention’. Intriguingly, both y-
linolenic acid and 4E,8Z-sphingadiene were also significantly enriched
in M. smithii ALl mono-cultures (compared to F. nucleatum mono-
cultures), implicating the archaeon (and not the bacterial partner) as a
direct source of potentially bioactive, antitumor metabolites (Sup-
plementary Fig. 16 and Supplementary Data 13).

Apicidin F, a structural analog of the histone deacetylase inhibitor
apicidin, was also present, which has been previously isolated from the
fungus Fusarium fujikuroi®. Its detection in the supernatant of co-
culture suggests the potential ability of these two strains to also pro-
duce this compound (Supplementary Fig. 16). Notably, apicidin has
shown anti-growth activity by inhibiting histone deacetylases in cancer
cells®. Lastly, (5aS)-5,5a-dihydrophenazine-1,6-dicarboxylic acid, a
derivative of phenazine-1,6-dicarboxylic acid, has been shown to be
produced by strains, such as Pseudomonas aeruginosa, and has
demonstrated strong anticancer activity against various cell lines,
including CRC cells like HT29%>%,

Discussion

Methanobrevibacter species dominate the human gut archaeome.
Their activity metabolizes H, and CO, into methane, thereby relieving
lumen gas pressure, and sustains redox conditions that favor bacterial
fermentation'***%*, Although viewed as commensal, shifts in Metha-
nobrevibacter abundance have been linked to various metabolic and
gastrointestinal disorders, suggesting a potential role in host
health®*®. However, most existing studies rely on low-resolution
methodologies, such as breath methane testing or 16S rRNA gene
sequencing, which are limited to resolve archaeal taxonomy and to link
archaeal species to physiological patterns®.

To address these limitations, we performed a meta-analysis of
2959 shotgun-metagenomic datasets, drawn from 10 studies across 12
countries, and corrected for age, sex, and BMI, when possible, for
study-individual analyses. The datasets included different disorders,
including CRC, T2D, (IBD) (including Crohn’s disease (CD) and
ulcerative colitis (UC)), MS, AD, SCZ, and PD.

Our analysis uncovered disease-specific alterations in gut archaeal
communities. For instance, patients with CD showed a significant
reduction in Methanobrevibacter spp., with the notable exception of
Methanobrevibacter_A_sp900766745, which was significantly enri-
ched in these patients. While the underlying mechanisms remain
unclear, the reduced stool transit time in patients with CD may inter-
fere with the slower growth rate of human gastrointestinal archaea.

In contrast, SCZ patients exhibited a significant depletion of
Methanobrevibacter_ A_smithii, which confirms previously observed
correlations of methanogen abundance and neurological function®.

In PD, we initially observed significantly higher levels of metha-
nogenic taxa, including Methanobrevibacter species, in the pooled
dataset. However, once we applied strict matching for age, sex, and
BMI, these associations did not remain significant within individual
studies, although most cohorts continued to show a similar direction
of change. This discrepancy compared to the findings of one of the
included studies (Wallen et al.”®), who reported significant increased
abundance of in PD, highlights how sensitive archaeal signals can be to
study design and metadata handling. It also reinforces that robust
metadata and consistent analytical approaches are essential when
interpreting archaeome dynamics in disease.

Moreover, in general, variability in pipelines, reference genome
databases, and cohort metadata contributes to inconsistencies across
studies. These challenges highlight the need for consistent profiling
frameworks and more comprehensive metadata collection, including
antibiotic use and medication history, which are often overlooked but
likely influence archaeal dynamics. Dietary data were also not con-
sistently reported across datasets, preventing us from accounting for
potential differences in eating behaviors between case and control
groups, for any of the included studies.

In CRC, methanogens showed a more consistent pattern. We
observed overall significant enrichment of Methanobrevibacter -
A_smithii in the pooled analysis, aligning with findings from a recent
multicohort study”. Across individual cohorts, samples from CRC
patients consistently demonstrated an increase in Methano-
brevibacter A_smithii and closely related taxa (e.g., Methano-
brevibacter_A_smithii_A). While statistical significance varied between
cohorts, the overall trend pointed toward the enrichment of metha-
nogen in CRC. Notably, only one of the investigated studies (Gupta
et al.*®) explicitly reported increased Methanobrevibacter abundance in
CRC, while others (e.g., Feng et al.**) broadly implicated archaeal
overgrowth without specifying the taxonomy. In datasets with staging
information, the abundance of Methanobrevibacter A_smithii showed
anonlinear trend: elevated at stage O, reduced in early cancer (stages I/
II), and increased again in advanced disease (lll/IV). This stage-
associated trajectory aligns with a recent multicohort analysis of
3,741 stool metagenomes, which identified M. smithii among the top
species enriched in metastatic CRC and previously noted methane-
producer involvement in stage IV disease’>*. This pattern raises the
question of whether methanogen expansion precedes tumor pro-
gression or reflects later shifts in the tumor-altered gut ecosystem.
Notably, methanogens, including M. smithii, have also been associated
with longevity®, indicating that their increased abundance does not
inherently imply pathogenicity. Strain-level heterogeneity among
methanogens, as well as host-dependent or epigenetic interactions,
may further shape their functional effects. Longitudinal and strain-
resolved analyses will therefore be required.

