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ABSTRACT. The origin of the eukaryotic cell and its shared evolutionary history with
Archaea are among the hottest topics in modern biology. Recent improvements in cultureindependent genomics and phylogenomic analyses provided compelling evidence in support of
the emergence of eukaryotes from within the Archaea. An important step towards revealing the
identity and nature of the archaeal ancestor was made following metagenomics-based
discovery of the Asgardarchaeota superphylum, a group of uncultivated archaea consisting of
Loki-, Thor-, Heimdall- and Odinarchaeia. Their recognition as the closest extant relatives of
the eukaryotes has reignited a decades-old debate regarding the topology of the Tree of Life.
Moreover, genomic investigations of Asgardarchaeota revealed a plethora of “Eukaryote
Signature Proteins” (ESPs), previously thought to be unique to eukaryotes, which may help
shed light on the molecular events in early eukaryogenesis. In this work, we briefly review
current knowledge about the geographical distribution, phylogeny, ESP content and metabolic
capabilities of the highly diverse Asgardarchaeota in an attempt to picture the lifestyle and
early evolution of eukaryotes.
Keywords. aquatic sediments, Asgardarchaeota, eukaryogenesis, eukaryote signature
proteins

1.

ASGARDARCHAEOTA - NOVEL “MARVEL MICROBES”

The emergence of the eukaryotes alongside their rapid diversification is widely
regarded as one of the major events in the history of life (Adl et al., 2012; LópezGarcía and Moreira, 2015). Although recent insights place eukaryotes at the top of
cellular evolution, stemming from an early interplay between an archaeal host
(Eme et al., 2017) and an alphaproteobacterial endosymbiont (Martijn et al., 2018),
questions persist on the exact identity and nature of the archaeal partner (ZarembaNiedzwiedzka et al., 2017; Da Cunha et al., 2018; Spang et al., 2018).
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The origin of eukaryotes from within the Archaea, known as the “eocyte
hypothesis” (Lake et al., 1984) and the two-domain Tree of Life model were first
proposed in the late 1970s (Woese and Fox, 1977), at a time when (micro)biological knowledge was largely derived from cultured microbes (Bernard et al.,
2018). Nevertheless, shortly after its stating, the eocyte hypothesis was obscured by
the “three-domains Tree of Life” model (Woese and Fox, 1977) depicting Archaea
and Eukarya as monophyletic sister lineages sharing a common ancestor. Recently,
new insights brought by improved phylogenetic approaches and the advent of
culture-independent methods such as metagenomics and single-cell genomics
(Solden, Lloyd and Wrighton, 2016) have led to a resurgence of the eocyte
hypothesis (Cox et al., 2008; Williams et al., 2013). This methodological leap that
opened up a window towards the previously inaccessible “microbial dark matter”
(Rinke et al., 2013) has also placed the eukaryotes in a new light by evidencing the
mixed archaeo-bacterial structure of their genomes (Guy and Ettema, 2011). The
metagenomics-based discovery of Lokiarchaeia and their phylogenomic placement
as direct ancestors of the eukaryotes - a position previously held by members of the
TACK superphylum (Guy and Ettema, 2011) - has fueled the already reignited
debate about the topology of the Tree of Life (Zaremba-Niedzwiedzka et al., 2017;
Da Cunha et al., 2018; Spang et al., 2018). This discovery was soon followed by
three other novel candidate archaeal phyla (Odin -, Thor- and Heimdallarchaeia)
that together with Lokiarchaeia comprise the recently defined Asgardarchaeota
superphylum, or “Asgard archaea”, named after the realm of gods in Norse
mythology (Zaremba-Niedzwiedzka et al., 2017).
By December 2018, the inventory of Asgardarchaeota members consisted of 27
metagenome-assembled genomes (MAGs) deposited in the NCBI Genome
database, 3 in the MG-RAST database, and 35 unpublished genomes reported in a
recent preprint (Bulzu et al., 2018). The sixty-five MAGs include 10
Heimdallarchaeia, 26 Lokiarchaeia, 25 Thorarchaeia and one Odinarchaeia
genome. In this work, we briefly review the current knowledge on the Asgard
archaea, particularly the environments they inhabit, their phylogenetic positioning
with respect to eukaryotes and other archaea, their peculiar genomic makeup and
metabolic potential, all in an attempt to provide a unified view for future
investigations into the subject of eukaryogenesis.

