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Abstract
Thorarchaeota are a new archaeal phylum within the Asgard superphylum, whose ancestors have been proposed to play
possible ecological roles in cellular evolution. However, little is known about the lifestyles of these uncultured archaea. To
provide a better resolution of the ecological roles and metabolic capacity of Thorarchaeota, we obtained Thorarchaeota
genomes reconstructed from metagenomes of different depth layers in mangrove and mudflat sediments. These genomes
from deep anoxic layers suggest the presence of Thorarchaeota with the potential to degrade organic matter, fix inorganic
carbon, reduce sulfur/sulfate and produce acetate. In particular, Thorarchaeota may be involved in ethanol production,
nitrogen fixation, nitrite reduction, and arsenic detoxification. Interestingly, these Thorarchaeotal genomes are inferred to
contain the tetrahydromethanopterin and tetrahydrofolate Wood–Ljungdahl (WL) pathways for CO2 reduction, and the latter
WL pathway appears to have originated from bacteria. These archaea are predicted to be able to use various inorganic and
organic carbon sources, possessing genes inferred to encode ribulose bisphosphate carboxylase-like proteins (normally
without RuBisCO activity) and a near-complete Calvin–Benson–Bassham cycle. The existence of eukaryotic selenocysteine
insertion sequences and many genes for proteins previously considered eukaryote-specific in Thorarchaeota genomes
provide new insights into their evolutionary roles in the origin of eukaryotic cellular complexity. Resolving the metabolic
capacities of these enigmatic archaea and their origins will enhance our understanding of the origins of eukaryotes and their
roles in ecosystems.

Introduction

The ‘Asgard’ archaea, a superphylum including Loki-,
Thor-, Odin-, and Heimdallarchaeota, appear to be the
closest archaeal relatives of eukaryotes [1]. Their genomes
encode a variety of proteins previously considered eukar-
yote-specific, which have provided new insights into the
archaeal origin hypothesis of eukaryotes [1]. Notably,
among Asgard archaea, Thorarchaeota genomes uniquely
encode proteins for eukaryotic membrane-trafficking
machinery and vesicle biogenesis, indicating the potential
position of Thorarchaeota in eukaryotic evolution [1].
Thorarchaeota were first identified from the sulfate-methane
transition zone (SMTZ) in estuary sediments [2]. Genomic
data show that they might have an important role in sedi-
mentary biogeochemistry since their genomes include pre-
dicted genes for organic matter degradation, acetate
production and sulfur reduction [2]. A very small number of
available genomic bins (only 3 draft genomes with >70%
completeness) have limited our understanding of their
global ecological roles and metabolisms. For example,
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although a near-complete Wood–Ljungdahl pathway (WL
pathway) was found in Thorarchaeota genomes, they lack
the formate dehydrogenase responsible for the initial step in
CO2 reduction, which has weakened the case for acet-
ogenesis. This may be due to the incomplete genome-
resolved metagenomics sequence coverage. The 16S rRNA
gene surveys suggested that Thorarchaeota are broadly
distributed in marine and freshwater sediments as well as
mangrove sediments, microbial mats, sewage, and sinkhole
sediments [1] (Supplementary Figure 1). Given that Thor-
archaeota are thought to be descendants of the archaeal host
that gave rise to eukaryotic cells, and little is known about
their lifestyle, additional Thorarchaeota genomes are
urgently needed to better resolve their evolutionary history
and functional roles.

Materials and methods

Sample collection and processing

Samples were taken from Mai Po Nature Reserve, a coastal
wetland located at Shenzhen River estuary and facing Deep
Bay (Hau Hoi Wan) on September 12, 2014. The subsur-
face sediment samples (MP7, MP8 and MP9) were col-
lected from site covering with mangrove forest (22°
29.875’N, 114°01.767’E) at depth intervals of 0–2, 10–15
and 20–25 cm. The other subsurface sediment samples
(MP10 and MP11) were taken at an intertidal mudflat (22°
29.949’N, 114°01.656’E) with depths of 0–5 and 13–16 cm.
The in situ bulk sediments were sealed into plastic bags
immediately after collection, and stored in pre-cooled
sampling box with ice cubes, then transported to labora-
tory within <4 h. For each sample, 5 g of wet sediments
were taken for physicochemical parameters measurement
(Supplementary Table 5). Redox potential, pH, organic
matter and the concentrations of ammonium, nitrate and
nitrite in pore water via centrifugation from the sediments
were determined as described elsewhere [3]. The remaining
sediment was stored in −20 °C for DNA isolation. DNA for
metagenomics analysis was isolated from 5 g (wet weight)
sediment per sample with the PowerSoil DNA Isolation Kit
(MO BIO), following the manufacturer’s instructions.