Methane is the primary end-product of methanogen metabolism,
and has been shown in animal models to slow intestinal transit®.
Clinically, elevated baseline breath methane levels have been linked
with constipation, which is a recognized risk factor for CRC***, These
findings suggest a potential association between increased M. smithii
abundance and CRC development. Notably, prior studies have repor-
ted enrichment of M. smithii in CRC patients even after considering gut
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transit time?”, implying that factors beyond motility, including
host-microbe interactions or microbial cross-talk, may play a role.
However, methanogen abundance patterns remain susceptible to
confounders, such as constipation, which is common in CRC and can
influence archaeal composition. The lack of standardized metadata,
particularly regarding transit time, in existing cohorts limits our ability
to fully resolve these effects and interpret associations®,

To investigate the potential functional contributions of M. smithii,
we further explored its interactions with CRC-associated bacterial taxa.
Methane production by M. smithii represents the final step of inter-
species hydrogen transfer, a syntrophic process in which hydrogen
(H,) and carbon dioxide (CO,) released by fermentative bacteria are
consumed by methanogens to yield methane and water**. By removing
H,, M. smithii enhances bacterial fermentation efficiency and indirectly
supports metabolic pathways of anaerobes that are frequently enri-
ched in CRC microbiomes. This interspecies hydrogen transfer and
metabolic coupling could facilitate the growth of CRC-associated
bacteria, such as F. nucleatum, P. stomatis, and P. micra, which rely on
efficient fermentative metabolism under strictly anaerobic
conditions®°, In this context, methane acts not only as a metabolic
by-product but also as an ecological marker and potential driver of
microenvironments that favor CRC-associated taxa.

Given that Methanobrevibacter species rely on bacterial fermen-
tation end products (H, and CO,) for energy metabolism, their eco-
logical function cannot be assessed individually. Therefore, we
integrated archaeal and bacterial data to examine how M. smithii may
influence CRC-associated bacterial taxa beyond methanogenesis and
potentially contribute to colorectal carcinogenesis through
microbe-microbe and potential host-microbe interactions.

While the loss of co-occurrence between commensal archaea and
bacteria has been reported in CRC, M. smithii has shown positive co-
occurrence associations with known CRC-associated taxa, such as F.
nucleatum, B. fragilis, and E. coli in previous studies?*, a pattern we
also observe by correlation analysis as well as presence/absence ana-
lysis in our study. Consistent with these associations, a tissue-based
study detected archaea (including M. smithii) together with bacteria,
such as F. nucleatum in CRC tumor biopsies®’.

These bacteria are known to promote carcinogenesis by inducing
DNA damage, inflammation, and activating oncogenic pathways, sug-
gesting that CRC-enriched archaea and bacteria may synergistically
contribute to CRC®. On the other hand, previous studies have reported
significant co-exclusion patterns between CRC-enriched archaea and
CRC-depleted bacteria, including butyrate-producing species, such as
Clostridium beijerinckii and Clostridium kluyveri, implying a potential
antagonistic interaction in colorectal tumorigenesis’’.

An interesting finding of our study based on metabolic modeling
was the universal export of succinate by all CRC-associated bacterial
partners and its predicted uptake by M. smithii, highlighting succinate
as a key cross-fed metabolite. Additionally, M. smithii was predicted to
export riboflavin in all archaeal-bacterial pairings and to import several
CRC-associated amino acids, such as asparagine, glutamine, leucine,
and arginine. These metabolic exchanges suggest potential coopera-
tive networks that could influence both microbial ecology and host
disease processes, beyond H, exchange.

Experimental co-culture experiments validated our in silico find-
ings. M. smithii growth was significantly enhanced only in the presence
of B. fragilis, while F. nucleatum and E. coli showed archaeon-induced
early growth acceleration. In these conditions, the archaeon did not
show a significant growth increase in return, indicating only mild
commensal benefits or fully unidirectional support.

In all co-cultures, succinate levels were higher than in mono-cul-
tures, supporting predictions from genome-scale metabolic models
and confirming succinate as a shared cross-feeding metabolite. How-
ever, the overall changes in metabolism differed between bacterial
partners. The F. nucleatum-M. smithii pairing showed the most

extensive changes, with increased production of short-chain fatty
acids (acetic, lactic, propionic, and butyric acids) and several amino
acids (alanine, valine, isoleucine, leucine, phenylalanine, proline, and
glycine), many of which have been linked to CRC**>’,

Untargeted mass spectrometry-based metabolomics of super-
natants further confirmed these findings, showing not only elevated
levels of these CRC-related amino acids but also their modified forms,
such as N-acetylated derivatives (e.g., N-acetyl-tyrosine, N-acetylvaline,
and Né6-acetyl-L-lysine).

Other detected metabolites are potentially directly connected to
cancer-related pathways. For instance, arginine derivatives (N-a-acetyl-
L-arginine, N-acetyl-arginine, and N-8-acetylornithine) feed into nitric
oxide and polyamine synthesis, both involved in CRC progression®’.
Interestingly, genes encoding cancer-related metabolites like poly-
amines have been shown to be more prevalent and diverse in gut and
oral samples, affiliated with Euryarchaeota, especially methanogenic
archaea®”. Hypoxanthine, a purine compound known to affect gut
function and tumor development, and I3P, an oncometabolite that
supports tumor growth under tryptophan-starved conditions®>’>7*,
were also found in the supernatant.

The co-cultures also showed significantly high abundance of some
compounds likely impairing tumorigenesis. These compounds inclu-
ded y-linolenic acid, which can trigger ferroptosis in tumor cells; 4E,8Z-
sphingadiene, known to promote cancer cell death; apicidin F, a his-
tone deacetylase inhibitor; and phenazine derivatives with strong
anticancer activity’®”*#%3, Two of these compounds (y-linolenic acid
and 4E,8Z-sphingadiene) were significantly enriched in pure M. smithii
cultures, indicating archaeal origin.

Our findings position M. smithii as a potentially active metabolic
participant in CRC-associated microbial networks. Through both
cooperative and asymmetrical metabolic interactions, M. smithii has
the potential to modulate the abundance and function of key bacterial
taxa and to actively contribute to a chemically rich microenvironment
that includes metabolites with tumor-promoting and tumor-
suppressive potential. Understanding how host factors like immune
status affect the balance of these interactions, including the archaea-
metabolome, will be key to determining their role in CRC development
and therapy. Additionally, future in situ imaging and spatial-omics
studies will be needed to validate these associations and clarify
mechanistic roles.

