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Abstract

Microbial Tapestry: Interwoven activities of novel uncultivated microorganisms, their genome
structures, and mobile genetic elements in subsurface ecosystems

by
Luis Valentin-Alvarado
Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Jillian F. Banfield, Co-chair
Professor David Savage, Co-chair

Recent advances in metagenomics have made it possible to resolve genomes of individual
microorganisms from metagenomic data. This is known as genome-resolved metagenomics
(GRM), and it has provided new insights into the ecological roles of individual microbial species
within complex communities. GRM has enabled the discovery of novel microbial groups,
including the Candidate Phyla Radiation (CPR) bacteria and the Asgard archaea. CPR bacteria are
widespread and often live in symbiotic relationships with other microorganisms, while Asgard
archaea are thought to be related to the ancestor of eukaryotic cells. My dissertation focuses on
these newly resolved microbial groups, including consideration of their lifestyles, interactions, and
evolution. Specific focus includes the close and specific inter-organism interactions (such as CPR
bacteria and their host microorganisms) and evolutionary processes in archaea that may have laid
the foundations for the development of multicellularity within the Asgard archaea. A central aspect
of this research is the consideration of Mobile Genetic Elements (MGESs) that associate with these
microbial groups and the biochemical mechanisms that regulate interactions between MGEs and
their microbial hosts.

The first chapter of my dissertation focuses on Candidate Phyla Radiation (CPR) bacteria, which
are commonly found in microbial communities but their role in biogeochemical cycles is not well
understood. I studied biofilms that grow in sulfide-rich springs and found that these host diverse
CPR bacteria. Ultra-small cells attached to the surfaces of chemolithotrophic sulfur-oxidizing
filamentous bacteria are inferred to be CPR bacterial episymbionts (the first reported association
of CPR with Proteobacteria). Some CPR bacteria have a novel electron bifurcating group 3b
[NiFe]-hydrogenase, and other proteins potentially linked to sulfur and hydrogen metabolism.
Thus, these CPR have the potential to directly impact biogeochemistry in groundwater systems.
The second chapter focuses on hydrogenases—enzymes crucial for hydrogen cycling in anaerobic
ecosystems. Through a combination of metagenomics, biochemistry, and genomics, this work
reveals previously unknown [FeFe]-hydrogenases in novel archaeal lineages. This discovery not
only expands our understanding of these vital enzymes but also highlights the metabolic versatility
and evolutionary innovation within uncultivable archaeal phyla.



The third and fourth chapters focus on Asgard archaeal metabolism and mobile genetic elements.
Through metagenomic analysis of wetland soil samples, I report two complete genomes for
Atabeyarchaeota (after Atabey, a supreme goddess of freshwater and fertility in the Taino religion
from Puerto Rico), a new Asgard archaeal lineage, and the first complete genome of a
Freyarchaeota, providing insights into their metabolic potential, evolutionary history, and
ecological roles. I also investigated their diverse mobile genetic elements, which contribute to
microbial adaptation and evolution. This is the first focused study of Asgard MGEs and thus of
the processes that drive genome divergence and population dynamics in the modern lineages. The
fifth chapter discusses the challenges and opportunities in archaeal genomics, emphasizing the
limitations of our current knowledge due to the scarcity of cultivated strains and complete
genomes. With the advent of long-read sequencing technologies, such as PacBio and Nanopore, I
describe my efforts in sequencing wetland soil samples, which led to the recovery of hundreds of
circular genomes. This endeavor not only highlights the diversity and metabolic potential of
archaea but also underscores the importance of advanced sequencing technologies in uncovering
the hidden diversity of microbial life.

In summary, these studies provide new insights into the diversity and evolution of CPR bacteria
and Asgard archaea, as well as the role of mobile genetic elements in shaping microbial genomes.
The application of genome-resolved metagenomics has enabled a more comprehensive
understanding of microbial communities and their functions in complex environments, which has
important implications for fields such as microbial ecology, evolution, biotechnology, and
population dynamics.

Spanish translation

Los recientes avances en la metagendmica han permitido resolver los genomas de
microorganismos individuales a partir de datos metagenémicos. Esto se conoce como
metagendmica de resolucion genomica (GRM), y ha proporcionado nuevos conocimientos sobre
los roles ecologicos de especies microbianas dentro de comunidades complejas. La GRM ha
permitido el descubrimiento de nuevos grupos microbianos, incluyendo las bacterias de la
Radiacion de Filos Candidatos (CPR por sus siglas en inglés: Candidate Phyla Radiation) y las
arqueas Asgard. Las bacterias CPR estan muy extendidas y a menudo viven en relaciones
simbidticas con otros microorganismos, mientras que se cree que las arqueas Asgard estan
relacionadas con el ancestro que dio lugar a las células eucariotas. Mi tesis doctoral se centra en
estos grupos microbianos recientemente resueltos, incluyendo sus estilos de vida, interacciones y
evolucion. Los enfoques especificos incluyen las interacciones inter-organismos cercanas y
especificas (como las bacterias CPR y sus microorganismos hospedadores) y los procesos
evolutivos en las arqueas que pudieron haber sentado las bases para el desarrollo de la
multicelularidad. Asgard. Un aspecto central de esta investigacion es la consideracion de los
Elementos Genéticos Mdviles (MGEs por sus siglas en inglés: Mobile Genetic Elements) que se
asocian con estos grupos microbianos y los mecanismos bioquimicos que regulan las interacciones
entre los MGEs y sus hospedadores microbianos.

El primer capitulo de ésta tesis doctoral se centra en las bacterias CPR, que se encuentran
comunmente en las comunidades microbianas, pero actualmente no queda claro cudl es su



contribucion en los ciclos biogeoquimicos. Estudié biopeliculas que crecen en manantiales ricos
en sulfuro y encontré que estas albergan diversas bacterias CPR. Las células ultra pequefias
adheridas a las superficies de bacterias filamentosas quimiolitotroficas oxidantes de azufre se
infieren como episimbiontes bacterianos CPR (la primera asociacion reportada de CPR con
Proteobacterias). Algunas bacterias CPR tienen una nueva hidrogenase del grupo 3b [NiFe]
bifurcadora de electrones, y otras proteinas potencialmente vinculadas al metabolismo del azufre
y el hidrégeno. Por lo tanto, estas CPR tienen el potencial de tener un impacto directo en la
biogeoquimica en los sistemas de aguas subterrdneas. El segundo capitulo se enfoca en las
hidrogenasas, enzimas cruciales para el ciclo del hidrogeno en ecosistemas anaerdbicos. A través
de una combinacion de metagendmica, bioquimica y gendmica, este trabajo revela hidrogenasas
[FeFe] previamente desconocidas en nuevos linajes de arqueas. Este descubrimiento no solo
amplia nuestra comprension de estas enzimas vitales, sino que también resalta la versatilidad
metabolica y la innovacion evolutiva dentro de los filos arquéales no cultivables.

El tercer y cuarto capitulos se enfocan en el metabolismo de las arqueas Asgard y los MGEs. A
través del analisis metagenomico de muestras de suelo de humedales, en esta tesis se reportan dos
genomas completos para Atabeyarchaeota (después de Atabey, una diosa suprema de las aguas
dulces y la fertilidad en la religion Taina de Puerto Rico), un nuevo linaje de arqueas Asgard, y el
primer genoma completo de un Freyarchaeota, proporcionando informacién sobre su potencial
metabolico, historia evolutiva y roles ecoldgicos. En el cuarto capitulo investigué sus diversos
MGESs, que contribuyen a la adaptacion y evolucion microbiana. Este es el primer estudio enfocado
en los MGEs de Asgard y, por lo tanto, de los procesos que impulsan la divergencia gendmica y
la dinamica poblacional en los linajes modernos. El quinto capitulo discuto los desafios y
oportunidades en la gendmica arqueal, enfatizando las limitaciones de nuestro conocimiento actual
debido a la escasez de cepas cultivadas y genomas completos. Con las nuevas tecnologias de
secuenciacion de lectura larga, como PacBio y Nanopore, describo la secuenciaciéon de muestras
de suelo de humedales, lo que condujo a la recuperacion de cientos de genomas circulares. Este
capitulo no so6lo resalta la diversidad y el potencial metabdlico de las arqueas, sino que también
resalta la importancia de las tecnologias de secuenciacion de lecturas largas para descubrir la
diversidad oculta de la vida microbiana.

En resumen, mi tesis doctoral nuevos conocimientos sobre la diversidad y evolucion de las
bacterias CPR y las arqueas Asgard, asi como el papel de los MGEs en la configuracion de los
genomas microbianos. La aplicacion de la metagendmica de resolucion gendmica ha permitido
una comprension mas completa de las comunidades microbianas y sus funciones en entornos
complejos, lo que tiene importantes implicaciones en campos como la ecologia microbiana, la
evolucion, la biotecnologia y la dinamica poblacional.
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Introduction

It has been 20 years since the first reconstruction of complete genomes from metagenomes. This
groundbreaking advancement has enabled us to explore the roles of microbes from a community-
based perspective, illuminating novel microbial taxa with profound implications for
biogeochemical cycles, climate change, and the origins of eukaryotes. This thesis explores the
diversity and role of enigmatic microbes in subsurface environments, the nature of their mobile
genetic elements, and uncovers novel enzymes relevant in Earth’s biogeochemical cycles.

As a Ph.D. candidate at the University of California, Berkeley, in Dr. Jill Banfield's lab, my
dissertation is a deep dive into the world of microbial communities, with a particular focus on the
analysis of complete genomes from metagenomes. This research targeted chemoautotrophic
microbial communities growing in discharging groundwater and in a wetland soil ecosystem. The
roles of symbiotic organisms in communities, novel mechanisms of hydrogen cycling, anaerobic
carbon compound metabolism and the diversity and dynamics of Mobile Genetic Elements
(MGESs) and their hosts were specific foci.

Candidate Phyla Radiation (CPR) bacteria, a large group of ultra small celled organisms that likely
adopt episimbiotic lifestyles, have garnered scientific interest due to their ubiquity in diverse
ecosystems. However, their specific roles in biogeochemical cycles remain unclear. Chapter 1
examines the metabolic capacities and interdependencies within chemoautotrophically-based
microbial biofilm communities, with emphasis on CPR bacteria. Utilizing genome-resolved
metagenomics, geochemistry, X-ray spectromicroscopy, and scanning electron microscopy, it was
found that these tiny bacterial cells associate with the surfaces of sulfur-oxidizing bacterial hosts
that underpin primary production in discharging cold, sulfide-rich water. The reconstructed
genomes revealed the potential of CPR to contribute to sulfur and hydrogen cycles. This research
was published as a first author paper in the journal Microbiome.

Hydrogen is one of the most important energy resources in microbial ecosystems, yet little is
known about the complexes that make and use hydrogen in archaea, especially those from lineages
lacking isolated representatives. Chapter 2 presents a collaborative effort to describe archaeal
hydrogenase diversity and structures. Through the integration of genome-resolved metagenomics
and biochemistry, we elucidated previously unknown hydrogenases that are fusions of [FeFe]- and
[NiFe]-hydrogenases in archaeal genomes. The research also discovered an Fe-Fe- ultra-minimal
hydrogenase in DPANN archaea. I performed a search for novel hydrogenases in over 12,000
archaeal genomes, used state-of-the-art phylogenetic approaches and structural analysis to resolve
the ancestral position of these novel hydrogenases, and performed metabolic reconstructions to
elucidate the potential mechanisms of these enzymes in archaea from anoxic environments. This
work was published as a co-first author paper in the journal Cell.

Asgard archaea are of great interest from the perspective of evolution as they have been identified
as the probable ancestors of eukaryotes, the domain of life that includes plants, animals, and
humans. Chapter 3 addresses the challenge of obtaining confident insights regarding the metabolic
capacities of Asgard archaea through reconstruction and analysis of complete genomes. To
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augment the existing set of Asgard archaeal genomes from marine settings, the first complete
genomes were recovered from anaerobic wetland soil and used to define one new phylum-level
group that was named Atabeyarchaeota. The first complete genome from a sibling lineage,
Freyarchaeota, was reconstructed and analyzed in the same study. Metatranscriptomic datasets
were obtained to identify the in situ activities of Atabeyarchaeota and Freyarchaeota. [NiFe]-
hydrogenases, pyruvate oxidation, and carbon fixation via the Wood-Ljungdahl pathways were
expressed in situ, as were enzymes for amino acid metabolism, anaerobic aldehyde oxidation,
hydrogen peroxide detoxification and glycerol and carbohydrate breakdown to acetate and
formate. Overall, soil-associated Asgard archaea are predicted to be non-methanogenic, acetogens,
likely impacting reservoirs of substrates for methane production in terrestrial ecosystems. The
article of this work is a first author paper and is currently under review.

There are gaps in our understanding of the modes by which Asgard archaea evolve. Chapter 4
investigates the genetic repertoire of MGEs in Asgard archaea. Population genomic information
for Atabeyarchaeota were used to identify the subset of MGE that are able to integrate and excise
from the host chromosomes, providing confident host linkages for these MGE and their coexisting
circularized variants. MGEs were classified based on inferred functions of their encoded proteins,
in some cases making use of predicted in silico structures to identify protein functions that
otherwise were impossible to decipher based on their primary sequences. Additionally, this chapter
reports on genomically-encoded defense systems and methylation patterns that differentiate these
archaea, enhancing our understanding of their evolution.

Chapter 5 addresses the current limitations in our knowledge of some major groups of archaea that
are largely due to the small number of cultivars and the low quality of many draft genomes. High
fidelity (HiF1) long-read PacBio sequencing was leveraged to genomically define microorganisms
populating wetland soil samples. 1,200 very high quality genomes were reconstructed for bacteria,
archaea and associated MGEs. Of these, over 500 genomes are circularized and were classified as
either complete (when validated using Illumina reads) or potentially complete (complete pending
minor error correction, such as single nucleotide polymorphisms). Our analyses focused on
archaeal genomes from groups lacking very high quality genomes, such as Asgardarchaeota,
Brockarchaeota, Bathyarchaeia, Thaumarchaeota, Hadearchaeales, Methanomethyliales,
methanogens, and putatively symbiotic DPANN archaea. Phylogenetic analysis revealed that
many of these genomes belong to new classes and are among the first representatives genomically
described from wetland soils (e.g., Methanomethylicia and Brockarchaeota). The availability of
complete genomes has enabled precise measurements of genome size, architecture, and gene
content, as well as the accurate determination of linkages between genes and RNA expression.
Metatranscriptomic datasets from the same samples were used to identify highly expressed genes,
providing insights into the roles of these archaea in deep, wetland soil ecosystems. In combination
with metabolic reconstruction, we infer that these archaea contribute to wetland soil carbon cycling
via degradation of amino acids and complex carbohydrates, methanogenesis, carbon fixation and
consumption, and production of hydrogen through a suite of diverse hydrogenases. The genomes
will serve as important references for future research.

In conclusion, this dissertation advances our understanding of several novel microbial lineages and
their likely roles in terrestrial processes. By combining analyses of complete and draft genomes
from metagenomes with bioinformatics methods -that involve structure prediction to assign
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function to highly divergent proteins- as well as transcriptomic activity measurements, the research
sheds light on the metabolic capacities and functions of uncultivable archaea and CPR bacteria in
the context of their communities. We unveiled a diverse repertoire of MGEs for groups of
organisms for which few or none were known, expanding appreciation of the ways that these
elements enable rapid shifts in genetic potential within populations and possibly contribute to
longer term lineage evolution. In the future, some of these elements could be adapted for delivery
of genome editing tools to genetically manipulate uncultivated organisms within the context of
their communities. We also reported the genome methylation patterns in Asgard archaea and, in
one case, link a methylation pattern to a methylase encoded in an integrated plasmid. Differences
in methylation patterns and inventories of defense systems build out our appreciation of the ways
in which mobile elements and their host organisms interactions unfold. Overall, the findings have
implications for understanding of microbial processes that impact carbon storage and greenhouse
gas emissions and the metabolism and modes of evolution of archaeal groups that share a common
ancestor with eukaryotes.
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1. Autotrophic biofilms sustained by deeply-sourced
groundwater host diverse bacteria implicated in sulfur and
hydrogen metabolism

The following chapter is a modified version with permission of authors of the following published
article: Valentin-Alvarado LE, Fakra S, Probst A, Giska JR, Jaffe A, Oltrogge LM, West-Roberts
J, Rowland J, Manga M, Savage DF, Greening C, Baker BJ and Banfield JF Autotrophic biofilms
sustained by deeply-sourced groundwater host diverse bacteria implicated in sulfur and hydrogen
metabolism. Microbiome 12, 15 (2024).

Abstract

Biofilms in mineral sulfide-rich springs present intricate microbial communities that play pivotal
roles in biogeochemical cycling. We studied chemoautotrophically-based biofilms that host
diverse CPR bacteria and grow in sulfide-rich springs to investigate microbial controls on
biogeochemical cycling. Sulfide springs biofilms were investigated using bulk geochemical
analysis, genome-resolved metagenomics and scanning transmission x-ray microscopy (STXM)
at room temperature and 87 Kelvin. Chemolithotrophic sulfur-oxidizing bacteria, including
Thiothrix and or Beggiatoa, dominate the biofilms, which also contain CPR-affiliated
Gracilibacteria, Absconditabacteria, Saccharibacteria, Peregrinibacteria, Berkelbacteria,
Microgenomates, and Parcubacteria. STXM imaging revealed ultra-small cells near the surfaces
of filamentous bacteria that may be CPR bacterial episymbionts. STXM and NEXAFS
spectroscopy at carbon K and sulfur L2,3 edges show that filamentous bacteria contain protein-
encapsulated spherical elemental sulfur granules, indicating that they are sulfur-oxidizers, likely
Thiothrix. Berkelbacteria and Moranbacteria in the same biofilm sample are predicted to have a
novel electron bifurcating group 3b [NiFe]-hydrogenase, putatively a sulthydrogenase, potentially
linked to sulfur metabolism via redox cofactors. This complex could potentially contribute to
symbioses, for example with sulfur-oxidizing bacteria such as Thiothrix that is based on cryptic
sulfur cycling. One Doudnabacteria genome encodes adjacent sulfur dioxygenase and rhodanese
genes that may convert thiosulfate to sulfite. We find similar conserved genomic architecture
associated with CPR bacteria from other sulfur-rich subsurface ecosystems. Our combined
metagenomic, geochemical, spectromicroscopic and structural bioinformatics analyses of biofilms
growing in sulfide-rich springs revealed consortia that contain CPR bacteria and sulfur-oxidizing
Proteobacteria, including Thiothrix, and bacteria from a new family within Beggiatoales. We infer
roles for CPR bacteria in sulfur and hydrogen cycling.

N.B. All main figures and tables for this manuscript can be found below in sections 1.6 and 1.7.
All supplementary files (including figures and tables) can be found online with the published
manuscript.
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1.1 Introduction

Sulfur is the fifth most abundant element on earth and the sulfur cycle is a key component of
Earth's interlinked biogeochemical cycles (Sheik et al. 2015; Anantharaman et al. 2014). In natural
ecosystems, sulfur exists in several oxidation states, -2, 0, +2, +4 and +6 being the most common,
in the forms of polysulfide (HSx or Sx*; -2,0), thiosulfate (S203*; -1,+5), tetrathionate (S4O¢*"; -
2,+6), sulfite (SOs>"; +4) and sulfate (SO4* ; +6). Microbes play an important role in sulfur cycling
in aqueous and soil environments. HzS is a toxic compound that must be maintained at low levels
for the sustained growth of microbial consortia, thus microbial sulfide oxidation is beneficial at
the community level.

Sulfide (S*) is common in natural springs and can serve as a source of energy and reducing power
for chemolithoautotrophic microorganisms. Chemolithoautotrophic microbial communities with
members that carry out the oxidation, reduction and disproportionation of sulfur compounds are
found in environments such as hydrothermal vents (Kalanetra et al. 2004; Takai et al. 2005), water
column oxic/anoxic interfaces (Yakushev et al. 2007; Grote et al. 2012; Madrid et al. 2001),
terrestrial caves (Macalady et al. 2006; Macalady et al. 2008; Engel 2004), groundwater (Sarbu et
al. 1994; Sharrar et al. 2017) and activated sludges (Williams and Unz 1985). Beggiatoaceae and
Thiotrichaceae that have been cultivated have been shown to use hydrogen sulfide either
mixotrophically or heterotrophically (Nelson et al. 1986; Nielsen et al. 2000; Hinck et al. 2007,
Ehrlich and Newman 2008). Beggiatoa spp. are gliding filamentous bacteria that form intracellular
spherical S° granules that may oxidize to sulfate when H2S supply becomes limited (Sweerts et al.
1990). Thiotrix spp. are gliding bacteria that can grow as long multicellular filaments (cells in a
microtubular sheath), can form rosettes, and are known to accumulate intracellular spherical S°
granules when in the presence of reduced sulfur compounds (Williams and Unz 1985; Rossetti et
al. 2003) and organics or CO> (carbon and energy source) (Nelson et al. 1986). Prior work (Inagaki
et al. 2004; Jones et al. 2008; Hamilton et al. 2014; Rossmassler et al. 2016; Meziti et al. 2021)
indicates that sulfur-oxidizing bacteria support communities by providing resources such as fixed
carbon and nitrogen.

To date, most studies of sulfur-based chemoautotrophic ecosystems have investigated the roles of
the relatively most abundant organisms. However, it is well understood that microbial biofilms are
structured as networks of interacting organisms, some of which are fundamentally dependent on
other community members. Of particular interest are CPR bacteria (also known as Patescibacteria)
(Wrighton et al. 2012; Brown et al. 2015; Hug et al. 2016; Parks et al. 2018) that can form
symbioses with host organisms (He et al. 2015; Bor et al. 2019; He et al. 2021). Prior surveys have
documented CPR bacteria in sulfur-based communities (Wrighton et al. 2012; Vigneron et al.
2021; Hahn et al. 2022), yet the nature of CPR-host relationships and the roles of CPR in sulfur-
based communities remain under-explored.

Here, we studied chemoautotrophic microbial communities sustained by sulfur metabolism in two
mineral springs MS4 and MS11 at Alum Rock Park, CA, USA, where sulfide-rich groundwater
discharges along the Hayward fault. We profiled oxygen isotopes, temperature, water composition
and spring discharge rates to constrain the sources of water. We then further combined genome-
resolved metagenomics with X-ray spectromicroscopy and scanning electron microscopy to
investigate metabolic capacities, interdependencies, and structure of the microbial biofilm
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community at these two springs. Synchrotron-based spectromicroscopy revealed a close
association between ultra-small cells and sulfur-oxidizing bacteria. The possibility that these
bacteria are CPR might indicate the existence of a cryptic chemoautotrophic ecosystem. We
predict the contributions of the major community members to carbon, nitrogen, sulfur and
hydrogen cycling and investigate the potential roles of the abundant and diverse CPR bacteria in
these consortia.

1.2 Materials and Methods

Site Description and Microbial biomass collection

The spring system is located along Penitencia Creek in Alum Rock Park, San Jose, CA
(37°23°57.7"°N, 121°47°48.8”W) (Figure 1.1A). The two sample sites, Mineral Springs 4 and 11
(MS4 and MS11) are located on opposite sides of the creek approximately 250 m from one another
(Figure 1.1B-C). Samples for geochemical analyses were taken in May 2005, during the dry
season, and were filtered on-site using sterile 0.2 um filters. Biofilm samples for scanning electron
microscopy were collected from both sites using sterile pipettes. Samples were then transported
back to the laboratory on ice, and solutions for cation analyses were acidified with 3% nitric acid.
Biofilm samples for metagenomic sequencing were collected on , June 13, 2015, July 2, 2019 and
July 24, 2020. Planktonic samples were collected on June 10, 2015 and July 24, 2020. Two sets of
planktonic samples were taken by sequentially filtering 379 L and 208 L of water, respectively,
from the MS4 spring onto 0.65 pm and 0.1 pm large volume filters (Gravertech 5 inch ZTEC-G
filter). Filters were frozen on dry ice at the site and stored at -80°C for genome-resolved
metagenomic analyses. For synchrotron-based measurements (STXM and X-ray microprobe), thin
white streamers were collected on June 13, 2015 with sterile tweezers at both sites and flash-frozen
on site. A 2 uL droplet of biofilm sample was deposited using a sterile pipette onto either a 3 mm
diameter Si3N4 window (SiMPore) or a TEM Cu-grid (300 mesh, lacey carbon coated formvar,
Ted Pella Inc.) and were manually blotted with filter paper (Grade 1 filter paper, Whatman®) and
immediately plunged into liquid nitrogen using a portable LN> plunger, gas ethane (used for flash-
freezing) was not available at the time of sampling. Samples were not rinsed or spinned so as to
preserve the structural integrity of the filaments and preserve the CPR bacteria-bacteria-filaments
spatial relationships. Samples were stored in a LN, storage dewar (Taylor-Wharton, 34L) until
measurements.

Geochemical Analysis

Water discharge (volume/time) was measured by diverting water into either a bucket or graduated
cylinder to measure volume, and time was recorded with a stopwatch. Temperature was measured
with a type K thermocouple until February 2008 and thereafter with a thermistor. Accuracy is 0.2
°C and 0.1 °C, respectively. Water for O and H isotope measurements was collected in 250 mL
Nalgene bottles. Discharge and temperature were not measured if outflow channels from the
springs backed up to create pools of water. Cation analysis was performed on a PerkinElmer 5300
DV optical emission ICP with autosampler. Anion analysis was performed on-site using a HACH
DR2010 spectrophotometer with protocols provided by the manufacturer. O and H isotopes were
measured with a GV IsoPrime gas source mass spectrometer, with analytical precision of
approximately 0.1 and 1 per mil, respectively.



Scanning Electron and Confocal Fluorescence Microscopy

Biofilm samples for Scanning electron microscopy were fixed for two hours in a 2%
glutaraldehyde solution (in 0.1 M sodium cacodylate buffer) according to a standard protocol, then
vacuum aspirated onto 0.22 um polycarbonate filters (Osmonics, poretics, 47 mm, Catalog number
K02CP04700), and rinsed three times in 0.1 M sodium cacodylate buffer. The samples were then
dehydrated in successive ethanol baths of increasing concentration and dried using a Tousimis
AutoSamdri 815 Critical Point Dryer for approximately one hour. Specimens were mounted on
gold stubs and sputter coated with a gold/palladium mix. Imaging was performed on a Hitachi S-
5000 scanning electron microscope at 10 keV at UC Berkeley.

Biofilm samples for confocal fluorescence microscopy were prepared with fluorescence dyes. Cell
membranes and nucleic acids in the MS4 and MSI1 biofilms were stained by adding
simultaneously the lipophilic dye F4-64 (20 pg/mL) (Thermo-Fisher, Grand Island, NY, USA) and
SYTOX Blue (20 pg/mL) (Thermo-Fisher, Grand Island, NY, USA), respectively. Samples were
incubated at room temperature for 20 minutes, and then a 10 uL aliquot of biofilm was deposited
onto a glass slide. Samples were imaged using a Leica Stellaris 5 confocal fluorescence
microscope. Images were acquired using a 63x oil immersion objective with laser excitation for
SYTOX Blue (480 nm) and FM4-64 (520 nm), keeping the same parameters for both biofilms.
Unmixed images were combined and false-colored using the Leica Application Suite X (LAS X).
All data was collected at the Innovative Genomics Institute, UC Berkeley.

Scanning Transmission X-ray Microscopy (STXM)

STXM and near edge x-ray absorption fine structure (NEXAFS) spectroscopy measurements were
performed on the soft X-ray undulator beamline 11.0.2 (Kilcoyne et al. 2003) of the Advanced
Light Source (ALS), Berkeley, CA, USA. Data were recorded with the storage ring operating in
top-off mode at 500 mA, 1.9 GeV. Frozen samples were thawed right before STXM-NEXAFS
measurements at ambient temperature under He at pressure <1 atm. A Fresnel zone plate lens (40
nm outer zones) was used to focus a monochromatic soft X-ray beam onto the sample. The sample
was raster-scanned in 2D through the fixed beam and transmitted photons were detected with a
phosphor scintillator-photomultiplier assembly; incident photon counts were kept below 10 MHz.
The imaging contrast relies on the excitation of core electrons by X-ray absorption (Stohr 1992;
Ade et al. 1992; Kirz et al. 1995). STXM images recorded at energies just below and at the
elemental absorption edge (S L3 and C K) were converted into optical density (OD) images where
the OD for a given energy can be expressed from the Beer-Lambert law as OD= -In(I/Io)= p p t,
where 1, o, 1, p and t are the transmitted intensity through the sample, incident intensity, mass
absorption coefficient, density and sample thickness, respectively. Protein, carbon and elemental
sulfur maps were obtained by taking the difference of OD images at 280 and 288.2 eV, at 280 and
305 eV, and at 162 and 163.9 eV respectively. Image sequences (‘stacks’) recorded at energies
spanning the S Ly 3-edges (160-180 eV) with steps of 0.3 eV around the L3-edge, and C K-edge
(280-305 eV) with steps of 0.12 eV around the K-edge were used to obtain NEXAFS spectra from
specific regions. S L3 edges NEXAFS spectra are affected by spin-orbit coupling (multiplet
structure) and provide information on the oxidation state of sulfur. Beam-induced radiation
damage was carefully checked.

Additionally, STXM-NEXAFS measurements at 87 K were performed on frozen-hydrated
samples deposited on Si3Ns windows so as to preserve sample morphology and chemical integrity
(Comolli and Downing 2005) and minimize beam-induced radiation damage[40]. We made sure


https://paperpile.com/c/Z1s2QZ/djNJ
https://paperpile.com/c/Z1s2QZ/kwSq+697A+kfxg
https://paperpile.com/c/Z1s2QZ/kwSq+697A+kfxg
https://paperpile.com/c/Z1s2QZ/Lcqd
https://paperpile.com/c/m1S4kh/glaK

5

to analyze exclusively fully frozen-hydrated regions of the samples by first imaging the entire
window. The samples were cryo-transferred through a specimen chamber (<100 mTorr) into an
LNz-cooled stage (87 K) inside the STXM operated with a scanning Fresnel zone plate lens (60
nm outer zones), under vacuum (10 torr). With this setup, the sample is not rastered-scanned
through the fixed beam so as to minimize sample vibrations; instead the zone plate is scanned in
2D. Note that sulfur L3 -edges could not be accessed with this setup due to geometrical
constraints.

At least two different sample regions were analyzed at each elemental edge. The theoretical
spectral and spatial resolutions during measurements were +/-100 meV ; 40 nm (at room
temperature) and 60 nm (at 87 K) respectively. The photon energy was calibrated at the C K-edge
using the Rydberg transition of gaseous CO; at 292.74 eV (C 1s— 3s (v = 0)). Sulfur spectra were
calibrated using the S 2p3,2 edge of elemental sulfur set at 163.9 eV. An elemental sulfur standard
spectrum was kindly provided by Geraldine Sarret (Sarret et al. 1999) (University Grenoble
Alpes). A lipid standard compound (PE) was kindly provided by Susan Glasaeur (University of
Guelph). Carbon spectra were pre-edge background subtracted using a linear function and
normalized at 300 eV. All data was processed with the aXis2000 software version 06 Jul 2021
(http://unicorn.mcmaster.ca/aXis2000.html). Sulfur spectra were further pre-edge background
subtracted and post-edge normalized using Athena version 0.9.26 (Demeter package (Ravel and
Newville 2005)).

X-ray fluorescence microprobe (XFM)

Synchrotron XFM measurements were performed in cryogenic conditions (95 K) at ALS XFM
beamline 10.3.2 (Marcus et al. 2004), with the storage ring operating in top-off mode at 500 mA,
1.9 GeV. Micro-focused X-ray fluorescence (uXRF) elemental mapping was performed on LN;-
frozen hydrated samples oriented at 45° to the incident X-ray beam, frozen biofilm samples were
mounted onto a TEM cartridge and cryo-transferred into a LN»-cooled apparatus following
methods described elsewhere (Fakra et al. 2018). All data were recorded using a single-element
XR-100 silicon drift detector (Amptek, Be window).

XRF maps were recorded at 4138 eV (100 eV above the Ca K-edge) using a beam spot size of 3
pm x 4 pm, 2 x 2 um pixel size and 70 ms dwell time/pixel. Micro-XRF spectra were recorded
simultaneously on each pixel of the maps. All maps were then deadtime-corrected and
decontaminated using custom LabVIEW 2018 (National Instruments, Austin, TX, USA) software
available at the beamline. Maps were then processed using a custom Matlab R2020b program
(MathWorks, Natick, MA, USA) available at the beamline.

DNA extraction and metagenomic sequencing

Approximately 200 pl of biofilm was extracted using MoBio Powersoil DNA extraction kit
(MoBio Laboratories, Inc., CA, USA) according to the manufacturer’s protocol, with the bead-
beating time reduced to less than one minute. This DNA extract was then gel purified and
quantified using a low-mass ladder (Promega).

Total genomic DNA for metagenomic sequencing (150 bp or 250 bp reads) for both biofilm and
planktonic samples (20% of each filter) was extracted using MoBio PowerMax Soil DNA
extraction kit. Cells were extracted from 20% of each filter by adding 15 ml of lysis buffer and
vortexing for 10 minutes. Lysis of cells was modified by heating to 65°C for 30 minutes and 1 min
of bead beating. DNA was eluted in milliQ water and ethanol precipitation was performed (70%
EtOH, 3 M sodium acetate, incubation for 24 hours at 4 °C).
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lllumina sequencing, assembly, binning and sequence curation

Shotgun genomic reads were assembled using IDBA-UD (Peng et al. 2012). Contigs larger than
2.5 kb were retained, and sequencing reads from all samples were mapped against each resulting
assembly utilizing Bowtie2 (Langmead and Salzberg 2012). Differential coverage profiles, filtered
with a 95% read identity threshold, were then used for genome binning using a suite of binning
tools (MetaBAT2 (Kang et al. 2019), VAMB (Nissen et al. 2021), MaxBin2 (Wu et al. 2016),
Abawaca (https://github.com/CK7/abawaca), with the final bin choice determined by DAS Tool
(Sieber et al. 2018). Draft genomes consisting of scaffolds > 1 kbp in length were binned using
ggKbase manual binning tools based on a combination of GC content, coverage, single copy gene
content, phylogenetic profile and patterns of organism abundance over samples. The phylogenetic
profile was established using representative genomes from the GTDB database. In some cases,
scaffold sequences from groups of bins were used to construct emergent self-organizing maps in
which the structure was established using tetranucleotide composition (tetra-ESOMs). For
scaffolds > 6 kb, scaffolds were subdivided into 3 kb segments and treated separately in the ESOM
analysis. In cases where the majority of segments from the same scaffold did not group together
in the ESOM, the scaffolds were evaluated manually (based on gene content and other information)
to resolve their placement or assign them to unbinned. The scaffold set defined based on ESOM
analysis was then used to generate a draft genome bin that was again checked for consistent binning
signals (as above). As ESOMs only used scaffolds >3 kb in length, scaffolds from the original bins
were added if they had a tightly defined GC, coverage and the expected phylogenetic profile.
CheckM2 (Chklovski et al. 2023) was used for estimation of genome completeness, strain
heterogeneity and contamination. Curated genomes with less than 5 duplicated single-copy genes
(some of which occur because genes are split at scaffold ends) and with > 95% of the expected
single copy marker gene were used for completeness estimation: at least 42 of 51 single copy genes
used for preliminary bin evaluation in ggKbase were classified as near-complete. Genomes with
>5 duplicated single-copy genes were classified as partial, regardless of other indicators of bin
completeness.

Phylogenetic analyses

The concatenated ribosomal protein tree was generated using 16 syntenic genes that have been
shown to undergo limited lateral gene transfer (rpL2, 3, 4, 5, 6, 14, 15, 16, 18, 22, 24 and rpS3, 8,
10, 17, 19) (Sorek et al. 2007). We obtained branch support with the ultrafast bootstrap (Minh et
al. 2013) implemented in iQ-TREE v1.6.12 (Nguyen et al. 2015) with the following parameters: -
bb 1000 -m LG+F+G4. Trees were visualized using iTOL v6.3.2 (Letunic and Bork 2021). Amino
acid alignments of the individual ribosomal proteins were generated using MAFFT v7.304 (Katoh
and Standley 2013) and trimmed using trimAL (Capella-Gutiérrez et al. 2009) with the following
setting: -gt 0.1.

To verify the presence of biogeochemically-relevant genes, phylogenetic trees were constructed.
We used gene markers for sulfur (DsrAB, Pdo), carbon metabolism (RuBisCO) and energy
conservation ([NiFe]-hydrogenases). Sequences were obtained using GOOSOS and aligned using
MAFFT v7.304. All other phylogenies were generated using iQ-TREE v.1.6.12 using the ultrafast
bootstrap and parameters specified previously.

Hydrogenase sequences from Alum Rock genomes were obtained using HMMs (Matheus
Carnevali et al. 2019). The phylogenetic classification was performed using reference sequences
obtained from (Matheus Carnevali et al. 2019) and HydDB (Sendergaard et al. 2016). Verification
of hydrogenase loci was performed via inspection of nearby genes and the presence of required
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hydrogenase accessory genes. Genome context diagrams were generated using Clinker (Gilchrist
and Chooi 2021).

Metagenomics metabolic pathways analysis

Preliminary functional annotations were established using METABOLIC (Zhou et al. 2020) and
collections of metabolic capacities in genome bins were overviewed using ggKbase tools (Raveh-
Sadka et al. 2015). In addition, metabolic profiling was done by mapping ORFs to KEGG ortholog
groups (KOs) using an HMM database that was compiled as previously described (Castelle et al.
2018). This HMM database was used to scan the metagenomic bins, and ORFs were assigned the
KO of the best-scoring HMM, providing it was above the noise threshold. In addition, we profiled
metabolic capacities with KEGG functional annotation using METABOLIC (Zhou et al. 2020).

Protein structure prediction

Protein structures were predicted for the putative complexes of the nitrate reductase (Nrx),
dioxygenase/rhodonase, and group 3b [NiFe]-hydrogenase using AlphaFold2 in multimer mode.
Specifically, for the 3b [NiFe]-hydrogenase complexes, AlphaFold2 was used in multimer mode
for the HyhL (hydrogenase large subunit), HyhS (hydrogenase small subunit), HyhG (diaphorase
catalytic subunit) and HyhB (diaphorase electron transfer subunit) (Jumper et al. 2021; Evans et
al. 2022). In all cases, the average per residue confidence scores (pLDDT) exceeded 90, a level
that is empirically shown to produce highly accurate local structural models. The best-scoring
models were aligned to related protein complexes in PyMol.

1.3 Results

Groundwater of mixed origin hosts biofilms dominated by filamentous bacteria

We measured the flow rate, pH, and concentrations of ionic species (Supplementary Table S1) in
the MS4 and MS11 groundwater. The MSI11 spring has a higher flow rate, ionic strength,
alkalinity, and sulfide levels than the MS4 spring. H and O stable isotope compositions of the
waters, combined with salinity measurements, indicate that spring waters are mixtures of meteoric
input and pore waters from the host Miocene Monterey Group shales and cherts, and possibly
deeper Cretaceous sediments of the Great Valley Group. MS4 water is more diluted by meteoric
input than MS11. Long-term monitoring of these two springs shows they experience small
seasonal fluctuations in temperature and that they are generally hydrologically and geochemically
stable (Figure 1.1D-F). Water temperatures of 27-29 °C are well above the mean annual surface
temperature of 15.1 °C. The salinity of the springs is 1.8 and 2.3% for MS4 and MSI11,
respectively. The sulfide levels (within the zone of oxygenation) range up to ~9 and 69 pmol/L at
MS4 and MS11, respectively.