2.

GEOGRAPHICAL DISTRIBUTION AND ENVIRONMENT

Following the discovery of Lokiarchaeia (Spang et al., 2015) in marine sediments
from the Arctic Mid-Ocean Ridge, Asgard archaea were identified in a wide range of
environments with markedly different biological and chemical parameters (Spang et
al., 2015; Seitz et al., 2016; Dombrowski et al., 2017; Zaremba-Niedzwiedzka et al.,
2017; Bulzu et al., 2018; Liu et al., 2018; Tully, Graham and Heidelberg, 2018).
Although evidence of Asgardarchaeota presence is frequently derived solely
based on 16S rRNA genes or individual contigs (Zaremba-Niedzwiedzka et al.,
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2017; Cai et al., 2018), the list of geographical sites that yielded more or less
complete genomes is significantly shorter (Fig. 1).

Fig. 1. The main geographical sites that have yielded Asgardarchaeota MAGs. Summed
contig length is represented by horizontal bars, partitioned according to taxonomic
affiliation. Taxonomy and environments are indicated in the legend.

Out of 13 sites, 10 are environments with low-to-high salinities (e.g., 1% in
Amara Lake versus ~ 6% in Tekirghiol Lake, both located in SE Romania), largely
represented by aquatic sediments. Exceptions include the Hamelin Pool (Shark
Bay, Australia) metagenome derived from hypersaline microbial mats (Suosaari et
al., 2016) and the Red Sea marine water metagenome (Tully, Graham and
Heidelberg, 2018). Additionally, two freshwater sediment metagenomes (from Old
Woman Creek, Ohio, USA and Rifle, Colorado, USA) generated Thor- and
Lokiarchaeia MAGs, respectively. Remarkably, the only available Odinarchaeia
MAG was reconstructed from a hot spring (~70°C) sediment metagenome
(Yellowstone National Park) while multiple individual contigs taxonomically
affiliated to this phylum were assembled from sediment in the comparably hot
(63.3°C) Radiata Pool in New Zealand (Zaremba-Niedzwiedzka et al., 2017).

