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Abstract

In this perspective, we explore the transformative impact and inherent limitations of metagenomics and single-cell genomics 
on our understanding of microbial diversity and their integration into the Tree of Life. We delve into the key challenges as
sociated with incorporating new microbial lineages into the Tree of Life through advanced phylogenomic approaches. 
Additionally, we shed light on enduring debates surrounding various aspects of the microbial Tree of Life, focusing on recent 
advances in some of its deepest nodes, such as the roots of bacteria, archaea, and eukaryotes. We also bring forth current 
limitations in genome recovery and phylogenomic methodology, as well as new avenues of research to uncover additional 
key microbial lineages and resolve the shape of the Tree of Life.

Key words: Tree of Life, microbial diversity, microbial genomics, phylogenomics, metagenomics, single-cell omics, artificial 
intelligence.

Significance
The emergence of metagenomics has profoundly transformed our understanding of microbial diversity. In the last dec
ade or so, this innovative approach has led to the discovery and substantial expansion of numerous microbial groups 
through the reconstruction of their DNA sequences. This perspective delves into how recent developments in phyloge
nomic methods are facilitating the identification of these new lineages within the Tree of Life. Additionally, we explore 
how incorporating this increased diversity clarifies some of the oldest branches of this tree. We conclude by highlighting 
key research directions that are poised to greatly advance our understanding of the evolutionary history of life.
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This perspective is part of a series of articles celebrating 40 
years since our sister journal, Molecular Biology and 
Evolution, was founded. The perspective is accompanied 
by virtual issues on this topic published by Genome Biology 
and Evolution and Molecular Biology and Evolution, which 
can be found at our 40th anniversary website.

Expanding Microbial Diversity through 
Metagenomics and Single-Cell Approaches
The advent of environmental sequencing and metage
nomics has revolutionized our understanding of microbial 

diversity on a monumental scale. These powerful techni
ques have enabled scientists to delve deep into the invisible 
and complex world of microorganisms that inhabit our pla
net (Venter et al. 2004; Hugenholtz and Tyson 2008). By 
directly analyzing genetic material from environmental 
samples such as soil, water, or the human gut, researchers 
regularly uncover an astonishing array of previously un
known microorganisms. Metagenomics, in particular, al
lows for the simultaneous study of myriad species in their 
natural habitats, providing insights into their roles in eco
systems and their contributions to global nutrient cycles 
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(López-García and Moreira 2008; Grossart et al. 2020). 
Thanks to these technologies, our appreciation of the vast 
and intricate microbial communities that underpin life on 
Earth has expanded exponentially, with profound implica
tions for the field of evolutionary biology.

While metagenomics is a powerful tool for exploring 
microbial diversity and functionality, it is not without its 
limitations. One significant constraint lies in the fact that 
metagenomics has typically relied on short DNA sequences, 
which can make it challenging to assemble complete 
genomes and accurately determine the gene repertoire and 
metabolic potential of individual species within a community. 
The recent emergence of long-read metagenomics holds great 
promise, but it is still in its infancy, notably due to the large 
quantity of high-molecular-weight DNA necessary, the high
er error rate compared to short-read sequencing, and its 
high cost caused by the high coverage needed to offset 
the error rate. Another limitation is the risk of contamination 
and biases in metagenomic data. Environmental samples can 
easily become contaminated with DNA from other sources, 
leading to false interpretations of community composition. 
Furthermore, the choice of DNA extraction protocol, sequen
cing technology, and data analysis methods can introduce 
biases, impacting the representation of certain microbial 
groups.

In particular, the application of metagenomics to study 
unicellular eukaryotes (protists) faces several inherent 
drawbacks. This is primarily due to the often low abun
dance of protists in environmental samples, combined 
with the sheer size and complexity of eukaryotic genomes 
compared to prokaryotic ones. The genetic material of eukar
yotes generally contains numerous noncoding regions, re
petitive elements, and introns, making it more difficult to 
sequence in-depth and completely, and to assemble and 
bin the sequencing data accurately. Moreover, this low abun
dance can lead to incomplete or biased representation of the 
community. Consequently, metagenomics may not fully cap
ture the diversity and genetic potential of microbial eukar
yotes, necessitating targeted approaches, such as single-cell 
genomics.