The biofilms at both MS4 and MS11 sites (Figure 1.1A) are mainly composed of thin white
streamers (~ 5-10 cm long) that are primarily attached to rocks. Scanning electron microscopy
(SEM), confocal fluorescence microscopy (CFM) and scanning transmission X-ray microscopy
(STXM) revealed that MS4 biofilms consist of filaments and cells distributed amongst the
filaments (Figure 1.2; Figure 1.3) whereas the MS11 biofilm consists mainly of filamentous
bacteria.
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Filamentous bacteria have encapsulated elemental sulfur granules and episymbionts

Sulfur uXRF distribution maps at 95 K evidenced the presence of sulfur across MS4 filamentous
bacteria. STXM sulfur maps (Figure 1.2) and S L,3 NEXAFS spectra showed that the filaments
contain spherical S° granules encapsulated in protein-rich compartments (Figure 1.3A-B). The
spherical granules in the middle filament (Figure 1.2E) are roughly 380 nm average diameter, as
estimated from 76 granules. The width of these MS4 filaments is <1.6 um. Filaments exhibit septa
and longitudinal cell envelopes as observed by STXM (Figure S4) and CFM (Figure 1.2C). Rod-
shaped, curved-shaped, and few coccoid-shaped cells were found near the filaments in MS4
biofilms, as well as ultra-small cells (Figure 1.2), often found within extracellular polymeric
substances (EPS). Higher-resolution protein maps of MS4 and MSI11 filaments (Figure 1.3)
suggest that sulfur granules are surrounded by proteins, as further confirmed on maps recorded at
87 K (Figure 1.4).

Carbon K-edge NEXAFS spectra at 87 Kelvin of filamentous bacteria in MS4 and MS11 biofilms
(Figure 1.4) exhibit similar spectra, with a major peak at 288.2 eV (amide carbonyl groups in
proteins, (Stewart-Ornstein et al. 2007)), a peak at 285.2 eV attributed mainly to aromatic groups
in proteins and peaks at 286, 286.6, 287.4 and 289.4 eV that can be attributed to nucleic acids
(Boese et al. 1997; Samuel et al. 2006; Zubavichus et al. 2008) (Figure S5). One prior report
(Zubavichus et al. 2008) suggests that spectra of nucleotide bases with peaks occurring within
284.7-286.9 eV are likely associated with n*(C=C), whereas peaks in the 287.3—287.4 eV range
are likely associated with *(C=N). Resonances are more defined than in prior studies at room
temperature (Ade et al. 1992; Benzerara et al. 2004; Toner et al. 2009; Fakra et al. 2018), due to
reduced Debye-Waller thermal disorder at low temperatures. This in turn allows us to
unequivocally detect the presence of nucleic acids in the filaments, in addition to proteins. Copious
extracellular polymeric substances surrounding MS4 and MS11 filaments exhibit a main peak at
288.7 eV, which can be attributed to carboxyl groups in acidic polysaccharides (Supplementary
Table S2). The spectra of MS11 cells are also similar to those of filamentous bacteria, with a major
peak at 288.2 eV (amide bonds) and other peaks associated with nucleic acids. The spectrum of a
surface-attached cell on an MS4 filament exhibits a major peak at 288.2 eV (amide bonds) and
nucleic acid-associated peaks, the 288.2 and 285.2 eV peaks are broader likely due to the presence
of EPS surrounding this cell. Cells, filaments and EPS all exhibited a shifted carbonate peak at
290.7 eV that corresponds to either organic carbonates or carbonate minerals (Brandes et al. 2010),
and originates mainly from dissolved carbonates and carbonate precipitates present in the
groundwater at circumneutral pH (Supplementary Tables S1 and S2).

Strikingly, small cells were found along the surfaces of the filaments in MS4 (Figure 1.2F-G) and
MS11 biofilms, these cells are typically about 480 nm long, 250 nm wide, as estimated from
STXM images. Ultra-small cells (290 +20 nm long, 120 £15 nm wide) were also found in close
proximity to the filaments in MS4.

Biofilms contain diverse bacteria including CPR bacteria

To determine the bacterial community composition across biofilm samples collected at MS4 and
MS11 sites over the years, we analyzed the relative abundance of bacterial taxa at the Phylum,
Class, and Order levels. We observed a diverse range of bacterial phyla across the samples (Figure
1.1G-H, see also supplementary material for details). The most abundant phylum across the
samples was Campylobacterota, representing >50% of the total bacteria, followed by
Proteobacteria and Desulfobacterota, respectively. Data on the MS11 biofilms in the year 2020,
indicate a possible shift in the bacterial community structure during this period. A closer look at
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the class level revealed that Gammaproteobacteria are predominant in most samples from the MS4
site, representing a significant portion of the bacterial community. However, distinct patterns of
class-level diversity were evident in different samples, showcasing the dynamic nature of biofilm
communities over the years at both sites.

We used genome-resolved metagenomics to investigate microbial consortia, metabolisms and
microbial interactions that underpin the Alum Rock communities. In total, we recovered 212 non-
redundant genomic bins from the MS4 and MS11 samples (57 from MSI11 and 155 from the
biofilm + planktonic samples from MS4). Of these, 38 were classified as near-complete (>95%).
Taxonomic affiliations of all of the bacterial genomes were established based on concatenated
ribosomal protein trees (Figure 1.5A). Genomically represented groups in the biofilms and
planktonic fractions from both sites include Gammaproteobacteria (Thiotrichales, Chromatiales,
Beggiotales), Campylobacterota (Campylobacterales), Betaproteobacteria (including Thiomonas),
Deltaproteobacteria (specifically Desulfobacterales), Bacteroidota, Chloroflexota, Ignavibacteria,
Spirochaetes, Lentisphaerae, Riflebacteria, Verucomicrobia, Acidobacteria, KSB1, Caldisericota,
Planctomycetota, Edwardsbacteria, Dependentiae (TM6), and Margulisbacteria. Diverse groups of
CPR are present, including Uhrbacteria (OP11), Gracilibacteria (BD1-5), Peregrinibacteria (PER),
Moranbacteria (OD1), Woesebacteria (OP11), Roizmanbacteria and Gottesmanbacteria (OP11),
Saccharibacteria (TM7), Falkowbacteria (OD1), Absconditabacteria (SR1), Berkelbacteria,
Doudnabacteria and Dojkabacteria (WS6).

To estimate the relative abundance of organisms in the two springs (independent of binning) we
calculated the DNA read coverage of all of the genomic bins for each spring (Figure S6). The MS4
spring is dominated by Halothiobacillales, Beggiatoales, Thiotrichales and Campylobacterales
based on relative abundance among genomes. The most abundant species in MS4 shares genome-
wide average 51% amino acid similarity with the sulfur oxidizer Thiothrix nivea (Lapidus et al.
2011). The MS11 spring is dominated by a single Beggiatoa sp. (Beggiatoa-related 37 1401).

Diverse bacteria are implicated in sulfur cycling

We used a list of high-confidence functional gene assignments for all draft or better-quality
genomes to resolve the capabilities central to the metabolisms of the dominant bacteria in the
springs. Not surprisingly, genes encoding sulfur cycling are common in the most abundant
organisms at both sites.

Based on the community composition of MS4 and MS11 biofilms, we further focused our analysis
on the metabolic pathways of MS4 bacteria where we detected ultrasmall and surface-attached
cells on filamentous bacteria implicated in sulfur oxidation. The most abundant organism in MS4,
which is closely related to the filamentous bacterium Thiothrix nivea, encodes genes (soxABC,
periplasmic thiosulfate-oxidizing; aprAB, adenylylsulfate reductase; dsr4B, reverse dissimilatory
sulfite reductase) to convert sulfide to thiosulfate, elemental sulfur and sulfate (Figure 1.5B). The
absence of dsrD genes indicates that the Dsr complex operates in the sulfide oxidation direction
(i.e. tDsr pathway). This Thiothrix bacterium also lacks any soxC genes, which in bacterial
genomes has been associated with the accumulation of sulfur granules or polysulfide (Friedrich et
al. 2005; Frigaard and Dahl 2009).

MS4 contains various other bacteria capable of oxidizing reduced sulfur compounds. A
subdominant population of Sulfurovum bacteria encode sqr genes and thus likely oxidize sulfide
to S°. Some Sulfurovum bacteria in both communities have genomes that also encode soxCDYZ
complexes, suggesting they mediate thiosulfate oxidation (potentially coupled to nitrate reduction,
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e.g., via narG and napA. Sulfuricurvum species are also relatively abundant in MS4 and encode
genes for sulfur and thiosulfate oxidation, in line with culture-based studies (Handley et al. 2014).
The genomes of Chloroflexota encode the capacity for thiosulfate disproportionation via
thiosulfate reductase / polysulfide reductase (phsA) and sulfide oxidation via flavocytochrome ¢
sulfide dehydrogenase. Two low abundance Gammaproteobacteria species related to
Acidthiobacillus have the capacity for thiosulfate oxidation. Several genomes from moderately
abundant Halothiobacillales have the metabolic capacity for sulfide and thiosulfate oxidation via
fceB, dsrAB and soxBCY respectively.

Some bacteria from MS4 spring also potentially mediate dissimilatory sulfate reduction.
Specifically, the genomes of some Desulfobacteriales belonging to the families of
Desulfatiglandaceae, Syntrophobacterales, Desulfurivibrionaceae and Desulfarculales encode
the capacity to reduce sulfate back to sulfide via Dsr genes, likely coupled to oxidation of organic
carbon or Hz. Some rare Desulfocapsaceae from MS4 that are related to bacteria of the genus
Desulfocapsa have thiosulfate reductase, group 3b [NiFe] (Hyd; possibly sulthydrogenase), as well
as SAT (Sulfate adenylyltransferase) and APR (Adenylylsulfate reductase) for the oxidation of
sulfite to sulfate. Thus, it appears these bacteria are involved in sulfur disproportionation whereby
SO, thiosulfate, and sulfite are converted to H>S and sulfate, as has been demonstrated in cultures
of bacteria from this genus (Finster et al. 1998). Other Desulfocapsa spp. have tetrathionate
reductase genes, suggesting they are capable of converting tetrathionate to thiosulfate. The
Desulfocapsa-related bacteria also contain dsrABD genes, which fall within the reductive cluster
closely related to those from Desulfocapsa sulfexigens. We infer that the Desulfocapsa-related
bacteria are capable of S disproportionation, as previously reported (Finster et al. 2013) and the
presence of the dsrD functional marker protein suggests that these species in the springs are
capable of both S disproportionation and sulfite reduction. Only members of the candidate phylum
Riflebacteria, family Ozemobacteraceae, have the capacity of anaerobic sulfite reduction via
anaerobic sulfite reductase system (asr4BC). A bacterium from a new class of Caldithrix from the
MS4 spring is predicted to perform sulfur oxidation via dissimilatory sulfite reductase, sulfite
oxidation, sulfate reduction and thiosulfate disproportionation (Supplementary Tables S6A). We
also identified abundant bacteria from novel families of Bacteroidetes, which generally encode
thiosulfate reductase genes (phS) and adenylylsulfate reductase (aprA) involved in thiosulfate
disproportionation and sulfate reduction.

Surprisingly, we identified persulfide dioxygenase (sdo) and rhodonase (thiosulfate
sulfurtransferase) in the genomes of Elusimicrobia, Riflebacteria, Oscillatoriophycidae and in a
novel family of Syntrophales (Figure 1.6A). These enzymes are also present in some heterotrophic
bacteria, where they play important roles in the detoxification of intracellular sulfide and sulfur
assimilation respectively (Motl et al. 2017; Zhang et al. 2020). We also found a putative sulfur
dioxygenase encoded in a Doudnabacteria genome that clusters with protein sequences of other
CPR bacteria from public data. In the operon, a sulfur transferase is adjacent, suggesting its
potential function in thiosulfate oxidation (Figure 1.6B). This is interesting because persulfide
dioxygenase has not been previously linked to CPR bacteria. Modeling of the persulfide
dioxygenase from Doudnabacterium using AlphaFold2 indicates that it has structural homology
with the biochemically characterized persulfide dioxygenase (Figure 1.6B-D). Furthermore, we
identified these two adjacent genes in the genomes of several other CPR from high sulfide
environments, including Kaiserbacteria (groundwater from California), Pacebacteria (wastewater),
Moranbacteria, and Gracilibacteria (Crystal Geyser aquifer). Thus, we suggest that these genes
may enable a variety of CPR bacteria to grow and generate energy from sulfur oxidation.
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In contrast, the most highly sampled genomes in MS11 spring are from a Beggiatoa species
including a novel family within this group (Supplementary Tables S6A). As expected, these
Beggiatoa genome encodes the Dsr genes (dsrABCHJKMOPR); dsrD genes were not identified,
we conclude that the Dsr genes are operational in a reverse Dsr pathway (rDsrABs) (Anantharaman
et al. 2018). The genome also encodes AprAB (adenylylsulfate reductases), and Sat (sulfate
adenylyltransferase) for the oxidation of sulfide to sulfate, sulfide-quinone oxidoreductase (Sqr)
as well as sulfide dehydrogenase (fccB) genes for the oxidation of hydrogen sulfide to S°. The
genomes contain a partial set of sulfur-oxidizing sox pathway genes, but soxDXYZ were identified.
Given the lack of soxC, we conclude that like Thiothrix the primary role of Beggiatoa in the
community is the conversion of sulfide to thiosulfate, elemental sulfur and sulfate. The absence of
soxCD 1in bacterial genomes has been previously associated with the accumulation of sulfur
granules or polysulfide (Friedrich et al. 2005; Frigaard and Dahl 2009).

Sulfur-oxidizing bacteria also contribute to nitrogen cycling

The dominant bacteria in MS4 and MS11 springs are predicted to mediate nitrogen fixation and
denitrification processes. In both MS4 and MS11, genes encoding nitrogenase implicated in N»
fixation are widespread in Proteobacteria, including in the dominant Thiothrix, Beggiatoa and
Sulfurovum and Verrucomicrobia. Other organisms with this capacity include other
Gammaproteobacteria, Chromatiales, Campylobacteriales, Sulfuricurvum, Ignavibacteria,
Sulfosprillum, Spirochaetes, Desulfocapsa, and potentially Lentisphaerea.

The Thiotrichales genomes encode numerous genes for the reduction of nitrate and nitrite,
however only the dominant Thiothrix species have the capability to reduce nitrite to nitrous oxide
via nirS and norBC genes. Some Chromatiales bacteria at both springs also appear to be capable
of dissimilatory nitrite oxidation to ammonia. The sulfur-oxidizing Campylobacterales that we
identified in both MS4 and MS11 springs have numerous genes implicated in the reduction of
nitrate (napAB) and nitric-oxide (norBC). Two low abundance Acidithiobacillales in MS4 that are
predicted to perform thiosulfate oxidation have ammonia monooxygenase (amoA) genes,
suggesting they may be involved in ammonia oxidation and nitrite ammonification. Chloroflexota
populations at both springs have the capacity for nitrite reduction via nitrite reductase (nirK), nitric
oxide reduction (norBC) and nitrite ammonification. A novel Caldithrix species from MS4 has the
potential of nitric oxide reduction via the nitric oxide reductase norBC and nitrite reduction via the
periplasmic nitrate reductase NapA (Figure 1.5B).

In addition to being the most abundant sulfur oxidizers in the MSI11 spring, Beggiatoa are
metabolically versatile with regards to nitrogen cycling. Their genomes encode genes with
similarity to nitrate reductase (narABG), nitrite reductase (nirS), nitric oxide reductase (norBC),
and nitrous-oxide reductase (nosZ) for the complete reduction of nitrate to N». They also contain
nrfA potentially for dissimilatory nitrite reduction to ammonia (DNRA) or nitrite ammonification.
Thus these bacteria can likely couple sulfur oxidation to nitrate reduction, in line with prior studies
(Kalanetra et al. 2004; Sharrar et al. 2017).

Extensive links between hydrogen and sulfur metabolism

To gain insight into the role of hydrogen metabolism in the Alum Rock springs, we analyzed the
distribution of hydrogenases and associated enzymes in the genomes. There was considerable
capacity for fermentative H» production using nicotinamides (via group 3b and 3d [NiFe]-
hydrogenases), ferredoxin (via group A [FeFe]-hydrogenases and group 4 [NiFe]-hydrogenases),
and formate (via formate hydrogenases) as electron donors (Figure 1.7A). Some putative H»
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producers are likely to be metabolically flexible bacteria such as Sulfurospirillum and
Flavobacteriales, which can switch to fermentation when limited for respiratory electron acceptors
based on previous reports (Berney et al. 2014; Sendergaard et al. 2016). CPR bacteria, TA06, and
Spirochaetes with group 3b and 3d [NiFe]-hydrogenases are likely to be obligate fermenters given
they apparently lack terminal reductases (Supplementary Table S7). The gene arrangements of the
group 3b [NiFe]-hydrogenases in the genomes of the CPR bacteria Berkelbacteria and
Moranbacteria (Figure 1.7B) are similar to the biochemically characterized hydrogenase and
sulthydrogenase of Pyrococcus furiosus (Pedroni et al. 1995) and those previously reported in
other CPR bacteria (Wrighton et al. 2012; Jaffe et al. 2020), suggesting that these hydrogenases
may be capable of reversible oxidation of hydrogen or capable of reducing sulfur compounds like
polysulfide. We modeled the complex from Berkelbacteria genome using AlphaFold, this model
suggests a hydrogenase module (o and y subunits) with an electron wire of FeS clusters connecting
to a nucleotide reducing module (B subunit) (Figure 1.7C). The 6 subunit has no close structural
analogues but contains an additional FeS cluster and may accommodate an additional electron-
accepting partner (Figure 1.7D). Based on this structural analysis there are two separate paths for
the electrons suggesting this 3b [NiFe]-hydrogenase complex is potentially an electron-bifurcating
hydrogenase.

Numerous bacteria in the Alum Rock springs are predicted to consume H> for energy generation.
Most of these hydrogenotrophs are predicted to use H» to reduce sulfate (via group 1b and Ic
[NiFe]-hydrogenases; primarily Deltaproteobacteria), elemental sulfur (via group le [NiFe]-
hydrogenases; primarily Gammaproteobacteria), or heterodisulfides (via group 3c [NiFe]-
hydrogenases; various lineages including Acidobacteria). The most abundant
Gammaproteobacteria and Campylobacteria likely oxidize both H> and sulfur compounds either
mixotrophically or alternatively autotrophically. The hydrogenase repertoire of these organisms
includes the oxygen-tolerant group 1b and 1d [NiFe]-hydrogenases (Olson and Maier 2002; Fritsch
etal. 2011).

Organic carbon cycling and fermentation

The ability to fix inorganic carbon (COy) is a common predicted capacity for bacteria from both
sites (Supplementary Table S6A and S6B). The dominant Thiothrix, Beggiatoa, and Chromatiales-
related bacteria have type I RuBisCO genes that function in the Calvin-Benson-Bassham (CBB)
cycle. One Absconditabacteria genome has a RuBisCO that phylogenetic analysis places within
the form II/IITI CPR clade, as reported previously (Wrighton et al. 2012; Wrighton et al. 2016);
these enzymes are inferred to function in a nucleoside salvage pathway in which CO; is added to
ribulose-1,5-bisphosphate to form 3-phosphoglycerate (Sato et al. 2007). Elusimicrobia and
Campylobacterota, including species related to Sulfurimonadaceae, have ATP citrate lyase genes
that encode the critical enzyme for CO» fixation via the reverse TCA (rTCA) cycle. We also
identified rTCA genes in a novel Bacteroidetes organism (Supplementary Table S6A and S6B).
Genes of the Wood Ljungdahl carbon fixation pathway (cooS/acsA, acsB and acsE) were
widespread in both springs, including in members of the Bacteroidetes, Desulfocapsa,
Lentisphaerae, Chloroflexi, and Aminicenantia with the potential of oxidation of small organic
compounds.

We used marker genes involved in carbohydrate metabolism to infer polymer biomass degradation
capacity of the biofilm organisms. Many bacteria in both springs have the capacity to hydrolyze
complex organic molecules to produce a variety of electron donors such as acetate, hydrogen, and
lactate (Figure 1.9). Of the organisms in the community, Bacteroidetes and Ignavibacteria contain
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the most glycosyl-hydrolase genes and thus they likely play important roles in polysaccharide
degradation. Notably, one Bacteroidetes from MS11 has 66 glycoside hydrolase genes. This
organism is the only bacterium that appears to be capable of degrading cellulose, hemicellulose,
polysaccharides, and monosaccharides. Gammaproteobacteria, Spirochaetes, Bacilli, and
Lentisphaerae also contain genes for the degradation of a variety of complex carbohydrates, but
these genes are at relatively low abundance in the sulfur-oxidizing Proteobacteria.

Similarly, many bacteria other than the sulfur-oxidizing Proteobacteria (and CPR) have
indications of the capacity for beta-oxidation pathway of saturated fatty acids to acetyl-CoA. Many
CPR bacteria have a few glycosyl hydrolase genes, which is significant given the scarce indications
of other metabolic capacities in these microorganisms. Methane oxidation is predicted to be a
capacity of members of Verrucomicrobia, specifically members of the Methylacidiphilales. This
reaction involves particulate methane monooxygenase (pMMO-ABC), the genes for which were
identified and classified phylogenetically.

One of the more interesting organisms present in the MS4 spring is a Gracilibacteria, which is
predicted to have minimal metabolic capacities beyond glycolysis, production of peptidoglycan,
and generation of formate, which may be available for use by other community members. Other
capacities predicted for this bacterium are the production of riboflavin, amino-sugars, RNA
degradation, 1C by folate, interconversion of purines and pyrimidines, and biosynthesis of a few
amino acids (Figure 1.8).

1.4 Discussion

Some springs are hotspots where resources associated with deeply sourced water can sustain
chemoautotrophic ecosystems independent of sunlight. We studied two closely spaced but
different sites that discharge a mixture of deeply sourced and shallow groundwater, providing
microorganisms with reduced compounds and oxygen. Our research integrated geochemical,
synchrotron-based spectromicroscopy, metatranscriptomics and genome-resolved metagenomic
data to resolve the network of microorganisms that define the ecosystems. This approach provided
insights into organism metabolic capacities, their associations, including those that involve CPR
bacteria, and the that contribute to biogeochemical processes that sustain autotrophic ecosystems
in the context of their spring-based hydrological setting.

Analysis of the metabolisms of the dominant bacteria in the springs revealed that genes implicated
in sulfur cycling are common at both sites (Figure 1.9). As expected, the primary energy source is
reduced sulfur in the form of sulfide. Overall, the most common sulfur metabolisms are sulfide
oxidation, thiosulfate disproportionation, sulfur oxidation, and less commonly, sulfite oxidation
and sulfate reduction. Sulfide can be oxidized aerobically and, in some cases, anaerobically,
coupled with nitrate reduction. Our metagenomic analyses suggest that intermediate sulfur
compounds and sulfate and sulfide are actively cycled by Campylobacterota (Sulfurovum,
Thiovulum), Gammaproteobacteria (Thiotrichales and Beggiotales) in the spring communities,
probably coupled to nitrogen compound reduction in some microhabitats. Elemental sulfur serves
as an energy source stored as sulfur granules as observed by STXM, in Beggiatoa (Schwedt et al.
2011). Interestingly, elemental sulfur-bearing granules may serve as an energy source for the
growth of Beggiatoa and/or Thiotrix. The sulfur oxidizers are the primary source of fixed carbon
and nitrogen in the ecosystem.
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A higher flow rate and a higher concentration of sulfate was observed at MS11 compared to MS4,
and the communities have distinct microbial community composition. The MS4 ecosystem is
highly diverse and dominated by abundant sulfide-oxidizing Gammaproteobacteria (7hiothrix,
Sulfurovum) and sulfate-reducing Desulfobacteriales. The MS11 spring has relatively low
diversity and is highly dominated by Campylobacterota (Sulfurovum, Thiovulum) and
Gammaproteobacteria (Thiotrichales and Beggiotales). Our findings are consistent with
predictions from studies that indicate that filamentous Campylobacterota dominate biofilms with
high sulfide/oxygen (>150) ratios, whereas Gammaproteobacteria (Beggiatoa-like) prefer lower
(<75) ratios (Macalady et al. 2008).

We further investigated the metabolic capacities of several CPR bacteria within these
communities, as their roles in sulfur-based chemoautotrophic ecosystems remain poorly known.
CPR bacteria are often characterized by small genomes and minimal anaerobic fermentative
metabolism (Luef et al. 2015), however recent studies have shown auxiliary metabolisms such as
the presence of hydrogenases (Wrighton et al. 2012; Jaffe et al. 2020), rhodopsin[91], nitrite
reductases (Danczak et al. 2017) and F-type ATPase (Chaudhari et al. 2021), that may contribute
to alternative energy conservation and adaptations to different environments and host associations.
Notably, we identified genes potentially involved in elemental sulfur reduction
(Sulfyhydrogenase) and thiosulfate oxidation (persulfide dioxygenase and rhodonase) in the
genomes of several CPR bacteria, suggesting a potential new energy generation mechanism for
these bacteria. We found that other CPR bacteria from high sulfur environments have the same
predicted potential for thiosulfate oxidation, suggesting an important general adaptation of CPR
bacteria in sulfur-rich environments.

The most interesting aspect of the current study regards interactions involving CPR bacteria and
their host microorganisms. CPR-host associations have rarely been documented, with the
exception of oral microbiome-associated Saccharibacteria (TM7) (He et al. 2015; Cross et al.
2019) and Actinobacteria, further laboratory studies (Tian et al. 2022) have validated genomic
predictions of metabolic interdependency (Jaffe et al. 2020). One study suggested the presence of
CPR cells on the surfaces of their Actinobacteria hosts via SEM and showed them to be rod-shaped
and < 0.2 pm in diameter and ~0.5 pm in length (Bor et al. 2020). Another study linked
Vampirococcus with anoxygenic photosynthetic Gammaproteobacteria (Moreira et al. 2021). Two
studies suggest links between Parcubacteria and archaea, in one case Methanosaeta[98] and
Methanothrix[98]. In the case of the CPR Nealsonbacteria associated with Methanosaeta, cryo-
TEM imaging indicateds that Methanosaeta-attached cells are ~0.5 pm in diameter. Other
cultivation-independent studies have verified that CPR cells are ultra-small and can be better
analyzed via filtration through a a 0.2 um pre-filtering (Luef et al. 2015). Cryo-TEM imaginges
and tomographic analyses have documented ultra-small cells directly associated with CPR cells
and host bacteria (Luef et al. 2015; He et al. 2021). Generally, these data indicate that CPR cells
are a fraction of a micron in length and diameter, consistent with the size for filament-associated
ultra-small cells reported here (<650 nm long, ~250 nm wide, the smallest being 290 + 20 nm
long, 120 = 15 nm wide). In the MS4 biofilms, ultra-small cells were found associated with the
surfaces of long filamentous bacteria containing relatively large S° granules as evidenced by
STXM. Given that the only abundant filamentous bacteria in these samples are sulfide-oxidizing
Thiothrix, we predict that some of these tiny episymbiontic cells are CPR bacteria. CPR
identifications include Gracilibacteria, Berkelbacteria, Moranbacteria or Doudnabacteria, based on
microbial community abundance information. Unfortunately, our attempts to perform fluorescent
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in-situ hybridization to determine CPR bacterial identity were unsuccessful due to low amount of
material, so this inference remains tentative. Future laboratory co-cultivation of Thiothrix and their
episymbionts may be required to identify the CPR types, so as to better understand the nature of
their association (e.g., mutualistic, parasitic). If confirmed, and given the prediction that some CPR
bacteria have putative sulthydrogenases that may produce H>S (Ma et al. 1993; Pedroni et al.
1995), these episymbionts may be involved in cryptic sulfur cycling that also involves sulfur-
oxidizing bacteria.

Hydrogen is an important resource in many environments (Chapelle et al. 2002), yet little is known
about the distribution and importance of hydrogenases in sustaining groundwater microbiomes.
The most common chemolithoautotrophs in the Alum Rock spring biofilms are H»-oxidizing
bacteria, which use H> as an energy source via the enzyme hydrogenase. Specifically, group 3b
[NiFe]-hydrogenases are widely distributed in the genomes of many of the microbial community
members. These complexes may mediate hydrogen metabolism or the direct hydrogenation of
elemental sulfur to hydrogen sulfide (Ma et al. 1993). Other hydrogenases of the microbial
community members are implicated in hydrogen production and oxidation. Together, these
findings suggest that most bacteria in Alum Rock springs cycle hydrogen gas and sulfur
compounds, reactions that underpin the biology and geochemistry of this ecosystem.
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1.5 Figures
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Figure 1.1 A) Shaded relief map showing the location of Alum Rock springs, CA, USA. Insets show the
location of Alum Rock and of the MS4 and MS11 springs. Photographs of B) MS4 and C) MS11 biofilms.
Thin white streamers (5-10 cm) are mostly found attached to the surfaces of rocks. Hydrogeological
properties D) Discharge E) 6180, and F) Temperature are steady over periods greater than a decade, except
following large regional earthquakes. A discharge increases in late 2007 followed a magnitude 5.6
earthquake with an epicenter 4 km from the springs (vertical red line), neither 3180 nor the temperature
changed indicating that fluid sources did not change. The horizontal lines show averages of plotted
quantities over the entire sampling period, except discharge for which the average excludes the first two
years after the earthquake. Vertical grey lines show dates of biofilm and planktonic sampling. G) Microbial
community composition at the class and order levels, respectively, highlighting the top 15 most abundant
groups in each category. Each bar represents a sample collected from different biotopes (bulk/biofilm, 0.1
um filter) in the MS4 and MS11 springs over several years (2015, 2019, and 2020). The stacked bar plots
illustrate the relative abundance of each microbial group, with each color corresponding to a different group,
from top to bottom in decreasing order of overall abundance across all samples.
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Figure 1.2 Microscopic characterization of MS4 biofilms. A-B) Scanning electron microscopy of
filamentous bacteria and associated cells, small cells are pointed by arrows C) Confocal fluorescence
microscopy of cells treated with SYTOX (blue) for nucleic acid and F-64 (red) for membrane. Scanning
transmission x-ray microscopy: D) Carbon map of filaments and associated cells (white arrows). E)
Corresponding distribution map of S° evidencing spherical elemental sulfur granules within the
compartments of the filaments. The top, middle and bottom filament widths are 1.23 + 0.5 um, 1.01 + 0.2
um and 1.33 + 0.3 um respectively. F) An ultra-small cell ~480 nm long, ~270 nm wide, (blue arrow) in
contact with an apparently episymbiotic cell 1.86 + 0.1 pum long, ~360 nm wide (red arrow), imaged at 280
eV (region R1, panel D) and corresponding G) Carbon map. H) Two apparently episymbiotic cells (red
arrows) connected to filaments, imaged at 280 eV (region R2, panel D) and corresponding I) Carbon map.
The intensity scales correspond to optical density.
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Figure 1.3 Scanning Transmission X-ray Microscopy of MS4 and MS11 biofilms. A) Protein map and
corresponding B) Distribution map of S° in MS4 biofilms (in white boxed area of Figure 1.2D). Cells that
are 908 + 32 nm long, 370 + 30 nm wide (red arrow), 687 + 34 nm long, 244 + 33 nm wide (green arrow),
seen in close contact with filaments. C) Protein map and corresponding D) Distribution map of S° in MS11
biofilms, showing the presence of sulfur granules (up to 1.08 £ 0.12 um in diameter) in a small area of a
long filament. Sulfur L,3 edge spectra of the granules can be found in Figure S2. The intensity scale
corresponds to the optical density. Scale bars: 1um.



19

Fila MS4
c
S Wv—cmlms‘t
2 ‘—J
5 F
w
- \A/\MFiIaMSﬂ
©
(0] -
©
-
[e] - f
2 w
74EiNE W S P B S |
280 285 290 295 300 305

Photon Energy [eV]

Figure 1.4 Scanning transmission x-ray spectromicroscopy at 87 Kelvin of frozen-hydrated MS4 and
MS11 biofilms. A) Protein map of an MS11 small filament (700 nm £120 nm in diameter), S° granules are
pointed by white arrows. B) Extracellular S° granules (~300 to 850 nm in diameter) and MS11 cells imaged
at 288.2 eV (amide group in proteins) and corresponding C) protein map. D) Protein map of an MS4
filament (1.46 £ 0.16 pm in diameter) with a surface-attached cell (1.9 + 0.21 um, red arrow). E) Carbon
K-edge NEXAFS spectra of filamentous bacteria (S’ granule-free areas) exhibiting a major peak at 288.2
eV and other peaks mainly associated with nucleic acids (see Table S2). Spectra of MS11 and MS4 cells
(red arrow) exhibit a main peak at 288.2 eV (peptide bond) and associated extracellular polymeric
substances (EPS, circled in blue) show a main peak at 288.7 eV (carboxyl groups in acidic polysaccharides).
See Table S2 for further details. Dashed line is at 288.2 eV. The intensity scale corresponds to the optical
density. Scale bars: 1um (A-C) and 2 pm (D).
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Figure 1.5 Phylogenetic analysis and metabolism of bacteria represented by MAGs from the MS4
and MS11 sites. A) The tree is based on 16 concatenated ribosomal proteins (rpL2, 3, 4, 5, 6, 14, 15, 16,
18, 22, 24 and rpS3, 8, 10, 17, 19) generated using iQ-TREE. An archaeon, Thermoccocus alcaliphilus,
was used as the outgroup. B) The metabolic capacities for generalized biogeochemical pathways in Alum
Rock genomes are represented by colored circles. A pathway is present if the core KEGG orthologs
encoding that pathway are identified in each genome. Abbreviations are as follows: WLP, Wood-Ljungdahl
pathway, rTCA, reductive tricarboxylic acid cycle; ANR, Assimilatory nitrate reduction; DNRA,
dissimilatory nitrate reduction to ammonia; Thiosulfate oxidation by SOX complex; DSR, Dissimilatory
sulfate reduction; Hydrogen oxidation, [NiFe] hydrogenases and NAD-reducing hydrogenase.
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Figure 1.6 Novel Persulfide dioxygenase within CPR Bacteria. A) Phylogenetic analyses of persulfide
dioxygenase proteins from the Alum Rock genomic bins. The blue monophyletic clade shows the persulfide
dioxygenase found in CPR bacteria from sulfur-rich environments. B) AlphaFold models of
Doudnabacterium putative rhodonase (green) and persulfide dioxygenase (blue) aligned with the
corresponding domains of the characterized natural fusion protein BpRF (PDB ID: 5VE3). C) and D)
Zoomed views of the active sites of the aligned structures reveal a strong coincidence of the key residues.
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Figure 1.7 Hydrogenases distribution in Alum Rock genomes and structural insights of Group 3b
[NiFe]-hydrogenase complex. A) Total distribution of hydrogenases from the Alum Rock spring. B)
Genomic organization of novel Group 3b [NiFe]-hydrogenases from different organisms present in the
springs. C and D) Alphafold multimeric model for the Berkelbacterium putative Group 3b [NiFe]-
hydrogenase complex with the closest known structural matches aligned to each protein.
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Figure 1.8 Metabolic capacities of several bacteria at Alum Rock spring MS4. Overview of metabolic
pathways in six bacterial taxa from Alum Rock spring MS4. This schematic representation details the
central metabolic processes, including glycolysis, the tricarboxylic acid (TCA) cycle, and the Calvin-
Benson-Bassham (CBB) cycle, across different bacterial taxa. Key enzymes and pathways for the
transformation of sulfur, nitrogen, and hydrogen are highlighted, with the presence of specific marker genes
such as Sox (sulfur oxidation), Nir (nitrite reduction), and Nif (nitrogen fixation) indicated by colored
circles.
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Figure 1.9 Inference of partitioning of carbon, sulfur and nitrogen cycling in the Alum Rock springs.
Based on the gene content of genomes reconstructed from the springs. Arrows indicate metabolic capacities
reconstructed from metagenomes recovered from MS4 and MS11 springs. The dashed lines represent
potential electron donors for anaerobic respiration processes.
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Cations Anions
Flow Rate Temp. pH Ca?’  Mg? Mn%¥ Na' Fed K* Si¢ Sr?' cI- NOs  NOs:?~ PO~ S042° HS™
Ms4 169.83 28.80 6.99 8388 3221 032 64344 0.6 2162 1067 15.6 16.27 233 1.93 0.61 10660  0.29
[1.76] [237]  [093] [0.016] [21.28] - [0.86]  [0.19]  [648]  [0.90]  [1.25]  [0.09]  [0.044]  [6.24]  [0.034]
Ms11 261.75 27.40 740 16320  67.16 049 79189  0.09 2424 1195 2409  29.33 4.33 2.81 016 21330  1.66
[9.05] [224]  [(127] [0.012] [14.38] - (.34  [017) [1.26]  [262] [047]  [0.50]  [0.06]  [6.24]  [0.29]

Supplementary Table S1 Geochemical parameters of the two Alum Rock springs in June 2005. Flow rates
given in mL/s, temperature in °C, and concentrations in mg/L.

Energy (eV) Transition Functional group Cell EPS Filament
a 285.1-2852 1s—mic=c unsaturated or aromatic C y y
b 286 1s—m*c=C DNA y
c 286.6-286.7 1s—m* ketones, phenols, carbonyl y
DNA
1s—m* DNA, aliphatic C, aromatic
d 287.4-281.6 1s—G* carbonyl, aromatic hydroxyl, y y
other oxygenated groups
& 288.2 1s—m*c=0 amide carbonyl (peptide bond) y
f 288.7 1s—m*c=0 carboxyl (polysaccharide) y
g 2894-2895 1s—co* alcohol, aliphatic ether, carbonyl y y
1s—m* DNA
290.7 1s—m*c=0 Carbonates
297.4 2paz — 3d/c*  Potassium L3
299.9 2p1z — 3d/c*  Potassium L2

Supplementary Table S2 Major carbon functional groups present in MS4 and MS11 biofilms, the peaks
were assigned according to prior work (Ade et al., 1992; Hitchcock et al., 2002; Kaznacheyev et al., 2002;

Samuel et al., 2006; Yabuta et al., 2014).
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Transitional section

The study of biofilms in mineral sulfide-rich springs has revealed intricate microbial communities
that play crucial roles in biogeochemical cycling, particularly in the context of sulfur and hydrogen
metabolism. These biofilms, dominated by chemolithotrophic sulfur-oxidizing bacteria and
hosting diverse CPR bacteria, provide a unique opportunity to investigate the complex interactions
and metabolic adaptations of microorganisms in these environments. Building upon these findings,
we found potential novel hydrogenases, many of which come from uncultivable organisms. The
lack of experimental validation for these hydrogenases motivated us to start a collaboration with
Prof. Chris Greening to investigate microbial hydrogen cycling, a fundamental process that
underpins the diversity and functionality of various anoxic ecosystems.
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2. Unique minimal and hybrid hydrogenases are active from
anaerobic archaea

The following chapter is a modified version with permission of authors of the following pre-print:
Chris Greening*, Princess R. Cabotaje*, Luis E. Valentin Alvarado*, Pok Man Leung, Henrik
Land, Moritz Senger, Max A. Klamke, Michael Milton, Rachael Lappan, Susan Mullen, Jacob
West-Roberts, Jie Mao, Jiangning Song, Marie Schoelmerich, Courtney W. Stairs, Rhys Grinter,
Anja Spang, Jillian F. Banfieldl and Gustav Berggren (2023). In press Cell. Unique minimal and
hybrid hydrogenases are active in anaerobic archaea

*contributed equally to this work

Abstract

Microbial hydrogen (H2) cycling underpins the diversity and functionality of diverse anoxic
ecosystems. Among the three evolutionarily distinct hydrogenase superfamilies responsible,
[FeFe]-hydrogenases were thought to be restricted to bacteria and eukaryotes. Here we show that
anaerobic archaea encode diverse, active, and ancient lineages of [FeFe]-hydrogenases through
combining analysis of existing and new genomes with extensive biochemical experiments. [FeFe]-
hydrogenases are encoded by genomes of nine archaeal phyla and expressed by Ha-producing
Asgard archaeon cultures. We report a novel ultra-minimal hydrogenase in DPANN archaea that
binds the catalytic H-cluster and produces H,. Moreover, we identified and characterised
remarkable hybrid complexes formed through the fusion of [FeFe]- and [NiFe]-hydrogenases in
ten other archaeal orders. Phylogenetic analysis and structural modelling suggest a deep
evolutionary history of hybrid hydrogenases. These findings reveal new metabolic adaptations of
archaea, streamlined H; catalysts for biotechnological development, and a surprisingly intertwined
evolutionary history between the two major Hz-metabolizing enzymes.