Methods
Dataset collection
Relevant metagenomic investigations were identified through tar-
geted keyword searches for diseases previously linked to gut
methanogens'*%, specifically CRC, IBD, T2D, MS, AD, SCZ, and PD
(Supplementary Data 1). A systematic PubMed search was performed
for English-language observational studies and meta-analyses pub-
lished from 2000 until August 30, 2024. The search query used was:
(“disease of interest”) AND ((gut AND metagenome AND microbiome)
OR fecal OR shotgun OR microbiota OR “whole genome”), with “dis-
ease of interest” encompassing CRC, IBD, PD, AD, T2D, MS, and SCZ.
Additionally, reference lists from the identified articles and related
meta-analyses were screened to identify additional studies. Addition-
ally, the NCBI BioProjects database was screened for sequencing
datasets using disease-specific terms (e.g., “CRC gut”), with filters
applied for the “metagenome” data type and the human organism.
Studies employing shotgun metagenomic sequencing were con-
sidered. Only fecal shotgun metagenomic datasets were included, while
studies with fewer than 20 case subjects or those involving participants
under 18 years were excluded. Case subjects were defined as indivi-
duals with explicit disease diagnoses provided in the study metadata or
NCBI BioProject records, whereas control subjects were those clearly
described as healthy or designated as controls. Controls were defined
as samples from individuals without a positive disease diagnosis. Thus,
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it should be noted that controls do not necessarily present healthy
individuals, but rather individuals without a specific diagnosis. Fur-
thermore, studies were required to report metadata on sex, age, and/or
BMI, or to have used case-control matched cohorts on at least two of
these covariates. Studies that would have required additional ethical
approvals or had restricted data access were omitted.

For CRC investigations, only samples from patients with con-
firmed CRC diagnoses were incorporated, excluding those with small
or large adenomas. CRC staging information, based on the American
Joint Committee on Cancer (AJCC) classification, was available for the
Zeller et al.”, Yachida et al.**, Vogtmann et al.*, Feng et al.**, Wirbel
et al.*?, and Gupta et al.*® cohorts, which were therefore included in
stage-specific analyses. In contrast, for the Hannigan et al.”*, Thomas
et al.”, and Yu et al.** datasets, staging information could not be
identified from the available metadata. In the Yachida et al.* dataset,
stage O samples were retained; however, in the other datasets, stage O
groups comprised fewer than five samples or were not represented
and were consequently excluded from stage-specific analyses in these
cohorts. For the Wirbel et al.*?, Gupta et al.*®, and Feng et al.** datasets,
the number of samples within individual stages fell below ten after
case-control matching. To maintain statistical robustness, these data-
sets were analyzed only in overall case-control comparisons, without
stage stratification. For analysis, stage 1 and Il CRC cases were grouped
as stage I/1l, while stage Il and IV CRC cases were grouped as stage IlI/
IV. Consequently, CRC staging was taken into consideration for the
Yachida et al.”, Zeller et al.”, and Vogtmann et al.** cohorts, where
sufficient information and sample sizes were available. When matching
CRC stages with controls, individual control samples were allowed to
be reused across different stage groups. In the case of MS, inclusion
was limited to two cohorts (from San Francisco, USA, and Edinburgh,
Scotland) that consisted of treatment-naive individuals and met the
required sample size threshold, since treatment in these patients
affects the abundance of the archaeome®. For AD, only pre-AD sam-
ples were considered, given the limited number of diagnosed cases.
Sequence data were further limited to paired-end read libraries,
thereby excluding datasets that combined single-end and paired-end
reads. When available, sample covariates were extracted from the
original study metadata, and for individuals with multiple SRA acces-
sions, only the first available metagenome sample was used. Finally,
any samples lacking accessible metadata from either the NCBI Bio-
Project records or the published article were excluded.

Following these criteria, a total of 3243 samples from 19 studies
across 12 countries were identified (Supplementary Table 1). Further
details on study selection and the number of studies considered are
provided in Fig. 1 and Supplementary Fig. 1.

Data retrieval and processing

Raw sequencing data were retrieved from the NCBI Sequence Read
Archive using SRA Toolkit (v3.1.0). Human-derived sequences were
removed by aligning the raw reads to the GRCh38 human reference
genome using removehuman.sh within the BBMap suite (v39.01) with
default parameters. Read quality filtering, adapter trimming, base
correction, and removal of low-complexity sequences were conducted
concurrently using fastp (v0.23.4) with the following parameters:
--average qual 20, --detect adapter for pe, --correction, --over-
representation_analysis, and --low complexity filter. Unpaired reads
resulting from trimming or filtering were corrected using BBMap
(repair.sh), ensuring synchronization of read pairs for downstream
analyses.

For microbial taxonomic profiling, we employed a Kraken2 and
Bracken approach, which has been shown to outperform marker gene-
based methods in recent benchmarking studies®. Taxonomic classifi-
cation of the stool samples was carried out using Kraken2’® (v2.1.2)
with the unified human gastrointestinal genome (UHGG v2.0.1) data-
base, which comprises a total of 4644 prokaryotic species, including

4616 bacterial species and 28 archaeal species, and enables identifi-
cation of human gut archaeal species with high resolution®*”*%, For
the CRC tumor and biopsy samples, the remaining metagenomic reads
(i.e, after stringent filtering against the human reference genome
(GRCh38) and quality control) were classified with Kraken2 using the
Standard Database, which includes RefSeq bacterial, archaeal, and viral
genomes, the human genome, and UniVec_Core sequences, to mini-
mize false positives from host contamination. To improve classifica-
tion accuracy and minimize incorrect lowest common ancestor (LCA)
assignments, a confidence threshold of 0.3 was applied. Species-level
abundance estimates were refined using Bracken (v2.7) (https://ccb.
jhu.edu/software/bracken/) with read length 150. The resulting taxo-
nomic profiles were merged into a comprehensive microbial abun-
dance table for downstream analyses.