Single-cell genomics has emerged as a powerful approach 
for studying protists, offering several advantages and over
coming significant challenges. One of the key advantages is 
the ability to isolate and analyze the genetic material from in
dividual protist cells, allowing to place them in the Tree of 
Life, and for a more precise understanding of the genomic di
versity within complex microbial communities while limiting 
cross-contamination issues. This approach is particularly valu
able when dealing with protists that are difficult to culture or 
that can simply not be established in pure culture as they of
ten feed on other microorganisms. Additionally, single-cell 
genomics (or transcriptomics) can provide insights into the 
functional potential of these organisms by identifying key 
genes and metabolic pathways. Recent examples of protist 

sequence data obtained through single-cell (or “few-cell”) 
approaches include the discovery of novel high-ranking 
lineages (Lax et al. 2018; Wideman et al. 2020; Schön et al. 
2021). Moreover, single-cell genomics has enabled the study 
of symbiotic and parasitic protists, shedding light on their 
genetic adaptations and evolutionary relationships (Dia and 
Cheeseman 2021; Boscaro et al. 2023).

The ToL: A Few Knowns, Many Unknowns
The expansion of environmental sequencing data encom
passing a more extensive range of Earth’s true microbial 
biodiversity, which constitutes the majority of life, has led 
to a significant enrichment and refinement of the Tree 
of Life (ToL). For instance, in just the last 4 years, the num
ber of identified bacterial families and orders in the 
Genome Taxonomy Database (Parks et al. 2022) has 
doubled and entirely new high-ranked taxa have been dis
covered very recently. A decade ago, no genomic data ex
isted for significant groups like the Asgard archaea (Spang 
et al. 2015) and other highly diverse groups, such 
as Patescibacteria (a.k.a. Candidate Phyla Radiation, 
CPR bacteria), DPANN archaea, or the Planctomycetes– 
Verrucomicrobia–Chlamydiae bacterial clade, were known 
only through a handful of classical representatives (Rinke 
et al. 2013). This surge in sequenced diversity enriches 
the breadth of phylogenetic signals available, greatly en
hancing our ability to reconstruct deep relationships in 
the ToL and providing a more comprehensive understand
ing of life’s evolutionary history.

However, placing the myriad of newly discovered micro
bial lineages in the ToL remains a complex task with several 
limitations (Kapli et al. 2021). A common approach to infer 
species trees relies on combining the phylogenetic signal 
carried by multiple proteins, either through a concatenation 
or a supertree approach, which are thought to amplify the 
often weak information contained in each individual 
marker.

One of the most prominent challenges linked to these 
approaches is the occurrence of nonvertical signals in indi
vidual gene phylogenies, blurring reconstruction of the spe
cies tree. This signal can be biological and reflect the true 
history of the gene, or artifactual due to errors in the data 
or limitations in the phylogenetic methods employed 
(Philippe et al. 2017; Steenwyk et al. 2023). One common 
biological source of nonvertical signal is horizontal gene 
transfer, where genes are exchanged between unrelated 
species. This phenomenon is prevalent in bacteria and ar
chaea (Zhaxybayeva and Doolittle 2011) and commonly re
ported in microbial eukaryotes (Andersson 2009; Sibbald 
et al. 2020), and complicates the determination of evolu
tionary relationships. Consequently, a critical aspect of phy
logenomic approaches is the accurate identification and 
curation of orthologs—genes in different species that 
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originated from a common ancestral gene through speci
ation, and whose history mirrors the one of the organisms 
that carry them. The development of sophisticated compu
tational tools and databases has been instrumental in facili
tating the identification and curation of orthologs, thereby 
enhancing the reliability and precision of phylogenomic 
studies (Tice et al. 2021; Richter et al. 2022; Comte et al. 
2023; Hernández-Plaza et al. 2023).