N.B. All main figures for this manuscript can be found below in section 4.6. All supplementary
files (including figures and tables) can be found online with the published bioRxiv preprint.

2.1 Introduction

Molecular hydrogen (Hz) is heralded as a future green energy carrier. In a biological context, this
energy-rich gas already plays a central role in bioenergetics and evolution has driven an elaborate
hydrogen economy. Numerous bacteria, archaea, and microbial eukaryotes consume and produce
hydrogen gas (H> = 2 H+ + 2 e-) using metalloenzymes called hydrogenases (Greening et al. 2016;
Schwartz and Friedrich 2006; Peters et al. 2015). Three hydrogenases have independently evolved
in microorganisms, namely the [FeFe]-, [NiFe]-, and [Fe]-hydrogenases, which differ in their
metal cofactors and catalytic mechanism (Volbeda et al. 1995; Peters et al. 1998; Shima et al.
2008). Hz serves multiple roles in microbial physiology. Microorganisms spanning all three
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domains produce H» to dispose of electrons during fermentation. Numerous bacteria and archaea
also use electrons derived from H> oxidation for respiration and carbon fixation (Greening et al.
2016; Vignais and Billoud 2007; Schwartz and Friedrich 2006; Pinske 2019; Leung et al. 2022).
More recently, electron-bifurcating hydrogenase complexes have been discovered that are critical
for energy conservation in obligate anaerobes (Schut and Adams 2009; Schuchmann and Miiller
2012; Wang et al. 2013; Feng et al. 2022; Buckel and Thauer 2013; Schuchmann et al. 2018).
Hydrogenases are now recognised as environmentally ubiquitous and taxonomically widespread,
encoded in genomes from most bacterial and archaeal phyla, as well as many unicellular
eukaryotes (Greening et al. 2016; Peters et al. 2015; Sendergaard et al. 2016). It is increasingly
recognized that microbial H, metabolism shapes global biogeochemical cycling (Piché-Choquette
and Constant 2019; Constant et al. 2009), supports biodiversity of diverse ecosystems (Greening
et al. 2022; Morita 1999) and influences health and disease (Benoit et al. 2020; Carbonero et al.
2012). In addition, these efficient enzymes have growing industrial applications in the developing
H:> economy (Cracknell et al. 2008) and serve as an inspiration for the design of synthetic catalyst
(Evans et al. 2019; Kleinhaus et al. 2021). H» was likely the primordial electron donor, but
continues to have a central role in microbiology both as a desirable energy source and diffusible
electron sink (Lane et al. 2010; Weiss et al. 2016). Moreover, it is proposed that H exchange
between bacteria and archaea underlies eukaryogenesis, as described in various syntrophy
hypothese (Martin and Miiller 1998; Moreira and Lopez-Garcia 1998; Sousa et al. 2016; Spang et
al. 2019; Imachi et al. 2020).

The three hydrogenase classes differ in their physiological roles and taxonomic distribution.
[FeFe]-hydrogenases are typically fast-acting, but oxygen-sensitive, and are best known for their
roles in obligate anaerobes. These enzymes currently comprise four phylogenetically distinct
groups (groups A to D), which can be further subdivided through two different schemes based on
domain architecture and genetic organisation (Land et al. 2020; Calusinska et al. 2010; Greening
Chris et al. 2016). They include monomeric enzymes that couple ferredoxin oxidation to
fermentative H» production (group Al) (Peters et al. 1998), trimeric enzymes that reversibly
bifurcate electrons from H> to NAD+ and ferredoxin (group A3 (Schut and Adams 2009),
filamentous complexes with formate dehydrogenase that catalyse Hz-dependent CO2 conversion
to formate (group A4) (Dietrich et al. 2022), putative sensory hydrogenases in which the catalytic
hydrogenase domain is fused with a PAS domain (group C) (Land et al. 2019), and several
functionally undefined groups (e.g. groups B and D) (Greening et al. 2016; Land et al. 2019).
Despite this diversity, [FeFe]-hydrogenases are all predicted to rely on the same organometallic
cofactor for catalysis, the “H-cluster”. To date, these enzymes have been exclusively characterised
in anaerobic bacteria and eukaryotes, and appear to be absent in cultured archaea (Greening et al.
2016; Peters et al. 2015; Land et al. 2020). [NiFe]-hydrogenases are extraordinarily structurally
and functionally diverse enzymes encoded by bacteria and archaea across all ecosystems. They are
presently subdivided into four major groups (groups 1 to 4) and 29 subgroups that each differ in
their phylogeny, genetic organisation, and physiological roles (Greening et al. 2016; Vignais and
Billoud 2007; Ortiz et al. 2021). The catalytic (large) subunit and electron-relaying iron-sulfur
(small) subunit of the [NiFe]-hydrogenase associate with other subunits depending on the
subgroup; the different complexes formed can mediate respiration, fermentation, energy-
conversion, electron-bifurcation, carbon fixation, and H» sensing processes 1. In contrast, [Fe]-
hydrogenases are a much narrower lineage that contribute to archaeal methanogenesis (Shima et
al. 2008; Schleucher et al. 1994). The three hydrogenase classes are phylogenetically unrelated,


https://paperpile.com/c/Z1s2QZ/HbLR+cnzp+bFXA+id8s+n923
https://paperpile.com/c/Z1s2QZ/HbLR+cnzp+bFXA+id8s+n923
https://paperpile.com/c/Z1s2QZ/LZ4b+xfci+p5Sd+5q4I+E2ox+vXww
https://paperpile.com/c/Z1s2QZ/LZ4b+xfci+p5Sd+5q4I+E2ox+vXww
https://paperpile.com/c/Z1s2QZ/HbLR+n08W+kTYR
https://paperpile.com/c/Z1s2QZ/SF3e+dN7V
https://paperpile.com/c/Z1s2QZ/SF3e+dN7V
https://paperpile.com/c/Z1s2QZ/N7Rl+anul
https://paperpile.com/c/Z1s2QZ/N7Rl+anul
https://paperpile.com/c/Z1s2QZ/Xdud+5Wfu
https://paperpile.com/c/Z1s2QZ/Xdud+5Wfu
https://paperpile.com/c/Z1s2QZ/nlpe
https://paperpile.com/c/Z1s2QZ/YWlb+jKpR
https://paperpile.com/c/Z1s2QZ/RDuJ+Uv2E
https://paperpile.com/c/Z1s2QZ/ywxj+4kWC+IP5F+vvXs+CNhu
https://paperpile.com/c/Z1s2QZ/ywxj+4kWC+IP5F+vvXs+CNhu
https://paperpile.com/c/Z1s2QZ/bYsL+bI3Q+4G3K
https://paperpile.com/c/Z1s2QZ/bYsL+bI3Q+4G3K
https://paperpile.com/c/Z1s2QZ/SEiT
https://paperpile.com/c/Z1s2QZ/LZ4b
https://paperpile.com/c/Z1s2QZ/fuiB
https://paperpile.com/c/Z1s2QZ/7vtU
https://paperpile.com/c/Z1s2QZ/HbLR+7vtU
https://paperpile.com/c/Z1s2QZ/HbLR+n08W+bYsL
https://paperpile.com/c/Z1s2QZ/HbLR+n08W+bYsL
https://paperpile.com/c/Z1s2QZ/HbLR+cnzp+dA46
https://paperpile.com/c/Z1s2QZ/HbLR+cnzp+dA46
https://paperpile.com/c/Z1s2QZ/FTHp+DnYn
https://paperpile.com/c/Z1s2QZ/FTHp+DnYn

38

despite having some similar structural features, and are not thought to genetically or structurally
associate. [NiFe]-hydrogenases are predicted to have been present in the last universal common
ancestor (LUCA), whereas [FeFe]-hydrogenases are proposed to have evolved later in
fermentative bacteria (Greening et al. 2016; Weiss et al. 2016).

In the eight years since hydrogenase distribution has been comprehensively surveyed 1, there has
been a massive expansion of known microbial diversity primarily due to genome-resolved
metagenomics (i.e. the recovery of microbial genomes from mixed community samples) (Tyson
et al. 2004; Rinke et al. 2013; Castelle and Banfield 2018; Spang et al. 2017). This expansion has
been particularly pronounced in the domain archaea (Spang et al. 2017). Notable developments
include the discovery of the Asgard superphylum from which eukaryotes are predicted to have
evolved (Spang et al. 2015; Zaremba-Niedzwiedzka et al. 2017; Rambo et al. 2022; Rodrigues-
Oliveira et al. 2023; Eme et al. 2023), the rapid expansion of the DPANN superphylum that include
obligate symbionts (Rinke et al. 2013; Castelle et al. 2015; Castelle et al. 2018; Dombrowski et al.
2019), and the discovery of new lineages capable of anaerobic alkane metabolism (Laso-Pérez et
al. 2016; Chen et al. 2019; Evans et al. 2019; Dong et al. 2019; Borrel et al. 2019). Most of these
archaea are uncultivated, necessitating culture-independent approaches to characterise them. Many
novel lineages appear to be capable of H, metabolism. For example, the recently cultured Asgard
archaeon (‘Candidatus Prometheoarchaeum syntrophicum’) fermentatively generates Hoa,
seemingly through the activity of an electron-bifurcating/confurcating [NiFe]-hydrogenase, which
is consumed by its syntrophic methanogenic partner (Imachi et al. 2020). The H>-metabolising
enzymes reported in these newly discovered archaea fall into a range of established and novel
[NiFe]-hydrogenase subgroups (Sousa et al. 2016; Spang et al. 2019; Castelle et al. 2018;
Dombrowski et al. 2019). Several genomic studies have also suggested that [FeFe]-hydrogenases
may be encoded by uncultivated DPANN archaea (Greening et al. 2016; Castelle et al. 2018;
Huang et al. 2021). However, this remains debatable given archaea seemingly lack the three
maturation enzymes (HydEFG) required to synthesize the biologically unique catalytic H-cluster
of the [FeFe]-hydrogenase (Mulder et al. 2010), and to date there is no evidence for archaeal
[FeFe]-hydrogenase activity.

Here we systematically analysed the diversity of [FeFe]-hydrogenases in the domain archaea by
searching all publicly available species-representative genomes and MAGs, as well as multiple
new MAGs. We relied on two innovations to validate these findings. First, we used AlphaFold2-
based structural modelling to test whether conserved gene clusters encode novel hydrogenase
complexes (Jumper et al. 2021; Evans et al. 2022). Critically, we then combined heterologous
enzyme production with artificial maturation to confirm whether archaeal hydrogenases were
catalytically active and displayed H-cluster spectroscopic signals (Berggren et al. 2013; Khanna
et al. 2017; Land et al. 2019). Through this integrated approach, we demonstrate that archaea
harbour active ultraminimal [FeFe]-hydrogenases and identify novel complexes with distinct
sequences, structures, and probable functions to previously described enzymes, including novel
hybrid complexes with [NiFe]-hydrogenases. These findings revise our understanding of the
distribution and evolution of microbial H> metabolism, and have broad biological, chemical, and
biotechnological ramifications.

2.2 Materials and Methods
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Genome sources

In this study, 130 archaeal genomes encoding [FeFe]-hydrogenases were analysed. 40 genomes
are novel metagenome-assembled genomes retrieved from our unpublished datasets at ggKbase
(https://ggkbase-help.berkeley.edu/). genomes were retrieved from the Genome Taxonomy
Database (GTDB) R06-RS202 (Parks et al. 2018) following a search of all 2,339 archaeal species
representative genomes. GTDB was chosen as the data source as it offers a standardised taxonomy,
a manageable search space due to pre-clustered sequences, and genomes pre-annotated with gene
predictions (Parks et al. 2022) In addition, 13 other Asgardarchaeota genomes were retrieved from
PATRIC 102. Full details of the genomes analysed are provided in Table S1. All 130 genomes
were examined for completeness and contamination with CheckM (Parks et al. 2015) and manually
curated through taxonomic profiling in ggKbase. Initial taxonomic classification of genome bins
was performed with GTDB-Tk-R202 and subsequently confirmed by constructing phylogenetic
trees. All archaeal genomes analysed were dereplicated at 95% average nucleotide identity using
dRep v.3.3 (Olm et al. 2017).

Metagenomic assembly and binning

The 40 newly reported genomes were retrieved from a range of anoxic ecosystems. Most MAGs
came from previously reported study sites, namely Guaymas Basin hydrothermal vents (7 MAGs;
Gulf of California, Mexico) (Castelle et al. 2021), Lac Lavin freshwater lake (6 MAGs; central
France) (Jaffe et al. 2023), Crystal Geyser (6 MAGs; Utah, USA) (Probst et al. 2017), Chinese hot
springs (5 MAGs; 2 from Yunnan Province and 3 from Tibetan Plateau, China) (De Anda et al.
2021), an aquifer (3 MAGs; Napa County, California, USA) (He et al. 2021), Manure lagoon (2
MAGs, California, USA) (He et al. 2021), an aquifer adjacent to the Colorado River (3 MAGs;
Rifle, Colorado, USA) (Anantharaman et al. 2016), a wetland soil (2 MAGs; Napa County,
California, USA) (Al-Shayeb et al. 2022), Alum Rock mineral spring (I MAG; San Jose,
California) (Valentin-Alvarado et al. 2024), Zodletone Spring (1 MAG; Anadarko, Oklahoma,
USA), Azore Islands hot springs (1 MAGs, Portugal) (M¢éheust et al. 2020), a borehole (1 MAG,
Muzunami, Japan). Sampling, DNA extraction, sequencing library preparation, and sequencing
methods were previously described. Briefly, metagenomic sequencing reads assembled using
IDBA-UD (Peng et al. 2012). Contigs larger than 2.5 kb were retained, and sequencing reads from
all samples were mapped against each resulting assembly utilizing Bowtie2 (Langmead and
Salzberg 2012). Differential coverage profiles, filtered with a 95% read identity threshold, were
then used for genome binning using a suite of binning tools (MetaBAT2 (Kang et al. 2019), VAMB
(Nissen et al. 2021), MaxBin2 (Wu et al. 2016, Abawaca (https://github.com/CK7/abawaca), with
the final bin choice determined by DAS Tool (Sieber et al. 2018). Additionally, I MAG was
obtained from samples from Corona Mine drainage at the Oat Hill Mine, Napa County, California,
USA; in this case, water was filtered through 2.5 and 0.1 pm filters sequentially, DNA was
extracted from each filter separately, and two runs of Illumina paired-end sequencing were
performed at 150 bp and 250 bp read lengths. 1 MAG were also obtained from hyporheic zone
water sampled from beneath the riverbed of the East River, Gunnison County, Colorado, USA; in
this case, water was filtered through a 0.1 pm filter, DNA was extracted from the filter, and
[llumina sequencing was performed with a read length of 150 bp. For the East River and Oat Hill
Mine samples, genome data were assembled using MetaSPAdes v3.15.5 (Nurk et al. 2017) with
default k-mer values. Draft genomes reconstructed using the MetaBAT2 (Kang et al. 2019),
VAMB (Nissen et al. 2021), MaxBin2 (Wu et al. 2016), and via ggKbase manual binning tools
and the best genome selected using DAS Tool (Sieber et al. 2018).
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Identification of archaeal [FeFe]-hydrogenase genes

The process of identifying [FeFe]-hydrogenase enzymes in archaea involved matching a “training”
profile of known [FeFe]-hydrogenases against a database of “candidate” protein sequences.
Representative archaeal genomes from GTDB R06-RS202 were used as the data source for
candidate hydrogenases (Parks et al. 2018). The training data was the catalytic domains of the
[FeFe]-hydrogenases identified in the HydDB (Sendergaard et al. 2016). The analysis pipeline was
written using the Nextflow pipeline framework, which allowed for the analysis to be run
reproducibly in containers, which were executed in parallel across nodes of the computing cluster
(Di Tommaso et al. 2017). The first process in the pipeline performed a multiple sequence
alignment of training sequences, which was then used to build a hidden Markov model (HMM)
using hmmer3 (Eddy 2011) that modelled the primary sequence of the [FeFe]-hydrogenase
catalytic domain. Candidate protein sequences with length greater than 100,000 amino acids were
first excluded from the analysis. Each protein sequence from each representative genome was then
matched against the HMM to obtain a bit score, which represented the similarity of the candidate
sequence to the known enzyme profile. Preliminary matches with a positive bit score were retained
and then filtered by the presence of the CxxxC motif required to ligate the [FeFe]-hydrogenase
catalytic centre. The matches passing this filter were then aggregated into a report, along with their
taxonomy and bit score. Following this, the matches were manually inspected through a
combination of Conserved Domain Database (CDD) annotations (Lu et al. 2020) and phylogenetic
analysis to derive a bit score cutoff. A final cutoff of 15.9 was chosen to include all true positives
and exclude all other sequences.

Analysis of [FeFe]-hydrogenase domain architecture

[FeFe]-hydrogenases are often multidomain proteins comprising a conserved H»-activating
domain named the H-cluster and various accessory domains at the N- and C-terminals involved in
electron transfer or H> sensing (Greening et al. 2016; Land et al. 2020). To locate the positions of
the H-cluster, all retrieved archaeal [FeFe]-hydrogenase sequences were aligned against the
trimmed reference [FeFe]-hydrogenase H-cluster sequences from HydDB 18 using Clustal Omega
v1.2.2 (default setting) (Sievers and Higgins 2018). N- and C-terminal regions outside of the H-
cluster were extracted and annotated against CDD v3.19 (Lu et al. 2020) using rpsblast (-evalue
0.01 -max_hsps 1 -max_target seqs 10) in BLAST+v2.9.0 (Camacho et al. 2009). The N-terminal
fusion of the small subunit of [NiFe]-hydrogenase with certain archaeal [FeFe]-hydrogenases was
confirmed by searching against Pfam protein family database v34.0 (Mistry et al. 2021) and protein
structural modelling as detailed below. The N- and C-terminal sequences of [FeFe]-hydrogenases
were further searched for the presence of signature iron-sulfur cluster motifs or specific pattern of
cysteine residues that are potentially involved in electron transfer: plant ferredoxin-like [2Fe2S]
(Cx10-11Cx2Cx11-15C); bacterial ferredoxin-like 2[4Fe4S] (Cx2Cx2Cx3Cx23-
32Cx2Cx2Cx3C); (Cys)3His-ligated [4Fe4S] (Hx2-3Cx2Cx5C) (Winkler et al. 2013). Based on
the domain organization and the classification scheme by (Land et al. 2020), archaeal [FeFe]-
hydrogenases were assigned into different subclasses. Domain annotation and subclass
classification results of the [FeFe]-hydrogenases are summarized in Table S2.

Analysis of [FeFe]-hydrogenase genetic organization
To characterize the genetic context and potential interacting proteins of archaeal [FeFe]-
hydrogenases, up to 10 genes upstream and downstream of the catalytic subunits were retrieved.
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These neighboring genes were annotated against CDD v3.19 (Lu et al. 2020) using rpsblast (-
evalue 0.01 -max_hsps 1 -max_target seqs 5) in BLAST+ v2.9.0 (Camacho et al. 2009), the Pfam
protein family database v34.0 (Mistry et al. 2021) using PfamScan v1.6 (default setting)(Mistry et
al. 2007), and the NCBI RefSeq protein database release 202 (Pruitt et al. 2007) using DIAMOND
v0.9.31 blastp algorithm (--max-hsps 1 --max-target-seqs 1) (Buchfink et al. 2015). Protein
subcellular localization and the presence of internal helices of the gene were predicted using
PSORTDb v3.0.3 (--archaea) (Yu et al. 2010). The subgroup lineage of the flanking gene that
encodes large subunit of [NiFe]-hydrogenase was classified using HydDB (Sendergaard et al.
2016). To facilitate curation of the annotation results and identification of conserved neighboring
genes, all flanking genes were clustered at an identity threshold of 30% and a minimum coverage
of 80% using MMseqs2 (--min-seq-id 0.3 -c¢ 0.8 --cov-mode 1 --cluster-mode 2 -s 7.5) (Steinegger
and Soding 2018). The R package gggenes v0.4.1 (https://github.com/wilkox/gggenes) was used
to construct gene arrangement diagrams. All sequences, annotations, and genetic arrangements are
summarized in Table S2.

Identification of archaeal [FeFe]-hydrogenase maturases

To probe the maturation pathway and evolution of [FeFe]-hydrogenases in Archaea, we performed
a genomic survey of the three conserved [FeFe]-hydrogenase maturases (HydE, HydF, HydG) in
all representative archaeal species in GTDB R06-RS202 (Parks et al. 2022). We first compiled a
comprehensive database of known [FeFe]-hydrogenase maturase sequences from bacteria and
eukaryotes and expanded the dataset based on BLAST searches against the NCBI non-redundant
protein database (Nov 2021) (Pruitt et al. 2007). New and authentic divergent hits including from
archaea were included in the final database, which was then used to screen for the presence of
[FeFe]-hydrogenase maturases in archaeal genomes. To enable the discovery of phylogenetically
novel maturases, a relaxed default setting of the DIAMOND v0.9.31 BLASTp algorithm was first
applied (Buchfink et al. 2015). False positive hits were filtered by further searching against CDD
v3.19 (Lu et al. 2020) for the presence of rISAM_HydE (TIGR03956), fSSAM_HydG (TIGR03955),
and GTP_HydF (TIGR03918) domains. The [FeFe]-hydrogenase maturase databases and hits
from the archaeal genomes are provided in Table S3.

Transcriptomic analysis

‘Ca. Lokiarchaeum ossiferum’ B35 enrichments were grown in MLM medium 53 at 20°C. The
cultures were sampled every 14 days and DNA was extracted using the NucleoSpin Soil DNA
extraction kit (Macherey-Nagel) according to the manufacturer’s instructions. Growth was
monitored by qPCR assays using primers LkF (5'- ATC GAT AGG GGC CGT GAG AG) and
LkR (5'- CCC GAC CAC TTG AAG AGC TG) targeting lokiarchaeal 16S rRNA genes as
previously described (Rodrigues-Oliveira et al. 2023). When ‘Ca. L. ossiferum’ B35 cells reached
mid to late exponential growth (~8.0 x 106 16S rRNA gene copies/mL), 35 mL of enrichment
culture was centrifuged at 20,000 % g for 30 minutes, 4°C. The resulting pellet was used for RNA
extraction, which was performed using the mirVana miRNA isolation kit (Invitrogen), according
to the manufacturer’s instructions. To remove any leftover genomic DNA, the samples were
incubated with TURBO DNase (Invitrogen) at 37°C for 1 h. The absence of DNA was confirmed
through lokiarchaeal 16S rRNA gene PCR assays. Metatranscriptomic analysis was performed
using the NovaSeq PE150 platform through the services of the company Novogene (United
Kingdom). The RNA-seq data were analyzed with Trimmomatic v0.36 (Bolger et al. 2014) to
remove adaptor sequences and filtering low-quality reads using the following parameters:
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LEADING:3 TRAILING:3 MINLEN:36. High quality reads from both replicates (s1 and s2) were
mapped to the genome of ‘Ca. L. ossiferum’ B35 using bowtie2 v2.5.1 (Langmead and Salzberg

2012). Transcript expression was normalized into transcripts per million (TPM) using StringTie
v2.2.1 (Pertea et al. 2015).

Proteomic analysis

Pellets of exponentially phase ‘Ca. L. ossiferum’ enrichments were suspended in 100 uL iST lysis
buffer (Preomics). To lyse cells, the suspensions were heated (95°C, 1,000 rpm, 10 min), sonicated
(water bath, 3 mins), homogenized (Beatbox (Preomics), 10 mins, high setting), and further heated
(95°C, 1,000 rpm, 10 min). Samples were then centrifuged at 10,000 x g for 1 min and 50 pL
supernatants were digested using the iST kit following the vendor’s protocol (Preomics). Peptides
were separated on a Vanquish Neo nano-flow chromatography system (Thermo-Fisher), using a
pre-column for sample loading (Acclaim PepMap C18, 2 cm x 0.1 mm, 5 um, Thermo-Fisher),
and a C18 analytical column (Acclaim PepMap C18, 50 cm X 0.75 mm, 2 pm, Thermo-Fisher),
applying a segmented linear gradient from 2% to 35% and finally 80% solvent B (80 %
acetonitrile, 0.1 % formic acid; solvent A 0.1 % formic acid) at a flow rate of 230 nL min-1 over
120 min. Eluting peptides were analyzed on an Exploris 480 Orbitrap mass spectrometer (Thermo
Fisher), which was coupled to the column with a FAIMS pro ion-source (Thermo-Fisher) using
coated emitter tips (PepSep, MSWil). The mass spectrometer was operated in DIA mode with the
FAIMS CV set to -45, the survey scans were obtained in a mass range of 350-1200 m/z, at a
resolution of 60k at 200 m/z and a normalized AGC target at 300%. 60 MSMS spectra with
variable isolation width between 7 and 191 m/z covering 349.5-1200.5 m/z range, including 1 m/z
windows overlap, were acquired in the HCD cell at 30% collision energy at a normalized AGC
target of 1000% and a resolution of 30k. The max. injection time was set to auto. Raw data were
processed using Spectronaut software v.17.6 (https://biognosys.com/software/spectronaut/) with
the DirectDIA+ workflow. A custom database that included the Ca. L. ossiferum B35 proteins and
the most common contaminants was used. The searches were performed with full trypsin
specificity and a maximum of 2 missed cleavages at a protein and peptide spectrum match false
discovery rate of 1%. Carbamidomethylation of cysteine residues were set as fixed, oxidation of
methionine and N-terminal acetylation as variable modifications. The cross-run normalization was
turned off and all other settings were left as default. Computational analysis was performed using
Python and the in-house developed Python library MsReport v.0.0.14 120. Protein intensity less
than 1000 was set to missing to remove the low-quality quantification values. LFQ protein
intensities reported by SpectroNaut were log2-transformed and normalized across samples using
the ModeNormalizer from MsReport. The missing normalized LFQ intensity values were imputed
by drawing random values from a normal distribution after filtering out contaminants, proteins
with less than 2 peptides and less than 1 quantified values in at least one group.

AlphaFold?2 structural modelling

[FeFe]-hydrogenase models were generated using AlphaFold multimer v2.1.1 implemented on the
Monash University MASSIVE M3 computing cluster (Jumper et al. 2021; Tunyasuvunakool et al.
2021). The amino acid sequences for HydA from each of the [FeFe]-hydrogenase groups (A1, A3,
B, E, and F) shown in Table S5 and below were modelled both alone and with the sequences of
putative complex partners present in the hydrogenase gene cluster. Modelling with putative
complex partners was performed iteratively, with output models assessed to determine if a credible
complex was generated. Predicted complexes were then modelled with higher stoichiometries,
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where possible given limitations of GPU RAM (~2,500 amino acids), to predict larger order
structures. Models produced were validated based on confidence scores (pLDDT) with only
regions with a confidence score of >85 utilised for analysis. Where complexes were predicted
subunit interfaces were inspected manually for surface complementarity and the absence of
clashing atoms. Interfaces were also analysed for stability using the program QT-PISA (Krissinel
2015; Krissinel and Henrick 2007), with only interfaces predicted to be stable utilised for analysis.
To assign cofactors to [FeFe]-hydrogenase models generated by AlphaFold the closest
homologous structures or domains were identified by searching the PDB database using NCBI
BLAST or the DALI server (Holm and Laakso 2016; Camacho et al. 2009). The homologous
structures were aligned with the AlphaFold models and cofactors were added in corresponding
positions to that of the experimental structures, providing all conserved coordinating residues were
present. Cofactor position was then manually adjusted to optimize coordination and to minimise
clashes. The PDB IDs for the structures were used to model cofactors for the archaeal
hydrogenases are:

Group Al — UBA95 sp002499405 (Micrarchaeota), ‘Ca. lainarchaeum andersonii’: HydA =
6GMO Chain A

Group A3 — DSALO1 sp011380095 (Altarchaeota): HydA = 6GMO Chain A; HydB (NuoF-like)
= 7E5Z chain B; HydC (NuoE-like) = 7E5Z chain A

Group B — ‘Ca. Prometheoarchaeum syntrophicum’: HydA = 6GMO Chain A ([FeFe]-hydrogenase
domain), 7BKD Chain A (ferredoxin domain); HydC (NuoE-like) = 8E9G Chain E

Group E — CABMGNOI sp902385635 (Nanoarchaeota), ‘Ca. Forterrea multitransposorum’:
HydA = 6GMO Chain A

Group F — UBA147 sp002496385 (Thermoplasmatota): HydA = 6GMO chain A ([FeFe]-
hydrogenase domain), SODC chain E ([NiFe]-hydrogenase small domain); HyhL. = 5ODC chain
L; HydD (NuoG-like) = 7T2R chain A, 5ODC chain E; HydB (NuoF-like) = 7E5Z chain B, 7MFM
chain [; HydC (NuoE-like) = 7E5Z chain A

Protein expression and characterization

All chemicals used during the protein production and characterization were purchased from VWR
and used as received unless otherwise stated. The genes encoding group A, B, E, and F [FeFe]-
hydrogenases (Table S1) were codon optimized for expression in E. coli, synthesized, and cloned
in pET-11a(+) by Genscript using restriction sites Ndel and BamHI following codon optimization
for expression in E. coli. Expression constructs were re-transformed in chemically competent E.
coli BL21(DE3) cells to express the apo-forms of the hydrogenases lacking the diiron subsite of
the H-cluster. Starter cultures were grown overnight in 5 mL LB medium containing 100 pg mL-
1 ampicillin at 37°C. These cultures were subsequently used to inoculate 80 mL of M9 medium
(22 mM Na;HPOg4, 22 mM KH>PO4, 85 mM NaCl, 18 mM NH4Cl, 0.2 mM MgSOs4, 0.1 mM
CaCly, 0.4% (v/v) glucose) containing 100 pg mL-1 ampicillin. Cultures were grown at 37°C and
150 rpm until an optical density (ODsoo) of approximately 0.4 to 0.6 was reached. Protein
expression was induced by the addition of 0.1 mM FeSO4 and 1 mM IPTG. Induced cultures were
incubated at 20°C and 150 rpm for approximately 16 h. Cells were thereafter harvested by
centrifugation at 4,930 x g for 10 mins at 4°C. All subsequent operations were carried out under
anaerobic conditions to prevent hydrogenase inactivation by atmospheric oxygen in an MBRAUN
glovebox ([O2] <5 ppm). The cell pellet was resuspended in a 0.5 mL lysis buffer (30 mM Tris-
HC pH 8.0, 0.2 % (v/v) Triton X-100, 0.6 mg mL-1 lysozyme, 0.1 mg mL-1 DNase, 0.1 mg mL-
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1 RNase). Cell lysis was performed by three cycles of freezing/thawing in liquid N2, and the
supernatant was recovered by centrifugation (29,080 x g, 10 mins, 4°C).

Hydrogenase semisynthetic maturation

The subsite [2Fe]H subsite mimic, (EtsN)>[Fex(SCH2NHCHS)(CO)4(CN)2] ([2Fe]adt), was
synthesized in accordance to literature protocols with minor modifications and verified by FTIR
spectroscopy (Li and Rauchfuss 2002; Zaffaroni et al. 2012; Schmidt et al. 1999; Lyon et al. 1999).
Incorporation of cofactor was performed by addition of 100 pg the [2FeJadt subsite mimic (final
concentration 80 uM) to 380 pL of the supernatant in potassium phosphate buffer (100 mM, pH
6.8) and 1 % (v/v) Triton X-100. The reaction mixture was enclosed in an airtight vial and was
anaerobically incubated at 20°C for 1-4 hr. The non-purified lysate containing the [2Fe]adt subsite
mimic was mixed with 200 pL of potassium phosphate buffer (100 mM, pH 6.8) with 10 mM
methyl viologen and 20 mM sodium dithionite. Reactions were incubated at 37°C up to 120 mins.
H> production was determined by analyzing the reaction headspace every 15 mins using a
PerkinElmer Clarus 500 gas chromatograph (GC) equipped with a thermal conductivity detector
(TCD) and a stainless-steel column packed with Molecular Sieve (60/80 mesh). The operational
temperatures of the injection port, oven, and detector were 100°C, 80°C, and 100°C, respectively.
Argon was used as carrier gas at a flow rate of 35 mL min—1. The three biological replicates were
run at varying times (1-4 hours) of incubating the cell lysates with the [2Fe]adt subsite mimic.
Incubation time was not found to influence the observed H> production. Thus, variation in H-
cluster formation rates did not appear to have a substantial influence on the outcome of the
screening process.

Hydrogenase purification

Expression construct with verified sequence of the group E [FeFe]-hydrogenase from ‘Ca.
Forterrea multitransposorum’ (Fm) was retransformed in chemically competent E. coli Origami™
B(DE?3) cells since the strain yielded the highest expression levels from the small-scale expression
tests. Starting cultures were grown overnight in 10 mL LB medium containing 100 pg/mL
ampicillin and 15 pg/mL kanamycin at 37°C. These cultures were subsequently used to inoculate
1 L of M9 medium (22 mM Na;HPOj4, 22 mM KH>PO,, 85 mM NaCl, 18 mM NH4Cl, 0.2 mM
MgS04, 0.1 mM CacClz, 0.4% (v/v) glucose) containing 100 pg/mL ampicillin and 15 pg/mL
kanamycin. Cultures were grown at 37°C and 150 rpm until an optical density (ODsoo) of
approximately 0.4 was reached. Protein expression was induced by the addition of 0.1 mM FeSO4
and 1 mM IPTG. Induced cultures were incubated at 20°C and 150 rpm for approximately 16 h.
Cells were thereafter harvested by centrifugation in a Beckman Coulter Avanti J-25 centrifuge
(4,424 x g, 10 min). All subsequent operations were carried out under anaerobic conditions in the
glovebox to prevent hydrogenase inactivation by atmospheric oxygen. The cell pellet was
resuspended in 100 mM Tris-HCI pH 8.0, with NaCl (150 mM), MgCl> (10 mM), lysozyme from
chicken egg white (I mg/mL), DNAse I from bovine pancreas (0.05 mg/mL), RNase A from
bovine pancreas (0.05 mg/mL), and a tablet of complete™ EDTA-free protease inhibitor cocktail,
and was incubated inside the glovebox for 30 min. Cell lysis was performed by three cycles of
freezing/thawing in liquid Na. Cell debris was removed by centrifugation in a Beckman Coulter
Optima L-90K Ultracentrifuge (222,592 x g, 60 min). The supernatant was collected and filtered
(0.45 pm syringe filter) before being loaded on a StrepTrapTM XT (Cytiva) affinity column using
a BioLogic DuoFlow™ FPLC system (Bio-Rad) and purified according to the manufacturer’s
instructions. Products eluted by 50 mM biotin were concentrated using Amicon®Ultra 30 kDa
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molecular weight cut-off (MWCO) centrifugal filters (Merck Millipore Ltd.). The StrepTrapTM
eluates were further separated using size exclusion chromatography via Superdex™ 200 10/300
GL, equilibrated in 100 mM Tris-HCI, 150 mM NaCl pH 8.0, to acquire purified Fm (Figure S9).
Samples were stored anaerobically at —80 °C. Coomassie-stained SDS-PAGE was used to assess
purity. Protein estimations were performed via Bradford assay using bovine serum albumin as a
standard 154. Quantification of Fe-content was performed using a previously reported assay 155
using a commercially available Fe?* standard for AAS TraceCERT (Sigma Aldrich) for the
calibration curve.

Activation of purified hydrogenase

To semi-enzymatically reconstitute the iron-sulfur clusters of Fm, a solution of 50 pM apoprotein
in 100 mM Tris-HCI, 150 mM NaCl pH 8.0 was incubated with 500 uM dithiothreitol (DTT) under
strictly anaerobic conditions for 10 min at room temperature. The iron and sulfur sources were
ferrous ammonium sulfate and L-cysteine, respectively, both added in 1.5-fold molar excess to the
desired number of Fe-atoms to be added. Reconstitution was initiated by adding a 1% molar
equivalent of recombinant cysteine desulfurase (E. coli IscS), slowly releasing sulfide in situ from
cysteine. Reaction mixtures were incubated at room temperature up to 2 hours. At the same time,
the increase of absorbance around 405 nm was monitored by UV/Vis (Figure S9). The
reconstitution process was stopped by running the reaction mixture through a PD-10 column (GE
Healthcare), equilibrated in 100 mM Tris-HCI, 150 mM NaCl pH 8.0. To activate Fm with
[2Fe]adt, under strictly anaerobic conditions, the reconstituted enzyme (50 pM) was mixed with
sodium dithionite (1 mM, 20x excess) in 100 mM phosphate buffer, pH 6.8 and incubated in room
temperature for 10 minutes. Cofactor incorporation started with the addition of [2Fe]adt (600 uM,
12x excess), and the reaction mixture was incubated for 1 h. The mixture was loaded onto a PD-
10 desalting column (GE Healthcare) equilibrated with 10 mM Tris-HCI pH 8.0. The sample was
concentrated using Amicon®Ultra 30 kDa MWCO centrifugal filters (Merck Millipore Ltd.),
aliquoted into PCR tubes, and transferred into airtight serum vials (3-5 puL each) before they were
flash-frozen in liquid N> and stored at -80°C until further use.

Protein film electrochemistry

Protein film electrochemistry experiments were carried out under anaerobic conditions at 20°C
and pH 7.0. The three-electrode system was made up of (1) Ag/AgCl (4 M KCl) as reference
electrode, (2) rotating disk 5 mm OD pyrolytic graphite edge (PGE) plane (epoxy encapsulated)
as working electrode, and (3) graphite rod as the counter electrode. The gas-tight glass cell used
featured a water jacket for temperature control and a cell gas inlet/outlet for hydrogen flow control.
The buffer used was composed of 5 mM MES, 5 mM CHES, 5 mM HEPES, 5 mM TAPS, 5 mM
sodium acetate (NaOAc), with 0.1 M NaxSOg4 as carrying electrolyte titrated with H>SO4 to pH
7.0, and purged with N2 for 3 to 4 hours. The PGE working electrodes were polished with P1200
sandpaper and rinsed with purified water before they were brought into the glovebox. To remove
residual O in the PGE electrode, cyclic voltammograms were run at 100 mV/s from -100 to -600
mV (vs. standard hydrogen electrode (SHE)) for 40 scans. The cyclic voltammogram of the blank
electrode (no enzyme immobilized) was then recorded at 10 mV/s with the working electrode
rotated at 3 krpm. Polycationic polymyxin B sulfate (5 uL of 0.2 mg/mL) was added onto the
deaerated PGE surface before adding 5 uL of 5 uM activated enzyme. The mixture was left for 10
min for maximal adsorption before the excess solution was removed by pipet. The cyclic
voltammogram of the system with the immobilized enzyme was then recorded at 10 mV/s under
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1 atm of H». Electrochemical data was acquired using an Eco/Chemie PGSTAT10 and the GPES
software (Metrohm/Autolab). Data were analyzed using Origin 8 software. All values are
referenced versus SHE. Experiments were conducted on two independent enzyme films, with each
film scanned at least three times.

ATR-FTIR spectroscopy

2 uL enzyme solution (110 uM of Fm) in 10 mM Tris buffer (pH 8) was deposited on the ATR
crystal. The ATR unit (BioRadlII from Harrick) was sealed with a custom build PEEK cell that
allowed for gas exchange and illumination mounted in a FTIR spectrometer (Vertex V70v, Bruker)
129. The sample was dried under 100% nitrogen gas and rehydrated with a humidified aerosol
(100 mM Tris-HCI, pH 8). Spectra were recorded with 2 cm-1 resolution, a scanner velocity of 80
Hz and averaged of varying number of scans (mostly 1000 Scans). All measurements were
performed at ambient conditions (room temperature and pressure, hydrated enzyme films).
Photochemical reduction was achieved through a previously established protocol (Lorenzi et al.
2022; Senger et al. 2019). In short, an enzyme film prepared as described above also including
Eosin Y (6 mM, 0.5 pL) and triethanolamine (TEOA, 200 mM, 2 puL) was illuminated using a
Schott KL2500LCD cold light source. Spectra shown in Figure 3 are representative examples of
two technical replicates. Data were analysed using OPUS and Origin 2019 Software.

