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The archaeal phylum Bathyarchaeota comprises highly diversified subgroups and is considered to be one
of the most abundant microorganisms on earth. The metabolic features and evolution of this phylum still
remain largely unknown. In this article, a comparative metabolic analysis of 15 newly reconstructed and
36 published metagenomic assembled genomes (MAGs) spanning 10 subgroups was performed, reveal-
ing the core metabolic features of Bathyarchaeota—namely, protein, lipid, and benzoate degradation; gly-
colysis; and the Wood–Ljungdahl (WL) pathway, indicating an acetyl-CoA-centralized metabolism within
this phylum. Furthermore, a partial tricarboxylic acid (TCA) cycle, acetogenesis, and sulfur-related meta-
bolic pathways were found in specific subgroups, suggesting versatile metabolic capabilities and ecolog-
ical functions of different subgroups. Intriguingly, most of the MAGs from the Bathy-21 and -22
subgroups, which are placed at the phylogenetic root of all bathyarchaeotal lineages and likely represent
the ancient Bathyarchaeota types, were found in hydrothermal environments and encoded reverse gyr-
ase, suggesting a hyperthermophilic feature. This work reveals the core metabolic features of
Bathyarchaeota, and indicates a hot origin of this archaeal phylum.

� 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The archaeal phylum Bathyarchaeota (formerly known as Mis-
cellaneous Crenarchaeotal Group (MCG)) is one of the most abun-
dant and ubiquitously distributed microorganisms living in diverse
habitats such as marine/freshwater sediment, soil, bioreactor,
animal-associated habitats, and the deep subsurface biosphere
[1–5]. They are considered to actively participate in global geo-
chemical cycling, particularly in the transformations of carbon
[6,7]. Several studies have suggested an acetyl-CoA-centralized
heterotrophic lifestyle in the Bathyarchaeota [4,8], and have found
that they hold the potential to degrade proteins [2] and aromatic
compounds [3,4], and to hydrolyze extracellular carbohydrates
[9,10]. A recent breakthrough showed that Bathyarchaeota were
able to utilize lignin while fixing carbon dioxide (CO2); this finding
was the first evidence for anaerobic lignin degradation in the
domain Archaea [11]. Furthermore, several bathyarchaeotal lin-
eages have been suggested to have potential for methane metabo-
lization [12] and acetogenesis [4], two of the most fundamental
and ancient microbial biochemical energy-conservation processes
[13]. The above mentioned metabolic pathways of Bathyarchaeota
may actively interact with local microbes [4] and drive the cycling
of other elements such as nitrogen and sulfur [9,10].

Phylogenetic analysis based on 16S rRNA gene sequences
revealed a large intragroup diversity (Bathy-1 to -19), which was
recently enlarged further to 25 subgroups [8]. These subgroups
have versatile physiological capabilities and possess distinct eco-
logical niches [1,14]. Previous research has demonstrated that
the diversification of Bathyarchaeota subgroups may have been
influenced by several saline–freshwater transition events [14].
However, the ecological role, origin, and evolution of Bath-
yarchaeota are still far from fully understood. It remains unclear
whether this diverse archaeal phylum contains core metabolic fea-
tures, and how this phylum originates and evolves. In this study,
we analyzed bathyarchaeotal 16S rRNA genes from two newly
sequenced Guaymas Basin sediment samples and from public data-
bases. With new binned and downloaded bathyarchaeotal metage-
nomic assembled genomes (MAGs), a comprehensive comparative
analysis of 51 out of 60 MAGs spanning 10 subgroups was per-
formed. The results indicate that the phylum Bathyarchaeota
shares a core set of metabolic pathways, including protein degra-
dation, glycolysis, and the reductive acetyl-CoA (Wood–Ljungdahl,
WL) pathway. Furthermore, our data suggests a hot origin for
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Bathyarchaeota based on the metabolic potentials of ancestral
genomes.
2. Materials and methods