For diseases represented by multiple cohorts (CRC, pre-AD, and
PD), datasets were subsequently analyzed in pooled form. For this
purpose, batch effects across studies were mitigated using the
adjust_batch() function from the MMUPHin (v1.23) R package®, which
applies a mixed-effects model to estimate and remove study-specific
offsets. To ensure stringency, given the variability in sequencing
depth, read length, preprocessing methods, sample collection, and
DNA extraction protocols across publicly available datasets, each
dataset was also processed independently with the same workflow,
including identical quality control procedures, human-read removal,
and taxonomic profiling.

Archaeome and bacteriome community analyses

Shannon diversity indices were calculated separately for archaeal and
bacterial communities. Species-level abundance tables were processed
in R using the phyloseq package (v1.44.0). For each dataset, samples
were rarefied to the 10th percentile of library sizes to normalize
sequencing depth. Shannon diversity was estimated from rarefied data
using the estimate_richness() function, and comparisons between case
and control groups were performed using the Wilcoxon rank-sum test.
To assess beta-diversity, principal coordinate analysis (PCoA) was
performed based on Bray-Curtis distance on species-level abundance
profiles after normalization of counts by total sum scaling. Sample
clustering patterns were visualized in two-dimensional PCoA plots,
with ellipses representing group dispersion (variability of samples
within a group). To statistically evaluate differences in beta-diversity,
we applied permuted multivariate analysis of variances (PERMANOVA)
with 999 permutations.

Machine learning analyses

Machine learning analyses were performed in Python (v3.10) using the
scikit-learn (v1.5) and shap (v0.44) libraries. Prior to model training, all
features were subjected to a three-step preprocessing pipeline to
reduce noise and ensure comparability across features.

First, near-zero variance features were removed using the Var-
ianceThreshold function (threshold=1x107%). Second, as feature
values represented proportions ranging from O to 1, an arcsine square
root transformation was applied to stabilize variance. Third, the
resulting features were standardized (mean =0, standard deviation =
1) using the StandardScaler function to ensure equal weighting in the
model. The dataset was randomly partitioned into a training set (80%)
and an independent validation set (20%).

A Random Forest classifier (RandomForestClassifier, scikit-
learn) was trained using 2000 estimators with class weighting set to
balanced and a fixed random seed (random_state =42) to account
for potential class imbalance and ensure reproducibility. Model
performance was evaluated using stratified k-fold cross-validation
(n_splits = 5, shuffle = true), which preserves class distribution across
folds. For each fold, a ROC curve was generated, and the mean +
standard deviation of the AUC was reported to summarize model
performance stability.
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Feature importance was estimated using two complementary
approaches. First, permutation importance (permutation_importance,
scikit-learn) was computed on the independent test set with 1000
repetitions (n_repeats =1000, n_jobs =-1), providing the mean and
standard deviation of the importance score for each feature. Second,
SHAP (SHapley Additive exPlanations) values were computed to derive
model-agnostic and directionally interpretable estimates of feature
contributions. The top-ranked features were visualized based on mean
permutation importance, and SHAP summary plots were used to
confirm the robustness and interpretability of the model outputs.

Selection of CRC bacterial markers

To identify CRC-associated taxa, we conducted a PubMed search using
the keywords “CRC AND bacteria AND gut AND biomarkers” for studies
published until August 30, 2024. After screening relevant publications
and cross-referencing additional sources, we focused on bacterial CRC
biomarkers at the species level. All identified bacterial taxa were
incorporated into our metabolic modeling analyses alongside Metha-
nobrevibacter smithii and CRC-associated bacterial markers.

Metabolic modeling

Draft metabolic models were generated using gapseq (develop-
ment version of 1.4.0, commit acb9647) on the genomes of all CRC
biomarkers namely, Segatella copri (formerly Prevotella copri)
(GenBank ID GCA_020735445.1), Mediterraneibacter torques (for-
merly Ruminococcus torques) (GenBank IDGCA_000210035.1),
Otoolea symbiosa (formerly Clostridium symbiosum (GenBank ID
GCA_008632235.1), E. coli (GenBank ID GCA_000025745.1), Pre-
votella intermedia (GenBank ID GCA_001953955.1), Gemella mor-
billorum (GenBank ID GCF_900476045.1), Peptostreptococcus
stomatis (GenBank ID GCA_000147675.2), Porphyromonas asac-
charolytica (GenBank ID GCA_000212375.1), Akkermansia mucini-
phila (GenBank ID GCA_009731575.1), Fusobacterium nucleatum
(GenBank ID GCA 003019295.1), Parviromonas micra (GenBank
ID GCA_900637905.1), Bacteroides fragilis (GenBank ID
GCA_000025985.1), as well as M. smithii (GenBank ID
GCA_000016525.1). The gut medium formulation used in this study
followed previously established protocols'®®'°!, Subsequently, the
initial metabolic models were gap-filled utilizing this specified
medium. To simulate co-culture interactions, community meta-
bolic models were constructed for each pair of organisms using
PyCoMo* version 0.2.7. The corresponding gut medium was
applied to each model. The simulations included calculations of
community growth dynamics, metabolite exchanges, and cross-
feeding interactions between M. smithii and CRC-associated bac-
terial biomarkers, employing PyCoMo’s default settings.