Genome-wide metabolic annotations

For all archaeal genomes encoding [FeFe]-hydrogenases, genes were predicted using Prodigal
v2.6.3 122. Preliminary functional annotations were established and cross-referenced using KEGG
HMMs, UniRefl100 and UniProt, and collections of metabolic capacities in genome bins were
reviewed using ggKbase genome summaries, as previously described 56. Each open reading frame
in the archaeal genomes was assigned a KEGG Orthology if the best-scoring KEGG HMM
surpassed the bitscore cutoff. For a targeted profiling of the metabolic capacity of the archaeal
genomes, we performed a homology-based search against our custom curated database
(https://doi.org/10.26180/c.5230745) consisting of metabolic marker genes involved in carbon
fixation (RbcL, AcsB, AclB, Mcr, Hbs), alternative electron donors (FdhA, CoxL, CooS, McrA,
MmoA, PmoA, IsoA, FCC, Sqr, Sor, SoxB, PsaA, PsbA, ARO), alternative electron acceptors
(AsrA, DsrA, NarG, NapA, NirS, NirK, NrfA, NosZ, NorB, Nod, MtrB, OmcB, YgfK, RdhA),
respiration (SdhA, FrdA, CoxA, CcoN, CyoA, CydA, AtpA) using DIAMOND v.2.0.11 with
filtering cutoffs described previously (Ortiz et al. 2021). Briefly, hits were filtered based on a
minimum query cover of 80% and an identity threshold of 50%, except for CoxL, MmoA, and
RbcL (all 60%), AtpA, ARO, IsoA, PsbA, and YgfK (all 70%), Hbs (75%), and PsaA (80%). The
functional annotations were expanded to include marker genes for fermentation, fatty acid
degradation, aromatic compound degradation, carbohydrate metabolism, and sulfur metabolism
using curated HMMs from METABOLIC (Zhou et al. 2020) and KofamKOALA v1.3.0 (Aramaki
et al. 2020) with default bitscore thresholds. Hits were further inspected and filtered through
searching the NCBI CDD database and final annotation results are summarized in Table S6. The
final curated metabolic marker genes were visualized by a custom Python script to construct a
heatmap that displayed the presence or absence of particular gene markers within the archaeal
genomes. Counts of genes by genome were transformed into binary format, where "1" denotes the
presence of at least one hit for a specific gene marker, while "0" signifies the absence of hits for
the given marker.
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Genome-level phylogenetic analysis

To construct the archaeal genome tree, 15 conserved syntenic ribosomal proteins 158 were
retrieved, aligned, and concatenated using GOOSOS (https://github.com/jwestrob/GOOSOS)
using all archaeal genomes at least 60% complete and less than 5% contaminated (based on
CheckM (Parks et al. 2015)). Genomes containing at least 75% of the 15 syntenic proteins were
retained. The concatenated ribosomal protein sequences were aligned using MAFFT (Katoh and
Standley 2013), followed by trimming with trimAl 126 using the -gt 0.1 option. The final length
of the trimmed concatenated protein alignment was 3224 amino acids for 118 genomes. Branch
support was obtained using the ultrafast bootstrap method 159 implemented in IQ-TREE v1.6.12
(Nguyen et al. 2015) and the phylogeny was estimated utilizing the following parameters -bb 1000
-m LG+F+G4. All trees were visualized using iTOL v6.3.2 (Letunic and Bork 2021).

Gene-level phylogenetic analysis

The amino acid sequences of [FeFe]-hydrogenases catalytic subunits (HydA) were retrieved from
three datasets: the archaeal genomes analysed in this study, all reference sequences from the
hydrogenase database (HydDB) (Sendergaard et al. 2016), and additional eukaryotic genomes 89.
For all datasets, taxonomy was assigned to each sequence using ETE v3.0.0 111 and CD-HIT v4.6
106 was used to reduce the dataset at the 80% amino acid sequence identity level. The multiple
sequences retrieved were aligned using MAFFT v7.304 (settings: --localpair --maxiterate 1000 --
reorder) (Katoh and Standley 2013). The resulting alignment was trimmed using trimAl (settings:
-gt 0.1) (Capella-Gutiérrez et al. 2009) and manually inspected with Geneious (Kearse et al. 2012)
to remove partial sequences (Dataset S1). Using ModelFinder with default parameters
implemented in IQ-TREE v1.6.1 114, the best-fit model according to Bayesian information
criterion (BIC) was determined to be LG+C20+R+F. Maximum likelihood phylogenetic trees
using the LG+F+G4 substitution model were constructed using IQ-TREE v1.6.1 (Nguyen et al.
2015) (setting: -m LG+C20+R+F -nt AUTO -bb 1000 -alrt 1000). To ensure the robustness of the
phylogenetic inference, trees were built with 1000 ultrafast bootstraps and 1000 aLRT
(Approximate Likelihood Ratio Test) (Guindon et al. 2010) (Dataset S2 & S3). The models were
applied to 3,677 amino acid sequences of the catalytic subunit (HydA) of [FeFe]-hydrogenases,
including novel hybrid hydrogenases.

2.3 Results and Discussion

Structurally and genetically diverse [FeFe]-hydrogenases are encoded by nine archaeal phyla

We searched for the gene encoding the catalytic subunit of [FeFe]-hydrogenases (HydA) in the
2,339 archaeal species clusters of the Genome Taxonomy Database (GTDB) and our repository of
novel archaeal metagenome-assembled genomes. In total, 130 archaeal genomes (90 previously
reported, 40 novel) encoded [FeFe]-hydrogenases, spanning nine phyla and 17 classes (Figure 2.1).
Except for some Asgard archaea, only one [FeFe]-hydrogenase was present in each genome. The
enzymes were verified and classified based on analysis of domain structure (Table S2; Figure S1),
genetic organisation (Table S2; Figure S3), maturases (Table S3; Figure 2.1), and primary
phylogeny (detailed below). The enzymes fell into six distinct groups, namely the canonical groups
Al (n=26), A3 (n =44), and B (n = 12) and the novel groups E (n =30), F (n=21), and G (n =
3) (Figure 2.1; Table S2). The archaeal group Al and group E [FeFe]-hydrogenases are putative
fermentative enzymes encoded by three DPANN phyla (lainarchaeota, Micrarchaeota,
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Nanoarchaeota). With average sequences of just 363 and 286 residues respectively (after excluding
any truncated sequences), these enzymes are much smaller than the most minimal hydrogenase
previously characterised (Chlamydomonas reinhardtii HydAl; 457 residues 64,70) (Table S2).
The most widespread hydrogenase, however, is the electron-bifurcating/confurcating group A3
[FeFe]-hydrogenase. This hydrogenase, together with its partner diaphorase (HydB) and
thioredoxin (HydC) subunits, is encoded by at least six DPANN phyla, Thermoplasmatota (class
E2), and some Asgard archaea (class Lokiarchaeia) (Figure 2.1).

Among cultured archaea, [FeFe]-hydrogenases are only encoded in the Asgard archaeal
enrichment cultures. We detected group B [FeFe]-hydrogenases in the genomes of both
‘Candidatus Prometheoarchaeon syntrophicum’ (Imachi et al. 2020) (Figure 2.2C; Table S1) and
our recently reported culture ‘Candidatus Lokiarchacum ossiferum’ (Rodrigues-Oliveira et al.
2023) (Table S4). While ‘Ca. P. syntrophicum’ has previously been inferred to fermentatively
produce Hp, this activity was assumed to originate from its group 3c [NiFe]-hydrogenase and its
[FeFe]-hydrogenase was misannotated as an F420H,-dependent dehydrogenase subunit; based on
previously reported transcriptomes (Imachi et al. 2020), the [FeFe]-hydrogenase is expressed at
similarly high levels (309 RPKM) to the [NiFe]-hydrogenase (333 RPKM), suggesting it may
contribute to observed H» production. We also conducted new proteomic and transcriptomic
analysis to gain insights into the metabolic capabilities of ‘Ca. L. ossiferum’ (Table S4); this
archaeon also synthesizes an [FeFe]-hydrogenase at high levels (18.03 LFQ intensity [log2]), but
its [NiFe]-hydrogenase (24.00 LFQ intensity [log2]) is among the most abundant complexes in the
cell and thus likely dominates H> production (Table S4; Figure S3). Nevertheless, the [FeFe]-
hydrogenase may contribute to Hz production given these enzymes typically have higher activities
than their [NiFe] counterparts and all biochemically characterised group 3¢ [NiFe]-hydrogenases
oxidise H» under cellular conditions (Greening et al. 2016; Costa et al. 2010; Kaster et al. 2011).
Given the extremely slow growth rates and yields of both cultures (Imachi et al. 2020; Rodrigues-
Oliveira et al. 2023) we are currently unable to conduct deeper analyses of the differential roles of
these enzymes in vivo. Diverse [FeFe]-hydrogenases are also encoded by MAGs of several other
Lokiarchaeia and Heimdallarchaeia (Figure 2.1; Table S1).

To better understand the structure and function of putative archaeal [FeFe]-hydrogenases, we
performed structural modelling using AlphaFold2. Archaeal group A1l and E [FeFe]-hydrogenases
are monomeric enzymes (HydA only) predicted to fold into a H-cluster domain with a solvent-
exposed catalytic H-cluster (Figure 2.2A-B; Figure S4). However, in contrast to bacterial [FeFe]-
hydrogenases, the loop structures of these enzymes are condensed and additional iron-sulfur
clusters are absent (Figure S5 and S6). Each of the modelled enzymes contained the cysteine
residues required to ligate the H-cluster, though differed in their proton-transferring residues
(Figure S5). Thus, despite their small size, these enzymes are theoretically capable of H; catalysis.
The group B [FeFe]-hydrogenase from ‘Ca. P. syntrophicum’ modelled as a heterodimer between
the HydA and HydC subunits encoded by the gene cluster; it contains two 2x[4Fe-4S] ferredoxin-
like domains, one that acts as an electron relay from the H-cluster, the other of unknown function
separate from the main body of the protein (Figure 2.2C). Structural modelling also supported that
archaeal group A3 [FeFe]-hydrogenases form trimeric electron-bifurcating complexes (HydABC)
similar to those recently structurally characterised in fermentative and acetogenic bacteria (Figure
2.2D; Figure S7).
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Archaeal [FeFe]-hydrogenases are catalytically active and display H-cluster spectroscopic
signals

We tested whether group Al, B, and E [FeFe]-hydrogenases from archaea bind the catalytic H-
cluster and produce H». To do so, we heterologously expressed five enzymes in E. coli BL21(DE3),
anaerobically matured them using the synthetic mimic [*Feladt
([Fez(azadithiolate)(CO)4(CN)2]*"), and measured H> production of whole-cell lysates using gas
chromatography as per established protocols (Table S3; Figure S8) (Berggren et al. 2013; Khanna
et al. 2017; Land et al. 2019). H2 production was clearly discernible relative to negative controls
in enzymes matured from all three groups (Figure 2.3A). The highest activity was observed from
a Micrarchaeota group Al enzyme (denoted Mu). Cell lysates containing Mu evolved H> at half
the rate of the well-known [FeFe]-hydrogenase HydA1 from the green alga C. reinhardtii, which
was included in all assays as a positive control (Land et al. 2019). The homologous enzyme from
the groundwater archaeon ‘Ca. [ainarchaeum andersonii’ 76 (denoted Ia) also produced Ha, though
at a hundredfold lower rate. We further observed substantial activity of the group B enzyme from
the Asgard archaeon ‘Ca. P. syntrophicum’ (Imachi et al. 2020) (denoted Ps) and the group E
enzyme from the groundwater archaeon ‘Ca. Forterrea multitransposorum’ (denoted Fm). We note
that the observed H» production activities should not be considered as specific activities given
potential variations in the efficiency of heterologous expression, folding, and maturation between
the enzymes; this is illustrated by the differences in activity between the Mu and Ia hydrogenases
despite their high degree of sequence homology. Nevertheless, these results validate that both
DPANN and Asgard archaea encode functional [FeFe]-hydrogenases, and that the minimal group
Al and ultraminimal group E lineages are both active.

The group E [FeFe]-hydrogenase from ‘Ca. F. multitransposorum’ (Fm) was isolated as a
representative example to provide more detailed insight into the properties of these ultra-
minimalistic enzymes. Following purification under strictly anaerobic conditions and semi-
enzymatic reconstitution of the iron-sulfur clusters, the iron content of the enzyme was determined
to be 4.2 + 0.4 per protein (Figure S9), in agreement with the structural modelling that this enzyme
contains a single [4Fe4S] cluster (Figure 2.2). The reconstituted Fm hydrogenase was subsequently
incubated with [2Fe]adt. Successful H-cluster assembly was verified through Attenuated Total
Reflection Fourier transformed infrared (ATR-FTIR) spectroscopy, given sharp cofactor bands in
the expected CO/CN ligand band region of the FTIR spectra were readily observed (Figure 2.3B;
Figure S10). As elaborated in the Supplementary Note 3, our spectroscopic analysis suggested that
the enzyme was isolated in an inhibited state. However, photochemical reduction resulted in the
transition to catalytically active states (Figure 2.3B; Figure S10) reminiscent of the oxidised active
ready states (Hox and HoxH 78) and a further reduced state.

The catalytic properties of Fm were studied by protein film electrochemistry (PFE). Cyclic
voltammetry traces of the enzyme recorded under a H, atmosphere showed the typical bidirectional
catalytic behaviour commonly associated with [FeFe]-hydrogenases 81 (Figure 2.3C). A
comparison of the reducing and oxidising currents observed at high driving force (+ 300 mV vs
reversible hydrogen electrode, RHE) indicated that the enzyme is clearly biased towards H+
reduction catalysis relative to H> gas oxidation. This is in contrast to its closest characterized
homolog, the group C [FeFe]-hydrogenase from the bacterium Thermotoga maritima (28%
sequence identity), that showed a clear preference for H> oxidation (Chongdar et al. 2018).
Collectively, these results show archaeal monomeric [FeFe]-hydrogenases binds a redox-active H-
cluster in a very well-defined environment, and suggest they mediate fermentative H> production.
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[FeFe]- and [NiFe]-hydrogenases associate into complexes in uncultivated archaea
Remarkably, the group F [FeFe]-hydrogenases appear to form complexes with [NiFe]-
hydrogenases. 21 genomes encoded these complexes through five-gene clusters, including from
the classes Bathyarchaeia, Brockarchaeia, Thermoplasmata, Thermoproteia, and Lokiarchaeia
(Figure 2.1; Table S2). Their defining feature is the fusion of a C-terminal [FeFe]-hydrogenase
catalytic domain (HydA) with an N-terminal domain homologous to the group 3 [NiFe]-
hydrogenase small subunit (HyhS) (Figure 2.4A and Figure S4). Four other genes are contiguous
with this fusion: the large subunit of the group 3 [NiFe]-hydrogenase (HyhL); the diaphorase
(HydB) and thioredoxin (HydC) subunits of the electron-bifurcating/confurcating group A3
[FeFe]-hydrogenase; and a conduit subunit containing four iron-sulfur clusters (herein HydD)
(Figure S2). The thioredoxin, diaphorase, and conduit subunits are respectively homologous to
NuoE, NuoF, and NuoG that together form the NADH dehydrogenase module of complex 1. All
four genes are also present in the recently identified and structurally characterised electron-
bifurcating [NiFe]-hydrogenase from Acetomicrobium mobile 14; however, the archaeal complex
is distinct given it contains a true [FeFe]-hydrogenase catalytic subunit with a H-cluster domain,
which is fused to the [NiFe]-hydrogenase small subunit. Of the archaeal [FeFe]-hydrogenases, the
group F enzymes show the most conserved genetic organization in archaea, presumably due to
their association with [NiFe]-hydrogenases (Figure S2). As elaborated in Supplementary Note 1,
the genetically and phylogenetically distinct group G [FeFe]-hydrogenases exclusive to the
Brockarchaeia genus JAAOZOOL1 are also likely to form hybrid complexes (Figure S2; Table S2).
To confirm the catalytic activity of the group F [FeFe]-hydrogenase, we recombinantly expressed
and artificially matured two HydA-HyhS fusion proteins from the candidate lineage
Thermoplasmata SG8-5. One of these enzymes rapidly produced H> over the time course (Thl)
with relative activities of 5.1% compared to the C. reinhardtii enzyme (Figure 2.4D; Table S5). In
contrast, the other enzyme (Th2) exhibited only low levels of activity (Figure 2.4D). The proteins
proved challenging to purify, preventing a detailed in vitro characterization. It is likely that these
enzymes would display even higher activity if assembled into a complex with the other subunits,
though this would be exceptionally challenging to achieve given the archaea encoding them are
uncultivated and [NiFe]-hydrogenases are recalcitrant to heterologous production. These
measurements nevertheless confirm these are bona fide hydrogenases and that their activities are
attributable to the H-cluster.

Finally, we performed AlphaFold2 modelling to infer whether the [FeFe]- and [NiFe]-
hydrogenases associate (Figure 4B-C). When modelled alone, the hybrid subunit was predicted to
contain a [FeFe]-hydrogenase catalytic domain and a [NiFe]-hydrogenase iron-sulfur cluster
domain separated by a long flexible linker (Figure S4). Conserved cysteine ligands required to
ligate both the H-cluster of the [FeFe]-hydrogenase and the three electron-relaying [4Fe4S]
clusters of the [NiFe]-hydrogenase component were both observed (Figure S5; Figure 2.4C;
Supplementary Note 4). However, modelling of all five genetically contiguous subunits (HydA-
HyhS, HydBCD, HyhL) suggests they form a stable electron-bifurcating/confurcating complex
(AG =-97.06 to -219.7 kJ mol-1; PISA analysis) that associate through multiple hydrogen bonds
and salt bridges (Figure S7). As elaborated in Supplementary Note 4, the structural model suggests
the complex receives electrons through the [FeFe]-hydrogenase arm or the [NiFe]-hydrogenase
via a series of iron-sulfur clusters to a probable electron-converging [4Fe4S] cluster on the hybrid
subunit, or vice versa. Thereafter electrons are predicted to be simultaneously transferred to the
high-potential NAD+ at the HydC subunit and an undetermined low-potential acceptor (likely
ferredoxin) at the glutamate synthase (GItA) domain of the HydB subunit (Figure 2.4B). These
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observations are remarkable given [NiFe]- and [FeFe]-hydrogenases are not known to associate.
Moreover, they suggest surprising modularity of the [NiFe]-hydrogenase small subunit given it
has evidently co-evolved with both [NiFe]- and [FeFe]-hydrogenases.

[FeFe]-hydrogenases enable fermentation and electron-bifurcation in diverse archaea

We sought to understand the role of the various [FeFe]-hydrogenases in the metabolism of archaea.
To do so, we annotated the high-quality archaeal genomes for genes associated with major energy
conservation and carbon acquisition processes. All [FeFe]-hydrogenase-encoding archaea are
predicted to be obligate anaerobes given they lacked terminal oxidases. This is consistent with the
retrieval of the genomes from typically anoxic ecosystems, especially groundwater, anaerobic
digesters, and sediments from hot springs, hydrothermal vents, and freshwater (Figure 2.1; Table
S1). Based on the retrieved genomes, DPANN archaea are likely to be symbiotic obligate
fermenters dependent on host-derived organic compounds; consistently, they often encoded genes
for the degradation and fermentation of carbohydrates (primarily starch) and aromatic compounds,
but generally lacked respiratory reductases or carbon fixation pathways (Figure 2.1). The other
archaeal phyla were predicted to be capable of a wider range of metabolic strategies, in line with
their larger genome sizes (Figure S1), including beta oxidation, anaerobic respiration, and carbon
fixation to varying extents (Figure 2.1). Notably, some Asgard archaea encoded fumarate
reductases (Frd), reductive dehalogenases (Rdh), and anaerobic sulfite reductases (Asr), with the
latter enzyme also encoded in certain MAGs from four other phyla. Several lineages were also
predicted to be capable of autotrophy through the Wood-Ljungdahl (Lokiarchaeia,
Thermoproteota) or reverse tricarboxylic acid (Lokiarchaeia, = Heimdallarchaeia,
Thermoplasmatota) pathways (Figure 2.1; Table S5). Most of the MAGs also encoded RuBisCO
lineages known to function in nucleoside salvage (Sato et al. 2007).

The group A, B, and E [FeFe]-hydrogenases likely facilitate cofactor regeneration during organic
carbon fermentation in diverse archaea. Half of the archaea encode 2-oxoacid-ferredoxin
oxidoreductases, such as pyruvate-ferredoxin oxidoreductases that couple the oxidation of the end
product of glycolysis (pyruvate) to the reduction of ferredoxin, and most can gain ATP by
converting the derived acetyl-CoA to the end product acetate via the acetyl-CoA synthetase or
acetate kinase reaction (Figure 2.1). As supported by the structural modelling (Figure 2.2), the
monomeric group Al, B, and E hydrogenases are predicted to couple ferredoxin reoxidation to H»
production. Also consistent with this role, 2-oxoacid-ferredoxin oxidoreductase genes are
frequently adjacent to [FeFe]-hydrogenase genes in Nanoarchaeota and Micrarchacota MAGs
(Figure S2). By contrast, the trimeric group A3 [FeFe]-hydrogenases are predicted to
simultaneously reoxidize ferredoxin (reduced primarily by pyruvate-ferredoxin oxidoreductase)
and NADH (e.g. reduced during glycolysis) (Figure 2.2), in line with their bacterial counterparts
(Schut and Adams 2009; Furlan et al. 2022; Katsyv et al. 2023). Congruently, the electron-
bifurcating/confurcating group A3 [FeFe]-hydrogenases are associated with those DPANN
archaea harbouring relatively complex carbohydrate degradation pathways (i.e. Woesearchaeles,
Altarchaeota, some lainarchaeota) through which both NAD+ and ferredoxin will be reduced
(Figure 2.1). It is also notable that many DPANN archaea encode the minimal group Al and
ultraminimal group E [FeFe]-hydrogenases as their sole H2-metabolising enzymes (Table S6); in
conjunction with the simpler maturation pathways of [FeFe]-hydrogenases compared to [NiFe]-
hydrogenases, these genome-reduced microorganisms (average completeness-normalized genome
size: 1.2 Mbp) have minimised the genetic and cellular costs of metabolising H». Further studies
are needed to determine what biochemical features differentiate the monomeric group Al, B, and
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E [FeFe]-hydrogenases and whether they have distinct physiological roles. It cannot be ruled out
that the group B enzymes instead consume H> to support anaerobic respiration or carbon fixation
in Asgard archaea; however, this seems unlikely given their reported Hz-evolving activities (Figure
2.3), structural features (Figure 2.2), and the hydrogenogenic lifestyle of ‘Ca. P. syntrophicum’
(Imachi et al. 2020).

The physiological role of the hybrid hydrogenases is unclear. These enzymes are exclusively
encoded by more metabolically versatile archaea, including those with the capacity for carbon
fixation, beta oxidation, and energy conversion using group 4 [NiFe]-hydrogenases (Figure 2.1).
The predicted structures suggest that that these enzymes contribute to electron bifurcation by
transferring electrons from H> to both NAD and likely ferredoxin, or vice versa (Figure 3).
However, it is peculiar that a single complex contains two seemingly redundant hydrogenase
modules. A potential explanation is that one of the hydrogenase modules might act on a substrate
other than Ha, especially given group 3 [NiFe]-hydrogenases can serve as sulthydrogenases in
vitro (i.e. mediating reduction of elemental sulfur to hydrogen sulfide) (Ma et al. 1993). A further
rationale is that the two hydrogenase modules may differ in their affinities and/or oxygen tolerance,
enabling efficient H> oxidation across a wide range of environmental conditions. However,
perhaps the strongest possibility is that the complexes act as a redox valves, transferring electrons
either from NADH and reduced ferredoxin to a Hx-evolving [FeFe]-hydrogenase when reductant
accumulates, and from a Hz-consuming [NiFe]-hydrogenase to NAD and oxidised ferredoxin
otherwise; this is consistent with previous observations that electron-bifurcating hydrogenases act
as Ho-producing redox valves during heterotrophic growth of bacteria in response to variations in
substrate availability and redox state (Wang et al. 2013). Other enzyme complexes regulating
opposite reactions have recently been reported, namely between glutamate synthase (GItAB) and
glutamate dehydrogenase (GudB) (Jayaraman et al. 2022), with the GItA domain of these enzymes
also shared in the hybrid hydrogenase complex.

[FeFe]-hydrogenases have been acquired by archaea on multiple occasions and have an ancient
association with [NiFe]-hydrogenases

We investigated the evolutionary history of [FeFe]-hydrogenases through phylogenetic analysis of
its catalytic subunit (Figure 2.5) and three maturases. In agreement with their classification into
known groups, the archaeal group Al, A3, and B [FeFe]-hydrogenases clustered with various
bacterial and eukaryotic homologs; the group A enzymes form at least six radiations, suggesting
they were laterally acquired from bacterial enzymes over several independent events, whereas the
archaeal group B and E enzymes each formed a monophyletic clade (Figure 2.5). Based on
phylogenies constructed using the best supported model (Figure 2.5) and their structural simplicity
(Figure 2.2B), the ultraminimal fermentative group E enzymes of archaea form a sister clade to
the multidomain sensory group C hydrogenases of bacteria (Greening et al. 2016; Chongdar et al.
2018; Greening et al. 2019; Zheng et al. 2014). We also re-examined the putative origin of [FeFe]-
hydrogenases in eukaryotes, in light of the syntrophy hypotheses for eukaryogenesis (Martin and
Miiller 1998; Moreira and Lopez-Garcia 1998; Sousa et al. 2016; Spang et al. 2019; Imachi et al.
2020), given our finding [FeFe]-hydrogenases are present both in Asgard archaea and unicellular
eukaryotes. Our data do not support the hypothesis that all eukaryotic [FeFe]-hydrogenases were
vertically acquired from an Asgard archaeal ancestor. The eukaryotic enzymes cluster into at least
five disparate clades, spanning both group A and B, suggesting multiple horizontal acquisitions
(Figure 2.5). In addition, [FeFe]-hydrogenases are absent from the Asgard genomes most related
to eukaryotes (Figure 2.1) and the alphaproteobacterial genomes most related to mitochondria
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(Greening et al. 2016; Stairs et al. 2021; Stairs et al. 2020), though this view could change with
the addition of new genomes. Nevertheless, archaeal and eukaryotic [FeFe]-hydrogenases
clustered together in three of these lineages (including Lokiarchaeia with Tritrichomonas),
suggesting some eukaryotes and archaea may have laterally exchanged [FeFe]-hydrogenase genes
during their diversification (Figure 2.5).

We also studied the distribution and phylogeny of the three maturases that synthesise the [FeFe]-
hydrogenase cofactor, HydE, HydF, and HydG. Of the 130 archaeal genomes encoding [FeFe]-
hydrogenases, just five encode a full set of maturases and three others encode an incomplete set
(Table S3). Though genome incompleteness means that the co-occurrence of hydrogenases and
maturases will be underestimated, this does not explain the absence of maturases in most genomes.
Indeed, maturase genes are even absent in the genome of the cultured hydrogenogenic archacon
‘Ca. P. syntrophicum’ and the closed genome of ‘Ca. F. multitransposorum’ from which an active
[FeFe]-hydrogenase was heterologously produced (Figure 2.3). In turn, it is likely that archaea
synthesise [FeFe]-hydrogenases through an alternative pathway. The existence of an alternative
pathway is consistent with reports that various eukaryotes lacking all (Giardia, Entamoeba (Nixon
et al. 2003; Lloyd et al. 2002)) or some (Mastigamoeba (Nyvltova et al. 2013)) maturases still
make catalytically active Hz-producing hydrogenases, as well as recent reports of a cytosolic
[FeFe]-hydrogenase in Trichomonas vaginalis (Smutnd et al. 2022) and the heterologous
production of active [FeFe]-hydrogenases in Synechocystis cells lacking maturases (Berto et al.
2011). In line with findings for the structural subunits, phylogenetic analysis of HydE, HydF, and
HydG suggests that archaea acquired maturases on several occasions. Several archaeal maturases
are closely related to those that we recently identified in Chlamydiae and eukaryotes(Smutna et al.
2022).

Phylogenetic analyses also suggest an ancient origin of the hybrid hydrogenases. In phylogenetic
trees of the [FeFe]-hydrogenase catalytic subunit, sequences of group F and G hydrogenases
together formed a monophyletic branch distant from the group A and group B to E superclades,
suggesting an early divergence of these archaeal enzymes (Figure 2.5). These sequences formed
long branches, given their divergence from other hydrogenases (~25% sequence identity to the
model hydrogenase C. reinhardtii HydAl). The discovery of these divergent archaeal
hydrogenases raises the question of whether [FeFe]-hydrogenase first evolved in archaea or
bacteria; however, the absence of non-hydrogenase homologs ancestral to [FeFe]-hydrogenases
precludes confident rooting of the tree needed to make strong inferences. In phylogenetic trees of
[NiFe]-hydrogenases, the catalytic (large) subunits of the fusion proteins formed multiple clusters
In contrast, the iron-sulfur (small) domain fused to the group F [FeFe]-hydrogenase and the iron-
sulfur subunit downstream of the group G [FeFe]-hydrogenase each form distinct monophyletic
subgroups within the group 3 [NiFe]-hydrogenases (Figure S16). Thus, as dictated by the gene
fusion, the iron-sulfur domain of hybrid complexes more strongly co-evolved with the [FeFe]-
than [NiFe]-hydrogenase catalytic subunits. We propose that the components of the hybrid
hydrogenases are formally recognised as distinct lineages, namely the group F and G [FeFe]-
hydrogenases and group 3f and 3g [NiFe]-hydrogenases, given their distinct phylogenies,
structures, and potential physiological roles.
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2.4 Conclusion

Archaea have evolved remarkably disparate ways to use [FeFe]-hydrogenases to adapt to
anaerobic environments. On one hand, DPANN archaea have evolved ultraminimal enzymes to
efficiently dispose of reductant derived from carbohydrate fermentation. Conversely, lineages such
as Brockarchaeia and Lokiarchaeia use unique hybrids of [NiFe]- and [FeFe]-hydrogenases —
among the most complex hydrogenases described to date — to support their diverse redox biology.
These discoveries expand the [FeFe]-hydrogenases from four to seven groups each with distinct
phylogenies, structures, and functions. In addition to increasing understanding of archaeal biology,
these findings also redefine our understanding of hydrogen metabolism and hydrogenase
biochemistry by revealing: (i) [FeFe]-hydrogenases from all three domains of life are active, (ii)
the two dominant hydrogenase classes have co-evolved, and (iii) a new size minimum for
hydrogenases. The ultraminimal hydrogenases also provide ideal templates both to understand
enzymatic H» catalysis, for example determinants of rate, directionality, affinity, and oxygen
sensitivity, as well as flexible scaffolds for directed evolution of efficient Hz-converting
biocatalysts. More broadly, our approach also emphasizes the potential of combining genome-
resolved metagenomics with accurate protein structure prediction and heterologous production
studies to discover new enzymes and functions in uncultured microorganisms.
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Figure 2.1 Phylogenetically and metabolically diverse archaea encode [FeFe]-hydrogenases. The left
portion of the figure shows a maximum-likelihood phylogenomic tree (model LG+F+G4) based on the
concatenated 15 ribosomal marker proteins of archacal genomes that encode [FeFe]-hydrogenases. Results
are shown for the 118 (out of 130) genomes that are at least 60% complete, less than 5% contaminated, and
contain at least 75% of the 15 syntenic proteins. Branches are colour-coded encoding according to the
respective phylum. Black circles indicate bootstrap support values over 80%. The middle portion shows the
presence of key metabolic genes involved in different metabolic processes. Carbon fixation: ATPcitrate
lyase beta-subunit (AclB), acetyl-CoA synthase beta subunit (AcsB), propionyl-CoA synthetase (PrpE), 4-
hydroxybutyryl-CoA dehydratase / vinylacetyl-CoA-deltaisomerase (AbfD), CODH/ACS complex subunit
delta (CdhD), CODH/ACS complex subunit gamma (CdhE), anaerobic carbon monoxide dehydrogenase
catalytic subunit (CooS), type II/III ribulose-bisphosphate carboxylase (RbcL II/Il), type III
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ribulosebisphosphate carboxylase (RbcL III); respiration: reductive dehalogenase (RdhA), formaldehyde
activating enzyme (Fae), glutathione-independent formaldehyde dehydrogenase (FdhA), the reversible
succinate dehydrogenase and fumarate reductase flavoprotein (SdhA/FrdA); ATP synthesis: ATP synthase
subunit alpha (AtpA), ATP synthase subunit beta (AtpB); fermentation: 2-oxoacid:ferredoxin or
pyruvate:ferredoxin oxidoreductase alpha subunit (PorA/OorA), isocitrate dehydrogenase (Idh), ADP-
forming acetyl-CoA synthetase (AcdA), acetate kinase (Ack), phosphate acetyltransferase (Pta), acetyl-
CoA synthetase (Acs), formate Cacetyltransferase (PfID); fatty acid degradation: acyl-CoA dehydrogenase
(ACAD); aromatics degradation: flavin prenyltransferase (UbiX); sulfur metabolism: sulfur dioxygenase
(Sdo), sulfate adenylyltransferase (Sat), adenylylsulfate kinase (CysC), sulfate adenylyltransferase subunit
1 (CysN), anaerobic sulfite reductase subunit A (AsrA). The right portion shows the diverse environments
the archaeal genomes were retrieved from. Note that the phylum QMZSO01 was classified as
Aenigmatarchaeota in GTDB R06-RS207 while Thermoproteota class EX4484—205 was proposed as
Brockarchaeia.
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Figure 2.2 Archaea encode genetically and structurally diverse [FeFe]-hydrogenases. Catalytic domain
structure, genetic organisation, and AlphaFold2-based structural modelling of representative [FeFe]-
hydrogenases encoded in archaeal genomes. A) Group Al [FeFe]-hydrogenase from UBA95 sp002499405
(Micrarchaeota). B) Group E [FeFe]-hydrogenase from ‘Ca. Forterrea multitransposorum’. C) Group B
[FeFe]-hydrogenase complex from ‘Ca. Prometheoarchaeum syntrophicum’. D) Group A3 [FeFe]-
hydrogenase complex from DSALO1 sp011380095 (Altarchaeota). For each panel, the catalytic domain (H-
cluster), iron-sulfur binding motifs, and amino acid sequence length are shown at the top. Genes encoding
hydrogenase structural subunits are shown in their genetic context are shown beneath, labelled and coloured
consistent with the corresponding subunit in the structural models. Predicted cofactors are positioned based
on the structures of homologous proteins. A zoomed view of the H-cluster and conserved coordinating
cysteine residues (C; to Cs) is shown for each group. For group B and A3 enzymes, FeS clusters within
plausible electron transfer distance are connected by dashed lines. AydA4, [FeFe]-hydrogenase; hydB,
diaphorase; hydC, thioredoxin; hydD, nuoG-like conduit protein; hyd6TM, uncharacterised 4 to 6-helix
transmembrane protein associated with group A [FeFe]-hydrogenases; (His)[4Fe4S], (Cys)s;His-ligated
[4Fe4S] cluster binding domain; [2Fe2S], [2Fe2S] cluster binding domain; [4Fe4S], [4Fe4S] cluster
binding domain; 2[4Fe4S], bacterial ferredoxin-like 2[4Fe4S] cluster binding domain; 6Cys, putative iron-
sulfur cluster binding domain. * HydC protein in group A1 gene cluster was not predicted to form a complex
with HydA. Surface structures are used for the multisubunit group B and A3 [FeFe]-hydrogenases, with
ribbon diagram versions provided in Figure S4.
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Figure 2.3 Three classes of [FeFe]-hydrogenases encoded by archaea are catalytically active. A) H,
gas production monitored from cell lysates in E. coli BL21(DE3) cells expressing group Al, B, and E
[FeFe]-hydrogenases from archaea. All cell lysates including the blank were activated by addition of
[2Fe]adt. H2 was measured by GC after addition of methyl viologen and dithionite to activated cell lysates,
set to pH 6.8 with 100 mM KPi buffer. Activities are normalized for number of cells used (nmol H» min-1
ODsoo-1) and error bars reflect standard deviation from biological triplicates. The strain expressing
prototypical CrHydA1l was used as a positive control while “Blank” represents the same strain but
containing an empty vector. B) FTIR spectra of the group E [FeFe]-hydrogenase from ‘Ca. Forterrea
multitransposorum’ (Fm) after heterologous expression, semisynthetic maturation with [2FeJadt, and
purification. The absorbance spectrum (top) indicates a CO inhibited di-ferrous H-cluster state (Hsox-CO).
The difference spectrum (bottom) illustrates the transitions of Fm into catalytically active states through
photoreduction (illumination after the addition of eosin Y as a photosensitizer and triethanolamine as a
sacrificial electron donor). During illumination bands associated with the highly oxidized CO-inhibited
state decreased (grey bands), while new bands reflecting reduced and catalytically active H-cluster states
appear, assigned to HoxH (cyan), Hox (blue) and Hred (red) (spectra arranged chronologically from top to
bottom). C) Cyclic voltammetry traces of immobilized Fm (orange) with H2 oxidation current densities at
high potentials and H+ reduction currents at low potentials. The 2H+/H2 redox couple potential is indicated
with a dashed line (E0O'2H+/H,). Scan direction is indicated by black arrows. The “Blank” trace (grey)
represents the electrode without an immobilized enzyme film. The experiments were performed on two
independent films for each enzyme at pH 7.0 (5 mM MES, 5 mM CHES, 5 mM HEPES, 5 mM TAPS, 5
mM NaOAc, 0.1 M Na,SO4) and under 1 atm Ho.
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Figure 2.4 [FeFe]- and [NiFe|-hydrogenases encoded by archaea are predicted to form unique
complexes. A) Catalytic domain structure and predicted operon encoding a putative complex of a group F
[FeFe]-hydrogenase and group 3 [NiFe]-hydrogenase in Thermoplasmatota UBA147 sp002496385. hydA,
[FeFe]-hydrogenase; hydB, diaphorase; hydC, thioredoxin; hydD, nuoG-like conduit protein; syhL, group
3 [NiFe]-hydrogenase catalytic subunit; 4yAS, group 3 [NiFe]-hydrogenase small subunit. B) Predicted
surface structure, cofactor composition, and electron flow through four potential arms in the hybrid
hydrogenase complex. [FeS] clusters are numbered and labelled according to their subunit of origin (e.g.
Al, A2, A3 originate from the HydA subunit). C) Atomic structure of the predicted [FeFe]- and [NiFe]-
hydrogenase active sites in the hybrid enzyme. Distances between catalytic cluster and coordinating
residues of less than 2.5 A are shown as blue dotted lines. D) H» gas production monitored from cell lysates
in E. coli BL21(DE3) cells expressing the Th1 and Th2 [FeFe]-hydrogenases from archaea. The cell lysates
were activated by addition of [2Fe]*". H, levels were measured every 15 mins for 2 hours by gas
chromatography after addition of methyl viologen and dithionite to activated cell lysates, set to pH 6.8 with
100 mM KPi buffer. Activities are normalized for number of cells used (nmol Ha ODgoo') and error bars
reflect standard deviations from two biological triplicates. “Blank” represents the same strain but containing
an empty vector.
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Figure 2.5 [FeFe|-hydrogenases are diverse and ancient in archaea. An unrooted maximum-likelihood
phylogenetic tree of the catalytic subunit (HydA) of [FeFe]-hydrogenases and novel hybrid hydrogenases.
The tree was constructed based on 3,677 amino acid sequences using the LG+C20+R+F model. The
numbers at the branches indicate the alLRT (Approximate Likelihood Ratio Test) support values. Coloured
circles at the tip indicate sequences from eukaryotes and major archaeal groups.
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Transitional section

While the roles of Asgard archaea in marine environments have been extensively studied, their
potential contributions to soil ecosystems, particularly in the context of methane cycling in wetland
soils, remain largely unexplored. In the following chapter, I reconstructed two complete genomes
for soil-associated Atabeyarchaeia, a new Asgard lineage, and the first complete genome of
Freyarchaeia. These high-quality genomes, obtained through manual curation and validated using
nanopore long-read sequencing, provide a solid foundation for elucidating the metabolic
capabilities and ecological roles of Asgard archaea in terrestrial ecosystems.
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3. Asgard archaea modulate potential methanogenesis
substrates in wetland soil

The following chapter is a modified version with permission of authors of the following published
preprint: Luis E. Valentin-Alvarado, Kathryn E. Appler, Valerie De Anda, Marie C. Schoelmerich,
Jacob West-Roberts, Veronika Kivenson, Alexander Crits-Christoph, Lynn Ly, Rohan Sachdeva,
David F. Savage, Brett J. Baker and Jillian F. Banfield (2023). In prep. Asgard archaea modulate
potential methanogenesis substrates in wetland soil

Abstract

The roles of Asgard archaea in eukaryogenesis and marine biogeochemical cycles are well studied,
yet their contributions in soil ecosystems are unknown. Of particular interest are Asgard archaeal
contributions to methane cycling in wetland soils. To investigate this, we reconstructed two
complete genomes for soil-associated Atabeyarchaeia, a new Asgard lineage, and the first
complete genome of Freyarchaeia, and defined their metabolism in sifu. Metatranscriptomics
highlights high expression of [NiFe]-hydrogenases, pyruvate oxidation and carbon fixation via the
Wood-Ljungdahl pathway genes. Also highly expressed are genes encoding enzymes for amino
acid metabolism, anaerobic aldehyde oxidation, hydrogen peroxide detoxification and glycerol and
carbohydrate breakdown to acetate and formate. Overall, soil-associated Asgard archaea are
predicted to be non-methanogenic acetogens, likely impacting reservoirs of substrates for methane
production in terrestrial ecosystems.