2.1. Sample description

The sediment sample core-10 was collected by means of push
core at a deep-sea vent site at the Guaymas Basin in the Gulf of
California in October 2008, during Alvin dive 4460, which was part
of cruise AT15-25. The sediment used in this study was oily and
covered with a white microbial mat. The temperature, as measured
by the Alvin temperature probe, increased from 7 to 10 �C at the
surface to 31 �C at 6 cm below the surface (cmbsf). Two sediment
layers, at 4–6 and 8–11 cmbsf, were designated as M8 and M10,
respectively, and used for DNA isolation. The methods used for
DNA extraction, metagenome library construction, and sequencing
are described in Ref. [4].
2.2. De novo assembly and binning of metagenomic sequences

The raw reads from metagenomic sequencing were trimmed
with Sickle v1.33 (https://github.com/najoshi/sickle) and assem-
bled using IDBA-UD v1.1.1 [15] with the following parameters:
‘‘mink 52, maxk 92, step 8.” The coverage was determined by
recruiting raw reads to assembled contigs using Bowtie v2.2.8
[16] with the parameter ‘‘–very-sensitive,” and was calculated
using SAMtools v1.3.1 [17]. Binning of assembled sequences longer
than 5 kb was performed using tetra-nucleotide frequencies,
guanine-cytosine (GC) content, and sequencing coverages using
MetaBAT v0.32.4 with the parameter ‘‘–specific” [18]. The retrieved
MAGs were further checked manually using ESOM v1.1 [19] and
mmgenome package v0.6.3 [20]. The completeness and contami-
nation of each MAG were estimated using CheckM v1.0.7 with
the ‘‘lineage_wf” function [21].

In addition to the MAGs retrieved from the present study, 44
reference bathyarchaeotal genomes were downloaded and used
in the current analysis. These MAGs were retrieved from samples
from Aarhus Bay sediment [2], Surat Basin coal-bed methane wells
[12], Colorado soil samples [22], Guaymas Basin hydrothermal sed-
iments [4,23], Northern California grassland [24], White Oak River
estuarine sediments [9], Juan de Fuca basalt-hosted fluids [25], and
other globally distributed sample sites [26].

This Whole Genome Shotgun project has been deposited at
GenBank under the accession number PRJNA418890.
2.3. 16S rRNA gene sequences analysis

A total of 3738 reference bathyarchaeotal sequences longer
than 900 nt were collected from the SILVA 132 database [27] and
clustered into 1547 operational taxonomic units (OTUs) using
CD-HIT [28] with the parameter ‘‘–c 0.97-G 1.” Another 23 16S
rRNA gene sequences were predicted from the MAGs mentioned
above using CheckM [21]. All of these 16S rRNA gene sequences,
together with reference sequences from Thaumarchaeota and
Aigarchaeota which were used as outgroups, were aligned using
MAFFT v7.313 [29] with the parameters ‘‘–localpair” and ‘‘–maxit-
erate 100.” The phylogenetic tree was generated using maximum
likelihood analysis in RAxML v8.2.8 [30] with the GTRGAMMA
model, and visualized using Interactive Tree Of Life (iTOL) [31].
Affiliations of bathyarchaeotal sequences to each subgroup were
carried out using reference sequences [1,8] as phylogenetic
anchors.
2.4. Metagenome annotation

Protein coding sequences (CDSs) were determined using Prodi-
gal v2.6.3 [32] with the parameter ‘‘–meta.” Functional information
for each CDS was collected by comparing amino acid sequences
against the National Center for Biotechnology Information (NCBI)
‘‘non-redundant” (nr), Kyoto Encyclopedia of Genes and Genomes
(KEGG) [33], and Clusters of Orthologous Group (COG) databases
[34] with E-values < 10�5, and was inspected manually. Those pre-
dicted CDSs were further searched against the MEROPS [35] and
CAZy [36] databases with E-values < 10�5 to find genes related to
the degradation of peptides and carbohydrates. The extracellular
peptidases were further confirmed based on the identification of
transport signals using PRED-SIGNAL [37].