For the three CRC biomarkers with validated relevance®® F.
nucleatum, E. coli, and B. fragilis, co-cultures with M. smithii were also
simulated on relevant culture media. For this, in addition to the gut
medium, the MS + BHI medium formulation was incorporated for gap-
filling procedures and subsequent PyCoMo simulations, as previously
detailed in our previous study® (full medium composition available in
the referenced publication, and deposited also in the GitHub reposi-
tory indicated in the Data availability section). Metabolite exchanges
and cross-feeding patterns were computed by scaling the flux bounds
from flux variability analysis based on the relative abundances of M.
smithii and the CRC-associated bacteria, as determined by qPCR ana-
lysis performed on co-cultures. The resulting cross-feeding interaction
profiles, highlighting metabolites produced by one organism and uti-
lized by the other within each co-culture, were visualized using
ScyNet'* integrated into the Cytoscape'® software (version 3.10.0).

E. coli isolation and confirmation
To isolate the E. coli strain originally designated as E. coli D based on
the UHGG v2.0.1 taxonomy, and now classified as E. coli without the

“D” designation according to GTDB release 226 and subsequent
updates (https://gtdb.ecogenomic.org/), we utilized a fecal sample
from a previous study in which the co-occurrence of M. smithii and E.
coliD was confirmed through both cultivation and sequencing
methods®. Specifically, 1 ml of the fecal sample from patient 51 (P51) of
the aforementioned study was streaked onto CHROMagar™ E. coli
medium. After incubation at 37°C for 24 h, colonies displaying a
characteristic intense blue coloration were selected for downstream
processing.

Genomic DNA was extracted from the selected colonies using the
PureLink™ Microbiome DNA Purification Kit (Invitrogen, Thermo
Fisher Scientific, USA), following the manufacturer’s protocol. To
confirm the identity of the isolate as E. coli, two sets of primers were
employed: one targeting the universal E. coli 16S rRNA gene (EC_F:
5'-CCAGGCAAAGAGTTTATGTTGA-3, EC_R: 5-GCTATTTCCTGCCGA
TAAGAGA-3")'*, and the other targeting the adk housekeeping gene
(adkF: 5-ATT CTG CTT GGC GCT CCG GG-3', adkR: 5-CCG TCA ACT
TTC GCG TAT TT-3")'%,

PCR amplification was performed as described previously'®, with
small modifications. Briefly, PCR amplification of the adk gene was
performed with an initial denaturation at 95 °C for 2 min, followed by
35 cycles of 95 °C for 1 min, 54 °C for 1 min, and 72 °C for 2 min. For the
16S rRNA gene, the protocol included an initial denaturation at 95°C
for 5 min, then 35 cycles of 92 °C for 1 min, 57 °C for 1 min, and 72 °C for
30 s. Both reactions concluded with a final extension at 72 °C for 5 min.
PCR products of the expected size 212 bp for the 16S rRNA gene and
583 bp for adk were verified via 1.5% agarose gel electrophoresis. PCR
products were subsequently purified using the Purification Kit (Sol-
Gent Co. Ltd., Daejeon, Republic of Korea), according to the manu-
facturer’s instructions. The identity of the isolates was confirmed by
direct Sanger sequencing of the purified PCR products.

Co-culturing assays

We selected three CRC-associated bacterial strains, F. nucleatum (DSM
15643), enterotoxigenic B. fragilis (DSM 2151), and E. coli strain D
(updated to E. coli in GTDB r226), for co-cultivation with M. smithii
DSM 2375 (=ALI), due to their CRC-relevant virulence®®. The experi-
mental layout is illustrated in Supplementary Fig. 12.

Standard archaeal medium (MS medium) was prepared under
anaerobic conditions as previously described'®. Briefly, the MS culture
medium was prepared per liter of distilled water and consisted of
0.45g NaCl, 5g NaHCO3, 0.1g MgS04-7H,0, 0.225g KH,PO4, 03 g
KzHPO4‘3H20, O.225g (NH4)2$O4, and 0.060g CaClz-2H20. In addi-
tion, 2 ml of a 0.1% (w/v) (NH4)2Ni(SO4), solution, 2 ml of a 0.1% (w/v)
FeS04-7H,0 solution prepared in 0.1M H,SO4, and 0.7 ml of a 0.1%
(w/v) resazurin solution were included. The basal medium was sup-
plemented with 1ml each of 10x Wolfe’s vitamin solution and 10x
Wolfe’s mineral solution.

Brain heart infusion (BHI) broth was prepared under anaerobic
conditions in anaerobic chamber following standard protocols and
flushed with nitrogen (100%). Subsequently, 10 ml of BHI broth and
20 ml of MS medium were combined in 100 ml serum bottles under
anaerobic conditions. The medium was deoxygenated with nitrogen
gas, supplemented with 0.75 g/l L-cysteine under anaerobic condi-
tions, and adjusted to pH 7.0 if necessary. The 30 ml aliquots were
sealed in 100-ml serum bottles with rubber stoppers and aluminum
caps, pressurized with H,/CO, (4:1), and sterilized by autoclaving at
121 °C for 20 min. Before use, 0.001 g/ml yeast extract and 0.001 g/ml
sodium acetate were added under anaerobic conditions.

Time point designations were standardized relative to the initial
inoculation of M. smithii ALI: t(-1) corresponds to the time of M. smithii
ALI inoculation (0 h); t(0) denotes 24 h post—M. smithii ALI inocula-
tion, or the point where bacterial mono-cultures in BHI + MS are initi-
ated; t(0 +) denotes the point bacterial strains are introduced to 24 h
post—M. smithii ALl inoculation (initiation of co-cultures); t(1)
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represents 48 h post—M. smithii ALl inoculation (24 h post-bacterial
inoculation for co-cultures); and t(2) indicates 96 h post—M. smithii ALI
inoculation (72 h post-bacterial inoculation).