Genomic assembly, binning and annotation

The raw shotgun sequencing metagenomic reads were
dereplicated (100% identity over 100% lengths) and trim-
med using Sickle (https://github.com/najoshi/sickle). Sam-
ples were assembled de novo to obtain five separate
assemblies (MP7, MP8, MP9, MP10, and MP11). Whole
genome de novo assemblies were performed using IDBA-
UD [4] with the following parameters: -mink 65, -maxk

145, -steps 10. Initial binning was carried out using emer-
gent self-organizing maps (ESOM) [5] on MP8 and MP11
assemblies with the reference Thorarchaeotal bins SMTZ1-
83, SMTZ1-45 and SMTZ-45. The scaffolds in the area
overlapping the reference were extracted for the mapping to
all five assemblies. All the mapped raw reads of each
sample then were forwarded for reassembly using IDBA-
UD [4] with the following parameters: –mink 65, –maxk
145, –steps 3. MaxBin2 were used to automatically binning
from the reassemblies [6]. Manual curation was adapted for
reducing the genome contamination based on differential
coverage, GC content, and the presence of duplicate genes.
The completeness, contamination and strain heterogeneity
of the genomes within bins were then estimated by using
CheckM [7].

Genes were called by Prodigal with the ‘–p meta’ option
[8]. Ribosomal RNA-coding regions (16S, 23S) were pre-
dicted with Barrnap (https://github.com/tseemann/barrnap).
The KEGG server (BlastKOALA) [9], InterProScan data-
base V60 [10], and BLASTP vs. non-redundant protein
database retrieved on October 2016 (e-value cutoff of <1e
−5) were used to annotate protein functions. In addition, all
proteins were assigned to existing COGs and arCOGs by
eggNOG-mapper [11]. PRED-SIGNAL [12] and PSORTb
[13] were used to identify extracellular peptidases, and the
dbCAN web server [14] was used for carbohydrate-active
genes identification.

Thorarchaeotal genes were sent to Seblastian, a web
server that focuses uniquely on eukaryotic selenoproteins
[15]. SECIS and known selenoproteins were identified
using the default parameters. Sec-specific tRNA were
identified by Seblastian as well as by Secmarker [16].

Phylogenetic analyses

The concatenated 16S and 23S rRNA genes tree and the
concatenated 55 ribosomal protein tree were generated
using the methods and public data released [1]. The 16S and
23S rRNA gene sequences were aligned using Mafft-LINSi
[17], trimmed with BMGE [18] (–m DNAPAM250:4 –g
0.5) and concatenated. Maximum-Likelihood phylogeny of
the concatenated 16S and 23S rRNA genes tree was inferred
with IQ-TREE with GTR+I+G4 model and ultrafast
bootstrapping [19, 20] (–bb 1000). The list of 55 ribosomal
proteins of selected archaea and eukaryotes refers to this
study [1]. Mafft-LINSi was used to align each ribosomal
protein, and BMGE (BLOSUM30 –b 3 –g 0.5) to trim the
alignments. An SR4 recoding was performed on the align-
ment [21]. IQ-TREE with the mixture model (-m LG+C60
+F) and with ultrafast bootstrapping [19] (–bb 1000) and
Shimodaira-Hasegawa-like approximate likelihood-ratio
test [22] (-alrt 1000) was run on the SR4 recoding align-
ment using a user-defined model referred as ‘C60SR4’ [1] to

1022 Y. Liu et al.

https://github.com/najoshi/sickle
https://github.com/tseemann/barrnap


generate Maximum-Likelihood phylogeny of the 55 con-
catenated ribosomal protein tree. The Maximum-Likelihood
phylogeny of RuBisCO and nifH protein trees were con-
structed by using RAxML under the LG plus gamma model
of evolution (PROTGAMMALG in the RAxML model
section), and with the number of bootstraps automatically
determined (autoMRE).