2.5. Phylogenetic analysis based on conserved genes

To identify relevant phylogenetic homologs of bathyarchaeotal
MAGs, a total of 60 bathyarchaeotal genomes (16 from the present
study and 44 from public databases) were included in the phyloge-
netic analysis, along with other archaeal reference genomes. Fol-
lowing a previous study [9], 16 conserved ribosomal genes
(ribosomal protein L14, L15, L16/L10AE, L18, L2, L22, L24, L3, L4,
L5, L6P/L9E, S10, S17, S19, S3, and S8) were considered to undergo
no horizontal gene transferring [38], and were used to infer the
phylogenetic affiliation of the inspected bathyarchaeotal MAGs.
Homologous sequences were individually aligned using MAFFT
v7.313 [29] with the parameters ‘‘–localpair” and ‘‘–maxiterate
100,” and then concatenated in series. The phylogenetic trees were
generated using maximum likelihood analysis in RAxML v8.2.8
[30] with the PROTGAMMA model, and visualized using iTOL [31].

2.6. Reconstruction of ancestral genomes

Ancestral genome reconstruction was implemented in the
Count software [39]. The phyletic patterns (gene family presence/
absence and gene copy number) of hydrothermal-adaptation-
related genes were mapped to the bathyarchaeotal phylogeny
based on the 16 concatenated conserved ribosomal protein
sequences mentioned above. The phyletic pattern was visualized
using iTOL [31] and plotted manually.
3. Results and discussion

3.1. Bathyarchaeotal subgroup classification

In total, 16 bathyarchaeotal MAGs were recovered from the
Guaymas Basin M8 and M10 metagenomic datasets (Table 1).
Together with 44 published bathyarchaeotal genomes, 23 16S
rRNA gene sequences were predicted (Appendix A. Table S1) using
CheckM [21]. Furthermore, an additional 1547 representative
bathyarchaeotal 16S rRNA gene sequences with a maximum 97%
identity cutoff were downloaded from the SILVA databases and
used as references. A 16S rRNA gene phylogenetic tree was con-
structed (Fig. 1(a) and Appendix A. Fig. S1), whose topology was
highly similar to and coherent with results from previous studies
[1,4,8,14,40]. To be specific, Bathy-21 and -22, which were located
at the base of the tree, branched monophyletically from the other
subgroups. These two subgroups, together with subgroup Bathy-
23, were recently named by Zhou et al. [8]. The related 16S rRNA
gene sequences are listed in Appendix A. Table S2. The phylogeny
for most bathyarchaeotal subgroups are relatively stable, with
variations in only a few branches’ orders still remaining due to
the use of different reference sequences, methods, and parameters
in different studies [1,4,8,14,40]. Instability in the tree topologies is
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Fig. 1. (a) Phylogenetic analysis based on 16S rRNA gene sequences. Each bathyarchaeotal subgroup was cladded, followed by the total 16S rRNA gene sequences number of
SILVA references and those predicted from the MAGs. For a full version of the uncollapsed phylogeny, please refer to Fig. S1. (b) Phylogenomic analysis based on 16
concatenated ribosomal proteins. This phylogeny is rooted by the phyla Thaumarchaeota and Aigarchaeota (not shown). MAGs retrieved from the present study are colored in
green with italics. MAGs containing hyperthermophilic adaptation marker gene reverse gyrase are marked with a red rectangle, and ancestor nodes with hyperthermophilic
adaptation ability, based on ancestral genome analysis, are colored in red. Bootstrap values for these phylogenies are shown with open (� 80%) and filled (� 90%) circles.

Table 1
General characteristics of the MAGs retrieved in the present study from Guaymas Basin hydrothermal sediments.