Cultures of M. smithii ALI (5 ml) were initiated at t(-1) in BHI + MS
medium for further co-culturing with a bacterium, to avoid the over-
growth of bacteria due to higher incubation period for archaea and
lower log phase time, with a parallel M. smithii ALl mono-culture pre-
pared under identical conditions. The optical densities (OD) of
M. smithii ALl master cultures in each experiment set used to inoculate
in the mono- and co-cultures at t(-1) were: 0.07 + 0.007 for F. nucle-
atum co-cultures, 0.05+0.008 for B. fragilis co-cultures, and
0.47 £ 0.09 for E. coli co-cultures. At t(0), 0.2 ml of each bacterial strain
pre-cultured overnight in BHI medium (F. nucleatum (OD=0.82+
0.05), B. fragilis (OD = 0.90 + 0.04), and E£. coli (OD =2.12 + 0.02)), was
separately inoculated into the M. smithii ALI culture to establish co-
cultures, while bacterial mono-cultures were concurrently initiated in
BHI + MS medium.

Optical density measurements were performed on 0.6 ml samples
collected from M. smithii ALI mono-cultures and co-cultures at t(-1),
t(0), t(1), and t(2), and from bacterial mono-cultures at t(0), t(1), and
t(2). For metabolomic analyses, 1 ml samples were collected from M.
smithii ALI mono-cultures, co-cultures, and bacterial mono-cultures at
t(0), t(1), and t(2). For DNA extraction and subsequent qPCR analysis,
1 ml samples were collected from M. smithii ALl mono-cultures at t(2),
from bacterial mono-cultures at t(1) and t(2), and from co-cultures at
t(0), t(1), and t(2). At t(2), endpoint analyses were conducted on both
co-cultures and M. smithii ALl mono-cultures to assess methane pro-
duction, detect F4,o-positive cells, and scanning electron microscopy
was also conducted at t(2) for M. smithii ALI mono-cultures, co-cul-
tures, and bacterial mono-cultures.

Blank BHI and BHI+MS media were incubated in triplicate for
contamination monitoring, as well as for metabolomics experiments,
while all inoculated cultures were performed in five biological repli-
cates. All cultures were maintained at 37 °C with continuous shaking at
80 rpm throughout the experiments. DNA was extracted from cultures
by using the PureLink™ Microbiome DNA Purification Kit (Invitrogen,
Thermo Fisher Scientific, USA) according to the manufacturer’s pro-
tocols. DNA extracts were stored at —80 °C for further analysis. Culture
samples for metabolomics were also stored at —80 °C until further
analysis.

CH, measurement and fluorescence microscopy

To evaluate whether methane (CH4) production by M. smithii ALl was
increased during co-cultivation, CH4 concentrations were measured in
the gas phase of the culture bottles with the CH4 sensor BCP-CH4
(BlueSens gas sensor GmbH, Germany) following the manufacturer’s
instructions. Measurements were performed for both mono-cultures
and co-cultures at the end of the incubation period.

Additionally, the presence and proliferation of M. smithii ALI were
confirmed through the detection of the characteristic auto-
fluorescence of coenzyme F4,0 with maximum emission wavelength of
480", Fluorescence imaging was performed using a Zeiss Axio Imager
Al microscope (Carl Zeiss AG, Germany) equipped with a fluorescence
module. Observations were carried out using Zeiss filter set 05, com-
prising a BP 395-440 excitation filter, an FT 460 beam splitter, and an
LP 470 emission filter, in combination with a 100x Plan-NEOFLUAR
objective.

Scanning electron microscopy

The cell morphologies of the mono-cultures and co-cultures were
examined using a Zeiss Sigma 500 V7P scanning electron microscope
(Carl Zeiss AG, Germany). For sample preparation, 2ml of culture
(including supernatant) were immediately transferred on ice to the
Core Facility Ultrastructure Analysis at the Medical University of Graz
(Austria) for scanning electron microscopy (SEM), where cell pellets

were prepared by centrifugation at 4000 x g for 10 min and processed
as previously described®’. Briefly, cells were deposited onto coverslips
and chemically preserved in 0.1 M phosphate-buffered saline (pH 7.4)
containing 2% paraformaldehyde and 2.5% glutaraldehyde. Samples
were dehydrated through a graded ethanol series, followed by post-
fixation with 1% osmium tetroxide for 1h at room temperature, and
subsequently subjected to a second ethanol dehydration sequence
spanning 30-100% (vol/vol). Final drying was performed using hex-
amethyldisilazane (HMDS), after which the coverslips were mounted
on aluminum stubs with conductive double-sided carbon tape. Ima-
ging was carried out on a Sigma 500 VP field-emission scanning elec-
tron microscope (Zeiss, Oberkochen, Germany) equipped with a
secondary electron detector, operating at an accelerating vol-
tage of 5kV.

qPCR

Quantification of the absolute copy numbers of bacterial 16S rRNA and
archaeal mcrA genes in the samples was conducted using a quantitative
real-time PCR (QPCR) method with SYBR Green dye as previously
described’. Briefly, each qPCR reaction mixture consisted of one
microliter of DNA template combined with SYBR Green Supermix (Bio-
Rad). The bacterial 16S rRNA genes were amplified using the primer
pair 331F (5-TCCTACGGGAGGCAGCAGT-3’) and 797R (5’-GGACTAC-
CAGGGTATCTAATCCTGTT-3)'®, The thermal cycling protocol for
bacterial amplification involved an initial denaturation step at 95 °C for
15 s, followed by 40 cycles consisting of denaturation at 94 °C for 15s,
annealing at 54 °C for 30, and extension at 73 °C for 40 s. For the
detection and quantification of M. smithii ALI, primers MIF (5-
GCAATGCAAATTGGTATGTC-3’) and MIR (5-TCATTGCGTAGT-
TAGGRTAGT-3’) were used, specifically targeting the mcrA gene (sin-
gle-copy gene). The thermal cycling conditions included an initial
denaturation at 94 °C for 3 s, followed by 40 cycles of denaturation at
94°C for 45s, annealing at 56 °C for 45s, and elongation at 72°C
for 30s.