N.B. All main figures for this manuscript can be found below in section 3.6. All supplementary
files (including figures and tables) can be found online with the published bioRxiv preprint.
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3.1 Introduction

Wetland soils are hotspots for methane production by methanogenic archaea. The extent of
methane production depends in part on the availability of substrates for methanogenesis (e.g.,
formate, formaldehyde, methanol, acetate, hydrogen), compounds that are both produced and
consumed by co-existing microbial community members. Among the groups of organisms that
coexist with methanogens are Asgard archaea, of recent interest from the perspective of
eukaryogenesis (Eme et al., 2023; Liu et al., 2021; Spang et al., 2015; Zaremba-Niedzwiedzka et
al., 2017). To date, numerous lineages of Asgard archaea have been reported from anaerobic,
sedimentary freshwater, marine, and hydrothermal environments (Cai et al., 2020, 2021; Eme et
al., 2023; Farag Ibrahim F. et al., 2021; Imachi et al., 2020; Liu et al., 2018, 2021; Rodrigues-
Oliveira et al., 2023; Seitz et al., 2016, 2019; Spang et al., 2015; Sun et al., 2021; Xie et al., 2022;
Zaremba-Niedzwiedzka et al., 2017; Zhang et al., 2021). Predictions primarily from draft
metagenome-assembled genomes (MAGs) indicate metabolic diversity and flexibility that may
enable them to occupy these diverse ecological niches. It appears that Asgard archaea are not
capable of methane production since they lack the key canonical methyl-coenzyme M reductase
(MCR). Although a few complete genomes for Asgard from hydrothermal and geothermal
environments have been reported (Imachi et al., 2020; Rodrigues-Oliveira et al., 2023; Tamarit et
al., 2022; F. Wu et al., 2022), most metabolic analyses of Asgard archaea are limited by reliance
on partial genomes. To date, no Asgard genomes from non-estuarine wetland soils have been
reported. Thus, nothing is known about the ways in which Asgard archaea directly (via methane
production) or indirectly (via metabolic interactions) impact methane cycling in wetlands.

To investigate the roles of Asgard archaea in carbon cycling in wetland soil, we reconstructed two
complete genomes for a newly defined group, here named Atabeyarchaeia, and one complete
genome for a group named Freyarchaeia. Freyarchaecia MAGs were originally reconstructed from
Guaymas Basin, located in the Gulf of California, México (Xie et al., 2022), and from Jinze Hot
Spring (Yunnan, China) (Eme et al., 2023). Subsequently, another group used the original data to
recover similar genomes and referred to them as Jordarchaeia (Sun et al., 2022). Here, we retain
the original nomenclature. The genomes for soil Asgard archaea were initially reconstructed by
manual curation of Illumina short read assemblies and then validated using both Nanopore and
PacBio long reads. These fully curated genomes enabled us to perform comprehensive metabolic
analyses, without the risks associated with reliance on draft genomes, and provided context for
metatranscriptomic measurements of their in situ activity. Our integrated analysis of gene
expression and metabolic predictions revealed roles for Atabeyarchaeia and Freyarchaeia in the
production and consumption of carbon compounds that can serve as substrates for methanogenesis
by coexisting methanogenic archaea.
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3.2 Materials and Methods

Sample acquisition, nucleic acid extraction and sequencing

We collected soil cores from a seasonal vernal pool in Lake County, California, in October 2018,
October 2019, November 2020 and October 2021. Samples were frozen in the field using dry ice,
and kept at -80 C until extraction. The Qiagen PowerSoil Max DNA extraction kit was used to
extract DNA from 5-10 g of soil, and the Qiagen AllPrep DNA/RNA extraction kit was used to
extract RNA from 2 g of soil. Samples were sequenced by the QB3 sequencing facility at the
University of California, Berkeley on a NovaSeq 6000. Read lengths for the 2018 DNA samples
and the RNA samples were 2x150 bp and 2x250 bp for the 2019-2021 DNA samples. A sequencing
depth of 10 Gb was targeted for each of 2018, 2020, and 2021 samples, and 20 Gbp for each of
the 2019 samples. A subset of deep soil samples from 2021 were sequenced using PacBio and
Oxford Nanopore technologies. For Oxford Nanopore sequencing, the Ligation Sequencing Kit
(LSK114) was used to prepare native DNA libraries and the Qiagen Repli-G mini kit and LSK114
were used to prepare amplified DNA libraries. Samples were sequenced on FLO-PRO114M
flowcells on the PromethION for 72 hours.

1llumina metagenomic assembly, binning and annotation

Metagenomic sequencing reads were trimmed for adapter sequences and quality using sickle
(Sickle: Windowed Adaptive Trimming for Fastq Files Using Quality, n.d.). The filtered
metagenomic reads from 2018 were assembled using the IDBA_UD assembler (Peng et al., 2012)
. The reads from 2019-2020 using metaSPAdes(Nurk et al., 2017) Contigs greater than 2.5 Kb
were retained and sequencing reads from all samples were cross-mapped against each resulting
assembly using Bowtie2 (Langmead and Salzberg 2012). The resulting differential coverage
profiles were filtered at a 95% read identity cutoff and then used for genome binning with
MetaBAT2(Kang et al., 2019), VAMB (Nissen et al. 2021) and MaxBin2 (Wu et al. 2016). The
resulting genome bins were assessed for completeness and contamination using CheckM?2 (Parks
et al., 2015) and were manually curated using taxonomic profiling with GGKBase
(www.ggkbase.berkeley.edu). The first iteration of taxonomy was assigned to genome bins with
GTDB-Tk v2.3.0 (Chaumeil et al., 2019) and further validated with phylogenetic trees of single-
copy marker genes. We also downloaded all the publicly available Asgard genomes from BV-BRC
(www.bv-brc.org) and used CheckM2 to estimate genome completeness.

PacBio metagenomic sequencing and assembly

Samples from September 9, 2021 from 140 cm and 75 cm were sequenced using a Sequel II to
generate PacBio HiFi reads. Reads were quality trimmed wusing BBDuk (bbduk.sh
minavgquality=20 gtrim=rl trimq=20) (Bushnell, 2014) and assembled with hifiasm-meta (Feng
et al., 2022).

Oxford Nanopore metagenomic assembly

Reads were basecalled with Guppy using the dna r10.4.1 e8.2 sup@v3.5.1 model. Reads were
filtered for an average quality >10 and a minimum length of 1kb using fastp (v0.23.2). Adapters
were trimmed using porechop (v0.2.4). Branching artifacts caused by multiple displacement
amplification were removed by aligning amplified reads to themselves with mappy (v2.24); Reads
with non-diagonal self-alignment were removed. Both amplified and native reads were jointly
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assembled with metaFlye (v2.9) (Kolmogorov et al., 2020), long-read polished with medaka
consensus (v1.7.1), and short-read polished with Hapo-G (v1.3.1).

Manual genome curation of short-reads genomes and validation using long-reads

The manually curated genomes were de novo reconstructed from high-quality Illumina
metagenomic data as described previously (Chen et al. 2020). From soil samples taken at various
depths, we recovered draft illumina based MAGs corresponding to Atabeyarchaeia-1,
Atabeyarchaeia-2 and Freyarchaeia. The curation process involved the identification and removal
of obvious chimeric regions, which were indicated by abrupt changes in GC content or by
insufficient [llumina read mapping support. We also corrected sequences in regions with imperfect
read alignment, allowing no single nucleotide polymorphisms (SNPs), by mapping reads at a
reduced stringency threshold (allowing for up to 3% SNPs). This was followed by manual curation
of the consensus sequence, including insertion, deletion, or substitution of individual base pairs.
The extension of contig ends was conducted using unplaced Illumina reads. High read coverage
was interpreted as indicative of the genomic termini. A genome was deemed complete when it
displayed uninterrupted support from Illumina reads. The final assessment of genome
completeness was performed by examining the cumulative GC skew and ensuring alignment with
known complete genomes from related taxa. The Average Amino Acids of the new genomes was
performed wusing AAI: Average Amino acid Identity calculator tool (http://enve-
omics.ce.gatech.edu/aai/) and using compareM (v.0.0.23) with the ‘aai wf” at default settings
(https://github.com/dparks1134/CompareM). Replichores of complete genomes were predicted
according to the GC skew and cumulative GC skew calculated by the iRep package (gc_skew.py).

Metabolic pathway reconstruction of complete genomes and phylogenetic analysis of key
functional genes

We utilized Prodigal (v2.6.3) to predict the genes for Atabeyarchaeia and Freyarchaeia genome by
this study (Hyatt et al., 2010). A suite of databases, including KofamKOALA (v1.3.0) (Aramaki
et al., 2020) and InterProScan (5.50-84.0) (Paysan-Lafosse et al., 2023) were combined to begin
annotation. Complete genomes were also annotated with HydDB(Sendergaard et al., 2016),
METABOLIC (v4.0) (Zhou et al., 2022), PROKKA (v1.14.6), DRAM (Shaffer et al., 2020) and
MEBS (v2.0). Our methods also incorporated a microbial genome annotation workflow as
previously described in Undinarchaeota study (Dombrowski et al., 2020).

For each gene/protein of interest, references were compiled by 1) BLASTing the corresponding
gene against the NCBI nr database and their top 50 hits clustered by CD-HIT using a 90%
similarity threshold, 2) obtaining sequences from the high quality manually annotated
UniProtKB/Swiss-Prot/InterPro/PFAM (reviewed) (catalases), or 3) using previously published
alignment and creating hmm models to extract Atabeyarchaeia and Freyarchaeia sequences (4OR,
catalases, and MttB-like homologs). The final set genes/proteins were aligned using MAFFT
v.7.407 (AOR and catalases)/v7.490 (ADH and MttB-like homologs), trimmed with trimAl
vl.4.revl5 (AOR, ADH, catalases, and MttB-like homologs), and a phylogenetic tree was inferred
using IQTREE v.1.6.6 (AOR and catalases)/v2.0.7 (ADH and MitB-like homologs) using
automatic model selection. More detailed descriptions for each phylogeny, including model
selection are discussed in the supplemental figure captions.
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Identification of [NiFe]-hydrogenase and phylogenetic analyses

We extracted [NiFe]-hydrogenase sequences from complete genomes as well as publicly available
Asgardarchaeota genomes from NCBI and BCWT using custom Hidden Markov Models (HMMs).
To confirm the accuracy of the candidate [NiFe]-hydrogenase sequences, we checked the
identified sequences by looking at nearby genes and ensuring the presence of essential
hydrogenase accessory genes and confirmed the preliminary classification using
HydDB(Sendergaard et al., 2016). We combined our [NiFe]-hydrogenase sequences with those
from the HydDB database. Then, we aligned all the sequences using MAFFT (parameters:--
localpair --maxiterate 1000). After alignment, we looked for the N-terminal and C-terminal CxxC
conserved motifs. We then used TrimAl v (parameters: -gt 0.5) to clean up the alignment, removing
parts where more than 50% of the sequences had gaps. We used IQ-TREE version 1.6.12 with the
best-fit model according to Bayesian information criterion (BIC) and ultrafast 1000 bootstrap
method to estimate support values for the tree branches. The output tree was visualized using ItoL
and the subgroups were classified based on known HYDB references (Sendergaard et al., 2016).

Identification of Selenocysteine machinery and Selenoproteins, tRNA and intron predictions

The Sec machinery (pstK, EFsec, SecS, and SPS) was identified using HMMER v3.3.1 (Eddy
2011) via hmmscan against the TIGRFAM v15.0 database (Li et al. 2021) and also confirmed via
Selenoprofiles v4.4.8 (Santesmasses et al., 2018), using the -p machinery option. Selenoprofiles
v4.4.8 and the Seblastian- SECIS3 software (Mariotti et al. 2013) was accessed to identify potential
selenoproteins, which were manually curated via alignment to known selenoproteins as previously
reported (Mariotti et al., 2016). SECIsearch3 was used to identify SECIS for selenoproteins.

For identification of predicted pre-tRNA, we used tRNAscan-SE v.2.0.12 (default settings and -A
for archaea model) (Chan et al. 2021). The R2DT software (Sweeney et al. 2021) was used to
predict and visualize tRNA secondary structure, which also led to identification of additional
introns that were not detected by tRNAscan. We identified Sec tRNA with the Secmarker v0.4
webserver (Santesmasses et al. 2017) with a minimum Infernal score of 35.

Metatranscriptome sequencing and analysis

A subset of the deep SRVP soil samples (60, 70, 80 and 100 cm) were used for
metatranscriptomics. Asgard genomes were first dereplicated using derep v 3.4 (Olm et al., 2017),
resulting in a set of representative genomes. A Bowtie2 index was constructed from the
dereplicated genomes to expedite the sequence alignment process. Post alignment, a custom-built
Python script (Crits-Christoph, n.d.) was utilized to scrutinize the paired reads from the alignment
(BAM) files and deliver statistical insights on gene expression. This script initiates by creating a
Pysam 'AlignmentFile' object, enabling a systematic traversal through the '.bam' files by parsing
the complex binary alignments. It then proceeds to iterate over each gene listed in a predefined set.
For each gene, the script tallies the reads that satisfy user-defined thresholds for Average
Nucleotide Identity (ANI) and Mapping Quality (MAPQ). These thresholds, designed to uphold a
high level of alignment quality and sequence identity, are critical in enhancing the reliability of
the data. Upon the completion of this process, the script outputs the filename, the gene name, and
the count of reads that conform to the defined parameters. This pipeline permits an in-depth
investigation of RNA hits within the dereplicated genomes, thereby illuminating gene expression
profiles across diverse environmental scenarios.
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To quantify the number of reads per gene, we further utilized a Python script (filter counts.py).
This script operates based on gene predictions produced by the Prodigal software for the genomes
of interest. With the required gene predictions secured through a rerun of Prodigal, the script was
set in motion on the BAM files. The command executed was as follows: python filter counts.py -
q 10 -m 0.97 derep genomes.faa. This command sets the minimum MAPQ score (-q 10) and the
minimum ANI (-m 0.97) to ensure high-quality alignments and a high degree of sequence identity.
This adherence to stringent criteria bolsters the reliability and robustness of our analytical process.

Mapped mRNA reads were standardized by the calculation reads per kilobase of transcript per
million reads mapped (RPKM), which allows for the direct comparison of the level of transcription
of all genes in the de novo assembly (Table S4). RPKM is calculated in Rockhopper as:
RPKM=((number of mapped reads/length of transcript (gene) in kilobase)/million mapped reads))
(McClure et al., 2013).

Abundance and distribution of archaea

The dereplicated Atabeyarchaeia, Freyarchaeia and other archaeal genomes present in the 36
metagenome samples were mapped to all the metagenome reads independently using BBMap
(Bushnell, 2014) (parameters: nodisk=t pigz=t unpigz=t ambiguous=random). We set the
minimum identity for mapping to 0.9 and handled ambiguous mappings randomly. The percentage
of relative abundance of each genome, and the unmapped read percentage values were calculated
using coverM (parameters: -m relative abundance --min-read-percent-identity 95).

Phylogenetic analyses of Asgard genomes

We used three different sets of markers for the phylogenetic analysis. 47 arCOGs (Archaeal cluster
of orthologous genes), a subset of previously described marker set (Baker et al., 2016), were
extracted with hmmsearch (v3.1b2) from the 9 MAGs in this study, 303 additional Asgard MAGs,
and 36 TACK publicly available MAGs. Korarchaeales MAGs were excluded from the analysis
due to the hyperthermal-sensitive marker genes (Eme et al., 2023). We chose to exclude
arCOGO01183 from the previous set as it was found in less than 50% of the MAGs. mafft (v7.310)
and BMGE (v1.12) were used to align and trim the concatenated alignments. Maximum likelihood
phylogenetic trees were generated using IQ-TREE (v1.6.1) to test various models and topologies
to obtain bootstrap values and LG+F+R10 model was selected (Figure 3.1C). Additionally, we
compared this phylogeny with a set of 37 single-copy marker genes from Phylosift (v1.0.1)
(Darling et al., 2014) (Darling et al., 2014). The sequences were manually accessed, aligned with
mafft auto (v7.490), trimmed with BMGE (v2.0), and a maximum likelihood phylogeny generated
with IQ-TREE (v2.0.7), using the LG+F+R10 model (Figure S24). All marker sets resulted in the
same phylogeny for the 9 added MAGs. 16S ribosomal proteins were extracted from 439 Asgard
and 39 TACK MAGs with barrnap 0.9, using options --kingdom arc --lencutoff 0.2 --reject 0.3 --
evalue le-05. Sequences manually curated, aligned with mafft auto (v7.490) and masked with
Geneious Prime, and ran with [Q-Tree (v2.0.7). 16S phylogeny separates Atabeyarchaeia MAGs
from other Asgard clades (Figure S2). Amino acid identity (AAI) was determined with CompareM
(v0.0.23) to distinguish taxonomic level. We assigned numbers from 1-9 as candidate groups
within this new Asgardarchaeota class.
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Identification and analysis of genomic ESPs

PSI-BLAST was used to query the Asgard proteomes against the AsCOGs (Asgard database) and
arCOGs databases (Liu et al., 2021). Hits were only considered if the absolute difference between
the subject and query sequence was less than 75% of the length of the query sequence. Hits were
then dereplicated by taking the best hit for each query.

Protein structure prediction using AlphaFold-multimer and ColabFold

Structural predictions for group 4 [NiFe]-hydrogenases, CoxLMS, MtrA, and MtrAH fusion
proteins were performed using ColabFold, incorporating AlphaFold-multimer capabilities
(Mirdita et al. 2022). These predicted structures were then visualized and aligned using ChimeraX
(Meng et al., 2023), with corroborating reference structures obtained from the Protein Data Bank
(Berman et al., 2000). This structural modeling was integral in reinforcing our phylogenetic and
metabolic inference.

Nomenclature, etymology, and proposal of type material

Based on the findings of our research, we propose a new taxonomic nomenclature for the identified
Asgard archaea organism. The chosen nomenclature encapsulates various facets that resonate with
the organism's nature and its ecological habitat. The term 'Atabey' is a homage to the Mother
Goddess, often referred to as the Earth Mother in the Taino mythology, symbolizing fertility,
abundance, and the nurturing aspects of nature. We suggest the taxonomic hierarchy of class 'Ca.
Atabeyarchaeia', order 'Ca. Atabeyarchaeales', family 'Ca. Atabeyarchaeaceae', and genus 'Ca.
Atabeyarchaeum'. We submit the complete genomes “Atabeyarchaeia-1” and “Atabeyaarcaeia-2”
as well 6 near complete genomes as type material for this new group.

3.3 Results

Complete genomes and phylogenetic placement of Asgard archaea from wetland soil

We analyzed Illumina metagenomic data from samples collected from 20 cm to 175 cm depth in
the soil of a wetland located in Lake County, California, USA. We previously reported
megaphages (Al-Shayeb et al. 2020) and Methanoperedens archaea and their 1 Mb-scale “Borg”
extrachromosomal elements from this site (Al-Shayeb et al. 2022). From the metagenomic
analyses conducted at this site, we determined that archaea account for >45% of the total
community below a depth of 60 cm. Archaeal groups detected include members of the
Asgardarchaeota, Bathyarchaeia, = Methanosarcinia,  Nitrososphaeria, = Thermoplasmata,
Micrarchaeia,  Diapherotrites, = Aenigmatarchaeia, = Methanomicrobia, = Aenigmarchaeia,
Nanoarchaeia, Hadarchaeia and Methanomethylicia (Figure 3.1A-B).

From 60, 80, and 100 cm deep wetland soil, we recovered four draft Asgard genomes, three of
which were manually curated to completion using methods described previously (Chen et al.
2020). Taxonomic classification using the Silva DB placed the 3,576,204 bp genome as
Freyachaeia. 16S rRNA gene sequence analysis showed the two other complete genomes were
distinct from Freyarchaeia (16S rRNA genes are <75% identical), thus representing organisms
from a separate, new lineage. These genomes are 2,808,651 and 2,756,679 bp in length (Table S1)
with an average amino acid identity (AAI) of ~70% (Table S2).
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Phylogenetic analyses using several sets of marker genes (“see materials and methods”) placed
our two novel complete genomes in a monophyletic group within the Asgard clade as a sister group
to Freyarchaeaia (Figure 3.1C). We performed phylogenetic analyses using concatenated marker
sets of 47 arCOG and 15 ribosomal protein (RP15) gene cluster (Figure S1), as well as 16S rRNA
(Figure S2). The new genomes share only 40-45% AAI when compared to other Asgard genomes,
consistent with their assignment to a new phylum. Although our analyses provide evidence for
distinction at the phylum level, we chose to adhere to the Genome Taxonomy Database (GTDB)
for standardized microbial genome nomenclature (Table S3). Here, we propose the name
Candidatus “Atabeyarchaeia" for this new group, where 'Atabey' is a goddess in of Taino Puerto
Rican mythology. Atabeyarchaeia is represented by the complete Atabeyarchaeia group 1
(Atabeya-1) and group 2 (Atabeya-2) genomes. Included in this group are 2 MAGs from a highly
fragmented, partial Asgard Lake Cootharaba Group (ALCG) draft genome (Sun et al. 2021). The
cumulative GC skew of the Freyarchaeia and Atabeyarchaeia genomes is consistent with
bidirectional replication. This style of replication is typical of bacterial genomes but has not been
widely reported in Archaea, and has never been described in the Asgard group (Figure 3.1D and
Figure S3).

Unexpectedly, we found that 92% to 95% of tRNA genes from all three genomes contain at least
one intron. This contrasts with the general estimate that 15% of archaeal tRNA harbor introns
(Marck & Grosjean, 2003), and with Thermoproteales (another order of archaea), where 70% of
the tRNAs contain introns (Sugahara et al., 2008). In total, there are 228 tRNA introns across the
three new Asgard genomes (Table S4). Unlike most archaeal tRNA introns that occur in the
anticodon loop at position 37 / 38 (Tocchini-Valentini et al. 2011; Yoshihisa 2014),
Atabeyarchaeia and Freyarchaeia introns often occur at non-canonical positions, and over half of
their tRNA genes have multiple introns (Table S4).

Subsequently, we acquired and independently assembled Oxford Nanopore and PacBio long-reads
from a subset of the samples to generate three circularized genomes that validate the overall
topology of all three curated Illumina read-based genomes (Figure S4, Table S1). These complete
genomes allowed us to genomically describe two Atabeya-2 strain variants from 100 cm and 175
cm depth soil. In addition, we used Illumina reads to curate a draft Nanopore genome for another
Atabeyarchaeia species, Atabeya-3, from 75 cm and 175 cm depth soil (Figure S5). The
Atabeyarchaeia-3 genome is most closely related to the Asgard Lake Cootharaba Group (ALCQG)
fragments (Sun et al. 2022). To further solidify the phylogenetic position of Atabeyarchaiea, we
included the Atabeyarchaeia-3 genome and another draft genome (Atabeyarchaeia-4) from
[llumina reads in the phylogenetic analysis.

Using the Asgard clusters of orthologous genes (AsCOGS) database and functional classification,
we identified eukaryotic signature proteins (ESPs) in the complete and public genomes of
Atabeyarchaeia and Freyarchaeia (Zaremba-Niedzwiedzka et al. 2017; Liu et al. 2021).
Atabeyarchaeia and Freyarchaeia genomes had the highest percentage of hits for 'Intracellular
trafficking, secretion, and vesicular transport' (U) among the AsCOG functional classes,
accounting for 84.3% of the hits to the database. Within this class, we identified key protein
domains such as Adaptin, ESCRT-I-III complexes, Gelsolin family protein, Longin domain, Rab-
like GTPase, Ras family GTPase, and Roadblock/LC7 domain (Table S5, Figure S6). The 'Post
Translational modification, protein turnover, and chaperones' category (O) followed with a count
of 101 (15.8%), highlighting domains like Ubiquitin, Jabl/MPN domain-containing protein, and
the RING finger domain. The presence of ESPs in the newly described Atabeyarchaeia lineage
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and their presence in Freyarchaeia aligns with previous findings for Asgardarchaeota (Eme et al.
2023; Spang et al. 2015; Liu et al. 2021).

Expression of energy conservation pathways constrain key metabolisms in situ

We analyzed the metabolic potential of the three complete genomes and investigated their activity
in situ through metatranscriptomics of soil samples (“see materials and methods”, Figure 3.2,
Table S6, Table S7). The metatranscriptomic data indicate high expression of genes involved in
key energy conservation pathways (Figure 3.3A). Most highly transcribed genes are soluble
heterodisulfide reductase (HdrABC), [NiFe] hydrogenases (groups 3 and 4), ATP synthase,
numerous aldehyde ferredoxin oxidoreductase genes, genes for phosphoenolpyruvate (PEP) and
pyruvate metabolism, and carbon monoxide dehydrogenase/acetyl CoA synthetase (CODH/ACS).
Notably, the Hdr, the group 3 and group 4 hydrogenase (including up to eight NADH-quinone
oxidoreductase subunits, e.g., Nuo-like) as well as the ATP synthase are co-encoded in a syntenic
block in all of the genomes (Figure 3.4A). Phylogenetic analysis of the large subunit of group 4
[NiFe]-hydrogenases suggests they are closely related to those of Odinarchaeia, Heimdallarchaia,
and Hermodarchaeia (Figure 3.4B, Table S8). However, the exact function of this unclassified
Asgard group has not been validated biochemically (Spang et al., 2019). One clue relies on the
identification of eight genes homologous to the hydrophobic subunits of complex I NuoL, M, and
N (E. coli nomenclature) and Mrp-type Na+/H+ antiporters. Thus, these Asgard archaea may
mediate Na+/H+ translocation coupled to energy generation via ATP synthase (Yu et al. 2018;
Marreiros et al. 2013; Efremov and Sazanov 2012).

We employed AlphaFold2 to model the hydrogenase and associated complex I-like modules.
Overall, the predicted structure has a cytosolic and membrane-associated portion (Figure 3.4C).
The cytosolic portion aligned with the respiratory membrane-bound hydrogenase (MBH) from
Pyrococcus furiosus (Yu et al. 2018) with high confidence (Figure 3.4D). When superimposed,
the calculated structures of the membrane-associated hydrophobic L, M, K, and S chains aligned
to bacterial complex I. In the canonical complex I (Efremov and Sazanov 2011; Baradaran et al.
2013), Chain L, Nqo12, as well as M, N, and K translocate proteins (Nakamaru-Ogiso et al. 2010;
Baradaran et al. 2013), a process that is facilitated by an arm, helix HL that is part of chain L. This
helix HL is also present in the L-like subunit of the Asgard complexes (Figure 3.4E). The helix
HL, and the antiporter subunits located between chain L and the subunit that connects to the
cytosolic hydrogenase portion, are absent in all characterized respiratory membrane-bound
hydrogenases (Figure 3.4E, Figure S7).

The Group 3c cofactor-coupled bidirectional [NiFe] hydrogenase (Figure S8A) in combination
with HdrABC suggests the capability to bifurcate electrons from H; to ferredoxin and an
unidentified heterodisulfide compound. This capacity has been observed in methanogenic archaea
via the MvhADG-HdrABC system (Buckel and Thauer 2013; Sousa et al. 2016). Atabeyarchaeia
genomes encode two independent gene clusters of the Group 3b NADP-coupled [NiFe]
hydrogenases (Figure S8B). Their presence suggests the capacity to maintain redox equilibrium
and, potentially, grow lithoautotrophically by using H> as an electron donor, as suggested for other
Asgardarchaeota members (Spang et al. 2019; Xie et al. 2022; Zhang et al. 2021).
Atabeyarchaeia and Freyarchaeia encode both the tetrahydromethanopterin (H4sMPT) methyl
branch and the carbonyl branch of the Wood-Ljungdahl pathway (WLP) (Figure S9). This
reversible pathway can be used to reduce CO; to acetyl coenzyme A (acetyl CoA), which can be
further converted to acetate. This last conversion can lead to energy conservation in both Asgard
lineages via substrate-level phosphorylation when mediated by acetate-CoA ligase (see below).
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We confirmed the expression of almost all of the genes of the methyl and carbonyl branches,
including the acetate-CoA ligase, in all complete genomes. When H; is present in the ecosystem,
these archaea could use the WLP for the reduction of CO; or formate and thereby conserving
energy. Alternatively, they could use the WLP in reverse to oxidize acetate. In both scenarios, the
expression of energy-converting hydrogenases and the ATP synthases suggest a potential role in
energy conservation. This involvement may include coupling exergonic electron transfer to
establish an ion gradient that fuels the ATP synthase for ATP generation. The metabolic inferences
along with the transcriptional data including the expression of por genes in all three Asgard
genomes, indicates a reliance on an archaeal version of the WLP to perform acetogenesis (Sousa
et al. 2016; Orsi et al. 2020). This acetogenic lifestyle appears to involve energy conservation
through a hydrogenase-dependent chemiosmotic mechanism similar to that observed in some
acetogenic bacteria (Schoelmerich and Miiller 2019).

Potential for non-methanogenic methylotrophic life-style and carboxydotrophy

Despite the absence of the MCR complex, Freyarchaeia genomes have all the necessary genes to
synthesize coenzyme-M from sulfopyruvate via the ComABC pathway similar to methanogens
(Graham & White, 2002; White, 1985). Most methanogens conserve energy via the Na+t-
translocating MtrA-H complex, which is encoded by an eight-gene cluster (Gottschalk and Thauer
2001). Although Atabeyarchaeia and Freyarchaeia do not have the genes for the full complex,
Atabeyarchaeia-1 has two copies of the CH3-HsMPT-dependent methyltransferase subunit A-like
(MtrA) and both Freyarchaeia and Atabeyarchaeia also encode the CH3;-H4MPT-dependent
methyltransferase subunit H (MtrH), along with a phylogenetically distinct fused polypeptide of
MtrA-like and MtrH (Figure 3.5A). Under the conditions prevalent at the time of sampling, the
mtr genes were only weakly expressed (Table S6, S8). While the biochemical activity of these
divergent non-methanogen-associated MtrA-like and MtrH-like enzymes remain unclear, our
phylogenetic analyses suggest they are phylogenetically related to methanogenic MtrA, MtrH, and
MtrAH sequences. This suggests their potential role in converting CH3-HsMPT to HsMPT,
transferring a methyl group to an acceptor —possibly coenzyme-M, which can be produced by
Freyarchaeia—. As they lack the MCR complex, the subsequent fate of the methyl group remains
uncertain.

Although Atabeyarchaeia and Freyarchaeia genomes do not encode MrtE, we identified genes
associated with methyltransferase systems encoded in close proximity to the MtrH gene.
Specifically, the genomes encode trimethylamine methyltransferase (MttB-like, COG5598
superfamily), undefined corrinoid protein (MtbC-like), and putative glycine cleavage system H
(gcvH) (Table S9). Both Atabeyarchaeia and Freyarchaeia genomes encode trimethylamine
methyltransferase MttB (COG5598). Phylogenetic analysis suggests that MttB (Figure S10) and
MtbC (Figure S11) belong to a previously uncharacterized group of methyltransferases, similar to
those found in Njordarchaeales, Helarchaeales, Odinarchaeia and TACK members, including
Brockarchaeia and Thermoproteota. In methanogens that encode miB, this gene has an amber
codon encoding the amino acid pyrrolysine in the active site (Hao et al. 2002; Li et al. 2023). The
archaea from this study do not encode pyrrolysine, suggesting Freyarchaeia and Atabeyarchaeia
encode a non-pyrrolysine MttB homolog, likely a quaternary amine (QA) dependent
methyltransferase (Ticak et al. 2014). Only a fraction of QA methyltransferase substrates have
been identified, and these include glycine betaine, proline betaine, carnitine, and butyrobetaine
(Ticak et al. 2014; Picking et al. 2019; Kountz et al. 2020; Ellenbogen et al. 2021). The methyl
group from the QA may be transferred to THF or H4MPT branches of the WLP, akin to the
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mechanisms described in archaea with the capacity for non-methanogenic anaerobic
methylotrophy, including Freyarchaeia (Jordarchaeia), Sifarchaeia, Brockarchaeia, and
Culexarchaeia (Sun et al. 2021; De Anda et al. 2021; Farag Ibrahim F. et al. 2021; Kohtz et al.
2022). Consumption of QA compounds may reduce the pool of potential substrates for
methanogenic methane production.

We identified genes in the Freyarchaeia genome that potentially encode an aerobic carbon-
monoxide dehydrogenase complex (CoxLMS) and associated cofactors. Phylogenetic analysis
places the putative CoxL in a monophyletic group with other archaea including
Thermoplasmatales, Marsarchaeota, and Culexarchaeia (Figure S12). The gene -cassette
arrangement suggests these archaea may possess the ability to use carbon monoxide as a growth
substrate (carboxydotrophy). However, analysis of the protein sequence reveals that the putative
large-subunit aerobic CO dehydrogenases (CoxL) are missing the characteristic VAYRCSFR
motif, which is critical for CO binding in the form I Cox proteins (Dobbek et al. 2002; Cordero et
al. 2019). Nevertheless, the modeled protein structure, along with the operon organization of the
cox genes, points to a novel type of Cox system in archaea (Figure S13). Alternatively, it is possible
that this complex enables the utilization of alternative substrates, such as aldehydes or purines, as
a member of the aldehyde oxidase superfamily (Kohtz et al. 2022; Cordero et al. 2019; Beam et
al. 2016).

Carbon compound metabolic pathways

There are indications that Freyarchaeia and Atabeyarchaeia display distinct metabolic preferences
for various soil carbon compounds (Figure 3.2; Figure S13). Freyarchaeia exhibit a genetic
repertoire to break down various extracellular lignin-derived compounds including 5-
carboxyvanillate. Other substrates that we predict can be metabolized by Freyarchaeia
carbohydrate-active enzymes include hemicellulose (C5), cellobiose, maltose, and cellulose (C12).
We predict that cellodextrin (C18) compounds can be converted to glucose via beta-glucosidase
(BgIBX). The findings implicate Freyarchaeia in the metabolism of plant-derived soil carbon
compounds. Glucose, resulting from the degradation of complex carbohydrates, as well as ribulose
and other carbon substrates, likely enters the modified Embden-Meyerhof-Parnas (EMP) pathway,
yet the genes of this EMP pathway genes are only weakly expressed (Figure S14, Table S6, S8).
Additionally, Freyarchaeia encode and express an array of genes for the uptake of carbohydrates
including major facilitator superfamily sugar transporters and ABC-sugar transporters suggesting
an active role in efficiently assimilating diverse carbon substrates from soil environments
Atabeyarchaeia also harbor genes of the EMP glycolytic pathway, producing ATP through the
conversion of acetyl-CoA to acetate (Figure S13). Unlike Freyarchaeia which likely feed glucose
into the EMP pathway, the entry point for Atabeyarchaeia to the EMP pathway appears to be
fructose 6-phosphate (F6P). This is relatively uncommon for Asgard archaea but is reminiscent of
the pathway in Helarchaeales (Seitz et al. 2019), an order of Lokiarchaeia. We identified
Atabeyarchaeia transcripts for all but one of the genes for the steps from G6P to acetate (Table
S8).

Atabeyarchaeia and Freyarchaeia utilize different enzymes to produce pyruvate. Atabeyarchaeia
encode the oxygen-sensitive reversible enzyme, pyruvate:phosphate dikinase (PpdK); whereas
Freyarchaeia encodes unidirectional pyruvate water dikinase/phosphoenolpyruvate synthase (PpS)
and pyruvate kinase (Pk), producing phosphoenolpyruvate and pyruvate (Brisen et al. 2014),
respectively. Pyruvate generated via EMP pathway can be then converted to acetyl-CoA by
pyruvate:ferredoxin oxidoreductase (PorABCDG) complex using a low-potential electron carrier
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such as a ferredoxin as the electron donor. Alternatively, acetyl-CoA can also be generated via
pyruvate formate-lyase (pflD) generating formate as a byproduct. The final step involves the
conversion of acetyl-CoA to acetate via acetate-CoA ligase (ADP-forming) producing ATP via
substrate level phosphorylation- a crucial energy conserving step during fermentation of carbon
compounds in both lineages.

Lacking the ability to phosphorylate C6 carbon sources, Atabeyarchaeia converts ribulose-5-
phosphate (C5) and fixes formaldehyde (C1) into hexulose-6-phosphate (H6P) via the ribulose
monophosphate (RuMP) and non-oxidative pentose phosphate (NO-PPP) pathways (Figure 3.2,
Figure S14). The Atabeyarchaeia RuMP pathway bifunctional enzymes (HPS-PH and Fae-HPS)
are common in archaea and similar to methylotrophic bacterial homologs (Kato et al. 2006). The
RuMP pathway in these Asgard archaea can modulate the formaldehyde availability, a byproduct
of methanol oxidation, microbial organic matter decomposition, and combustion. High expression
of aldehyde-ferredoxin oxidoreductases (AOR) genes suggests another mechanism for the
interconversion of organic acids to aldehydes. For example, aldehyde detoxification (e.g.,
formaldehyde to formate) and source of acetate from acetaldehyde Atabeyarchaeia-1,
Atabeyarchaeia-2, and Freyarchaeia encode multiple AOR gene copies 5, 6, and 8 respectively.
Phylogenetic analyses (Figure S15) suggest that both Asgard lineages encode AOR genes related
to the FOR family that oxidize C1-C3 aldehydes or aliphatic and aromatic aldehydes (e.g.
formaldehyde or glyceraldehyde) (Arndt et al., 2019; Bevers et al., 2005; Mukund & Adams,
1995). Furthermore, Freyarchaeia also encodes a tungsten-based AOR-type enzyme (XOR family)
found in cellulolytic anaerobes with undefined substrate specificity (Scott et al. 2015) (Figure
S15). Of the classified AORs, only one gene is expressed in Atabeyarchaeia-2 (Figure 3.3). Yet,
some of the unclassified AOR genes are among the most highly expressed genes in the
Atabeyarchaeia genomes. Despite the lack of biochemical characterization for most AOR families,
these observations suggest a key role of multiple aldehydes in the generation of reducing power in
the form of reduced ferredoxin.