3. ASGARDARCHAEOTA PHYLOGENOMICS
The few available studies tackling the phylogenetic positioning of
Asgardarchaeota lineages relative to eukaryotes as well as to other archaea derive
their conclusions from analyses based on: 1) individual or concatenated 16S and
23S rRNA genes (Spang et al., 2015; Seitz et al., 2016; Zaremba-Niedzwiedzka et
al., 2017; Bulzu et al., 2018; Liu et al., 2018), 2) concatenated ribosomal proteins
conserved between archaea and eukaryotes (Spang et al., 2015; Zaremba-
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Niedzwiedzka et al., 2017; Bulzu et al., 2018), 3) concatenated universal marker
genes (Da Cunha et al., 2017, 2018; Zaremba-Niedzwiedzka et al., 2017) and 4)
individual marker genes - eukaryote signature proteins (ESPs) (Spang et al., 2015;
Zaremba-Niedzwiedzka et al., 2017; Akıl and Robinson, 2018; Bulzu et al., 2018)
or other relevant markers such as elongation factor 2 (EF-2) (Narrowe et al., 2018).
Although most concatenated, as well as single marker gene phylogenies tend to
recover the monophyletic relationship between Eukarya and Asgardarchaeota,
analyses still fall short of reaching a consensus regarding the exact position of
eukaryotes within the Asgard superphylum as well as that of individual Asgard
phyla relative to each other (Zaremba-Niedzwiedzka et al., 2017; Bulzu et al.,
2018). This situation can be mainly attributed to low taxon availability within the
Asgardarchaeota and more generally to various challenges (i.e. sequence
compositional heterogeneity, mutational saturation, heterotachy) that may cause
phylogenetic artefacts (Delsuc, Brinkmann and Philippe, 2005; ZarembaNiedzwiedzka et al., 2017). Specifically, maximum likelihood trees constructed on
rRNA genes depicted the eukaryotes emerging from within the Heimdallarchaeia
clade (Zaremba-Niedzwiedzka et al., 2017; Bulzu et al., 2018) while bayesian
inferences performed on SR4 recoded (Susko and Roger, 2007) ribosomal proteins
failed to resolve the placement of the eukaryotic branch with respect to Loki- and
Heimdallarchaeia. Nevertheless, these Bayesian approaches confidently support the
monophyly between eukaryotes and Asgardarchaeota (Zaremba-Niedzwiedzka et
al., 2017; Bulzu et al., 2018). Other interesting observations in the matter of
eukaryogenesis also come from a recent study (Narrowe et al., 2018) addressing the
evolutionary history of diphthamide biosynthesis and elongation factor 2 (EF-2) within
archaea and the eukaryotes. The comparative analyses performed on EF-2 sequences
have yielded additional phylogenetic, sequence and structural similarity evidence
supporting Heimdallarchaeia as the closest extant archaeal relative of eukaryotes.

4. EUKARYOTE SIGNATURE PROTEINS ARE ABUNDANT IN
ASGARD ARCHAEA
Study of Asgardarchaeota genomes revealed the largest number of genes
coding for “eukaryote signature proteins” (ESPs) (Hartman and Fedorov, 2002)
detected in any known archaeal lineage (Spang et al., 2015, 2018; ZarembaNiedzwiedzka et al., 2017). Identified ESP genes encode homologues of eukaryotic
proteins acting in membrane maintenance and trafficking, endosomal sorting,
ribosome structure, N-glycosylation, protein ubiquitination as well as cytoskeleton
structure and dynamics (e.g., profilin, actin, gelsolin, folliculin, etc.) (Spang et al.,
2015; Zaremba-Niedzwiedzka et al., 2017; Bulzu et al., 2018; Liu et al., 2018).
Although there has been considerable debate (Da Cunha et al., 2018; Spang et
al., 2018) whether these genes code for functional proteins, going as far as
suggesting most ESPs could be the result of eukaryotic contamination in the
metagenomes (Da Cunha et al., 2018), research efforts are currently being directed
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towards solving such concerns. First steps in this sense were made in a recent study
(Akıl and Robinson, 2018) that brought experimental evidence for a functional
eukaryotic-like actin machinery in Asgard archaea while allegations of eukaryotic
contamination (Da Cunha et al., 2018) were convincingly dismissed elsewhere
(Spang et al., 2018). Yet, another study (Levasseur et al., 2017) argued that
eukaryotic genes within the first Lokiarchaeia genome (Spang et al., 2015) might
be the result of inter-domain “sequence exchange” (i.e., lateral gene transfer) while
also questioning the validity of the Tree of Life model.
Notably, ESPs have been identified in the TACK group of archaeal lineages
(Lindas et al., 2008; Ettema, Lindas and Bernander, 2011; Guy and Ettema, 2011;
Yutin and Koonin, 2012; Williams et al., 2013; Koonin and Yutin, 2014) even
before the discovery of the Asgard archaea. Comparative analyses between TACK
and Asgardarchaeota indicate they share informational and ribosomal ESPs related
to evolutionarily conserved functions while those involved in cellular structures
and processes hitherto described only in eukaryotes are mostly specific to the latter
(Fournier and Poole, 2018). Exceptions include the ESCRT-II protein, actin and
tubulin homologues, which are present in both superphyla.
Taken together, the particularly large number of ESPs in Asgardarchaeota (Spang
et al., 2015; Zaremba-Niedzwiedzka et al., 2017; Bulzu et al., 2018), their
involvement in processes considered hallmark features for eukaryotes and their close
phylogenetic relationship to eukaryotic homologues (Spang et al., 2015) further
support the emergence of eukaryotes from within the Asgardarchaeota superphylum.