In addition, the specification of the evolutionary model 
in phylogenetic analyses is a critical step that can signifi
cantly influence the results and conclusions drawn about 
the relationships among species. Choosing an appropriate 
model that accurately reflects the evolutionary processes 
(e.g. amino acid substitution patterns and rate variations 
across sites and lineages) is crucial. A model that does not 
properly capture the true evolutionary process will risk 
yielding incorrect phylogenies. A common artifact due to 
model misspecification is known as long-branch attraction 
(LBA), which corresponds to rapidly evolving lineages (long 
branches, such as those corresponding to parasitic lineages) 
being erroneously inferred to be closely related, regardless 
of their true relationship (Felsenstein 1978; Susko and 
Roger 2021). LBA is particularly problematic in cases where 
the model of evolution used does not properly account for 
rate differences across lineages. Moreover, incorrect model 
specification can affect branch length estimations as well as 
the inference of ancestral states, potentially leading to 
erroneous conclusions about the timing of evolutionary 
events and the nature of ancestral species (Susko et al. 

2021; Del Amparo and Arenas 2022). Therefore, careful 
model selection, guided by statistical methods and biologic
al understanding of the lineages under scrutiny, is essential 
to ensure the reliability and accuracy of phylogenetic 
reconstructions.

Similarly, the most commonly used models of evolution 
do not account for changes in amino acid preferences 
that can occur across the tree (i.e. between lineages), gen
erally due to an evolutionary transition to a new lifestyle or 
environment. The adaptation of microbial organisms to ex
treme environments, such as high-temperature or high-salt 
conditions, often results in shifts in amino acid preference 
in their proteins (De Farias and Bonato 2002; Fukuchi 
et al. 2003; Reed et al. 2013; Eme et al. 2023). For instance, 
in hyperthermophilic organisms, there is a preference for 
amino acids that contribute to increased protein stability 
at high temperatures, such as amino acids that can form 
more ionic bonds. Similarly, halophilic organisms often 
have proteins with a higher proportion of acidic amino 
acids, allowing them to remain functional in high-salt envir
onments. These adaptations pose challenges for phylogen
etic reconstructions as these atypical patterns of molecular 
evolution that are found only in specific parts of the tree, 
when not properly accounted for, can result in phylogenet
ic artifacts. The accelerated substitution rates or convergent 
amino acid substitutions in these organisms might be 
misinterpreted as close evolutionary relationships between 
unrelated lineages. Therefore, when including such extre
mophilic lineages in phylogenetic analyses, it is essential 
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FIG. 1.—Schematic depiction of the uncertainty related to some key branches of the ToL discussed in this work.
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to employ models that can accommodate these distinctive 
evolutionary patterns (Williams et al. 2021; Muñoz-Gómez 
et al. 2022; Baker et al. 2024).

Altogether, this highlights the importance of developing 
more realistic evolutionary models; this is currently a frontier 
in evolutionary (micro)biology (Susko and Roger 2007, 
2020; Susko et al. 2018).

Persistent Controversies in the ToL
In part due to all the aforementioned limitations, many 
areas of the ToL remain challenging to resolve (Fig. 1). 
The prevailing view in evolutionary biology is that Bacteria 
and Archaea, each as a monophyletic group, share a history 
that traces back to the last universal common ancestor 
(LUCA). LUCA stands as a pivotal entity in our understand
ing of life’s history, representing the most ancient organism 
for which we can methodically infer the genome content 
using comparative genomics and phylogenetics. It serves 
as a critical juncture, linking the known biosphere with 
the enigmatic origins of terrestrial life. However, our under
standing of LUCA’s characteristics is deeply intertwined 
with its hypothesized position in the ToL. Consequently, ac
curately determining the phylogenetic relationship between 
Bacteria and Archaea is crucial, as it directly influences our 
inferences about LUCA’s nature and the early evolutionary 
pathways that shaped life on Earth. One inherent difficulty 
lies in the fact that the ToL’s root cannot be determined 
using outgroup sequences. Decades ago, researchers aimed 
to palliate this issue by analyzing protein families that dupli
cated before LUCA, allowing paralogs to act as each other’s 
outgroup (Gogarten et al. 1989; Iwabe et al. 1989; Brown 
and Doolittle 1995). This methodology predominantly sug
gested a root between the bacterial and archaeal domains. 
Alternative approaches, such as analyses of ribosomal pro
tein composition (Fournier and Gogarten 2010) and gene 
presence–absence (Dagan et al. 2010), also supported a 
root placement between Bacteria and Archaea. Alternative 
hypotheses, proposing roots within the bacterial domain or 
between eukaryotes and prokaryotes (Brinkmann and 
Philippe 1999; Lopez et al. 1999), have been suggested 
but lack robust corroboration, especially in light of the ex
panded microbial diversity. More recently, a novel phylogen
etic “cross-bracing” approach was consistent with a root 
between Bacteria and Archaea, but not conclusive 
(Mahendrarajah et al. 2023). Surprisingly, this question has 
not been thoroughly revisited in a long time. We suspect 
that phylogenetic approaches such as gene–tree–species– 
tree reconciliation might provide further insights into this 
complex and long-standing question in evolutionary biology 
(Williams et al. 2023).