Lineage Bin Assembly size GC content (%) Completeness (%) Contamination (%) Gene number Qualitya

Bathy-15 M10_bin139 1 527 575 58.4 90.42 1.87 1 605 High
Bathy-22 M10_bin185 1 310 867 33.4 89.49 0 1 462 Medium
Bathy-1 M8_bin1642 1 094 533 40.8 89.25 0.93 1 171 Medium
Unclassified M10_bin241 1 132 007 47.1 88.35 2.02 1 214 Medium
Bathy-23 M10_bin26 1 331 265 51.9 88.32 2.80 1 390 Medium
Bathy-23 M8_bin162 1 251 171 46.8 85.12 4.67 1 223 Medium
Bathy-23 M10_bin1901 1 202 259 44.8 83.96 4.67 1 188 Medium
Unclassified M8_bin163 816 136 43.4 79.44 0.93 897 Medium
Bathy-23 M10_bin1904 1 257 418 42.7 77.57 1.87 1 224 Medium
Bathy-1 M10_bin208 907 528 41.1 74.37 1.71 1 030 Medium
Unclassified M10_bin214 597 499 37.2 65.87 0 695 Medium
Bathy-23 M10_bin1903 1 879 918 43.1 92.60 15.26 1 833 Low
Bathy-23 M8_bin26 503 563 53.6 46.96 2.34 548 Low
Bathy-23 M10_bin182 597 004 44.3 37.70 0 604 Low
Bathy-21 M10_bin242 497 722 48.8 33.35 0.97 543 Low
Bathy-15 M10_bin1432 474 510 56.3 32.97 0 605 Low

a High quality: completeness > 90%, contamination < 5%; medium quality: completeness > 50%, contamination < 10%; low quality: completeness < 50% or
contamination > 10%.
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probably due to insufficient sequences for phylogenetic
analyses, indicating the extremely high diversity of the phylum
Bathyarchaeota.
A phylogenomic tree of the MAGs from the current study (16)
and public database (44) was further constructed using 16 con-
catenated conserved ribosomal protein sequences (see Section 2.5
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and Fig. 1(b)). A total of 54 MAGs were classified into 11 different
subgroups (Table S1), whereas six MAGs (ex4484_135,
ex4484_205, M10_bin214, M10_bin241, M8_bin163, and JdFR-
01) were categorized as unclassified due to the lack of 16S rRNA
gene sequences. Similar to the phylogenetic analysis based on
16S rRNA gene sequences, the subgroups Bathy-21 and Bathy-22
are still located at the root of the phylogenomic tree, which sug-
gests that these two linages may represent the ancient Bath-
yarchaeota types. Subgroups 1, 3, 5, 6, 8, 15, and 17 have
corresponding genomes and show similar topology with the 16S
rRNA gene phylogenetic tree. Nevertheless, the phylogeny for sub-
groups 13 and 23 was not matched between the 16S rRNA-based
and concatenated ribosomal protein-based phylogenomic analyses
(Table S1). Considering the higher resolution and stability of the
phylogenetic analysis based on concatenated conserved ribosomal
protein sequences compared with 16S rRNA genes, the phyloge-
nomic tree was used for further analysis.