Similar to other Asgard archaea (Seitz et al. 2019; Zhang et al. 2021; Spang et al. 2019),
Atabeyarchaeia and Freyarchaeia encode genes for the large subunit of type IV and methanogenic
type III Ribulose 1,5-bisphosphate carboxylase (RbcL) (Figure S16) a key enzyme in the partial
nucleotide salvage pathway. This pathway facilitates the conversion of adenosine monophosphate
(AMP) to 3-phosphoglycerate (3-PG), potentially leading to further metabolism into acetyl-CoA
(Tabita et al. 2008).

Anaerobic glycerol (C3) metabolism by Atabeyarchaeia and Freyarchaeia is predicted based on
the presence of glycerol kinase (GlpK), which forms glycerol-3-phosphate (3PG) from glycerol.
3PG (along with F6P) can be broken down via the EMP pathway or 3PG can be converted to
dihydroxyacetone phosphate (DHAP) via GIpABC. DHAP can also serve as a precursor for sn-
glycerol-1-phosphate (G1P), the backbone of archaeal phospholipids. Freyarchaeia have an extra
GIpABC operon, the GIpA subunit of which clusters phylogenetically with GIpA of
Halobacteriales, the only known archaeal group capable of glycerol assimilation (Figure S17).
All three genomes have a partial TCA cycle similar to other anaerobic archaeal groups such as
methanogens (Lang et al. 2015). They encode succinate dehydrogenase, succinyl-CoA synthetase,
2-oxoglutarate ferredoxin reductase that are important intermediates for amino acid degradation
(e.g., glutamate). Only Atabeyarchaeia can convert fumarate to malate via fumarate hydratase. The
only portion of TCA cycle transcribed in any genome is 2-oxoglutarate/2-oxoacid ferredoxin
oxidoreductase, which can produce reducing power in the form of NADH.
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A clue suggesting that amino acids are an important resource for Atabeyarchaeia and Freyarchaeia
is the high expression of genes for protein and peptide breakdown (Figure 3.2). All three
organisms are predicted to have the capacity to break down fatty acids via beta oxidation including
crotonate (short-chain fatty acid) via the poorly described crotonate pathway. Furthermore they
encode some enzymes involved in fermenting amino acids to H+, ammonium, acetate, and
NAD(P)H via the hydroxyglutarate pathway (Table S7). The genomes also encode amino acid
transporters and these are also highly transcribed in both archaeal groups. The ability to
anaerobically degrade amino acids is consistent with predictions of the metabolism of the last
Asgard common ancestor (Eme et al. 2023; Imachi et al. 2020).

Additionally, Freyarchaeia and Atabeyarchaeia can reverse the step in the formyl branch of the
WLP that transforms glycine into methylenetetrahydrofolate (methylene-THF). Methylene-THF
may then be converted to methyl-THF and then to formyl-THF, producing reducing power (Figure
3.2). Ultimately, the methyl group may be used to form acetate via the WLP. Interestingly
Atabeyarchaeia-2 and Freyarchaeia expressed methylenetetrahydrofolate reductase (MTHFR) that
is homologous to the enzyme used in the bacterial WLP and also plays a role in folate biosynthesis.

Environmental protection and adaptations

We predict that Atabeyarchaeia and Freyarchaeia are anaerobes expressing genes that encode
oxygen-sensitive enzymes and proteins that protect against oxidative and other environmental
stressors. Interestingly, all three organisms encode an ancestral version of clade I catalases (KatE)
(Figure S18), Fe-Mn superoxide dismutase (SOD2), and unique to Freyarchaeia, a catalase-
peroxidase (Figure S19) for protection against reactive oxygen species (ROS) (Figure S20).
Previous analyses have described these expressed enzymes in acetogenic and sulfate-reducing
bacteria and methanogenic archaea, but to our knowledge, not in Asgard archaea, indicating a
potential adaptation to soil environments (Brioukhanov and Netrusov 2004). We also identified
transcription for other environmental and stress responses, including transporters (e.g., nickel,
arsenite, magnesium, iron, and copper), and heat shock proteins.

We infer that Atabeyarchaeia and Freyarchaeia use selenocysteine (Sec), the 21st amino acid, due
to the presence of the Sec-specific elongation factor and Sec tRNA in their genomes. Additional
Sec components, including phosphoseryl-tRNA kinase (Pstk), Sec synthase (SecS),
selenophosphate synthetase (SPS) genes, and multiple Eukaryotic-like Sec Insertion Sequences
are also present (Table S10). Phylogenetic analysis shows that the Sec elongation factor sequences
from Atabeyarchaeia and Freyarchaeia are closely related to other Asgard members and
Eukaryotes (Figure S21). We identified multiple selenoproteins encoded within each genome,
including CoB-CoM heterodisulfide reductase iron-sulfur subunit (HdrA), peroxiredoxin family
protein (Prx-like), selenophosphate synthetase (SPS), and the small subunit (~50 aa) of NiFeSec
(VhuU). In VhuU, Sec plays a crucial role in mitigating oxidative stress. Sec can also enhance the
catalytic efficiency of redox proteins, and the identified selenoproteins have the characteristic
CXXU or UXXC sequence (Table S11) observed in redox-active motifs.

3.4 Discussion

Here, we reconstructed and validated three complete Asgard archaeal genomes from wetland soils
in which these archaea comprise less than 1% of complex microbial communities. We used these
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genomes to define their chromosome lengths, structure and replication modes. It is relatively
common for authors to report circularized genomes as complete, but this may be erroneous due to
the prominence of local assembly errors, chimeras, scaffolding gaps and other issues in de novo
metagenome assemblies (Chen et al. 2020; Watson and Warr 2019). Our genomes were thoroughly
inspected, corrected and vetted after circularization, steps previously described to complete
genomes from metagenomes (Tyson et al. 2004). These complete genomes are one of the first
manual curations of short-read metagenomic data verified entirely with long-read analysis (Oxford
Nanopore and/or PacBio) and the first complete short-read environmental Asgard genomes. Two
of these genomes are from Atabeyarchaeia, a previously undescribed Asgard group and the first
complete genome for Freyarchaeia. We predict bidirectional replication in Freyarchaeia and
Atabeyarchaeia, suggesting bidirectional replication could have been present in the last common
ancestor of eukaryotes and archaea, potentially playing a role in the emergence of the complex
cellular organization characteristic of eukaryotes.

Overall, prior studies predict that Asgard archaea degrade proteins, carbohydrates, fatty acids,
amino acids, and hydrocarbons (MacLeod et al. 2019; Seitz et al. 2016; Liu et al. 2018; Zhang et
al. 2021). Lokiarchaeales, Thorarchaeia, Odinarchaeia, and Heimdallarchaeia are primarily
organoheterotrophs with varying capacities to consume and produce hydrogen (Spang et al., 2019).
Helarchaeales are proposed to anaerobically oxidize hydrocarbons (Seitz et al. 2019; Zhao and
Biddle 2021; Zhang et al. 2021), whereas Freyarchaeia and Sifarchaeia are predicted to be
heterorganotrophic acetogens capable of utilizing methylated amines (Sun et al. 2021; Farag
Ibrahim F. et al. 2021). Hermodarchaeia are proposed to degrade alkanes and aromatic compounds
via the alkyl/benzyl-succinate synthase and benzoyl-CoA pathway (Zhang et al. 2021).
Gerdarchaeales may be facultative anaerobes and utilize both organic and inorganic carbon (Cai
et al. 2020). Atabeyarchaeia and Freyarchaeia share several metabolic pathways with new lineages
from the Asgard sister-clade TACK (e.g., Brock- and Culexarchaeia) and other deeply branching
Asgard lineages. Based on the genomic and metatranscriptomic analyses, we predict that the soil-
associated Atabeyarchaeia and Freyarchaeia are chemoheterotrophs that likely degrade amino
acids and other carbon compounds. Both encode the EMP Pathway for cellular respiration and the
WLP for CO; fixation.

Although Atabeyarchaeia and Freyarchaeia share key central metabolic pathways, they differ in
that Freyarchaeia can metabolize compounds such as formaldehyde (C1), glycerol (C3), ribulose
(C5), and glucose (C6), whereas Atabeyarchaeia can only metabolize C1, C3 and C5 compounds
(Figure 3.2). The ability to metabolize C3 and C5 compounds is rare in Asgard archaea. While the
entry points into the EMP pathway differ between the two, both exhibit the genetic repertoire
necessary for converting carbohydrates into acetate. Both Atabeyarchaeia and Freyarchaeia may
also be capable of growth as anaerobic acetogens via acetate production through the WLP. Similar
to other Asgard archaea, they have methyltransferase complexes involved in the catabolism of
quaternary amines (or yet unknown methylated substrates). Through methylated compounds, they
may compete with methanogens and other anaerobic methylotrophic groups that rely on these
substrates for methane production. These results align with recent studies suggesting a broader
presence of methylotrophic metabolisms among archaea (De Anda et al. 2021; Kohtz et al. 2022;
Zhang et al. 2021). It also opens up avenues for exploring the environmental impact of these
metabolisms, particularly in relation to carbon cycling and greenhouse gas emissions (Offre et al.
2013).

Of particular interest is the predicted metabolic capability of Atabeyarchaeia and Freyarchaeia to
degrade aldehydes. Aldehydes in soils come from several sources, including the microbial
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breakdown of methanol potentially produced from methane oxidation, degradation of plant and
animal compounds, and products of industrial combustion and wildfires (e.g., volatile organic
compounds). In fact, the California wetland soil that hosts these archaea contain charcoal, likely
produced by wildfires. They are also predicted to be capable of growing on glycerol under
anaerobic conditions capacity previously undescribed in Asgard archaea. Glycerol may be present
in soil by the lysis of bacteria, yeast, and methanogenic archaeal cells that use glycerol as a solute,
or by microbial fermentation of plant and animal triglycerides and phospholipids (Unden &
Bongaerts, 1997). The presence of glycerol kinase and the respiratory glycerol-3-phosphate
dehydrogenase (GlpABC) in Atabeyarchaeia and Freyarchaeia indicates these archaea might use
with glycerol or glycerol-3-phosphate and fumarate as the terminal electron acceptor associated
with proton translocation. This finding suggests a broader role for glycerol in Asgard archaeal
energy metabolism and points to a possible conservation of this mechanism across different
anaerobic environments. Understanding how these archaea metabolize glycerol will enhance our
knowledge of their ecological roles and contributions to the carbon cycle in wetland ecosystems.
Atabeyarchaeia and Freyarchaeia also produce and consume small organic molecules and H; that
serve as substrates for methane production by methanogens that coexist in wetland soil.

The soil Asgard archaea encodes group 3c [NiFe]-hydrogenase genes, which were shown to be
highly expressed in situ. Under specific conditions, autotrophic growth is likely supported by H»
oxidation via the WLP. The presence of syntenic blocks encoding heterodisulfide reductase
complexes, [NiFe] hydrogenases, and ATP synthase suggests a sophisticated apparatus for energy
transduction, resembling mechanisms previously characterized in other archaeal groups (Sousa et
al., 2016). Additionally, our results suggest the existence of an electron bifurcation mechanism
in both Asgard archaea lineages, where electrons can be transferred from Hy to ferredoxin and an
unidentified heterodisulfide intermediate (Spang et al., 2019). Atabeyarchaeia and Freyarchaeia
also have membrane-bound group 4 [NiFe]-hydrogenases that likely facilitate the oxidation of
reduced ferredoxin generated through fermentative metabolism. However, this complex is novel
in that it includes a HL helix on the L-like subunit and two antiporters, neither of which are part
of biochemically characterized group 4 respiratory hydrogenases. The functional modeling of
these complexes reveals structural congruences with known respiratory enzymes, hinting at a
potential for chemiosmotic energy conservation that may be a widespread feature among the
Asgard clade. The findings indicate a potential evolutionary connection between hydrogenases and
complex I, aligning with the hypothesis that complex I may have evolved from ancestral
hydrogenases (Friedrich and Scheide 2000; Efremov and Sazanov 2011).

These complete genomes provide insight into the unique metabolic pathways of Asgard archaea
in soil environments, previously missed in primarily sediment-based descriptions. Of particular
interest is the identification of genes encoding enzymes for oxidative stress response in both
Atabeyarchaeia and Freyarchaeia, despite their anaerobic nature. The use of selenocysteine in key
enzymes may provide another mechanism for dealing with increased oxidative stress. These
Asgardarchaeota genomes suggest an adaptation to transient oxidative conditions in soil
environments and additional competition for methanogenesis and anaerobic methyltrophy
substrates.
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3.5 Conclusion

We manually curated three complete genomes for Asgard archaea from wetland soils, uncovering
bidirectional replication and an unexpected abundance of introns in tRNA genes. These features
suggest another facet of the evolutionary relationship between archaea and eukaryotes. Metabolic
reconstruction and metatranscriptomic measurements of in situ activity revealed a non-
methanogenic, acetogenic lifestyle and a diverse array of proteins likely involved in energy
conservation. The findings point to metabolic flexibility and adaptation to the dynamic soil
conditions of wetlands. Finally, they contribute to cycling of carbon compounds that are relevant
for methane production by coexisting methanogenic archaea.
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Figure 3.1 Archaea dominate deep regions of wetland soil and host novel Asgard archaea. A)
Photograph of the vernal pool that was metagenomically sampled in this study, in Lake County, California,
USA. B) Archaeal genomic abundance excluding bacterial genomes. C) Phylogenetic distribution of
Asgard Archaea complete genomes. The maximum-likelihood phylogeny was generated with Iqtree v1.6.1,
utilizing 47 concatenated archaeal Clusters of Orthologous Groups of proteins (arCOGs). The best-fit model
was determined as LG+F+R10 based on the Bayesian Information Criterion. Non-parametric bootstrapping
was conducted with 1,000 replicates for robustness. The filled-in square, circle, and triangle indicate closed
complete genomes from short reads, published complete genomes from long reads, and genomes from co-
isolated cultured representatives, respectively. The pentagon highlights the long read draft genomes from
this site (PacBio or Nanopore). D) Bidirectional replication indication in Atabeyarchaeia complete
genomes. The GC skew is shown as a grey plot overlaying the cumulative GC skew, presented as a green
line. The blue lines mark the predicted replication terminus.
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Figure 3.2 Metabolic capacities of terrestrial Atabeyarchaeia and Freyarchaeia for overall
implications for biogeochemical cycling in wetlands. Inference of the pathways from the complete
genomes is based on the comparison of predicted proteins with a variety of functional databases (“see
materials and methods™). The extraction depth location within the cores is shown on the left. All reactions
are numbers and correspond to Table S7. EC/TCDB numbers shaded fully or partially in blue or green are
unique to the lineages and complete genomes, whereas the dashed boxes distinguish oxygen-sensitive
enzymes. The multi-functional aldehyde ferredoxin oxidoreductase is shown with a star. Proteins marked
with a triangle have generated phylogenies to determine their evolutionary histories and substrate
specificity. Reactions with mapped transcripts are denoted with red text and arrows. Created using
BioRender.com.
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Figure 3.3 Metatranscriptomic profiling of soil-associated Asgard archaeal genomes. A) Heatmap
visualization of normalized Reads Per Kilobase per Million mapped reads (RPKM) values for ORFs with
high sequence similarity (>95%) to the genomes of Atabeyarchaeia-1, Atabeyarchaeia-2, and Freyarchaeia,
across various soil depths. A total of 2,191 open reading frames (ORFs) were categorized using the Clusters
of Orthologous Groups (COG) database, with Atabeya-1, Atabeya-2, and Freya expressing 465, 804, and
922 unique ORFs, respectively. The ORFs were annotated and assigned to 15 COG categories, indicating
the functional potential of each archaeal genome in sifu. Columns represent metatranscriptomes from
different soil depths, highlighting the spatial variability in the expression of key metabolic and cellular
processes. B) Expanded heatmap of Atabeyarchaeia-1 and Freyarchaeia expressed genes under the category
C: Energy production and conversion. Key genes of the WLP (CODH/ACS, carbon monoxide
dehydrogenase/acetyl-CoA  synthase; fwdB, formate dehydrogenase; mtd, 5,10-methylene-H4-
methanopterin dehydrogenase), hydrogenases and associated genes (HdrA, heterodisulfide reductase and
group NiFe-hydrogenase; Mvh, methyl viologen reducing hydrogenase); HyaD (NiFe-
hydrogenase maturation factor); HycE and Nuo like subunits, (group 4 NiFe-hydrogenase), ATP synthase
(AtpE, V/A-type H+/Na+-transporting ATPase subunit_K; NtpD, V/A-type H+/Na+ transporting ATPase
subunit D) and aldehyde metabolism (gor, Aldehyde:ferredoxin oxidoreductases), pyruvate oxidation
(porABCD, 2-pyruvate:ferredoxin oxidoreductase; pflD, pyruvate-formate lyase).
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Figure 3.4 Phylogeny, genetic organization and structure of the novel group 4 energy-conservation
complex I-like NiFe-hydrogenase from Asgard archaea. A) Genetic organization of the group 4 [NiFe]-
hydrogenase module, the proton-translocating membrane module, and ATP synthase from the Freyarchaeia
genome. B) Maximum likelihood phylogeny of group 4 [NiFe]-hydrogenase large subunit from Asgard
archaea and reference sequences. The bolded taxonomic groups highlight the clades with genomes from
this study used for modeling. C) AlphaFold models of [NiFe]-hydrogenase module and the proton-
translocating membrane module where each candidate subunit is represented by a different color based on
the best subunit matched. D) AlphaFold model of Freyarchaeia hydrogenase complex colored by chains,
aligned with cryoEM structure of a respiratory membrane-bound hydrogenase (MBH) from Pyrococcus
furiosus(Yu et al., 2018) (PDB ID: 5L8X). E) AlphaFold model of Freyarchaeia hydrogenase complex
colored by chains, aligned with Crystal structure of respiratory complex I from Thermus thermophilus
(Baradaran et al., 2013) (PDB: 4HEA).


https://paperpile.com/c/vxD9pr/14DZY
https://paperpile.com/c/vxD9pr/j3vLY

93

Methyltransferase MtrA
518x Chain B

¢_Syntropharchaeia

o2 c-Bathyarchacia
X

abactarses bacisdum CO03_land 820145
aotos bocter™
58 sprocrse L

GCA_002770905_Synirophe
GCA 0018234

Tree scale: 1

Figure 3.5 Non-methanogenic MtrA, MtrH and MtrAH fusion methyltransferases. A)
Maximum likelihood phylogeny of MtrA and the MtrAH fusion, with reference to
Tetrahydromethanopterin S-methyltransferase subunit A (MtrA) with the closest corresponding
domains being MtrA from the characterized Tetrahydromethanopterin S-methyltransferase subunit
A (MtrA) protein (PDB ID: 5L8X) (Adam et al., 2022). The coral colored clade is the novel fusion
present in Atabeyarchaeia, Freyarcheia and other Asgardarchaeota members. B) AlphaFold
models of Atabeyarchaeia-1 MtrAH (fusion) in coral aligned with the grey corresponding domains
of the characterized protein Tetrahydromethanopterin S-methyltransferase subunit A (MtrA) (PDB
ID: SL8X)(Wagner et al., 2016) and Methyltransferase (MtgA) from Desulfitobacterium hafniense
in complex with methyl-tetrahydrofolate (PDB ID: 6SK4) at the N terminus. We also modeled the
putative MtrA present in Atabeyarchaeia-1 with the closest corresponding domains being MtrA
from the characterized Tetrahydromethanopterin S-methyltransferase subunit A (MtrA) protein
(PDB ID: 5L8X).
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Figure 3.6 Overview of the wetland soil dynamics and biogeochemical cycling in Atabeyarchaeia and
Freyarchaeia. Complete genomes for Atabeyarchaeia and Freyarchaeia are shown with green and orange
circles, respectively. 2 Atabeyarchaeia genomes (Atabeya-1 and Atabeya-2) and 1 Freyarchaeia (Freya)
genome were isolated and carefully curated and closed from wetland soil between 60-100 cm. These
anaerobic lineages were shown in this study to encode the Wood-Ljungdahl Pathway for CO, fixation (e.g.
methylated compounds such as quaternary amines) and EMP Pathway, components of chemolithotrophy
and heterotrophy, producing acetate shown in arrows (green and orange), corresponding to the genome
colors. Additionally, these lineages are involved in modulating methanogenesis substrates in these wetland
soils. Detailed description of the specific pathways is found in main text, Figure 3.2, and supplementary
materials. Created using BioRender.com.
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Transitional section

The complete genomes of soil-associated Asgard archaea like Atabeyarchaeia and Freyarchaeia,
as described in Chapter 3, provide crucial insights into their metabolic capabilities and potential
roles in terrestrial ecosystems. However, understanding the full evolutionary dynamics of these
archaeal lineages, considered among the closest living relatives to the ancestors of eukaryotes,
requires examining the mobile genetic elements (MGEs) that can facilitate horizontal gene transfer
and genomic plasticity. In Chapter 4, I utilized these complete genomes and strain variants
recovered using long-read sequencing to study the mobile genetic elements that associate with
these Asgard archaea. Characterizing these MGEs illuminates the mechanisms by which Asgard
archaea acquire new genes, defend against foreign genetic elements, and modulate gene expression
through processes like methylation. Collectively, the genomes and associated MGEs shed light on
the genetic versatility that may have contributed to the emergence of critical eukaryotic features
during the process of eukaryogenesis from an Asgard archaeal ancestor.
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4. Genetic elements and defense systems drive diversification
and evolution in Asgard archaea

The following chapter is a modified version with permission of authors of the following published
preprint: Valentin-Alvarado L, Ling-Dong S, Appler K, Lou YC, Crits-Christoph A, De Anda V,
Ledo L, Adler BA, Roberts RJ, Sachdeva R, Baker BJ, Savage DF, Banfield JF (2024) In prep.
Genetic elements and defense systems drive diversification and evolution in Asgard archaea.

Abstract

Asgard Archaea are of great interest as the progenitors of Eukaryotes, but little is known about the
mobile genetic elements (MGEs) that may shape their ongoing evolution. Here, we describe MGEs
that replicate in Atabeyarchaeia, wetland Asgard archaea phylum represented by two complete
genomes. We used soil depth-resolved population metagenomic datasets to track 18 MGEs for
which genome structures were defined and precise chromosome integration sites could be
identified for confident host linkage. Additionally, we identified a complete 20.67 kilobase pair
(kbp) circular plasmid (the first reported for Asgard archaea) and two groups of viruses linked to
Atabeyarchaeia, via CRISPR spacer targeting. Closely related 40 kbp viruses possess a
hypervariable genomic region encoding combinations of specific genes for small cysteine-rich
proteins structurally similar to restriction-homing endonucleases. One 10.9 kbp circularizable
plasmid-like MGE integrates genomically into an Atabeyarchaeia chromosome and has a 2.5 kbp
circularizable element integrated within it. The 10.9 kbp MGE encodes a highly expressed
methylase with a sequence specificity matching an active methylation motif identified by PacBio
sequencing. Restriction-modification of Atabeyarchaeia differs from that of another coexisting
Asgard archaea Freyarchaeia which has few identified MGEs but possesses diverse defense
mechanisms, including DISARM and Hachiman not found in Atabeyarchaeia. Overall, defense
systems and methylation mechanisms of Asgard archaea likely modulate their interactions with
MGESs, and integration/excision and copy number variation of MGEs in turn enable host genetic
versatility.

All main figures for this manuscript can be found below in section 4.6. All supplementary files
(including figures and tables) can be found online.


https://figshare.com/s/34528dcb1e223883dd3e
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4.1 Introduction

Asgard archaea, including Loki-, Hermod-, Thor-, Odin-, Baldr-, Freya-, Sif-, Heimdall-, Atabey-
, and Wukongarchaeia, bridge our understanding of the evolution of eukaryotes and prokaryotes.
Their genomic features, particularly the presence of eukaryotic signature proteins (ESPs), provide
insights into the steps leading to eukaryotic cellular complexity. Recent phylogenetic analyses
place eukaryotes within Asgard archaea (Spang et al. 2015; Zaremba-Niedzwiedzka et al. 2017),
most closely related to Hodarchaeales. Despite intense interest in their functionality and
evolutionary relationships, little has been reported regarding Asgard mobile genetic elements
(MGEs) that may shape their population diversity, contribute to genome divergence and facilitate
cross-domain horizontal gene transfer*. Recent studies identified viruses of Loki-, Odin-, and Thor
and Heimdallarchaeia (Medvedeva et al. 2022; Rambo et al. 2022; Tamarit et al. 2022; Wu et al.
2022), as well as putative transposons carrying cargo genes that replicate within Heimdallarchaeia
(Wu et al. 2022), primarily based on CRISPR targeting. To our knowledge, no plasmids or
plasmid-like elements have been described for Asgard archaea.

Recently, we reported two complete genomes for Atabeyarchaeia, a new group of Asgard archaea,
and the first complete genome for Freyarchaeia (Valentin-Alvarado et al. 2023). Here, we track
subtle strain variation of integrated MGEs over a soil depth profile by aligning the Illumina reads
from a series of metagenomic samples from vernal pool wetland soil. We uncovered a suite of
MGEs of Atabeyarchaeia that coexist in integrated and circular forms in metagenomic samples.
Importantly, this approach establishes the host, and exactly defines MGE insertion sites and MGE
lengths. Thus, we expand the repertoire of MGEs of Asgard archaea, explore their gene
inventories, and shed light on MGE integration and excision events in natural poupulations of
Atabeyarchaeia. Based on CRISPR targeting, we also genomically define groups of circular
viruses and unclassified MGEs, some of which feature hypervariable regions enriched in cysteine-
rich proteins predicted to be restriction endonucleases. We also describe genomically-encoded
defense systems of both Atabeyarchaeia and Freyarchaeia that we confirm to be actively expressed
with metatranscriptomic data. Leveraging the ability of PacBio SMRT sequencing data to identify
DNA methylation sites, we report methylation patterns that distinguish these archaea, as well as a
transcriptionally active MGE-encoded methylase that may enable the MGE to avoid restriction-
based defense systems and compete with other MGEs. Overall, this study leverages complete
metagenome-based genomes, read-based population analyses, metatranscriptomics and long read-
based epigenetic analyses to provide a mosaic set of Asgard MGEs with likely relevance to Asgard
archaeal evolution.

4.2 Materials and Methods

Sample acquisition, nucleic acid extraction and sequencing

DNA and RNA extractions and shotgun metagenome library construction were described in
ref9,30. Briefly, we collected soil cores from a seasonally flooded wetland (SRVP) in Lake
County, California, in October 2018, October 2019, November 2020 and October 2021
(38°41°39”N 122°31°36”W 571m). Samples were frozen in the field using dry ice, and kept at -80
C until extraction. The Qiagen PowerSoil Max DNA extraction kit was used to extract DNA from
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5-10 g of soil, and the Qiagen AllPrep DNA/RNA extraction kit was used to extract RNA from 2
g of soil. Samples were sequenced by the QB3 sequencing facility at the University of California,
Berkeley on a NovaSeq 6000. Read lengths for the 2018 DNA samples and the RNA samples were
2x150 bp and 2x250 bp for the 2019-2021 DNA samples. A sequencing depth of 10 Gb was
targeted for each of 2018, 2020, and 2021 samples, and 20 Gbp for each of the 2019 samples.
PacBio sequencing was obtained from a subset of deep soil samples from 2021 via the University
of Maryland sequencing facility. Samples from September 9, 2021 from 140cm and 75cm were
sequenced using a Sequel II to generate PacBio HiFi reads. Reads were quality trimmed using
BBDuk (bbduk.sh minavgquality=20 qtrim=rl trimq=20) (Bushnell 2014)and assembled with
hifiasm-meta (Feng et al. 2022).

Discovery of integrated genetic elements using closed complete genomes

Our manual approach to identifying integrated MGEs was based on 1) anomalously low or high
coverage over a region, 2) short reads supporting the excision (see Figure 4.1), and 3) genomic
architecture and gene annotations. To investigate the integration and excision state of the Yucahu
plasmid, we employed a combination of sequencing and bioinformatic analyses. The metagenome
reads were aligned to the reference genome sequences. Read coverage was employed to determine
the relative abundance and distribution of each MGE across the different samples. Additionally,
in-depth examination of the reads allowed for the identification of integration events, mini
elements, and MGEs within the plasmid. To further characterize the MGE, we conducted
comparative genomics analysis, comparing genomes lacking the MGE with those containing it.
This enabled us to accurately determine the length of the MGE and pinpoint the specific sites of
integration within the plasmid.

Identification and genome curation of Atabeyarchaeia-associated exogenous MGEs

We used metagenomic datasets to search for candidate mobile genetic elements associated with
Atabeyarchaeia and Freyarchaeia. Screening was based on taxonomic profile, GC contents and
CRISPR-based targeting (see below). All the candidate contigs were manually curated using
Geneious Prime-2023.1.2. The manually curated genomes were de novo reconstructed from high-
quality Illumina metagenomic data. Manual genome curation methods generally follow (Chen et
al. 2020). Long-read PacBio data were used to verify and expand the sequence dataset. Replichores
of complete genomes were predicted according to the GC skew and cumulative GC skew
calculated by the iRep package (gc_skew.py). Complete MGE genomes with viral structural genes
were classified as viruses and genomes that did not have viral structural genes were categorized as
plasmid or other genetic elements such as transposons, conjugative elements, and unclassified.

CRISPR-Cas systems and classification of soil Asgard-associated viruses

CRISPR-Cas systems in Atabeyarchaeia and Freyarchaeia genomes were identified using
CRISPRCasTyper v1.8.0 (Russel et al. 2020). Spacers were extracted from reads by mapping reads
to the corresponding CRISPR arrays via BBMap (sourceforge.net/projects/bbmap/). Recruited
spacers were matched against all assembled scaffolds with <1 mismatch using Bowtie v1.3.1
(Langmead et al. 2009). Scaffolds that are targeted by CRISPR spacers and not affiliated with
microbial genomes were curated manually to completion. The phylogenetic classification was
predicted based on genome-wide similarities using ViPTree whole proteome-based similarity of
MGE from Atabeyarchaeia and other Asgardarchaeota (Table S9).
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Coverage calculation of integrated genetic elements and host-chromosome

We aligned metagenome reads to reference genomes using the BBMap's short-read aligner. A
minimum identity threshold of 0.95 was required, and ambiguously mapping reads were discarded.
The coverage values of the MGEs, and total genome coverage values were calculated from the
alignment/map (BAM) files. The positions of integrated elements were defined. For the genome
coverage calculation, the entire genome was divided into two sections: the region before the start
of the larger integrated element and the region after the end of the larger integrated element. This
approach enabled systematic, efficient calculation of the coverage of integrated elements within
genomes.

Methylation analysis via REBASE and Single Molecule, Real-Time (SMRT)

Methylation patterns within the genomes of Atabeyarchaeia and Freyarchaeia were investigated
by mapping PacBio circular-consensus reads metagenomic reads to each of the three curated
circular reference genomes for Atabeyarchaeia-1, Atabeyarchaeia-2, and Freyarchaeia using
minimap2. The resulting BAM files were then processed and analyzed to identify methylation
patterns using the ipdSummary and motifMaker commands in the SMRT Link analysis software
package (v11.0; Pacific Biosciences, Menlo Park, CA, USA). To annotate methyltransferase
(MTase) activities and restriction enzyme sites, the sequenced genomes and identified methylated
motifs were compared against the Restriction Enzyme Database (REBASE) (Roberts et al. 2015;
Blow et al. 2016). This comparison enabled the annotation of methylation sites and the
determination of specific motifs associated with methyltransferase activity and restriction-
modification systems within these archaeal genomes.

Phylogenetic analysis of hallmark proteins present in MGEs

We compiled the top 25 to 50 best matches for candidate proteins from the NCBI database,
ggKbase and UniProt. The sequences were aligned using MAFFT with the parameters --localpair
--maxiterate 1000 --reorder. Following alignment, each was trimmed using TrimAl, applying a
gap threshold of 0.7. The final alignments underwent manual inspection using Geneious (see
above). Maximum likelihood trees were inferred using IQ-TREE version 1.6.12, employing the
auto option for model selection, a bootstrap value of 1000, and identifying the best-fit model for
constructing the final trees. The details of all models used are included in the description of each
figure. Trees were visualized using iTOL. All hallmark MGEs protein alignments and trees have
been provided in the supplementary data for further reference.

Opia virus proteins structure predictions

Proteins were structurally modeled using AlphaFold2 (Jumper et al. 2021). Foldseek (van Kempen
et al. 2023) was employed to identify structural homologs and structural alignments and
comparisons to the modeled proteins were conducted using UCSF ChimeraX (Meng et al. 2023).
Active site contents were derived from published descriptions for the reference structures.

Structural analyses and structural phylogeny of the ESP

The protein sequences of small GTPases found were analyzed along with eukaryotic small
GTPases identified as sequence homologues (Figure S7-8). These sequences were submitted for
structural modeling using ColabFold v1.5.240 (Mirdita et al. 2022). Multi-sequence alignments
were performed using the MMseqs2 mode and the AlphaFold2 ptm models. Two recycling steps
were employed to improve model prediction. The structural models were used as queries to search
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for structural homologues in the RCSB Protein Data Bank using FoldSeek easy-search feature,
with a cutoff of >15% identity and <E-05 e-value.

Protein structures identified by FoldSeek were integrated with the models generated in ColabFold.
A multi-structural alignment (MSTA) of these structures was carried out using the default
parameters of mTM-align (Dong et al. 2018) (Figure S7-C). The resulting MSTA was further
analyzed using IQ-TREE v2.0.3 (Model LG+I+G4 chosen according to BIC), yielding the
dendrogram in Figure S7-B. The pairwise matrix obtained from the mTM-align process (Table S8)
was utilized to select proteins suitable for 3D reconstruction of their alignments (Figure S7-D).
This was done using the Needleman-Wunsch algorithm and the BLOSUM-62 matrix within the
ChimeraX software (Meng et al. 2023)

4.3 Results

Complete Atabeyarchaeia genomes contain integrated genetic mobile elements

Short and long-read metagenomic and metatranscriptomic datasets were generated from wetland
soil sampled at a single local site (Methods). We mapped reads from 28 samples collected from
soil depths of 60 to 175 cm to the Atabeyarchaeia-1, Atabeyarchaeia-2 and Freyarchaeia genomes
previously assembled from this environment and used mapped read details to uncover evidence
for integrated, excised and coexisting circularized MGEs (Figure 4.1). Absence of MGEs in some
cells can lead to lower coverage than average coverage over the integrated region, whereas higher
read depth of coverage is likely due to coexisting extrachromosomal versions of the MGE (Kieft
and Anantharaman 2022). By manual inspection of sequencing depth and read alignment
discrepancies, we identified 14 chromosomally integrated genetic elements in the Atabeyarchaeia-
1 (Atabeya-1) genome and 4 in the Atabeyarchaeia-2 (Atabeya-2) genome, ranging from 1.3 to 40
kbp in length. No integrated elements were identified in the Freyarchaeia genomes using this
approach (Figure 4.2).

Of the 18 integrated MGEs in Atabeyarchaeia, five were classified as insertion sequence-like
transposons (IS), three as putative integrative conjugative plasmids of 7.9 - 12 kbp in length
carrying integration machinery and cargo genes, two as defense islands, six as pro-viruses, and
two could not be classified (Table S1). To date, the only Asgard non-viral integrated genetic
elements reported are Heimdallarchaeia “aloposons”8, which are transposons that carry cargo
genes. These previously reported MGEs do not display any homology at the nucleotide level with
those found in Atabeyarchaeia. However, some Atabeyarchaeia integrated genetic elements and
these aloposons encode partition proteins (ParB-like) that are distantly related to tyrosine-like
integrases (Figure S1-A). The Atabeyarchaeia tyrosine-like integrases are most closely related to
those found in genomes of Njordarchaeales, Bathyarchaeia and Aenigmarchaeota, which share a
similar ecological distribution in terrestrial wetlands and also occur in deep ocean sediments (Seitz
et al. 2019) (Figure S1-B).

Ten of the integrated genetic elements coexist in circularized form with their integrated versions
in the same metagenomic samples (e.g., Figure 4.1). One of these of particular interest is Atabeya-
1 MGE-i (Yucahu-i, in homage to the son of the Taino goddess Atabey—reflecting our previous
designation of the host archaeon as Atabeyarchaeia)—for which the coexisting circularized version
in 60 cm deep soil is four times more abundant than the integrated version (Figure 4.2A). Some of
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the reads span the genome indicate that a subset of Atabeya-1 genomes lack or have excised this
integrated element (Figure 4.1; Figure 4.2B), enabling us to determine the exact length of the
Yucahu-i to be 10,867 bp. The MGE is inserted following an AATTAACTTAT sequence that is
also present at the end of the integrated Yucahu-i and occurs within the excised, circularized
version. This region likely represents the attachment (att) site, a unique location within the genome.
The low GC content (9%) compared to the genome-wide average (~50%), suggests that the DNA
in this area may exhibit increased susceptibility to cleavage during processes such as excision or
integration.

The Yucahu-i element includes 11 open reading frames (Figure 4.2A). Some of the gene products
could be functionally annotated using protein homology and in silico structural prediction. The
first gene encodes a tyrosine recombinase/integrase that likely recognizes and cuts at the
AATTAACTTAT motif in the genome and in the circularized version (resulting in Yucahu-i
linearization), and may be involved in integration of the linear sequence. The subsequent gene is
a Holliday junction resolvase, which likely acts in conjunction with the integrase. We are uncertain
if a host integration factor is required, but it is possible that two of the following genes predicted
to encode DNA-binding proteins may have this function. Yucahu-i also encodes a superfamily 3
(SF3) helicase that may unwind the DNA and initiate plasmid replicationl1, and a Type 1I-G
restriction-modification (IIG RM) protein fusion that combines endonuclease and
methyltransferase activities. Phylogenetic analyses place the IIG RM sequence shares its most
recent common ancestor with sequences found in DPANN archaeal genomes (>60% amino acid
identity). Basal to this clade are many sequences from bacteria, which supports the inference that
the origin of the sequences in question is likely archaeal, potentially acquired via horizontal gene
transfer (Figure S2). Metatranscriptomic data indicate that the IIG RM gene is transcribed
(Supplementary Data). Based on predicted protein functions and presence of the excised, circular
(copy number up to 4x) mobile genetic element, Yucahu-i is likely a plasmid.

We investigated how frequently Yucahu-i was integrated in, or coexisted in circular form with, the
Atabeya-1 genome by systematically analyzing reads from the 20 soil metagenomes that contained
this archaeon (Figure S3, Table S2). In 11 samples, Yucahu-i is integrated into essentially all
Atabeya-1 cells, however, the data indicate substantial variation in presence/absence of the
integrated version and in the copy number of the circularized version (Figure 4.2, Figure S3, Table
S2). A few reads from the 70 cm deep soil revealed evidence for the circularization of a 2,644 bp
element that is integrated within Yucahu-i. We refer to this as mini-Yucahu-i (Figure 4.3C). Its
presence highlights the genetic plasticity of the plasmid. The mini-Yucahu-i carries a putative
ParG, a hypothetical protein, and Holliday junction ATP-dependent DNA helicase RuvB.
Interestingly, the identical 11 bp Yucahu-i putative attachment motif is also present adjacent to,
and within, a 7,848 bp integrated element in the Atabeya-2 genome (iIMGE-xvi). However, the
genomes share no detectable similarity, and the percentage of identity of the tyrosine integrases
are < 25% and they are phylogenetically unrelated (Figure S4).