Inferences about the nature of LUCA also depend on 
the shape of the rest of the ToL, including the placements 
of the bacterial and archaeal tree roots, both of which 
have dramatically shifted with the astounding microbial 

diversity discovered in the last decade. Patescibacteria 
(CPR bacteria) and DPANN archaea, two large phylum- 
level groups of bacteria and archaea, respectively, repre
sented by nanosized cells and small genomes, have played 
a critical role. Multiple studies that used Archaea as an 
outgroup have suggested a bacterial root between the 
Patescibacteria and other bacteria (Hug et al. 2016; Zhu 
et al. 2019). Similarly, reconstructions of the archaeal 
tree using a bacterial outgroup have suggested that the 
root might be within Euryarchaea or between DPANN 
and the rest of Archaea (Williams and Embley 2014). 
However, here again, phylogenetic reconstructions face 
significant challenges due to long branches leading to 
Patescibacteria and DPANN, and the ultralong branch 
separating Bacteria and Archaea, which increase the 
risk of LBA artifacts. Moreover, besides fast-evolving 
lineages, some DPANN lineages have proteomes that 
are compositionally adapted to extremely high-salt condi
tions and whose inclusion in phylogenies requires specific 
modeling (Baker et al. 2024). Consequently, the root 
positions of Archaea and Bacteria are still considered 
unknown, and some studies have attempted to minimize 
reconstruction artifacts through outgroup-free analyses. 
These have provided additional support for an archaeal 
root between the DPANN group and the rest of Archaea 
(Williams et al. 2017) and a bacterial root between two 
major groups comprising most of the known bacterial 
diversity, Gracilicutes and Terrabacteria (Coleman et al. 
2021).

Moving closer to our time, the last eukaryotic common 
ancestor (LECA) marks the culmination of eukaryogenesis, 
a complex evolutionary process through which the 
eukaryotic cell emerged from at least two prokaryotic 
ancestors: an Asgard archaeon and an alpha-proteobacterial 
(mitochondrial) symbiont (Fig. 1). The large divergence time 
between LECA and these ancestors (Betts et al. 2018; 
Mahendrarajah et al. 2023) and the changes in the evolution
ary mode and tempo over the branches leading to LECA re
present severe impediments to accurately infer our closest 
prokaryotic ancestors. Here, beyond the massive expansion 
in available genomic data both for Archaea and Bacteria, ad
vances have come from extensive phylogenomic studies com
bining complex evolutionary models, careful treatments of 
compositional sequence biases, and manual data curation. 
These have indicated a deep position of the mitochondrial 
branch within alpha-proteobacteria (Martijn et al. 2018; 
Muñoz-Gómez et al. 2022) and a placement of the nucleocy
toplasmic branch within the Asgard archaeal group 
Heimdallarchaeia (Eme et al. 2023). In the coming years, these 
results will be corroborated or contested by further character
ization of microbial diversity and the application of sophisti
cated phylogenomic methods that consider the long stem 
branches of eukaryotes and the complex evolutionary dynam
ics of these groups.
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Finally, the position of the LECA itself remains an open 
question. While the majority of known eukaryotic species 
are multicellular (animals, land plants, and fungi), these ac
count for only a fraction of the overall diversity across eu
karyotes. The vast majority of eukaryotes are protists. 
Understanding the deepest part of the eukaryotic ToL 
(eToL) thus equates to resolving the relationships among 
major microbial lineages. Over the past decade, the deep 
structure of the eukaryotic tree has undergone substantial 
revisions, propelled by breakthroughs in phylogenomics 
and the integration of numerous evolutionarily pivotal pro
tist lineages into molecular studies (Brown et al. 2018; Lax 
et al. 2018; Burki et al. 2020; Tikhonenkov et al. 2022). 
However, clarifying the earliest divergences in the eToL, in
cluding the location of its root, remains a formidable chal
lenge. This difficulty arises partly because some lineages, 
known as “orphan lineages,” are so sparsely represented 
by sequence data that their phylogenomic placement re
mains ambiguous. Additionally, it is believed that eukar
yotes rapidly diversified from their last common ancestor 
over a billion years ago, giving rise to most supergroups 
in a brief time frame (Eme et al. 2014; Betts et al. 2018; 
Mahendrarajah et al. 2023). This rapid diversification has 
left scant phylogenetic evidence to identify relatedness be
tween these groups. Another significant obstacle is the vast 
evolutionary gap between eukaryotes and their closest pro
karyotic relatives. Using a prokaryotic outgroup in this con
text is likely to introduce LBA artifacts, as in other parts of 
the tree. Moreover, the origins of most eukaryotic genes 
cannot be definitively traced back to either Asgard archaea 
or alpha-proteobacteria, further complicating the selection 
of an appropriate outgroup for these analyses (Pittis and 
Gabaldón 2016). As a result, numerous conflicting hypoth
eses have emerged regarding the eukaryotic root position, 