3.2. Core metabolic properties of Bathyarchaeota

Among 60 bathyarchaeotal MAGs, six MAGs (ex4484_135,
ex4484_205, M10_bin214, M10_bin241, M8_bin163, and JdFR-
01) remained in an unclassified subgroup, while three MAGs
(M10_bin1903, DG-45, and RBG_13_46_16b) contained potentially
high contamination > 10%; these nine MAGs were not used for the
core and specific metabolic analysis of different subgroups. The
remaining 51 phylogenetically affiliated MAGs formed 10 bath-
yarchaeotal subgroups, and their metabolic potentials were sys-
tematically compared (Fig. 2 and Table 2). While Bathy-3 had
only one representative MAG, other subgroups contained two or
more MAGs. Shared core metabolic features among different lin-
eages were discovered, including the pathways for the utilization
of detrital proteins, lipids, and benzoates. Detrital proteins are con-
sidered to be one of the most abundant components of marine
organic matter [41]. Pathways involved in the degradation of pro-
teins were present in all bathyarchaeotal subgroups (Appendix A.
Fig. 2. Schematic representation of the metabolic potential of the phylum Bathyarchaeot
while accessary metabolic features are shown in black lines. Metabolic and adaptive p
compounds are shown in normal font. TCA: tricarboxylic acid.
Table S3). The detected extracellular peptidases mainly belonged
to the serine, cysteine, and metallo peptidase families (Table S3),
while subtilisin (S08A), papain (C01A), and gamma-glutamyl
hydrolase (C26) existed in most bathyarchaeotal subgroups. These
observations further agreed with previous studies [2,4], suggesting
that detrital proteins and/or amino acids are used as major carbon
and energy sources for Bathyarchaeota. The degradation of lipids
and benzoates was another core genomic feature. Except for one
subgroup (Bathy-21 for lipids and Bathy-3 for benzoates), the
majority of the bathyarchaeotal subgroups contained long-chain
acyl-CoA synthetase (fadD) and acylphosphatase (acyP, Table 2
and Appendix A. Table S4), the key genes for lipid and benzoate
degradation, respectively. In general, these metabolic potentials
indicate the capability of Bathyarchaeota to degrade diverse com-
plex organic compounds for an organoautotrophic life strategy,
as was recently suggested [11].

The processes for energy conservation were mostly identified as
the Embden–Meyerhof–Parnas (EMP) glycolysis pathway and the
reductive acetyl-CoA (Wood–Ljungdahl, WL) pathway (Fig. 2 and
Table 2). Most of the Bathyarchaeota genomes contain near-
complete enzymes for the utilization of glucose to produce
acetyl-CoA by the glycolysis process (Table 2 and Table S4).
Although the pyruvate kinase gene (pyk), which converts phospho-
enolpyruvate (PEP) into pyruvate in the last step of EMP, was found
in only six out of 10 subgroups, another gene encoding phospho-
enolpyruvate carboxylase (ppc), which converts PEP into oxaloac-
etate, was present and could be used for an alternative pathway.

Bathyarchaeota can also use the WL pathway to generate
energy. In nearly all subgroups, most of the carbon metabolic path-
ways lead to acetyl-CoA production—including the autotrophic WL
pathway which uses CO2 as the carbon source. All the analyzed
subgroups possessed an archaeal-typeWL pathway for autotrophic
inorganic carbon fixation using tetrahydromethanopterin (H4MPT)
as the C1-carrier, which is prevalently found in Archaea (Table 2
and Table S4). Interestingly, a bacterial type of the WL pathway
that uses tetrahydrofolate as an intermediate was also found in
a. The core metabolic features among the lineages are colored in red with bold lines,
athways are shown in bold and underlined, gene names are shown in italic, and



Table 2
Comparative analysis of genomic potential in different bathyarchaeotal subgroups.

Genomic potential Subgroups

1 3 6 8 13 15 17 21 22 23

Number of MAGs used for metabolism comparative analysis 6 1 2 3 4 8 10 2 5 10
Protein degradation + + + + + + + + + +
EMP glycolysis pathway +++ + + + +++ + +++ + + +++
WL pathway +++ + + + +++ +++ +++ +++ +++ +++
WL pathway (bacterial) +++ +++ +++
Lipid degradation + + + + + + + + +
Benzoate degradation + + + + + + + + +
Cellulose degradation + + + + + + +
Glycogen degradation +++ +++ + + +++ +++
Galactan degradation +++ + + + + + + +++ + +++
Mannan degradation + + + +
Organic sulfur compound degradation + + +++
TCA cycle +++ + + +++ +++ +
Acetogenesis (acd) + + + + + +
Acetogenesis (ackpta) +++ +++ +++ +++
Methanogenesis + +
Dissimilatroy nitrite reduction +++ + + + + +
Sulfidogenesis + + +
Hyperthermophilic adaptation +++ + +++