MGEs targeted by CRISPR systems

To explore exogenous MGEs of Atabeyarchaeia and Freyarchaeia, we mined CRISPR spacers
from their genomes and matched them to unbinned metagenomic scaffolds from the same wetland
soil. More than 30 putative MGE scaffolds are confidently targeted by CRISPR spacers and thus
predicted to have once replicated within Atabeyarchaeia. We manually curated them and obtained
one complete 20.8 kbp circular plasmid genome, two circular, complete 40 kbp genomes for a pair
of closely related viruses, and a circular complete 26.7 kbp genome for an unclassified MGE.
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The 20.8 kbp plasmid has 24 open reading frames (ORFs), primarily encoding hypothetical
proteins (Figure S5, Table S3-S4). It also encodes plasmid proteins such as protein repressor
ribbon-helix-helix protein from the copG familyl2, usually present in bacterial conjugative
plasmids. Other predicted proteins are implicated in autonomous replication, such as a DNA
primase-helicase and a tyrosine integrase, as well as other genes, involved in nucleic acid
processing. Seven of these proteins contain transmembrane domains suggesting the presence of a
putative conjugative system or a secretion-like system (Figure S5). A protein with a Glu-Glu motif
was annotated as an integral membrane CAAX-like protease self-immunity, based on structural
modeling and phylogeny (Figure S6). It encodes a CTPase with similar function to ParB, a protein
typically associated with plasmid chromosome partitioning during replication. Phylogenetic
analysis places this protein within a clade that contains MGEs recently discovered in
Heimdallarchaeia (Figure S1-A). Interestingly, this clade also contains ParB-like proteins from
draft genomes of Lokiarchaeia and Thorarchaeia, along with other archaeal genomes (e.g.,
Sulfulobales), suggesting that this plasmid lineage is widespread in other Asgard archaea. Also
included are sequences from Streptomyces plasmids. Therefore, these plasmid partitioning genes
may have undergone inter-domain horizontal gene transfer.

The circular 40,094 bp virus is predicted to infect Atabeyarchaeia-2 based on CRISPR spacer
matches. We named this virus 'Opia,' after a mythical creature associated with the Taino goddess
Atabey. Interestingly, we found this virus integrated into the end of a 2.58 Mbp PacBio-derived
genome fragment from an related Atabeya-2 strain (Atabeya-2’), confirming its host association.
The genome encodes structural proteins such as a capsid-like protein, phage head morphogenesis
protein, phage portal protein, tail-like structural proteins and a phage terminase large subunit
(K06909:xtmB). Comparison of Opia terminase and capsid proteins with reference archaeal and
bacterial virus proteins placed them with those of other Asgard viruses, including Nidhogg, a virus
of Helarchaeales (Figure 4.4A-B). The Opia genome harbors genes for various nucleic acid
processing proteins, such as a Mu-like prophage protein com and putative transposase, tyrosine
recombinase-like, site-specific DNA-methyltransferase, and a ParB-like CTPase. A DNA
polymerase sliding clamp subunit (PCNA) like protein (Figure 4.4C) potentially interacts with
viral replication proteins, promoting viral DNA synthesis and possibly manipulating host cellular
pathways to facilitate viral replication and immune evasion.

Phylogenetic analysis positioned the Opia PCNA-like sequence within an Asgard archaea clade
with a homolog present in the chromosome of Atabeyarchaeia-2. The most similar homolog was
a predicted protein from an Njordarchaeales (MCD6165036.1) from the Auka vent field13,
suggesting that viruses related to Opia integrate into other Asgard genomes. Homologs of this
protein occur in the Skoll viral genome that infects Lokiarchaeia5—7 as well as other archaeal
viruses14,15. At the whole proteome level, Opia has similarity to the Ratatoskr, Nidhogg, Skoll,
and Fenrir viruses6, known to infect various Asgard archaea (Figure 4.4D).

We identified at least seven distinct Opia virus variant genotypes. The sequences align near-
perfectly over >85% of the genomes (Figure 4.5A). All Opia variants (and their identifiable
fragments) are exactly targeted by one CRISPR spacer present in loci of both Atabeya-2 and
Atabeya-2’ (two identical sequential spacers in Atabeya-2’), despite the presence of the Opia
provirus in the Atabeya-2’ genome. The provirus was only partially recovered, so it is impossible
to say whether the integrated version differs in the targeted region. A hotspot in the Opia virus
genomes encodes a series of genes that are distinctly different in some variants. Included are up to
six small cysteine-rich proteins, many with predicted double Zn-binding domains (Figure 4.5A).
The genes for specific cysteine-rich proteins occur in different recombinations from different
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genotypes (e.g., one has sequence types A, B, D another A, C, D, and another, C, E). In addition,
a three-gene block (one of which has sequence variants) and adjacent intergenic sequences are
variably present/absent. Finally, different versions of ParB-like partition proteins occur in the
variable region and some lack a C-terminal endonuclease domain (Figure 4.5).

We predicted the structures of the largest cysteine-rich protein from Opia-3708 (gene 46) and two
Opia-19564 proteins (genes 16, 18). All three represent different protein sequence clusters but they
share core structural components, including two sets of four cysteines, and an alpha helix in
proximity to paired antiparallel beta strands (i.e., a,f,-metal; Figure 4.5C). HHpred predicts the
Opia-3708 protein (197 aa) to be related to an HNH endonuclease and the best match for the three-
dimensional structure (PDB 3M7K) is the Rare-Cutting HNH Restriction Endonuclease Pacl, a
homing endonuclease that is one of the smallest restriction endonucleases known (142 aa) (Shen
et al. 2010). Zinc bound by the four cysteines is required for the DNA cleavage by Pacl
endonucleases. The H, DR, and CxxCN catalytic residues of 3M7K HNH endonuclease are
generally conserved in the Opia proteins (e.g., Opia-19564 16, Figure 4.5C). However, the
expected tyrosine residue precedes rather than follows the DR motif and its placement in the
predicted structure is offset from that in 3M7K. The histidine active site residue is also slightly
differently positioned (Figure 4.5C). These discrepancies may be attributed to uncertainties in
protein folding. However, the positioning of histidine in the location typically occupied by tyrosine
suggests its potential involvement in DNA cleavage, as occurs in other HNH endonucleases.
Elsewhere, the predicted structures have large regions of positively charged surface, likely
involved in DNA binding. These findings suggest that the Opia proteins share characteristics with
Pacl restriction endonucleases, yet they may represent a novel class of enzymes, likely with
homing endonuclease function. (Figure 4.5B). The biochemically characterized Pacl homodimer
has a target recognition sequence of 5’-TTAATTAA-3’, and cleaves between the internal thymine
residues. Pacl endonucleases rely on the absence of the recognition site elsewhere in the host
genome. We could not determine the recognition sequence for the Opia Pacl-like homing
restriction endonuclease, but apparently it was possible for different combinations of six variants
to insert in the same region of a series of Opia genotypes.

We further reconstructed a circular, complete 26,349 bp genome (MGE-9917) for another
circularized element that is targeted by three CRISPR spacers from Atabeya-1. MGE-9917 could
not be classified as a virus or plasmid based on predicted protein functions. All MGE-9917 genes
are encoded on the same strand. The genome features a CT-rich intergenic tandem repeat region
with 6, 7, 8 or 9 units of 8 bp in length (variants identified using mapped reads). MGE-9917
encodes at least 14 proteins with transmembrane domains, two of which are 1,402 and 1,202 amino
acids in length and lack related sequences in the NCBI database (Table S4). The genome contains
a protein that combines an N-terminal ParB-like nuclease domain with a C-terminal S-
adenosylmethionine-dependent methyltransferase domain. Additionally, MGE-9917 includes
genes for a tyrosine recombinase, a transposase, and a Type IV methyl-directed restriction enzyme
featuring an HNH motif. A family of related elements occurs in virtually all of the deep soil
samples. One version differs due to the presence of a transposase that is related to those found in
the Opia viruses.

Defense systems and epigenetic regulations in Atabeyarchaeia and Freyarchaeia

We used DefenseFinder (Tesson et al. 2022) and PADLOC (Payne et al. 2022) to identify ten
defense systems in Freyarchaeia, five in Atabeyarchaeia-1, and six in Atabeyarchaeia-2.
Freyarchaeia harbored at least four different defense system classes, including Type I-B, III-A,
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and III-D CRISPR-Cas systems, Type Il restriction-modification systems, the Hachiman antiphage
defense system, and the anti-phage system, DISARM (defense island system associated with
restriction-modification), which has not previously been found in Asgard archaea (Figure S7-A,
Table S5-S6). The DISARM system comprises drmABC, a methyltransferase (drmMI, N6 adenine-
specific methyltransferase or drmMII, C5 cytosine-specific DNA methyltransferase), and drmD or
drmFE) (Ofir et al. 2018). The Freyarchaeia system includes drmA, drmB, drmC, drmMII, drmE,
and drmD ( helicase similar to the RNA polymerase (RNAP)-associated SWI2/SNF2 protein) that
is present in, classifying this system as a DISARM class I (DISARM-II). Interestingly, drmD is a
homolog typically found in DISARM class I. The DISARM methylase modifies host CCWGG
motifs to distinguish its own DNA from foreign DNA. A specific conformation of the DrmAB
complex (trigger loop) inhibits the complex to prevent an autoimmune response20. DrmA is
responsible for DNA targeting in DISARM through multiple non-specific interactions with the
DNA backbone (Bravo et al. 2022). By not requiring a specific sequence for DNA binding, DrmA
distinguishes this defense system from other common restriction-modification systems, endowing
DISARM with a broad spectrum of action against viruses (Tesson et al. 2022). Phylogenetic
analysis of the helicase DrmA places the gene within the Euryarchaeia and Chloroflexota,
suggesting that this system has been laterally transferred Figure S7-B. The Hachiman system is
encoded by hamA, a hypothetical protein (DUF1837), and hamB, a helicase (pfam00271). The
molecular mechanism of this system is still unknown (Doron et al. 2018). One potential hint is the
presence of an ATP-dependent endonuclease is an OLD (overcoming lysogenization defect)
upstream of the hamAB locus.

We used DNA polymerase kinetics from Pacific Biosciences (PacBio) metagenomic sequencing
data and the Restriction Enzyme database (REBASE) to illuminate the DNA methylation patterns
and methylases in the genomes of Freyarchaeia, Atabeyarchaeia-1, and Atabeyarchaeia-2. In the
genome of Atabeyarchaeia-1, we identified 13 methylation sequence motifs, of which seven were
directly linked to a specific methylase gene. Similarly, Atabeya-2 has 11 methylation motifs, 5 of
which could be linked to a methylase. Freyarchaeia has only five detectable methylation motifs
(Table S7A-B). Interestingly, one of those motifs is CCWGG, which has been characterized as a
motif targeted by DISARM class II.

Atabeyarchaeia-1 and Atabeyarchaeia-2 both have 4-methylcytosine (m4C) and 6-
methyladenosine (m6A) methylation. Atabeyarchaeia-1 Yucahu-i MGE encodes a Type IIG
restriction-modification system that targets a m6A methylation motif and is the only candidate
enzyme that could methylate the Atabeyarchaeia-1 genome. The Yucahu-i system is analogous to
the Mmel family, which typically recognizes a 6-7 bp motif with adenine as the penultimate
base22. The motif GYATGAG (m6A) was methylated at 66% of sites within the Atabeyarchaeia-
1 genome, and could represent the active methylation motif of this RM system. In contrast,
Freyarchaeia has 5 m4C motifs but no m6A methylation motifs.

Integrated mobile-like regions encode eukaryotic signature proteins

We identified two small GTPases in a region of the Atabeyarchaeia-1 genome that appears to be
enriched in genes often associated with mobile genetic elements. This region is absent in some
Atabeya-1 strains. The classification of these proteins as GTPases is supported by sequence and
structural homology, as well as, structural predictions in comparison to reference eukaryotic
sequences (Supplementary Text). Based on phylogenetic analysis, these proteins cluster with the
unannotated Arf GTPases, ArfX, found in single-cell eukaryotes Naegleria gruberi, Spironucleus
salmonicida, Gefionella okellyi, and Arfrp 1b in Pygsuia biforma (Figure S8).
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4.4 Discussion

We identified chromosomally integrated and coexisting MGEs that replicate in Atabeyarchaeia by
leveraging extensive sequencing of a series of soil samples where soil depth and biogeochemical
conditions select for different strain variant populations. By examining read mappings across
multiple samples from the same environment, we established a larger repertoire of MGEs than
could be found from the analysis of any single metagenome. Integrated elements and coexisting
circularized MGEs range from 2.5 to 40 Kb in length; all complete MGEs were circular and at
least some replicate bidirectionally. We could not confidently identify MGEs by changes in read
mapping abundances in the Freyarchaeia genome. This might indicate either stable integration into
the Freyarchaeia genome across the entire population studied (thus excision sites and coexisting
versions of circular elements were not detected by our methods) or that , the degree of association
with MGEs may vary dramatically between Asgard archaeal lineages.

The presence of coexisting integrated and free, circularized MGEs, likely mostly plasmids, as well
as variation in copy number of circularized elements and in the fraction of cells with integrated
elements suggest regular movement of MGEs into and out of the Atabeyarchaeia chromosomes.
Insertion/excision and variation in copy number may enable Atabeyarchaeia to respond to changes
in their environment. For example, MGEs may behave symbiotically, and increase in MGE copy
number (thus gene content) serves as a response to increased pressure from other MGE (Krupovic
et al., 2019). The tiny mini-Yucahu indicates another layer of genomic variability, as just this
portion of the host MGE can excise.

Interestingly, the attachment motifs for Yucahu-i plasmid-like Atabeya-1 MGE and for a circular,
unclassified and essentially unrelated MGE linked to Atabeya-2 are exactly the same, implying
that the very different integrases of each (25% aa ID) recognize and cut at the same motif. Protein
sequence divergence may enable host chromosome specificity, yet the active site apparently
evolved to target the same motif.

The novel cluster of genomically similar Opia viruses of Atabeya-2 and 2’ encode sequential
cysteine-rich proteins inferred to have nuclease activity due to their distant homology to Pacl.
These occur combinatorial patterns (Figure 4.5B) that may have arisen via recent recombination
events in which these putative endonucleases may have played a role. The multiple variants might
form heterodimers rather than the normal homodimers expected for Pacl, possibly extending target
recognition. The results suggest the importance of diverse nuclease activity for these viruses.

The Opia virus proteomes exhibit similarities (e.g., capsid, tube and tail proteins)to those of tailed
viruses, which commonly replicate in bacterial and archaeal hosts from hypersaline environments
(Sencilo & Roine, 2014). They are quite distinct from those of eukaryotic viruses, supporting the
suggestion that, despite the evolutionary relationship between Asgard archaea and eukaryotes,
their viruses display no obvious evolutionary relationships (Medvedeva et al., 2022; Rambo et al.,
2022; Tamarit et al., 2022).

Genome context (dominated by MGE-associated genes) and apparent excision of the region
encoding the GTPases from some strain genotypes supports the inference that some
Atabeyarchaeia MGEs encode eukaryotic signature proteins. ARF GTPases are involved in
membrane trafficking in eukaryotes and have been previously described as ESPs in Asgard archaea
(Eme et al., 2023; Spang et al., 2015). The presence of these GTPases on putative MGEs provides


https://paperpile.com/c/sSeKZO/r7DC2
https://paperpile.com/c/sSeKZO/r7DC2
https://paperpile.com/c/sSeKZO/tmu5E
https://paperpile.com/c/sSeKZO/pt5VF+2NpMu+6pizQ
https://paperpile.com/c/sSeKZO/pt5VF+2NpMu+6pizQ
https://paperpile.com/c/sSeKZO/cySDF+Hp6KE

114

the first indication that increase in cellular complexity could be associated with the transfer of
eukaryotic signature proteins via MGE (Figure S8, Figure S9, Table S8).

Our results suggest several examples of genes integrated into Atabeyarchaeia genomes or in their
coexisting MGEs that have nearest homologs in the bacterial domain (e.g., ParB, DrmA, and Type
IIG restriction-modification enzymes). These findings are consistent with recent work on cross-
domain gene transfer via movement of integrons associated with diverse MGEs (Ghaly et al.,
2022) and extend earlier work inferring the acquisition of archaeal genes by bacteria (e.g., (Hug et
al., 2013)). As we discover new Asgard archaea from genome-resolved metagenomes, we can
expect to find further parallels between bacterial and archaeal immune systems. These associations
could have implications for the evolution of eukaryotic immune systems (Wein & Sorek, 2022).
Type 1IG restriction-modification systems, to our knowledge, have not previously been associated
with archaeal MGEs. The observation that the only methylase seemingly able to methylate at the
host genome’s well-represented m6A motif is carried by Yucahu-i, and that it is transcriptionally
active, suggests that the Yucahu-i Type IIG plays a significant role in host genome epigenetic
modification. This MGE-encoded system may protect its host Atabeyarchaeia against infection by
other MGEs. This behavior aligns with the emerging perspective that defense systems themselves
can serve as mobile genetic elements (Rocha & Bikard, 2022; Wu et al., 2022).

To our knowledge, these are the first metagenome-derived Asgard archaeal complete genomes for
which methylation patterns have been reported. PacBio sequences corresponding to these
complete, manually curated genomes (Valentin-Alvarado et al. 2023) were used to infer the
methylation motifs and to determine the fraction of sites that were methylated, as well as the
methylation patterns of their newly reported MGEs. Using REBASE, which features all
biochemically characterized methylases, it was possible to link methylated sites with likely
methylases encoded on both genomes and MGEs. Relatively little is known about genome
methylation in archaea, especially in Asgard archaea (Anton & Roberts, 2021). These genomes
and their methylation motif data presented here provide a starting point for detailed biochemical
studies to expand the known inventory of archaeal methylases. The higher number of methylation
motifs in Atabeyarchaeia compared to the Freyarchaeia genome could be an evolutionary response
to the larger inventory of mobile genetic elements associated with Atabeyarcheia.

Our results brought to light new MGEs, defense systems, and epigenetic patterns in these soil-
associated Asgard archaea. The description and annotation of the first complete Asgard plasmids
opens a route toward the development of tools for genetic manipulation of these organisms.
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4.5 Conclusion

We leveraged the read diversity inherent to population genomic data, long-read sequencing,
methylation pattern analysis, comparative genomics and functional and structural prediction to
explore integrated and coexisting genetic elements of one group of Asgard archaea. These analyses
brought to light an extensive landscape of mobile genetic elements (MGEs) that associate with
Atabeyarchaeia, including viruses, plasmids and as yet unclassified entities. The excision, insertion
and changes in copy number of these MGEs may enable adaptation to changing conditions, have
contributed evolution, and possibly to the acquisition and spread of genes linked to the origin of
cellular complexity. The availability of MGEs that could be adapted for delivery of genome editing
tools in a community context (Rubin et al. 2022) may pave the way for genetic manipulation of
these archaea.
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4.6 Figures
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Figure 4.1 Read mapping to the reference genome provides evidence for integration and excision,
illustrated for the case of one MGE. The central region of the integrated sequence of Yucahu-i (between
black bars) has been deleted to focus on details of reads mapped to the start and end of the region. Read
sequences that match the genome sequences are shown as gray bars; small vertical colored bars adjacent to
read portions in agreement with the reference indicate bases that disagree with the reference. Arrows with
the same color have the same nucleotide sequence. In the panel demonstrating that some cells that lack the
integrated MGE, one read has been split (the black line links the two parts of a single read) to illustrate
agreement with the flanking sequence at both ends of the integrated region.
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Figure 4.2 Chromosomally integrated genetic elements and defense systems in soil Asgard Archaea
genomes. Each panel depicts the coverage across each complete genome, as determined by mapping to
metagenome reads derived from three different soil depth profiles. Regions exhibiting low coverage suggest
strain variations associated with specific soil depths and may indicate the presence of integrated genetic
elements in only a subset of cells. Notably, the Freyarchaeia genome exhibits even coverage using reads
from all sampling depths, with no discernible integrated mobile genetic elements identified. Some of the
low-coverage regions are not labeled as potential MGEs, these regions are strain variants with sequences
so divergent that read mapping is precluded. Oval symbols indicate predicted defense systems.
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Figure 4.3 Integration and excision of Yucahu. A) For the 60 cm sample, elevated coverage and paired
reads indicate that Yucahu-i is integrated into the genome, excised from some genomes (blue lines) and
coexists in circularized form (yellow lines). The red box indicates elevated coverage from a related gene
from another genome. B) For the 165 cm sample, low coverage over the MGE and read sequence
discrepancies indicate that most cells in this sample lack the MGE. C) For the 70 cm sample, coverage and
paired read information indicate that Yucahu-i is integrated into essentially all cells. The circularized
Yucahu-i is present but rare. Paired reads pointing out internal to the MGE indicate that a 2,644 bp element
has integrated into the plasmid and coexists in circularized form.
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Figure 4.4 Phylogenetic placement of hallmark structural viral proteins from Opia and whole
proteome-based similarity of MGE from Atabeyarchaeia and other Asgardarchaeota. A) Viral capsid.
B) Viral terminase. C) viral proliferating cell nuclear antigen (PCNA) and D) whole proteome-based
similarity of MGE from Atabeyarchaeia and other Asgardarchaeota. Boostraps are represented by black
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Figure 4.5 Sequence variation in the cysteine-rich proteins of Opia viruses and comparison to Pacl, a
rare-cutting HNH restriction endonuclease. A) The aligned ~5.6 kbp variable region of two Opia viral
genotypes. Light gray bars indicate perfect nucleotide identity and thin vertical black lines indicate SNPs.
The three genes labeled in brown are present in both Opia-3708 (top) and Opia-19564 (bottom) but are
absent in some other genotypes. Light blue genes are cysteine-rich (For 3708L, 10, 5, 9, 5, 10 and for Opia-
19564, 3, 14, 5, 9, 4, 10 cysteines per protein). Dark blue genes encode ParB-like proteins that are very
divergent between some genotypes (Opia-3708 vs. Opia-66823, 67881). Before the 3-gene indel and after
the ParB-like gene, the ~35 kb regions of all genomes are essentially identical. B) Phylogenetic tree
including the 17 larger cysteine-rich proteins from the variable regions of 7 Opia genomes (numbers
represent genome names; for context, see supplementary data. Proteins with identical sequences occur in
five different combinations across the genotypes. C) Comparison of the active site region of Pacl (with 9
cysteines) and the structure of Opia-19564 protein 16 (silver, with 10 cysteines). Active site residues of
PDB 3m7k (gold) are displayed based on Figure 1 of Shen et al. (2010). The critical fBa-metal motifs are
well aligned. Tyrosine and histidine residues exist in proximity to the active site, although their locations
differ somewhat, possibly due to fold inaccuracy.
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Figure S1 Phylogenetic analyses of ParB and tyrosine-recombinase-like proteins across archaeal
mobile genetic elements. A) Phylogenetic tree for ParB and ParB-like Proteins. Analysis incorporates
reference sequences of E. coli ParB (Pfam08775) and Sulfolobus conjugative plasmid ParB (NOB8H2),
alongside representative ParB-like domains from select archaeal and bacterial genomes. Selection criteria
for inclusion involved a rigorous screening of the top 25 protein hits from the NCBI database. Sequence
alignments were conducted using MAFFT (v7.310) in 'auto’' mode, with subsequent optimization by trimAl
(vl.4.revl5) applying a 0.7 gap threshold. Phylogenetic trees were initially inferred using IQ-TREE (v1.6.1)
under the LG+FO+R model. This segment details B) Phylogeny of tyrosine-recombinase-like proteins
within integrated genetic elements of Atabeyarchaeia-1 and Atabeyarchaeia-2. The analysis selected the
top 25 protein hits from the NCBI database, aligned with MAFFT (version 7.310) on 'auto’ setting, and
refined the alignment with trimAl (version 1.4.revl5) using a 0.7 gap threshold. The phylogenetic
framework was constructed using IQ-TREE (version 1.6.1), adopting the LG+FO+R model.
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Figure S2 Maximum likelihood phylogeny of Type II-G restriction-modification (IIG RM) protein
fusion that combines endonuclease and methyltransferase present in Yucahy MGE. The phylogenetic
tree was initially constructed with IQ-TREE (version 1.6.1) employing the LG+FO+R model for the first
iterations. Subsequent refinement involved several rounds of manual branch checking to ensure the
accuracy and reliability of the phylogenetic relationships depicted.
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Figure S3 Cross-sample Atabeyarchaeia-1 plasmid integration. Correlations of the genome coverages
between integrated plasmid Yucahu and Atabeyarchaeia and between the Yucahu plasmid genome and the
mini-Yucahu element.
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Figure S4 Comparison of gene content of Yucahu-i (Atabeyarchaeia-1), top. and iIMGE-xvi
(Atabeyarchaeia-2), bottom. Annotated proteins of Yucahu-i include a tyrosine recombinase and a protein
with similarity to adenylylsulfate kinases. The iMGE-xvi has 12 open reading frames, most encoding
hypothetical proteins or proteins of unknown function. Three proteins are predicted to have 5 - 8
transmembrane domains. One is a putative membrane-bound serine protease of the ClpP class involved in
the proteolysis of misfolded and defective proteins (Moreno-Cinos et al. 2019).
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Figure S6 Maximum likelihood phylogeny of CAAX proteases identified in the Atabeyarchaeia-2
plasmid_700. For this analysis, the top 50 protein hits from the NCBI database were selected. Sequence
alignment was performed using MAFFT (version 7.310) with the 'auto' setting, and the alignment was
subsequently trimmed with trimAl (version 1.4.revl5) using a gap threshold of 0.7 (-gt 0.7). The
phylogenetic tree was initially constructed with [Q-TREE (version 1.6.1) employing the LG+FO+R model.
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Figure S7 Genomic organization of DISARM (Defense Island System Associated with Restriction-

Modification) system from Freyarchaeia and phylogenetic placement of the A DrmA within the whole

superfamily. A) DrmA, DrmMII, DrmA’, DrmB and DrmC gene locus. B) Phylogenetic analysis of the

DrmA protein found within the Freyarchaeia genome and reference sequences. The phylogenetic tree was

initially constructed with IQ-TREE (version 1.6.1) employing the LG+FO+R model.
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Figure S8 Comparison of GTPases encoded within Atabeyarchaeia putative MGEs and those
integrated into the genomes of other Asgard archaea and Eukaryotes. Maximum likelihood tree of
eukaryotic ARF family GTPases and Asgard archaea GTPase sequences. GTPases on the putative iIMGE-
xii are highlighted in bold. A curated set of proteins for the eukaryotic Arf family described in Vargova et
al., (2021) was used to search in both Atabeyarchaeia and Freyarchaeia genomes and MGEs. A non-
redundant subset of the references and Asgard hits with greater than 25% protein identity were aligned and
trimmed with Mafft auto (v7.310) and trimAl-gt 0.5 (v1.4.rev15). The final tree was produced with igtree
(v.1.6.1) and LG+R9 model was chosen according to BIC.
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Figure S9 Structural similarity between Atabeyarchaeia MGE and eukaryotic GTPases. A) Structural
phylogeny including a subset of the proteins with the sequence phylogeny and confirmed structural
homologues in the RCSB Protein Data Bank (See “Methods”). The first three letters of the references in
sequence and structural phylogenies are the first letter of the genus followed by the first two letters of the
species (i.e., Hsa abbreviated for Homo sapien). B) Atabeya-1 iMGE-xii_6 GTPase structural model (pink)
superimposed on a H. sapien GTPase predicted by electron microscopy (purple), Spironucleus salmonicida
GTPase structural model (green), and Freyarchaeia GTPase structural model (orange) (from left to right).
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Mobile Genetic Element MGE type Host Genome
size (Kb)

iMGE-i Yucahu Plasmid/integrase Ata-1 10.9
iMGE-i mini-Yucahu unknown Ata-1 2.6
iIMGE-ii Putative transposase Ata-1 6.3
iIMGE-iii Putative transposase Ata-1 44
iIMGE-iv Transposase-IS605 Ata-1 5.3
iIMGE-v viral/mobile/integrase Ata-1 26.8
iIMGE-vi viral/mobile/integrase Ata-1 22.9
iIMGE-vii viral/mobile/integrase Ata-1 12.9
iIMGE-viii Transposase-IS605 Ata-1 1.3
iIMGE-ix Transposase-1S605 Ata-1 9.3
iIMGE-x viral/mobile Ata-1 12
iIMGE-xi viral/mobile/integrase Ata-1 20.5
iIMGE-xii unknown Ata-1 25.8
iIMGE-xiii mobilome /transposase Ata-1 25
iIMGE-xiv mobilome /transposase Ata-1 1.0
iIMGE-xv unknown Ata-2 18
iIMGE-xvi Plasmid-like Ata-2 8.0
iIMGE-xvii mobile/integrase Ata-2 9.5
iIMGE-xviii viral/mobile Ata-2 29.5
Opia-2829 (reference genome) Tailed virus Ata-2 40.0
Opia-3708 related genotype Tailed virus Ata-2 32.8
MGE-1318 novel MGE Ata-1 26.3
MGE-9917 (related to MGE-1318) novel MGE Ata-1 26.7
Plasmid-700 Plasmid Ata-2 28.8

Table 1 Manually curated genomes for chromosomally integrated genetic elements and
extrachromosomal elements. MGE type is the closest classification based on gene content and genome
structure. The host was determined based on matches of the MGE sequences to spacers from the CRISPR

systems.
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Sample motifString modificationType
Atabeyarchaeia 1 GNNGANNNNNNNRTTC m6A
Atabeyarchaeia 1 cCccG m4C
Atabeyarchaeia 1 GoCC m4C
Atabeyarchaeia 1 GC m4C
Atabeyarchaeia 1 GTSAC m6A
Atabeyarchaeia 1 TA m4C
Atabeyarchaeia 1 CTSAG m6A
Atabeyarchaeia 1 CCAGG m6A
Atabeyarchaeia 1 D-CGCH m4C
Atabeyarchaeia 1 GAGGA m6A
Atabeyarchaeia 1 GATC m6A
Atabeyarchaeia 1 TA m4C
Atabeyarchaeia 1 GYATGAG m6A
Atabeyarchaeia 2 GTSAC mM6A
Atabeyarchaeia 2 CAGNNNNNRTGG m6A
Atabeyarchaeia 2 GC m4C
Atabeyarchaeia 2 GATC m6A
Atabeyarchaeia 2 TA m4C
Atabeyarchaeia 2 ACAGG m6A
Atabeyarchaeia 2 ACSCT m4C
Atabeyarchaeia 2 DGCGCH m4C
Atabeyarchaeia 2 GGCAG m6A
Atabeyarchaeia 2 GRATGAG mo6A
Atabeyarchaeia 2 TA m4C
Freyarchaeia strain CG m4C
Freyarchaeia strain GC m4C
Freyarchaeia strain CCWEG m4C
Freyarchaeia strain CG m4C
Freyarchaeia strain GWC m4C
Freyarchaeia strain CG m4C

Table 2 Methylation patterns in Atabeyarchaeia and Freyarchaeia genomes based on PacBio data.
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Transitional section

The analysis of mobile genetic elements (MGEs) associated with Asgard archaeal genomes in
Chapter 4 highlighted the genetic versatility that may have facilitated the emergence of eukaryotic
features from an archaeal ancestor. However, gaining a comprehensive understanding of the
diversity and evolution of archaea and their roles in complex environmental microbiomes requires
recovering complete genomes from metagenomic data. In Chapter 5, I leveraged the latest long-
read sequencing (LRS) technologies, specifically the PacBio Revio system, to sequence wetland
soil samples and assemble hundreds of circularized, complete, or near-complete genomes from
archaea, bacteria, and their associated genetic elements. This transition from relying on short-read
Illumina sequencing to now utilizing long-read PacBio sequencing represents a new era in
metagenomics, enabling the recovery of high-quality genomes and associated mobile elements
from complex environmental samples. The availability of these complete genomes facilitated
precise measurements of genome architecture, gene content, and the mapping of transcriptomic
data to link gene expression patterns to specific organisms within the microbiome. This powerful
combination of long-read metagenomics and metatranscriptomics, as described in Chapter 5,
provides insights into the structure, function, and activity of diverse microbial communities,
including archaea playing crucial roles in wetland biogeochemical cycles.
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5. Wetland soil hosts a high diversity of novel archaea actively
expressing pathways for carbon cycling and represented by
complete genomes

Luis E. Valentin-Alvarado, Daniel M. Portik, Jeremy E. Wilkinson, David F. Savage and
Jillian F. Banfield.

Unpublished, 2023.
Abstract

Long-read sequencing (LRS) technologies, particularly PacBio HiFi reads, have significantly
advanced the field of metagenomics by enabling the assembly of more complete genomes. The
new PacBio Revio system generates very high fidelity (HiFi) reads (>Q20), necessitating the
development of new assembly algorithms, such as hifiasm-meta and metaMDBG. Here, we
applied Revio HiFi sequencing and these assembly methods to investigate wetland soil
microbiomes and generated >1,300 metagenome-assembled genomes (MAGs), including more
than 400 that are circularized and either complete (if validated using Illumina reads) or potentially
complete. Included are 1,000 bacterial genomes (most prevalent are those from Acidobacteria) and
150 genomes from diverse archaea that dominate in deep soil. Interestingly, metaMDBG recovered
over 3,000 circular contigs that are less than 200 kb. We focused our analyses on genomes from
110 archaeal groups: Bathyarchaeia, Methanosarsinales, Thermoplasmatales, Thaumarchaeota,
Hadearchaeales, Methanomethyliales, methanogens, Asgardarchaecota and DPANN archaea. The
availability of complete genomes enabled exact measures of genome size, genome architecture,
gene content and precise linkage between RNA transcripts and the organisms from which they
originate. Metatranscript mapping revealed highly expressed MCR genes from Methanosarsinales,
Methanomicrobiales, and Methanomethyliales. These findings highlight the power of long-read
metagenomics to recover complete microbial genomes from complex environments, enabling
insights into microbial community structure, function, and gene expression patterns.

N.B. All main figures and tables for this manuscript can be found below in sections 5.5 and 5.6.
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5.1 Introduction

Archaea are now recognized as common members of many ecosystems including sediments, the
deep ocean, animal microbiomes, hot springs and soil, although sometimes their relative
abundance levels are low. The metabolic capacities of archaea vary substantially, and include the
ability to produce or consume methane, generate energy by degradation of proteins or complex
hydrocarbons, or oxidize or reduce sulfur compounds (Blohs et al. 2019). Often, their activities
interconnect multiple biogeochemical cycles. Despite their ecological importance, the full scope
of archaeal diversity and function remains poorly understood, partly due to the historical bias
towards culturing and genomically studying methanogens and archaea that inhabit extreme
environments. Particularly underrepresented are genomes of uncultivated soil-associated archaea,
thus understanding of their metabolic capabilities and ecosystem roles is quite limited.

Wetland soils are important carbon sinks and sources of greenhouse gases, yet the roles of archaea
in these processes remain poorly understood. Wetlands store approximately 20-30% of the global
soil carbon and contribute significantly to methane emissions (Kayranli et al. 2010; Guerra et al.
2020). Archaea, particularly methanogens, are known to play crucial roles in carbon cycling and
methane production in wetland soils (Evans et al. 2019; Angle et al. 2017; Oliverio et al. 2024).
However, the diversity and metabolic capabilities of wetland soil archaea beyond methanogens
remain largely unexplored.

The field of genome-resolved metagenomics has provided a powerful lens through which to view
the microbial world, bypassing the need for cultivation and allowing for the direct analysis of
genetic material from environmental samples (Tyson et al. 2004). This has led to the discovery of
a vast array of previously unknown archaeal lineages, expanding our view of their diversity and
ecological roles (Rinke et al. 2013; Brown et al. 2015). However, the challenge of assembling
high-quality, complete genomes from metagenomic data is considerable. This is particularly
problematic for complex microbial communities, such as those from soil, and generally results in
fragmented and incomplete genomes (Quince et al. 2017; Eisenhofer et al. 2023). Contamination
of draft genome bins with genome fragments from other organisms restricts confidence in
metabolic predictions. While the number of archaeal metagenome-assembled genomes (MAGs)
has grown to approximately 20,000, less than 3% are considered complete. However, most of these
are still fragmented, as the completeness metric generally relies on counts of expected genes not
reconstruction of circularized, finished sequences. Very few are closed and validated throughout.
Despite quality limitations, a great deal has been learned from partial archaecal MAGs, including
the discovery of the importance of Asgard archaea in eukaryogenesis (Spang et al. 2015; Eme et
al. 2023) and the prevalence of episymbiotic ultra-small archaea in many ecosystems (Castelle et
al. 2018; Dombrowski et al. 2020; He et al. 2021).

The availability of complete archaeal genomes greatly improves our ability to decipher the
metabolic pathways thus to predict ecological functions, to identify sets of integrated genetic
elements (Chapter 4), to document genome size and structure and to reconstruct histories. Here,
we leveraged new, highly accurate long-read sequencing to reconstruct over a thousand MAGs
from deep (>60 cm) wetland soil. To enable in-depth analyses, we focused our analyses on only a
subset of 118 of the >500 circularized genomes that are from archaea, which we find are highly
prevalent in deep anaerobic soil regions. To date, few studies have extensively deployed accurate
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long-read sequencing to study complex microbiomes. This study contrasts with a prior study, in
which the previous (less accurate) type of PacBio Sequel sequencing was used to recover 428
high-quality MAGs, of which only 28 were potentially circular (Bickhart et al. 2022). Unlike the
current study that targeted soil, these 428 genomes were reconstructed from a relatively low-
complexity fecal sample of an adult sheep and relied on Hi-C data for binning. The complete
(validated and, if necessary, polished using Illumina short read-based curation) and effectively
complete (circularized but not completely validated) genomes generated in the current study are
among the first such high-quality genomes for several major archaeal groups. We used these
genomes to provide context for metatranscriptomic analyses used to identify highly expressed
genes in each archaeon, providing insights into the roles of specific archaea in the deep, wetland
soil ecosystem.

Our work provides (1) a genomic catalog of complete archaeal genomes from wetland soils,
overcoming limitations of short-read-based draft genomes; (2) an expanded understanding of
archaeal diversity and function in these ecosystems, complementing the bacterial focus of previous
studies; (3) detailed metabolic analyses supported by metatranscriptomics, providing accurate
context for in situ activity; and (4) insights into soil microbial diversity in the context of climate
change. This study demonstrates the power of combining accurate long-read sequencing with
metatranscriptomics to unravel the complexity of wetland soil microbiomes and highlights the
ecological importance of previously understudied archaeal lineages.

5.2 Materials and Methods

Long-read DNA extraction and sequencing and assembly

Six soil samples were collected on November 14th, 2023, from depths of 60, 70, 80, 90, 100, and
110 cm. The samples were flash-frozen using liquid nitrogen and stored at -80°C until processing.
For general information about the sampling protocol, refer to the methods sections of previously
published work (Al-Shayeb et al. 2022; Valentin-Alvarado et al. 2023).The samples were extracted
using a modified version of the PowerSoil DNA Extraction Kit (Qiagen). Briefly, the samples
were thawed, and 5 mL of BPER-II was added per 4 g of soil. The samples were then mixed with
the beads from the PowerSoil kit and placed in a water bath at 65°C for 30 minutes, with gentle
inversion every 5 minutes. This adjustment was necessary to avoid the vortexing step that could
potentially shear the DNA. After this step, the subsequent steps from the PowerSoil kit were
followed. Genomic DNA was extracted from 6 samples collected at different depths (60cm, 80cm,
90cm, 100cm, 110cm, 115¢cm). 3 pg of each DNA sample was sheared to a target size of >3 kb
using a Megaruptor 3 instrument (Diagenode) at a speed setting of 29. Libraries were prepared
using the SMRTbell prep kit 3.0 (PacBio) following the manufacturer's protocol. This included
ligation of barcoded adapters for multiplexing. Size selection was performed using 3.1X 35%
AMPure beads to deplete DNA fragments <3 kb. Good library yields were obtained for all 6
samples. Libraries were pooled in equal mass to generate 3 pools each containing 2 samples with
similar size distributions (Pool 1: 60cm, 90cm; Pool 2: 80cm, 100cm; Pool 3: 110cm, 115cm).
Each pooled library was loaded at a concentration of 175 pM on a PacBio Revio system and
sequenced using a 24-hour movie collection time. This generated >2.5 million high-fidelity (HiF1)
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reads per sample. Reads were quality trimmed using BBDuk (bbduk.sh minavgquality=20 qtrim=rl
trimg=20) (Bushnell 2014) and assembled with hifiasm-meta (Feng et al. 2022) and metaMDBG
(Benoit et al. 2024).