based on molecular phylogenies of concatenated proteins 
(Derelle and Lang 2012; He et al. 2014; Cerón-Romero 
et al. 2022; Al Jewari and Baldauf 2023). Additionally, 
many of these studies do not include the latest high- 
ranking protist taxa and do not always adequately mitigate 
artifactual signals. This highlights the necessity of incorpor
ating a broader spectrum of taxa into these studies and en
hancing methods and models to reduce phylogenetic 
artifacts.

Perspectives
It is surely evident from the above that improving our 
understanding of microbial life, from its diversity to the 
structure of the ToL, will come from four intertwined fronts 
(Fig. 2): increasing our taxon sampling through not only 
more but also higher quality sequence data (Fig. 2, blue 
frame), and bettering our phylogenetic and computational 
approaches (Fig. 2, orange frame). Metagenomics has led 
to significant breakthroughs regarding the former, and we 
can still expect significant advances in the coming years. 
Novel microbial lineages might be found in low abundances, 
in close association with their physical surroundings, or be 
endemic to secluded environments. Identifying such mi
crobes would benefit from sampling campaigns thoroughly 
targeting new or understudied environments (e.g. Baker 
et al. 2024). Moreover, culturing remains an invaluable, if 
only immensely challenging, approach to generating se
quence data from microbial eukaryotes, giving access to 
renewable sources of biological material for in-depth obser
vations and sequencing. However, culturing novel protists 
can be difficult as many require often-unknown specific en
vironmental conditions, nutrients, symbiotic partners, or mi
crobial prey for growth. Nevertheless, advances in culturing 
and single-cell isolation techniques can lead to a deeper 
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FIG. 2.—Axes of improvement for the accurate reconstruction of the ToL.
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understanding of the biology of novel protists and open 
doors to innovative research in genomics and microbial ecol
ogy (Lax et al. 2018; Galindo et al. 2019; Gawryluk et al. 
2019; Tikhonenkov et al. 2022). Similarly, painstakingly 
long cultivation efforts for prokaryotes from various envir
onments for which we knew very little have proven to be in
valuable, as shown by the recent cultures of Asgard archaea 
(Imachi et al. 2020; Rodrigues-Oliveira et al. 2022). These 
first representatives have allowed us to confirm some of 
the phenotypical properties of these organisms that were 
predicted based on their genomes alone and also provide 
crucial insights into their ecology and cell biology.