5.

METABOLICALLY VERSATILE MICROBES

Apart from significant enthusiasm generated by phylogenomic evidence tracing the
closest archaeal ancestor of eukaryotes within the Asgard archaea, great interest has been
directed towards deciphering its cellular physiology. By doing so, it is assumed that
knowledge regarding the fine cellular structure and metabolic capabilities of Asgardarchaeota
will aid in testing competing hypotheses on the origin of eukaryotes (Koonin, 2015; Sousa et
al., 2016; Bernard et al., 2018) thus ultimately providing valuable insights into the archaea-toeukarya transition. In lack of cultivable representatives, this scientific endeavor has relied
exclusively upon state-of-the-art cultivation-independent metagenomics approaches.
As new Asgardarchaeota MAGs became available after the discovery of
Lokiarchaeia in 2015 (Spang et al., 2015), studies reporting genome-scale
metabolic reconstructions for members of this superphylum soon followed (Seitz et
al., 2016; Sousa et al., 2016; Bulzu et al., 2018; Cai et al., 2018; Liu et al., 2018).
Due to paucity of genomic data, less is known about Odinarchaeia metabolism,
with only one available preprint article (Cai et al., 2018) attempting to tackle this
subject. Overall, Asgard archaea are portrayed as mixotrophic microbes with
markedly different phyla-level metabolic capabilities. In particular, genomic
analyses revealed that Loki- and Thorarchaeia have anaerobic lifestyles (Bulzu et
al., 2018; Cai et al., 2018; Liu et al., 2018), they both harbour the ancient Wood-
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Ljungdahl pathway (Borrel, Adam and Gribaldo, 2016) for inorganic carbon (CO2)
fixation and perform acetogenesis, while Heimdallarchaeia display the metabolic
blueprints for aerobiosis (Bulzu et al., 2018). Preferences towards the uptake of
specific classes of organic compounds among Asgardarchaeota clades was
reflected by genomic enrichment with genes encoding particular transporters
(Bulzu et al., 2018; Liu et al., 2018). Thus, Lokiarchaeia showed a strong tendency
towards the uptake of various monosaccharides which they may obtain by
degrading cellulose, Thorarchaeia were enriched in peptide, glucarate and
dicarboxylate transporters while ABC-type transporters for phosphonates were
specific for Heimdallarcheia. To some extent, all three phyla encode transporters
for peptides/amino-acids uptake along with the enzymatic machinery required for
their metabolization. As expected, substrate uptake preferences together with the
ability to use molecular oxygen are mirrored within Asgardarchaeota central
metabolism. In this sense, glycolysis is well represented in Lokiarchaeia, that
appears endowed with sugar fermenting capabilities as well as in
Heimdallarchaeia, where it shuttles intermediates into the tricarboxilyc acid cycle
(TCA) thus fueling the electron transport chain (ETC). Surprisingly, the first key
enzyme of the glycolytic pathway (i.e., glucokinase), as well as the TCA cycle,
were lacking in Thorarchaeia (Bulzu et al., 2018; Liu et al., 2018). The complete
TCA found in Lokiarchaeia MAGs shows the additional features required for
anaplerotic CO2 fixation (i.e. achieved by the reverse TCA – rTCA). Additionally,
the presence of type III-like RuBisCO genes within Loki- and Heimdallarchaeia
MAGs indicates they are capable of CO2 fixation by linking nucleoside catabolism
to glycolysis (Bulzu et al., 2018; Liu et al., 2018). Although incomplete, most of
the pathway responsible for butane oxidation was identified in Thorarchaeia where
this compound may serve as a source of energy (Cai et al., 2018; Liu et al., 2018).
A truly unexpected finding among aquatic sediment-dwelling archaea was the
presence of multiple types of rhodopsin-encoding genes within Asgardarchaeota
MAGs (Bulzu et al., 2018). This includes the novel schizorhodopsins (Bulzu et al.,
2018) found in Loki-, Thor-, and Heimdallarchaeia, as well as heliorhodopsins
(Pushkarev et al., 2018) and type-1 rhodopsins (Ruiz-Gonzalez and Marin, 2004),
both found solely in the latter. The presence and role of light-harvesting rhodopsins
in Asgardarchaeota is still unclear and will require further investigations.
Uniquely among Archaea, three Heimdallarchaeia MAGs (LC_2, LC_3,
RS678) were found to harbour the complete pathway responsible for the aerobic
degradation of tryptophan (i.e. the kynurenine pathway (Kurnasov et al. 2003))
(Bulzu et al., 2018). Together with the comparatively ubiquitous aspartate
degradation pathway, also present in Heimdallarchaeia, kynurenine reactions
produce the quinolinate required for de novo synthesis of nicotinamide adenine
dinucleotide (NAD+) (Ternes and Schönknecht, 2014). Phylogenetic analyses
(Bulzu et al., 2018) suggested that components of this pathway were acquired in
the ancestor of Heimdallarchaeia by horizontal gene transfer (HGT) from bacteria.
Aside from providing further support for the aerobic metabolism of
Heimdallarchaeia, the presence of the kynurenine pathway has major evolutionary
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implications since it is expected to have been present in the protoeukaryote ancestor
(Ternes and Schönknecht, 2014). Taking this observation into account along with the
phylogenomics and other aerobiosis-related evidence, it was suggested that the last
archaeal ancestor of the eukaryotes was in fact a microaerophilic organism sharing a
common ancestor with extant Heimdallarchaeia (Bulzu et al., 2018). Moreover, this
view is supported by a recent high-scale time-calibrated phylogenomic reconstruction
placing the moment of the archaeal-bacterial endosymbiosis that spawned the
protoeukaryote ancestor after the Great Oxidation Event (Betts et al., 2018). This
comes as an alternative view to the “hydrogen hypothesis” (Martin and Muller, 1998)
that favors hydrogen-dependent and strictly anaerobic Lokiarchaeia (Sousa et al., 2016)
as the archaeal host in the symbiosis that gave rise to the eukaryotes.