EMP: Embden–Meyerhof–Parnas glycolysis pathway.
+++: pathway complete; +: pathway near-complete.
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nearly all genomes from the Bathy-1, -15, and -17 subgroups.
Although gene encoding formate dehydrogenase (fdh), which con-
verts CO2 to formate, was not found in these three subgroups, all
other genes essential for the bacterial WL pathway were present,
including carbon-monoxide dehydrogenase (coo), formate–tetrahy-
drofolate ligase (fhs), methylenetetrahydrofolate dehydrogenase
(fol), methylenetetrahydrofolate reductase (met), and acetyl-CoA
decarbonylase (cdh). Therefore, these three subgroups might con-
tain unidentified enzymes for the conversion of CO2, using both
H4MPT and tetrahydrofolate as the C1-carrier.

3.3. Specific metabolic properties of bathyarchaeotal subgroups

Metabolic predictions based on the genomic information of dif-
ferent subgroups inferred group-specific metabolic properties that
are not commonly shared in all lineages (Fig. 2, Table 2, and
Table S4); these pathways include carbohydrates utilization, the
tricarboxylic acid (TCA) cycle, acetogenesis, and sulfur-related
metabolism. Different preferences of bathyarchaeotal subgroups
for uptaking and degrading a wide variety of carbohydrates were
found (Table 2 and Table S4), including cellulose, glycogen, galac-
tan, and mannan. A complete TCA cycle was only detected in the
subgroups Bathy-1, -15, and -17; other subgroups such as Bathy-6,
-8, and -22 possessed incomplete TCA cycles, probably due to the
incompleteness of the genomes. All 10 MAGs belonging to
Bathy-23 (as well as the highly contaminated MAG
M10_bin1903) lacked the citrate synthase (cs) and aconitate
hydratase (acn) used in the first and second step of the TCA cycle,
as well as succinyl-CoA synthetase (suc), which converts succinyl-
CoA into succinate. The results above suggest that these wide-
spread Archaea might be heterotrophs with extensive abilities to
efficiently use organic matter—a survival strategy in carbon-
starved deep marine sediments. This suggestion is consistent with
the results of previous stable isotopic probing experiments on 13C-
organic compounds, as well as with the correlation between bath-
yarchaeotal abundance and the content of total organic carbon
(TOC) in diverse habitats [5,42–44].

Acetogenesis is an important feature shared by some bath-
yarchaeotal subgroups (Table 2 and Table S4): a biological process
in organic carbon cycling in subsurface sediments [45]. Subgroups
Bathy-15 and -17 have the potential to carry out phosphorylation
catalyzed by adenosine diphosphate (ADP) forming acetyl-CoA
synthase (acd), while Bathy-1, -21, -22, and -23 can also perform
acetogenesis via phosphate acetyltransferase (pta) and acetate
kinase (ack). The latter two genes were found to be widely dis-
tributed in bona-fide bacterial homoacetogens, which produce
acetate solely from hydrogen and CO2. However, further genomic
evidence is still required to answer the question of whether
Bathy-3, -6, -8, and -13 have acetogenesis ability. Recent findings
suggest that acetate is considered to play a crucial role in mediat-
ing the microbial carbohydrate utilization, fermentation and respi-
ratory pathways in the Guaymas Basin sediments [23]. In the
present study, no less than six out of 10 subgroups of Bath-
yarchaeota were considered to be potential acetogens, and may
play a vital role in carbon cycling in marine sediments.

The genomic evidence also indicated diverse metabolic poten-
tials in different subgroups regarding sulfur metabolic pathways
(Table 2 and Table S4). Bathy-1, -21, and -23 contained genes
related to the hydrolysis of sulfate esters, which is responsible
for the decomposition of organic sulfur compounds. It is notable
that these subgroups also contained genes encoding the sulfhydro-
genase gene (hyd, also found in Bathy-17 and -21) involved in sul-
fide formation from polysulfide (sulfidogenesis), and the sulfate
transport gene (cysU). These results suggest a formerly ignored role
of Bathyarchaeota in global sulfur cycling.