Equally important to the future of understanding the ToL is 
the improvement of phylogenetic methods. Enhancements in 
phylogenetic models better taking into account heterogeneity 
of the substitution process, composition, and evolutionary 
rates across sites and over time, as well as the development 
of new frameworks such as gene–tree–species–tree reconcili
ation, will allow for more accurate reconstructions of evolu
tionary histories. However, the use of complex evolutionary 
models is computationally intensive, making their usage 
near impossible on data sets containing several hundreds or 
thousands of species. Thus, another avenue of progress will 
be to combine the improved modeling of protein evolution 
with divide-and-conquer approaches, which are computa
tional strategies designed to manage the analysis of large 
and complex data sets. They break down a large phylogenetic 
problem into smaller, more manageable parts, analyze these 
parts separately, and then combine the results to reconstruct 
a final phylogenetic tree or to update an existing tree with nu
merous taxa (Balaban et al. 2023).

However, alongside these technological advancements, 
there is a growing recognition of the importance of thor
ough curation of data sets. The idea that analyzing more 
data is the key to solving the relationships between organ
isms has not always proven to be true, as data quality often 
trumps quantity, especially when the latter includes noise 
and artifactual signal.

Furthermore, there is a renewed emphasis on corroborat
ing phylogenetic hypotheses with synapomorphies—shared 
derived characters that support a particular evolutionary top
ology. For example, structural analyses of the ribosome were 
the first indications of the archaeal ancestry of the eukaryotic 
informational machinery, leading to the proposal of the eo
cyte hypothesis (Lake 1985). More recently, the discovery 
that Asgard archaeal genomes encoded more eukaryotic sig
nature proteins than other prokaryotes brought additional 
support to their unique evolutionary relationship with eukar
yotes (Spang et al. 2015; Eme et al. 2023). Similarly, a num
ber of unexpected features linked to the emergence of 
multicellularity have been found to support the relationship 
between animals and their closest unicellular relatives 
(Ruiz-Trillo et al. 2023). This underscores the importance of 
a multifaceted approach in phylogenetics, by integrating 

large-scale phylogenomic analyses with the search for punc
tuate, defining characters.

Lastly, the integration of artificial intelligence (AI) opens 
up vast possibilities to improve our understanding of the 
ToL through multiple improvement axes (Fig. 2). It is likely 
that AI tools will become indispensable in managing and in
terpreting the vast amounts of genomic data generated by 
modern sequencing technologies (as an example, the size 
of GenBank increased more than 16-fold over the last 
10 years). AI algorithms excel at identifying patterns in large 
data sets. In the context of genomics, AI can detect similar
ities and differences in sequences of different organisms, 
which will improve the quality of the metagenomic binning 
and generally the detection of sequence contamination. 
From the perspective of evolutionary bioinformatics, AI can 
improve the accuracy and efficiency of sequence alignment 
and phylogenetic reconstruction, handling the complexity of 
data sets comprising thousands to millions of sequences. AI 
is also adept at detecting outliers or anomalies in data. This 
can help identify genes or sequences that do not follow 
the expected evolutionary patterns, possibly indicating 
events like horizontal gene transfer, gene duplication, or 
convergent evolution (Mo et al. 2023; van Hooff and Eme 
2023). It also opens up the possibility of using protein struc
tures instead of sequences to infer difficult relationships 
(Moi et al. 2023). Finally, AI can integrate and analyze 
data from different genomic sources (e.g. whole-genome 
sequencing, transcriptomics, and proteomics), which could 
provide a more holistic view of an organism’s evolution. By 
correlating changes across different levels of biological infor
mation, AI can help uncover the multifaceted relationships 
between genotype and phenotype, as well as between dif
ferent species and their environments. By analyzing genom
ic sequences of a wide array of species, AI models could 
predict how certain genes contribute to specific traits or be
haviors, shedding light on the evolutionary pressures that 
have shaped current life forms. Through these and other 
applications, AI will not only help tackling the challenge 
of managing and analyzing enormous quantities of genom
ic data but also will enhance our ability to decipher the com
plex web of evolutionary relationships that connect all living 
organisms.

The synergy of these developments—technological ad
vances in sampling and sequencing, methodological devel
opments in phylogenetics, and computational innovation 
leading to more efficient, robust, and tractable algorithms— 
heralds an exciting era in unraveling the complexities of the 
ToL, bringing us closer to a comprehensive understanding 
of life’s evolutionary tapestry.