Taxonomic composition classification and relative abundance

To determine the taxonomic composition and estimate the relative abundances, the following
approach was employed: The dereplicated high-quality PacBio archaeal genomes were combined
with other high-quality metagenome-assembled genomes (MAGs) obtained from the Illumina
dataset. All high-quality genomes present in the vernal pool samples were mapped independently
to all the metagenome reads using BBMap (Bushnell 2014). The mapping parameters were set as
follows: nodisk=t, pigz=t, unpigz=t, ambiguous=random. The minimum identity threshold for
mapping was set to 0.9, and ambiguous mappings were handled randomly. The relative abundance
of each genome, as well as the percentage of unmapped reads, was calculated using coverM1 with
the following parameters: -m relative abundance --min-read-percent-identity 95. This approach
allowed for the taxonomic classification of the genomes present in the samples and the estimation
of their relative abundances based on the mapping of metagenome reads to the high-quality
reference genomes. The use of both PacBio and Illumina datasets ensured a comprehensive
representation of the microbial community, while the mapping parameters and tools were carefully
chosen to ensure accurate and reliable results.

Metabolic reconstruction of high quality circular and potentially complete archeal genomes

We utilized Prodigal (v2.6.3) to predict the genes for 118 high-quality archaeal genomes. A suite
of databases, including KofamKOALA (v1.3.0) and InterProScan (5.50-84.0) were combined to
begin annotation. Complete genomes were also annotated with HydDB (Sendergaard et al. 2016),
METABOLIC (v4.0) (Zhou et al. 2022), PROKKA (v1.14.6), DRAM (Shaffer et al. 2020), and
MEBS (v2.0).

Phylogenetic analysis of 15 concatenated ribosomal proteins of high-quality archaeal genomes
Concatenated amino acid sequences of 15 ribosomal proteins (RP15) were extracted from high-
quality metagenome-assembled genomes (MAGs) reconstructed from soil samples collected at the
Sevilleta National Wildlife Refuge (New Mexico, USA). These RP15 sequences were combined
with reference archaeal genome sequences obtained from the Genome Taxonomy Database
(GTDB). Multiple sequence alignments were generated and used to infer a maximum likelihood
phylogenetic tree with IQ-TREE software (Minh et al. 2013). The best-fit evolutionary model
LG+C60+F was automatically selected and ultrafast bootstrap support values were calculated to
assess branch robustness. The resulting tree was visualized and annotated using the Interactive
Tree of Life (iTOL) online tool.
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5.3 Results and Discussion

Archaea dominate deep wetland soil

Analysis of 88 metagenomic datasets indicates that bacteria dominate the wetland topsoil layers,
whereas Archaea become more prevalent than bacteria below a soil depth of 60 cm (Figure 5.1A).
In the deepest soil zones, Thermoprotea archaea (Bathyarchaeia, Nitrospiria, Methanomethylicia
and Brockarchaeia) account for around 50% of the entire microbial community. The increase is
paralleled by a modest increase in abundance of Asgard archaea and a notable general increase in
abundance of Chloroflexi bacteria (Figure 5.1B).

Wetland soil PacBio metagenome assembly produced hundreds of circular contigs

We applied HiFi Revio sequencing (2plex setup on the Revio SMRT Cell; see “methods”) to
samples collected from wetland soil (the SRVP site in Lake County, northern California (Al-
Shayeb et al. 2022; Valentin-Alvarado et al. 2023). The sequencing targeted 6 samples taken from
soil depths of 60, 80, 90, 100, 110, and 115 cm, where the soil is permanently wet. The 20,661,987
HiFi reads generated corresponded to 195.88 Gigabases of DNA sequence information (Table S1).
Hifiasm-meta and metaMDBG bioinformatic tools were used to assemble the datasets from each
sample independently, yielding 1,232 MAGs, of which 563 are circular PacBio sequences for
bacteria and archaea of > 500 Kbp in length that are potentially complete. MetaMDBG assembly
yielded 3,477 circular contigs with lengths of <200 kb, compared to 444 reconstructed by Hifiasm-
meta. This suggests the superior capacity of MetaMDBG to identify potential mobile genetic
elements (MGEs). We generated 58 circularized contigs between 200 kbp and 1 Mbp in length
from Hifiasm-meta and 44 from MetaMDBG assemblies (Figure S1A-B). These represent
candidate MGEs and some CPR bacteria and DPANN archaea. Hifiasm-meta and metaMDBG
generated 358 and 312 circular bacterial and archaeal sequences, respectively, of >1Mb in length
(Figure S2; Figure S3). This indicates comparable performance of the two algorithms for the
assembly of larger genomic structures. The combined set of circularized microbial genomes from
the two assemblies was dereplicated at 95% nucleotide identity (approximately species level. Of
the dereplicated set, 118 archaeal microbial genomes of > 1 Mbp in length. A plot of GC content
vs. genome size revealed a range in GC content from 32% to 68% and genome sizes up to > 5 Mbp
(Figure 5.2). These genomes were assigned to 16 initial taxonomic groups and used for subsequent
detailed phylogenetic analyses.

Phylogenetic classification of very high-quality Illumina genomes

We augmented the PacBio genomes with three Illumina-based complete genomes or near-
complete MAGs that we did not recover PacBio sequences for (Table S2). From each genome in
the combined dataset, 15 ribosomal proteins were concatenated and used for phylogenetic analysis
(Figure 5.3). This revealed circularized genomes from 22 major archaeal groups (red in Figure 5.3)
and four additional clades represented by MAGs (pink in Figure 5.3). At the approximate phylum
level, we report high-quality, circularized and finished genomes from 18 archaeal lineages (colored
groups on the outer ring of Figure 5.3).

The availability of essentially complete and complete, circularized genomes from a large range of
archaeal lineages mostly lacking isolated representatives provided the opportunity to evaluate
replication modes across a span of archaea. We calculated the GC skew and cumulative GC skew
patterns and found that the majority (60%) of the cumulative GC skew patterns display very low
skew and/or the patterns were too noisy to predict a replication mode. However, 25% of patterns


https://paperpile.com/c/MZ6JUj/kvK0+KEya
https://paperpile.com/c/MZ6JUj/kvK0+KEya

143

provided variably strong indicators of typical bacterial-like (Chen et al. 2020) bidirectional
replication from a single origin on two replichores of sub-equal lengths (Figure S4-A). Most of the
remaining 15% of patterns were suggestive of rolling circular replication mode (Figure S4-B).

Archaeal community metabolic capacities and in situ activity

We established metabolic predictions for 58 circularized and/or finished genomes (Table S3). To
facilitate analysis of the transcriptomic datasets acquired from the same samples as the PacBio
DNA sequences, we selected the highest quality genome from each of the 18 major archaeal
taxonomic groups and focused on the 10 genomes of metabolically interesting archaea (i.e.,
excluding most DPANN archaea) that display high transcriptional activity (Table S4). We
predicted the in situ functions of most importance for each group (based on highly transcribed
genes) and analyzed these findings in the context of the overall predicted metabolism (Figure 5.4).

Bathyarchaeia

Within the soil archaeal community, Bathyarchaeia is the most abundant group, representing
73.78% of the total archaeal abundance. Despite this, their gene expression levels are relatively
low compared to gene expression levels for other archaeal genomes. The only genome for which
we detected transcripts is the complete Bathyarchaeia-44 genome, so we chose this as the
Bathyarchaeia representative for analysis of in situ activity. Expressed genes encode archaeal
chaperonins (K22447), which are essential for protein folding and stress response. Also relatively
highly expressed are genes involved in carbohydrate transport and metabolism, including those for
a glucose/mannose transport system substrate-binding protein (srvp_genome 44.fna 1829,
K17315) and multiple sugar transport system ATP-binding proteins (srvp_genome 44.fna 1826,
K10112). Genes encoding components of the ABC-2 type transport system were also identified,
again suggesting the importance of nutrient acquisition and ion transport.

Generally present in Bathyarchaeia are genes to break down cellulose to cellodextrin and
cellobiose and for the storage of glucose as starch/glycogen. These archaea are likely to be able to
convert formate and formaldehyde to CO> via the tetrahydrofolate methyl branch of the Wood-
Ljungdahl pathway and to acetyl-CoA. They may be capable of fixing CO; via acetyl-CoA
synthetase and use a form III Rubisco to incorporate CO2 to form G3P via the nucleotide salvage
pathway. Although they have many steps in the acetate-methane pathway, they lack the final genes
needed to form methane; thus, these wetland soil Bathyarchaeia are not methanogens. They appear
to convert glycine and serine to ammonia and pyruvate via the reductive glycine pathway (rGlyP).
Consistent with the transcript data indicating expression of transporters, Bathyarchaeia have amino
acid import/export genes. They have genes for the polar amino acid transport system substrate-
binding protein (K02030), along with components of the branched-chain amino acid transport
system, including ATP-binding proteins (K01996, K01995), a permease protein (K01997), and a
substrate-binding protein (K01999). Additionally, two other genomes encode for a polar amino
acid transport system ATP-binding protein (K02028) and a permease protein (K02029), indicating
mechanisms for the uptake of both polar and branched-chain amino acids.

All wetland Bathyarchaeia have genomes that encode the acetate---CoA ligase (ADP-forming)
subunits alpha (acdA K01905) and beta (acdB K22224), indicating the capacity to activate acetate
into acetyl-CoA, a crucial step in both acetate formation and energy conservation. They also
encode genes for the formation of acetate from acetyl-CoA via acetyl phosphate (K00625 and
KO01512) and directly via acetyl-CoA synthetase (K01895). They also have genes to interconvert
alcohols and aldehydes (e.g., aldehyde:ferredoxin oxidoreductase; K03738). Only one
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Bathyarchaeia has a propanol-preferring alcohol dehydrogenase (K13953). These two genes
indicate the capacity for alcohol fermentation.

The Bathyarchaeia genomes have genes involved in sulfur metabolism, including sulfite reductase
(K00392). The reduction of sulfite to sulfide is a key step in sulfur assimilation (and dissimilatory
sulfate reduction). The presence of adenylylsulfate kinase (K00860) suggests the capability for
sulfate activation, a precursor step in the biosynthesis of sulfur-containing compounds or in sulfate
reduction processes. Cysteine synthase (K01738) indicates the synthesis of cysteine from sulfide.
Additionally, sulfhydrogenase genes (K17996) may point to the reduction of elemental sulfur to
hydrogen sulfide.

The Bathyarchaeia genomes encode a suite of enzymes involved in the beta-oxidation pathway.
This pathway is for the catabolism of fatty acids into acetyl-CoA. Key enzymes identified include
acetyl-CoA C-acetyltransferase (K00626) for the initial activation of acetyl units, enoyl-CoA
hydratase/3-hydroxyacyl-CoA dehydrogenase (K15016) and enoyl-CoA hydratase (K01715) for
the hydration of enoyl-CoA intermediates, 3-hydroxybutyryl-CoA dehydrogenase (K00074) for
the oxidation of hydroxyacyl-CoA, butyryl-CoA dehydrogenase (K00248), and acyl-CoA
dehydrogenase (K00249) for the dehydrogenation of acyl-CoA to enoyl-CoA. Furthermore, the
presence of the electron transfer flavoprotein subunits alpha (K03522) and beta (K03521) in at
least one genome suggests a mechanism for transferring electrons generated during beta-oxidation
to the and electron accepting complex, likely an ion-pumping hydrogenase. In terms of cycling of
redox carriers, they may use group 3b NiFe-hydrogenases to oxidize NADPH to form H; (instead
of HzS) or alternatively 3c-hydrogen-dependent electron bifurcating system MvhADG-HdrABC.
A distinctive feature of these Bathyarchaeia genomes is the general absence of the prokaryotic
ATPase synthase complex. Only two genomes encode complete V/A-type H+/Na+-transporting
ATPase (K02117 through K02124). They also lack most components of an electron transport chain
and likely form ATP by substrate-level phosphorylation.

Some Bathyarchaeia genomes encode enzymes involved in methylated compound metabolism,
such as trimethylamine---corrinoid protein Co-methyltransferase (K14083), trimethylamine
corrinoid protein (K14084), methylamine---corrinoid protein Co-methyltransferase (K16176), and
dimethylamine corrinoid protein (K16179). Utilization of methylated nitrogen compounds may
contribute to energy conservation and provide carbon and nitrogen sources.

Overall, the metabolism of soil Bathyarchaeia appears to center on the uptake and metabolism of
a variety of sugars, fatty acids, methylated substrates and amino acids by producing acetate as a
byproduct of their metabolism.

Thermoplasmata

The genome of a representative of the Thermoplasmatales (srvp_genome-48) has expressed genes
for various cellular functions. The translation initiation factor 2 subunit 1 gene (K03237) is
essential for the initiation of protein synthesis. The MoxR-like ATPase gene (K03924) may play
a role in overcoming oxidative stress. The gene for 6-pyruvoyltetrahydropterin/6-
carboxytetrahydropterin synthase (K01737) is involved in synthesizing tetrahydrobiopterin, which
is potentially linked to folate metabolism. Two genes for peptide/nickel transport system substrate-
binding proteins (K02035) indicate active transport of peptides and nickel. Additionally, the
nucleoside kinase gene (K22026) is implicated in nucleotide synthesis. The expressed Flal gene
(K07332) suggests that these archaea are motile in the soil environment.
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Thermoplasmatales constitute 6.68% of the wetland soil archaeal community. We recovered 10
potentially complete genomes, representing 9 distinct lineages at the class/order level. Among the
findings is the identification of a variant of the Wood-Ljungdahl pathway (WLP) for carbon
fixation and energy conservation that is bacterial-like instead of the typical archaeal version. Two
genomes (srvp_genome 50 and srvp genome 81) encode the complete set of WLP enzymes,
enabling the conversion of CO; to acetyl-CoA. The other genomes have only a subset of WLP
components. They generally have genes encoding key enzymes in central carbon metabolism
pathways that enable the consumption of pyruvate via the citric acid cycle (TCA cycle) and genes
for B-oxidation of fatty acids.

We identified complete NiFe group 3¢ hydrogenases alongside HDR (heterodisulfide reductase)
complex, suggesting a capacity for electron bifurcation and hydrogen cycling. The presence of a
cytochrome heme oxidase complex and a putative nitrate reductase (NapA)-like gene hints at the
potential for facultative anaerobic respiration.

Paralleling findings for Bathyarchaeia, the Thermoplasmatales genome encodes trimethylamine--
-corrinoid protein Co-methyltransferase (K14083), trimethylamine corrinoid protein (K14084),
and dimethylamine corrinoid protein (K16179) indicate the capability for use of methylated
compounds. Notably, the srvp genome 38 genome encodes 31 copies of trimethylamine---
corrinoid protein Co-methyltransferase, suggesting the high importance of methylated amines in
the metabolic strategy of these soil-associated Thermoplasmatales archaea.

Only one representative (circularized) Methanomassiliicoccales genome contains genes for
methyl-coenzyme M reductase (MCR), a key enzyme in methanogenesis. Other genes for methyl-
dependent methane production were identified. The capacity to produce methane has been studied
previously in this group, and it has been suggested that the capacity might have been laterally
acquired (Zinke et al., 2020, Paul et al., 2012).

Nitrososphaeria

Nitrososphaeria comprises 4.16% of the wetland soil community. Genomes from the
Nitrososphaerales order encode ammonia monooxygenase genes (K10944, K10945, K10946) and
the nitrite reductase gene (K00368), indicating the capacity for ammonia oxidation and nitrite
reduction. We also identified genes encoding lactate racemase (K22373) for interconverting L-
and D-lactate, acylphosphatase (K01512) and acetyl-CoA synthetase (K01895) for acetate
production, and propanol-preferring alcohol dehydrogenase (K13953), possibly for the production
of alcohol.

The detection of genes encoding ornithine carbamoyltransferase (K00611), argininosuccinate
synthase (K01940), argininosuccinate lyase (KO01755) across several genomes from the
Nitrososphaerales order, and the presence of carbamate kinase (K00926) and arginine deiminase
(K01478) in at least one genome (srvp_genome 04), suggests the potential involvement of these
archaea in the urea cycle or related ornithine-metabolic pathways.

One genome (srvp genome 27) has genes involved in the AMP salvage pathway. AMP
phosphorylase (K18931) breaks down AMP to produce ribose-1,5-bisphosphate; ribose 1,5-
bisphosphate isomerase (K18237) converts ribose-1,5-bisphosphate to ribulose-1,5-bisphosphate
and a Rubisco-like enzyme (K01601) incorporates CO2, forming glycerate 3P that can be fed into
glycolysis or possibly, gluconeogenesis. We identified all the required genes for glycolysis except
Pyruvate kinase isozymes R/L (K12406) and fructose-1,6-bisphosphatase 1 and 6-
phosphofructokinase and 6-phosphofructokinase required for gluconeogenesis. Overall, we predict
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that Nitrososphaeria archaea in wetland soil contribute to nitrogen cycling involving ammonia,
nitrate and urea, and carbohydrate transformations.

Hadearchaeia

We recovered 3 potentially complete genomes for Hadarchaeota. Previously, these archaea have
been described from hydrothermal vents and hot springs where they are predicted to oxidize of
alkanes. In the Hadearchaeales archaeal group, we identified genes for AMP phosphorylase
(K18931), ribose 1,5-bisphosphate isomerase (K18237), and ribulose-bisphosphate carboxylase
large chain (K01601), consistent with the AMP salvage pathway for formation of G3P.

In genomes from the Hadearchaeales group, we identified genes associated with one-carbon (C1)
metabolism pathways, including methylenetetrahydrofolate dehydrogenase (NADP+) /
methyltetrahydrofolate cyclohydrolase (K01491) and anaerobic carbon-monoxide dehydrogenase
iron-sulfur subunit (K00196), along with 5,10-methylenetetrahydromethanopterin reductase
(K00320). These genes may be involved in the reduction of methylene groups to methyl groups
and the anaerobic oxidation of carbon monoxide. However, the absence of a complete set of genes
for the Wood-Ljungdahl pathway (WLP) and the lack of genes for Acr-dependent alkane
oxidation, which have been observed in other Hadarchaeota from deep-sea environments, suggests
that these wetland soil Hadearchaeales may not utilize the full WLP for carbon fixation or the
alkane oxidation pathway for energy conservation.

Hadearchaeales genomes encode genes for pyruvate ferredoxin oxidoreductase (porA K00169,
porB KO00170, porD KO00171, porG KO00172) and 2-oxoglutarate/2-oxoacid ferredoxin
oxidoreductase (korA/oorA/oforA K00174, korB/oorB/oforB K00175, and an additional set of
K00174 and K00175 for alpha and beta subunits, respectively, along with KO0176 for the delta
subunit), that likely enable oxidation of pyruvate and 2-oxoacids. The genomes encode fumarate
hydratase subunits alpha (K01677) and beta (K01678) for conversion of malate to fumarate, but
they lack a complete set of TCA cycle genes. This complex may be involved in amino acid
biosynthesis.

The Hadearchaeales genomes exhibit complete pathways for the biosynthesis of coenzyme F420,
a cofactor involved in various redox reactions, particularly in methanogens and some anaerobic
bacteria. Their genomes also encode coenzyme F420 hydrogenase subunit beta (K00441), which
enables the interconversion of reduced and oxidized versions of F420. The Hadearchaeales
genomes encode NiFe hydrogenase 3b and two distinct groups of type 4 hydrogenases that can
produce H».

Brockarchaeota

Brockarchaeota were found in three deep soil samples. There has only been one publication of the
description of these archaea, and none were from soil (De Anda et al. 2021). One genome from 75
cm deep soil, srvp_genome 63, is potentially complete (complete pending resolution of one small
polymorphism-rich area). In the Brockarchaeota genome srvp_genome 65, there was significant
expression of genes encoding ABC transport system permease proteins (K02004). Genes for
branched-chain amino acid transport system substrate-binding protein (K01999) were also highly
expressed, highlighting the potential for importing amino acids. Among other genes expressed are
the ribonucleoside-triphosphate reductase (K21636), Elongation factor 1-alpha (K03231) and
DNA-directed RNA polymerase subunit B (K13798) involved in the synthesis of
deoxyribonucleotides, protein synthesis and transcription, respectively. Interestingly, also
expressed are the cell division protein FtsZ (K03531) and the archaeal cell division control protein
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6 (K10725) indicating that they are actively replicating. The archaeal type IV pilus assembly
protein PilA (K23255) is involved in cell adhesion and motility. The iron (III) transport system
permease protein (K02011) is involved in iron uptake. Pyruvate ferredoxin oxidoreductase alpha
subunit [EC:1.2.7.1] (K00169) is involved in the oxidation of pyruvate.

Consistent with the previously described genomes obtained from geothermally active
environments, the Brockarchaeota-65 genome described in this study, encodes a relatively high
number of carbohydrate-active enzymes (CAZY) compared to other soil archaea. This repertoire
includes enzymes for the degradation of xylans, pectin, chitin, glucans, cellulose, and starch,
indicating the ability to degrade carbohydrates with a wide range in complexity. Additionally,
these archaea possess pathways for glycolysis/gluconeogenesis, serine to acetyl-serine conversion
using AcCoA and H>S, trimethylamine assimilation, and the reductive glycine pathway (rGlyP).
Notably, acetate can be assimilated back to acetyl-CoA by an acetyl-CoA synthetase (ACS)
reaction, which may be reversible given a [NiFe]-hydrogenase group 3c fused with an HDR
complex.

Despite lacking the MCR complex for methane production, Brockarchaeota have genes for
converting methanol, trimethylamine, and dimethylamine to Coenzyme M (or similar) and for
converting CoM-S-S-Cob to Coenzyme B. They also appear capable of synthesizing the essential
methanogenesis cofactor coenzyme F420 from a riboflavin-derived precursor, which is likely
required for the 3c-Hdr complex and THMP cycling in reactions interconverting formate and
serine. This metabolic profile is reminiscent of other archaeal groups such Bathyarchaeia,
Freyarchaeota, and Atabeyarchaeota, which possess many genes associated with methanogenesis
but are not classified as methanogens.

Brockarchaeota are likely involve in cycling nitrogen compounds in wetland soil, given genes for
converting nitrate to NO (NirK) and nitrate to ammonia (NirBD), as well as potential pathways for
converting formamide to ammonia. They can also metabolize dimethylsulfone and
methylsulfonate to sulfite, producing an aldehyde and oxidizing FMN. These reactions typically
require oxygen, which poses an interesting question regarding their occurrence in the oxygen-
limited environment of deep wetland soils. However, the capability to oxidize FMNH could
facilitate the regeneration of FMN in hydrogenase reactions, suggesting an adaptation to their
anaerobic habitat.

Methanomethylicia

The complete genomes of Methanomethylicia, obtained from both short-read and long-read
sequencing, reveal genes encoding methyl-coenzyme M reductase (MCR), but the complex is
distinct from those of present in Methanomicrobiales and Methanosarcinales, thus we cannot
determine if it is involved in methylotrophic methanogenesis or alkane metabolism. The
srvp_genome 110 exhibits transcripts for MCR possibly signifying active methanogenesis/alkane
metabolism. Additionally, the activity of genes encoding the F420-non-reducing hydrogenase
complex (large subunit K14126, iron-sulfur subunit K14127, small subunit K14128) and the
heterodisulfide reductase complex (HdrABC - subunit A2 K03388, subunit B2 K03389, subunit
C2 KO03390) indicates in situ reduction of heterodisulfide to ferredoxin, enabling energy
conservation during methane or alkane metabolism.

Key to Methanomethylicia's metabolic capabilities is the presence of genes encoding the F420-
non-reducing hydrogenase complex (K14126 large subunit, K14127 iron-sulfur subunit, K14128
small subunit) and the heterodisulfide reductase complex (HdrABC - K03388 subunit A2, K03389
subunit B2, K03390 subunit C2). These enzymes are involved in the exergonic, hydrogen-
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dependent reduction of heterodisulfide to ferredoxin, a critical step in energy conservation and
electron transfer (e.g., during methanogenesis/alkane metabolism). Additionally, these genomes
encode components of the nucleotide salvage pathway, as described above. Genes such as glycerol
kinase  (K00864), and  glycerol-3-phosphate ~ dehydrogenase  (K00111)  suggest
Methanomethylicia's capability to utilize glycerol. This pathway supports the conversion of
glycerol to glycerol-3-phosphate and further into triose phosphates, integrating into central carbon
metabolism pathways. Overall, metabolic profiling of Methanomethylicia genomes suggests roles
in the soil ecosystem related to either a methane production or alkane metabolism, nucleotide
salvage, carbon fixation, and glycerol utilization.

Methanomicrobiales and methanotrophic archaea

The methanogenic archaea are the organisms that are most transcriptionally active in the soil
samples. For Methanomicrobiales representative (srvp _genome-33), the most highly transcribed
genes encode the methyl-coenzyme M reductase complex subunits. This finding confirms active
methane production in the deep soil.

Also highly expressed are genes for transport of substrates necessary for methanogenesis, such as
the formate (K21993). The presence of multiple subunits of the tetrahydromethanopterin S-
methyltransferase complex (K00581 subunit E, K00579 subunit C, KO0580 subunit D, K00577
subunit A, K00584 subunit H, K00582 subunit F), along with F420-reducing hydrogenase
components (K00443 subunit gamma, K00440 subunit alpha, K00441 subunit beta, K00442
subunit delta), likely enable transfer of methyl groups and activity of reducing coenzyme F420,
both of which may contribute to methanogenesis. Additionally, the presence of formate
dehydrogenase subunits (K00123, K22516, K00125) suggests the utilization of formate as an
electron donor in the methanogenic process. Transcription of the cell division protein FtsZ
(K03531) and tubulin-like protein CetZ (K22222) indicate in situ growth and cell division. The
identification of proteasome regulatory subunit (K03420) and transcription initiation factor
(K03124) among the highly expressed genes points to the regulation of protein degradation and
gene expression, essential for responding to environmental changes. Also expressed and important
for growth are DNA-directed RNA polymerase subunits (K03045 subunit B, K03042 subunit A",
K03041 subunit A'), elongation factor (K03231), and ribosomal proteins (K02867 L11). The
heterodisulfide reductase (K03388 subunit A2), involved in recycling reduced coenzymes, is also
expressed, as are V/A-type H+/Na+-transporting ATPase components (K02118 subunit B, K02117
subunit A, K02120 subunit D) that are crucial for maintaining proton or sodium gradients for ATP
synthesis.

Overall, the transcriptomic data indicate that Methanomicrobiales are active in methane production
and carbon cycling in wetland soils, utilizing formate, and hydrogen as substrates. The archaea are
likely important sources of greenhouse gas emissions from the wetland soil.

Some Methanosarcinales (4.77% of the archaeal community) are methanotrophs that are known to
be involved in the oxidation of methane (ref). In Methanoperedens genome 01, we detected high
expression levels of expression of genes for the methyl-coenzyme M reductase complex that is
central to methane oxidation via the reverse methanogenesis pathway. Genes for nutrient and metal
ion uptake (e.g., peptide/nickel transport system substrate-binding protein K02035) and for
nucleotide metabolism (RNA-directed DNA polymerase, K00986) were also highly expressed.

Aenigmarchaeota
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We recovered complete genomes from three major phyla of the DPANN archaea superphylum
(Aenigmarchaeota, Woesearchaeota, and Micrarchaeota) from the SRVP soil metagenomes and
metatranscriptomes. Transcripts were only recovered from a representative genome of
Aenigmarchaeota. For Aenigmarchaeota-80, expressed genes encoded putative membrane
proteins (K08982), ribose-phosphate pyrophosphokinase (K00948) involved in the nucleotide
salvage pathway, and enzymes such as the 5-methylcytosine-specific restriction enzyme
(K07451). This suggests the importance of DNA repair, modification, and transcription regulation.
The expression of genes involved in protein synthesis (e.g., large subunit ribosomal proteins
K02912) and DNA-directed RNA polymerase subunit F (K03051) indicate in situ metabolic
activity. Among the highly transcribed hypothetical genes are S-layer proteins, Given that DPANN
archaea are widely predicted to be episymbionts that probably only grow and replicate when
attached to host cells (e.g., Nanobdella aerobiophila that associate with methanogen (Kato et al.
2022), these findings suggest that this Aenigmarchaeota is an episymbionts of an archaeal host in
the wetland soil, possibly coexisting methanogens.

Aenigmarchaeota representative genomes and associated MAGs have expressed nucleoside-5'-
monophosphate phosphorylase (NMP phosphorylase), previously known as AMP phosphorylase,
which is involved in the phosphorolysis of AMP, CMP, and UMP (Sato et al. 2022). This enzyme
catalyzes the breakdown of these nucleoside monophosphates in the nucleotide salvage pathway.
The genomes also encode NiFe-hydrogenases, with one group lacking the 3b hydrogenase and
instead having an unclassified group 4 hydrogenase. Aenigmarchaeota exhibits a partial glycolysis
pathway, and only three representative MAGs have fructose 1,6-bisphosphate
aldolase/phosphatase (K01622), a bifunctional enzyme with both aldolase and phosphatase
activities (Say and Fuchs 2010). This enzyme is considered an ancestral gluconeogenic enzyme
present in various archaeal groups and deeply branching bacterial lineages, indicating its
importance in metabolic pathways across different organisms.

Micrarchaeota

The expression of genes related to isoprenoid synthesis, DNA replication, protein glycosylation,
and the presence of an S-layer in the Micrarchaeota MAG is consistent with previous findings on
DPANN archaea, despite their putative episymbiotic lifestyle. The presence of the
phosphomevalonate kinase gene (K00938) suggests that Micrarchaeota may be capable of
synthesizing isoprenoids or sterols via the mevalonate pathway. This is in line with previous
studies that have identified genes involved in lipid biosynthesis in DPANN archaea (Li et al. 2021;
Chen et al. 2018). The expression of the DNA primase gene (K02316) indicates active DNA
replication processes, which is essential for the survival and propagation of these organisms,
regardless of their symbiotic relationships. The expression of the oligosaccharyl transferase STT3
subunit gene (PF02516.16) suggests that Micrarchaeota may perform N-linked glycosylation. This
post-translational modification has been observed in other archaea and is important for protein
stability and function. Lastly, the presence of a gene encoding a protein with an S-layer-like family
N-terminal region (PF05123.14) confirmed that Micrarchaeota have an S-layer, common cell
surface structure in archaea.


https://paperpile.com/c/MZ6JUj/meCb
https://paperpile.com/c/MZ6JUj/meCb
https://paperpile.com/c/MZ6JUj/dNQ8
https://paperpile.com/c/MZ6JUj/gUVd
https://paperpile.com/c/MZ6JUj/HkZz+P0Sc
https://paperpile.com/c/MZ6JUj/HkZz+P0Sc
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5.4 Conclusion

The application of PacBio Revio HiFi sequencing and the new hifiasm-meta and metaMDBG
assembly algorithms enabled the reconstruction of over 1,200 metagenome-assembled genomes
(MAGs) from wetland soil samples. Of these > 500 are circularized and/or complete. This is an
important advance, technically, because soils are microbially extremely complex so, to date, very
few circularized/complete genomes have been reported from soil of any type. The availability of
complete genomes allowed for exact measures of genome size, prediction of the replication mode,
coding structure, gene content, and precise linkage between RNA transcripts and their source
organisms. The 110 circularized/ complete archaeal genomes span evolutionarily divergent groups
such as Bathyarchaeia, Asgardarchaeota and DPANN archaeca and, in combination with
transcriptomic data, provided evidence of in situ activity in deep (>60 cm), anaerobic wetland soil.
We uncovered an intertwined set of metabolisms that includes methane production supported by
microbial generation of small organic substrates and H» (generated via widely distributed
hydrogenases). Countering methane emissions from this wetland soil are coexisting archaea that
are predicted to generate energy via oxidation of a subset of the H» pool and coexisting
methanotrophs that also have the capacity to fix N2 into ammonia. Ammonia oxidation is mediated
by other Thaumarchaea, which contribute to other aspects of the soil nitrogen cycle. Overall,
carbon substrates, probably mostly microbial detritus in the form of fatty acids, polysaccharides
and amino acids and their breakdown products, as well as CO» fixation represent the important
substrates supporting in situ activity. The presence of genes for methylated compound metabolism
encoded in the genomes of several archaea suggests the importance of compounds such as
methylamines in soil as carbon/nitrogen sources whereas breakdown of sulfonated carbon
compounds likely provides a source of reduced sulfur.
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Figure 5.1 Relative Abundance of Microbial Domains by Soil Depth based on MAGs based on an
analysis of all available genomes. A) Stacked bar chart illustrating relative abundances of Bacteria and
Archaea as a function of the soil depth in centimeters. B) Distribution of archaeal and bacteria phyla based

on GTDB as a function of the soil depth profile.
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Figure 5.2 Genome Size versus GC Content for High-Quality Circular Genomes Assembled and
Dereplicated at 95% from PacBio Sequencing. This scatter plot visualizes the relationship between
genome size (megabase pairs, Mbp) and GC content (%) for high-quality circular genomes assembled from
PacBio sequencing data, categorized by their taxonomic class as defined by the Genome Taxonomy
Database (GTDB). Each diamond marker represents a single genome, with its position indicating the
genome's GC content and size. The plot highlights the variation in genome size and GC content across
various microbial taxa, underscoring the effectiveness of long-read sequencing in capturing a wide range
of genomic architectures. This analysis reveals patterns of genomic variation that may reflect ecological
adaptations and evolutionary trajectories within microbial communities.
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Figure 5.3 Phylogenetic tree constructed from concatenated ribosomal protein 15 (RP15) sequences,
showing the archaeal taxonomic diversity in SRVP wetland soil. We used 969 archaeal reference

genomes and 118 SRVP wetland soil high quality genomes.
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Figure S1 A) Size distribution of contigs for hifiasm and metamdbg assemblies. B) Distribution of circular
contigs <200 kilobases. Histogram plot displaying the distribution of circular contigs smaller than 200 kb
for both hifiasm and metamdbg assemblies. The contig lengths are plotted along the x-axis ranging from 0
to 200,000 base pairs (bp), and the y-axis shows the count of contigs within each length interva
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Figure S2 Comparative quality assessment of metaMDBG and hifiasm-meta Assembly OQutputs. The
scatter plot delineates the nuanced interplay between completeness and contamination metrics across
MAGs procured via metaMDBG and hifiasm-meta assembly protocols. Distinct markers symbolize the two
methodologies: circles for metaMDBG and diamonds for hifiasm-meta, facilitating an intuitive comparison.
The MAGs are stratified into predefined quality tiers based on their genomic completeness and
contamination based on single copy genes, coverage and checkM2. Complete MAGs are epitomized by 98-
100% completeness alongside a contamination threshold below 5%. High-Quality MAGs (HQ-MAGs) are
characterized by 91-97% completeness with contamination maintained under 5%. Medium-Quality MAGs
(MQ-MAGs) span the 70-90% completeness range, with a permissible contamination ceiling of 10%. Low-
Quality MAGs reflect a compromised genomic representation, falling below 50% completeness and
surpassing 10% contamination.
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Figure S3 Comparative distribution of genome sizes for metaMDBG and hifiasm-meta Assemblies.
Distribution of genome sizes among the MAGs recovered from the metaMDBG and hifiasm-meta
assemblies, represented in megabase pairs (Mbp). The blue histogram represents the metaMDBG assembly,
while the orange histogram represents the hifiasm-meta assembly. Both histograms include a kernel density
estimate (KDE) to illustrate the overall shape of the genome size distribution. This analysis highlights the
diversity in genome sizes captured by each assembly method, with both assemblies exhibiting a broad range

of sizes.
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5.6 Tables
Sample HQ-MAGs MQ-MAGs Total HQ-MAGs_2 MQ-MAGs_2 Total_2
Soil_60 143 160 303 135 127 262
Soil_80 106 128 234 112 90 202
Soil_90 136 202 338 142 126 268
Soil_100 37 69 106 47 51 98
Soil_110 33 76 109 44 51 95
Soil_115 120 153 273 116 122 238
Soil_Combined 563 669 1232 522 478 1000

Supplementary Table 1 Comparison of the assembly performance of Hifiasm-meta (olive color) and

metaMDBG (lilac).
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Concluding remarks and future work

This dissertation has made significant contributions to our understanding of the diversity,
metabolic capabilities, and evolutionary dynamics of enigmatic microbial lineages, particularly
those found in subsurface environments. By leveraging genome-resolved metagenomics,
bioinformatics, and structural biology, we have revealed novel insights into the roles of these
microorganisms in biogeochemical cycles, their symbiotic relationships, and their potential impact
on climate change.

The exploration of genomes from metagenomes has revolutionized our ability to discover and
study novel microbial lineages that were previously inaccessible through cultivation-based
approaches. A fundamental aspect of my doctoral research was the reconstruction of complete
genomes from metagenomes, which provides a comprehensive view of an organism's genetic
repertoire and enables a deeper understanding of its evolutionary history, metabolic capabilities,
and ecological roles.

Our findings have revealed the presence of active and ancient lineages of [FeFe]-hydrogenases in
anaerobic archaea, including a novel ultra-minimal hydrogenase in DPANN archaea and
remarkable hybrid complexes formed through the fusion of [FeFe]- and [NiFe]-hydrogenases.
These discoveries not only shed light on new metabolic adaptations of archaea but also provide
streamlined Hy catalysts for potential biotechnological applications.

Furthermore, we have identified the roles of soil-associated Asgard archaea in modulating
potential methanogenesis substrates in wetland soils. Our metatranscriptomic analyses highlight
the high expression of genes involved in hydrogen metabolism, carbon fixation, and the breakdown
of various organic compounds. These findings suggest that Asgard archaea play a significant role
in shaping the reservoirs of substrates for methane production in terrestrial ecosystems.

The exploration of mobile genetic elements (MGEs) in Asgard archaea has revealed the
importance of defense systems and methylation mechanisms in modulating their interactions with
MGESs. The integration, excision, and copy number variation of MGEs enable host genetic
versatility, contributing to the ongoing evolution of these archaea.

While the recovery of near-complete metagenome-assembled genomes (MAGs) has been a
significant advancement, the curation of complete genomes offers additional insights into the gain
or loss of functions and the evolutionary trajectories of these organisms. With the advent of long-
read sequencing technologies, such as PacBio and Nanopore, we can now recover complete
genomes more efficiently, although these genomes still require manual validation and
characterization of their genome structure and associated extrachromosomal elements, if present.
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Lastly, the application of long-read sequencing technologies, particularly PacBio Revio HiFi
reads, has greatly advanced our ability to recover complete microbial genomes from complex
environments. The availability of complete genomes has enabled precise measures of genome size,
architecture, gene content, and the linkage between RNA transcripts and their originating
organisms. This has provided valuable insights into the structure, function, and gene expression
patterns of microbial communities in wetland soils. This approach has significantly reduced the
curation time and provided us with a wealth of finalized genomes, enabling us to comprehensively
investigate the evolutionary, metabolic, and ecological histories of these organisms that have been
challenging to study in the laboratory.

One of the significant challenges in modern genomics is the in silico prediction of hypothetical
proteins, as most proteins in many organisms remain unknown. Traditional approaches, such as
guilt-by-association, phylogenetic analysis, and experimental studies, can be time-consuming and
laborious when studying hundreds of proteins simultaneously. To address this challenge, we
employed the cutting-edge protein structure prediction tool AlphaFold, which has advanced the
screening process for hundreds of proteins and provided a robust way to complement phylogenetic
inferences.

By combining the power of complete genome reconstruction from metagenomes, phylogenetic
analyses, and state-of-the-art structural prediction tools like AlphaFold, we have gained
unprecedented insights into the diversity, evolution, and functional capabilities of previously
understudied microbial lineages. This integrative approach has enabled us to unravel the
complexities of these enigmatic organisms and their roles in various biogeochemical processes,
paving the way for future discoveries and applications in biotechnology and environmental
remediation.

This dissertation is merely a stepping stone, paving the way for future discoveries and applications
in biotechnology, environmental microbiology, and our quest to unravel the intricate tapestry of
life on Earth.