The quantification cycle (Cq) values were analyzed using the
regression method available in Bio-Rad CFX Manager Software (ver-
sion 3.1). The absolute gene copy numbers for bacterial 16S rRNA and
methanogenic mcrA genes were determined based on Cq values and
corresponding amplification efficiencies derived from standard
curves. These standard curves were established according to pre-
viously described protocols’ based on standard curves from defined
DNA samples of E. coli for bacterial 16S rRNA genes and the mcrA gene
from the M. smithii'®"°.16S rRNA gene copy numbers were normalized
using species-specific values from the rrnDB database (F. nucleatum =5
copies, B. fragilis=6 copies, and E. coli=7 copies). The detection
thresholds were established using the mean Cq values obtained from
non-template control reactions. All qPCR assays were performed in
three technical replicates, with each assay replicated across five inde-
pendent biological replicates of both mono and co-cultures.

Metabolite quantification using nuclear magnetic resonance
In order to gain initial insights into the consumption/production of
amino acids, the metabolic activity of M. smithii ALI was investigated
by nuclear magnetic resonance (NMR) spectroscopy using M. smithii
ALI cultures previously described in an earlier study'. Measurements
were performed in triplicate for M. smithii ALl at 72, 168, and 240 h
post-inoculation in MS medium supplemented with yeast extract, fol-
lowing the experimental protocol outlined in the same reference.
Metabolomic profiling of mono- and co-culture samples (cell +
supernatant) collected for this study at different timepoints (Supple-
mentary Fig. 12) was also conducted through NMR spectroscopy. For
this purpose, samples were initially treated using protein precipitation
by the addition of methanol to give a methanol-water mixture at a 2:1
ratio. After centrifugation, supernatants were collected and subse-
quently dried by lyophilization. The lyophilized extracts were then
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reconstituted in a sodium phosphate-buffered solution supplemented
with an internal NMR reference standard, 4.6 mM 3-trimethylsilyl
propionic acid-2,2,3,3-d4 sodium salt, before being transferred into
NMR sample tubes.

Spectral acquisition was performed using a Bruker Avance Neo
600 MHz spectrometer, equipped with a triple resonance inverse
probe, operated at a controlled temperature of 310 K. Data were cap-
tured utilizing the Carr-Purcell-Meiboom-Gill pulse sequence over
128 scans, with acquisition and initial processing conducted via Topsin
4.5 software (Bruker GmbH, Rheinstetten, Germany). Post-acquisition
data treatment, involving spectral alignment and probabilistic quantile
normalization (PQN), was executed using MATLAB software (version
2014b, MathWorks, Natick, MA, USA).

For the precise quantification of metabolites displaying significant
enhancement in signal intensities within co-cultured samples com-
pared to mono-culture controls, integration of targeted metabolite
peaks from the aligned spectra was conducted following baseline
correction utilizing trapezoidal integration methods. Subsequent
normalization against the proton number, specific J-coupling char-
acteristics, and the integral of the internal standard allowed for accu-
rate determination of metabolite molar concentrations.

Metabolite determination using mass spectrometry

The blank MS + BHI medium (n = 3 replicates), as well as supernatant of
the co-culture of M. smithii ALl and F. nucleatum (n = 3 replicates) were
measured using the Elute PLUS LC system (Bruker, Bremen, Germany)
coupled to a timsTOF Pro 2 mass spectrometer (Bruker, Bremen,
Germany) with a vacuum-insulated probe heated electrospray ioniza-
tion (VIP-HESI) source in both reverse phase (RP) and hydrophilic
interaction (HILIC) modes. System suitability of the LC-MS setup was
confirmed by use of weekly measurements of the QSee Performance
Test setup from Bruker (Bremen, Germany), using a mixture of 8 syn-
thetic compounds.

A pooled QC sample was prepared by combining 100 pL aliquots
of each supernatant. The pooled QC was measured intercalating
between samples to perform within-batch correction.

RP separations were conducted on an Intensity Solo 2 C18 Column
(100 A; 2.0 ym; 2.1 mm x 100 mm; #BRHSC18022100, Bruker) with 0.1%
formic acid (ROTIPURAN® >99%, LC-MS Grade, Carl Roth, Karlsruhe,
Germany) in MilliQ water as mobile phase A and 0.1% formic acid in 9:1
(v:v) acetonitrile: MQ water (=99.9%, HiPerSolv CHROMANORM® for
LC-MS, VWR, Darmstadt, Germany) as mobile phase B. A 5 ul injection
of each sample was used. The separation was carried out at a flow rate
of 0.6 ml/min with a column temperature maintained at 50 °C. The
following gradient was applied: 0-2 min, 5% B; 2-10 min, 5-40% B;
10-11 min, 40-98% B; 11-13min, 98% B; 13-13.1min, 98-5% B;
13.1-15.5 min, 5% B.

HILIC separations were performed on an ACQUITY UPLC BEH
Amide column (130 A, 1.7 um, 2.1 mm x 150 mm; #186004802, Waters)
with 10 mM ammonium formate and 0.1% formic acid in MilliQ water as
mobile phase A and 10 mM ammonium formate and 0.1% formic acid in
acetonitrile as mobile phase B. Injection volume was set to 5 ul, the flow
rate of 0.5 ml/min and the column temperature at 40 °C. The gradient
was as follows: 0-1min, 100% B; 1-6 min, 100-90% B; 6-10 min,
90-75% B; 10-11min, 75-60% B; 11-12min, 60% B; 12-12.1min,
50-100% B; 12.1-21 min, 100% B.