Acknowledgments
We sincerely thank the three anonymous reviewers for their 
constructive comments. We apologize to our colleagues 

Eme and Tamarit                                                                                                                                                              GBE

6 Genome Biol. Evol. 16(4) https://doi.org/10.1093/gbe/evae053 Advance Access publication 15 April 2024



whose work was not adequately acknowledged due to cit
ation limitations.

Funding
L.E. was supported by grants from the European Research 
Council (ERC Starting grant 803151), the Moore-Simons 
Project Call on the Origin of the Eukaryotic Cell (Simons 
Foundation 812811), and the ANR DArchFolds (ANR-22- 
CE02-0012-02).

Data Availability
There are no new data associated with this work.

Literature Cited
Al Jewari C, Baldauf SL. An excavate root for the eukaryote Tree of Life. 

Sci Adv. 2023:9(17):eade4973. https://doi.org/10.1126/sciadv. 
ade4973.

Andersson JO. Gene transfer and diversification of microbial eukar
yotes. Annu Rev Microbiol. 2009:63(1):177–193. https://doi.org/ 
10.1146/annurev.micro.091208.073203.

Baker BA, Gutiérrez-Preciado A, Rodriguez del Rio A, McCarthy C, 
López-García P, Huerta-Cepas J, Susko E, Roger AJ, Eme L, 
Moreira D. Several independent adaptations of archaea to hyper
saline environments. Nat Microbiol. 2024:1–12. https://doi.org/ 
10.1038/s41564-024-01647-4.

Balaban M, Jiang Y, Zhu Q, McDonald D, Knight R, Mirarab S. 
Generation of accurate, expandable phylogenomic trees with 
uDance. Nat Biotechnol. 2023:1–10. https://doi.org/10.1038/ 
s41587-023-01868-8.

Betts HC, Puttick MN, Clark JW, Williams TA, Donoghue PCJ, Pisani D. 
Integrated genomic and fossil evidence illuminates life’s early evo
lution and eukaryote origin. Nat Ecol Evol. 2018:2(10):1556–1562. 
https://doi.org/10.1038/s41559-018-0644-x.

Boscaro V, Manassero V, Keeling PJ, Vannini C. Single-cell microbio
mics unveils distribution and patterns of microbial symbioses in 
the natural environment. Microb Ecol. 2023:85(1):307–316. 
https://doi.org/10.1007/s00248-021-01938-x.

Brinkmann H, Philippe H. Archaea sister group of Bacteria? Indications 
from tree reconstruction artifacts in ancient phylogenies. Mol Biol 
Evol. 1999:16(6):817–825. https://doi.org/10.1093/oxfordjournals. 
molbev.a026166.

Brown JR, Doolittle WF. Root of the universal Tree of Life based on an
cient aminoacyl-tRNA synthetase gene duplications. Proc Natl 
Acad Sci U S A. 1995:92(7):2441–2445. https://doi.org/10.1073/ 
pnas.92.7.2441.

Brown MW, Heiss AA, Kamikawa R, Inagaki Y, Yabuki A, Tice AK, 
Shiratori T, Ishida K-I, Hashimoto T, Simpson AGB, et al. 
Phylogenomics places orphan protistan lineages in a novel eukary
otic super-group. Genome Biol Evol. 2018:10(2):427–433. https:// 
doi.org/10.1093/gbe/evy014.

Burki F, Roger AJ, Brown MW, Simpson AGB. The new tree of eukar
yotes. Trends Ecol Evol. 2020:35(1):43–55. https://doi.org/10. 
1016/j.tree.2019.08.008.

Cerón-Romero MA, Fonseca MM, de Oliveira Martins L, Posada D, Katz 
LA. Phylogenomic analyses of 2,786 genes in 158 lineages support 
a root of the eukaryotic Tree of Life between opisthokonts and all 
other lineages. Genome Biol Evol. 2022:14(8):evac119. https://doi. 
org/10.1093/gbe/evac119.

Coleman GA, Davín AA, Mahendrarajah TA, Szánthó LL, Spang A, 
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