3.4. Hyperthermophilic origin of Bathyarchaeota

The majority of the bathyarchaeotal subgroups encoded diverse
molecular chaperones, such as heat-shock protein (htpX) and small
heat-shock proteins (sHSP, Table S4), which were previous consid-
ered to express during the heat-shock process [46]. Interestingly,
Bathy-21 and -23, which were retrieved from Guaymas Basin
hydrothermal sediments, were devoid of the bacterial-type
DnaK-DnaJ-GrpE chaperone system that is prevalent in other sub-
groups (Table S4). This simplified heat-shock system was previ-
ously reported to be one of the characteristics of
hyperthermophilic Archaea [46], and thus indicates a potential
hyperthermophilic feature of these bathyarchaeotal subgroups.
Genes encoding reverse gyrase, a marker gene for hyperther-
mophiles, were detected in Bathy-21, -22, and -23 (Table S4),
and in three unclassified bathyarchaeotal MAGs (ex4484_205,
ex4484_135, and B242). The ancestral genome analysis (Fig. 1(b))
showed that the putative Bathyarchaeota ancestral lineage
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possessed the reverse gyrase gene. However, the hyperther-
mophilic bathyarchaeotal MAGs were exclusively retrieved from
Guaymas Basin hydrothermal sediment. Other bathyarchaeotal
subgroups may have lost the hyperthermophilic ability during evo-
lutionary adaptation to mesothermal environments. Based on
existing bathyarchaeotal MAGs, we hypothesize that the ancient
Bathyarchaeota type might be hyperthermophiles, which gradually
adapted and evolved into ambient environments. However, more
bathyarchaeotal genomic data are needed to further confirm this
assumption. The archaeal phylum Bathyarchaeota belongs to the
TACK superphylum (or ‘‘Proteoarchaeota”). Although many lin-
eages from the TACK superphylum (e.g., Korarchaeota, Crenar-
chaeota, and Aigarchaeota) have been reported to be
hyperthermophilic [47], no bathyarchaeotal MAGs or subgroups
have been found to be potentially hyperthermophilic to date. The
above results indicated that the subgroups Bathy-21, -22, and
-23, which were retrieved from sediments with a high tempera-
ture, may be hyperthermophiles. Furthermore, a global survey of
the distribution of these subgroups indicated that the majority of
these subgroups are found in high-temperature environments
(Table S2), which provides geographical evidence of the hyperther-
mophilic nature of these bathyarchaeotal subgroups.
4. Conclusion

Bathyarchaeota is of great interest to microbial ecologists for its
wide distribution, high abundance, and diversity, as well as its
potential ability to degrade detrital organic matter in aquatic envi-
ronments and drive global elements cycling [8]. In this study, a
comparative genomic analysis was performed using 51 phyloge-
netically affiliated MAGs spanning 10 bathyarchaeotal subgroups.
Degradation of detrital proteins, lipids, and benzoates, as well as
the EMP glycolysis pathway and the WL pathway, were identified
in most bathyarchaeotal subgroups, suggesting a metabolic poten-
tial relying on both heterotrophic degradation and autotrophic car-
bon fixation. Other pathways, including carbohydrates utilization,
the TCA cycle, acetogenesis, and sulfur-related metabolism, were
also detected, indicating diverse and flexible metabolic potentials
among different bathyarchaeotal subgroups. Intriguingly, we also
found some bathyarchaeotal subgroups that encoded reverse gyr-
ase and/or simplified chaperones, demonstrating putative hyper-
thermophilic features. Based on the ancestral analysis, the
phylum Bathyarchaeota is suggested to have a hot origin. Taken
together, these findings are further steps toward the elucidation
of the origin, evolution, and roles of Bathyarchaeota, a globally
important archaeal phylum.
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