6. CONCLUSIONS
Taxonomy and abundance information derived from genomic as well as 16S
rRNA gene sequence data reveal that Asgard archaea are diverse microbes
inhabiting various ecological niches all around the Earth.
Phylogenomic and phylogenetic analyses of conserved archaeo-eukaryotic
genes provide evidence for the emergence of eukaryotes from within
Asgardarchaeota thus supporting a two-domain Tree of Life.
The plethora of eukaryote signature proteins identified within Asgardarchaeota brings
useful insights into the rise of eukaryotic cellular structures and eukaryotic-specific processes.
The available Asgardarchaeota genomic data provided valuable glimpses into
their lifestyle and metabolism, eventually revealing divergent metabolic
capabilities between phyla.
Two competing hypotheses for the origin of eukaryotes from within
Asgardarchaeota are currently suggested: the “hydrogen hypothesis” and the “aerobicprotoeukaryotes” model, each presenting different mechanisms and environmental
settings for this event. A better understanding of Asgard archaea diversity and
metabolism will be critical for narrowing down among competing hypotheses
regarding the emergence of the protoeukaryotic ancestor. Similarly, recovery of
additional Odinarchaeia genomes will be crucial for making the first steps in describing
the metabolic adaptations of these expectedly thermophilic archaea.
Progress towards unraveling the fine metabolic blueprints of Asgard archaea will
largely depend on increased taxon sampling and sequencing, backed up by
metagenomics, metatranscriptomics and hopefully by the isolation of these microbes.
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