The VIP HESI source was set to default conditions: endplate offset
500 V; capillary 4500 V; nebulizer gas 2.0 bar; dry gas 8.0 [/min; dry
temp 230 °C; sheath gas 4.0 I/min; sheath gas temperature 400 °C. The
probe head was put at minimum distance to the front-end assembly for
maximum intensity. LC-MS/MS data were acquired in both positive and
negative DDA-PASEF modes, for a mass range of m/z 20-1300. Default
Bruker PASEF acquisition parameters for MS/MS acquisition were
used: 2 ramps (12 precursors each) per cycle; resulting cycle time
0.69 s; Intensity threshold 100 counts; target Intensity 4000 counts

(signals below that threshold will be scheduled for MS/MS fragmen-
tation more often); active exclusion activated (0.1 min; reconsider if
intensity increase is at least 2-fold). Data acquisition was performed
using Bruker software timsControl® and Compass HyStar® software.
Quality control (QC) samples were run every ten injections in HILIC
mode, and every five injections in RP mode, and blank samples were
analyzed at the beginning and the end of each batch using H>O for RP
and methanol for HILIC.

Raw data were processed using MetaboScape® (version 2024b,
Bruker, RRID:SCR 026044) with four-dimensional (4D) feature
extraction, capturing mass-to-charge ratio (m/z), isotopic pattern
quality, retention times, MS/MS spectra, and collision cross-section
(CCS) values. Feature extraction was performed using the T-ReX® 4D
algorithm (RRID:SCR_026044), followed by annotation through the
Bruker Human Metabolome Database (HMDB, RRID:SCR _007712) and
the NIST Mass Spectral Library (RRID:SCR_014668) as well as addi-
tional “target lists” derived from several CCS databases (Pacific
Northwest National Laboratory, METLIN, MiMeDB), resulting in Level 2
annotation according to Sumner et al.'™. Matching was performed
using four parameters: m/z (accurate mass, error <5ppm), mSigma
(isotopic pattern, score <100), MS/MS match (score >600) and CCS
accuracy (error <3%).

High-quality annotations for final analysis were selected through
visual inspection of chromatogram and ion mobilogram peak quality
and sufficient annotation scores (match for at least 2 of the 4 para-
meters). Duplicate annotations were resolved by removing annota-
tions with (1) more missing values, (2) lower overall annotation quality
and (3) lower CCS accuracy until only unique annotation remained.

Raw metabolite concentrations of 489 compounds (level 2
annotation) were processed with MetaboAnalyst Version 6 (www.
metaboanalyst.ca). Missing values were replaced by LoDs (1/5 of the
minimum positive value of each variable). Samples were normalized by
PQN to account for different cell counts and dilution effects and log
transformed (base 10).

Statistical analysis

All statistical analyses were conducted using R (version 4.3.1) in
RStudio (version 2023.06.1+524). In datasets where case-control
samples were not initially matched for potential confounding variables
(age, sex, and BMI), additional control for these factors was applied
where feasible. Specifically, case-control samples were matched within
each dataset by sex, age (+5 years), and BMI (+3 units) to reduce
potential bias (Supplementary Data 1).

Subsequent differential abundance analyses for both bacteria and
archaea were carried out following centered log-ratio (CLR) transfor-
mation of the dataset, using the Wilcoxon rank-sum test, followed by
Benjamini-Hochberg false discovery rate (FDR) correction for multiple
testing. Following previously established criteria?, provided that more
than two datasets were available, a taxon was associated with a given
disease if it demonstrated a statistically significant association
(p-adjusted <0.05) in the same direction across at least two independent
studies of the disease. Co-abundance networks of M. smithii with CRC-
associated bacterial taxa in case samples were inferred using Spear-
man’s rank correlation, and false discovery rate (FDR) correction was
applied using the Benjamini-Hochberg method. Taxa were retained for
analysis only if they were detected in at least 5% of case samples.
Presence-absence matrices of M. smithii with CRC-associated bacterial
taxa were generated from abundance tables by classifying values > 0 as
“present.” For each taxon and within each group (control or CRC), 2 x2
contingency tables between M. smithii and the bacterial taxon were
analyzed using Fisher’s exact test to estimate odds ratios (OR), 95%
confidence intervals, and Benjamini-Hochberg-adjusted p-values.

Two-sided Welch’s t-test and two-sided Wilcoxon rank-sum test
were used to compare co-cultures and mono-cultures across individual
NMR metabolomic profiles, qPCR data, and methane measurements
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based on the normal distribution of data. For NMR metabolomic data,
multiple testing correction was applied using the Benjamini-Hochberg
FDR method. Significant changes in metabolites measured with mass
spectrometry in the co-culture of M. smithii ALl and F. nucleatum
compared to the blank medium were determined by t-test with a
threshold of p-adjusted <0.05 and minimum fold change threshold
of FC>1.5.

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

Data availability

Raw sequencing data for stool samples All sequencing data analyzed in
this study were obtained from previously published datasets and are
publicly available from the European Nucleotide Archive (ENA) and the
NCBI BioProject/SRA databases under the following accession num-
bers: PRJDB4176, PRJEB6070, PRJEB7774, PRJEB10878, PRJNA389927,
PRJEB12449, PRJEB27928, PRJNA447983, PRJNA531273 and
PRJNA397112, PRJNA400072, SRA045646 and SRA050230 [https://
www.ncbi.nlm.nih.gov/sra/SRA050230], PRJEB32762, PRJEB47976,
PRJNA798058, PRJEB29127, PRJNA834801, PRJNA743718, PRJEB53401,
and PRJEB17784. The NMR raw data generated in this study are avail-
able in Zenodo at https://doi.org/10.5281/zenodo.16311518. The LC-MS
raw data generated in this study are available in Zenodo at https://doi.
org/10.5281/zenodo.16367666. All additional data generated and ana-
lyzed in this study, including Kraken2/Bracken outputs, gapseq out-
puts (including genome-scale metabolic models, gap-filled models,
reaction and gene annotations, as well as pathway and transporter
predictions), PyCoMo outputs (including flux variability analyses,
metabolite secretion and uptake predictions, and community) are
publicly available in our GitHub repository (https://github.com/CME-
lab-research/archaeome-disease-profiling/). Source data are provided
with this paper.
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