Comparative genomic analyses

The Markov Cluster Algorithm (MCL) embedded in the
anvi’o software (version 2.2.2, default parameters) [23] was
used for protein clustering. ClusterVenn [24] was used for
the visualization of orthologous protein clusters across the
six Thorarchaeota genomes. The orthologous information
was retrieved from eggNOG-mapper annotation results. The
genome similarity values was generated and visualized by
using OrthoANI [25].

Data availability

The Thorarchaeota genomic bins (MP8T_1, MP9T_1 and
MP11T_1) supporting the results of this article are available
in NCBI Genbank under the accession numbers:
PJER00000000, PJES00000000, and PJET00000000,
respectively.

Results and discussion

Genome reconstruction and phylogeny

Coastal mangrove forests are one of the most productive
ecosystems. Although limited to tropical or subtropical
coastlines and estuaries, they contribute to up to 15% of
global carbon storage and provide nutrients and growth
habitats for microorganisms, meio/macro-fauna, different
flora and migratory birds [26–28]. Mai Po Nature Reserve

(Hong Kong, China) is located at the Pearl River Estuary. It
comprises subtropical mangroves, intertidal mudflats, fish-
ponds and drainage channels. The area is between Shenzhen
and Hong Kong, two of the largest cities in China, and a
large amount of both domestic and industrial waste water
are discharged by Shenzhen River and inland rivers of Hong
Kong, consequently contaminating the sediments. Heavy
metals (Cu, Pb, Hg, Cr, Ni, Cd, and As, etc), organic pol-
lutants and anthropogenic nitrogen are the main pollutants
detected [3, 29–31].

To date, no Asgard genomes have been found in man-
grove ecosystems. We collected sediment cores from a
mangrove field and an intertidal mudflat in Mai Po (MP)
Nature Reserve, and sectioned at different depth layers:
three from the mangrove field (MP7: 0–2 cm, MP8: 10–15
cm, and MP9: 20–25 cm), and two from intertidal mudflats
(MP10: 0–5 cm, MP11: 13–16 cm). We recovered Thor-
archaeota DNA reads from all five samples and recon-
structed three high quality Thorarchaeota genomic bins
(MP8T_1, MP9T_1 and MP11T_1), using de novo
assembly and binning of metagenomics reads. These
genomic bins range in size from ~3.5 to ~4.4 Mb, and are 85
to 92% complete, based on the presence of single-copy
genes (Table 1). Phylogenetic analyses of both concatenated
55 archaeo-eukaryotic ribosomal proteins and concatenated
16S+23S rRNA genes confirmed the placement of these
bins into the phylum Thorarchaeota and within the Asgard
superphylum (Fig. 1a, b). Mapping of reads to all available
Thorarchaeotal genomes (including MP8T_1, MP9T_1 and
MP11T_1) and reassembly yielded a few scaffolds from
Thorarchaeota in the top layer of the mangrove sediments
(MP7T_1); however, a 50% complete Thorarchaeota
genomic bin was reconstructed from the top layer of the
intertidal mudflat sediment (MP10T_1). The abundance of
reads assigned to Thorarchaeota increased with depth in the
sediments (Fig. 1c), suggesting that Thorarchaeota prefer
anoxic environments. Although oxygen was not measured
at the sampling time, and macrofaunal burrowing activity in

Table 1 Overview of Thorarchaeota genomic bins reconstructed in this study

Thorarchaeota bin MP7T_1 MP8T_1 MP9T_1 MP10T_1 MP11T_1

Bin size (Mbp) 0.052 3.512 4.390 0.955 3.488

Longest scaffold (kbp) 4.1 242.3 114.8 12.8 123.8

Number of scaffolds 66 148 390 1587 235

Average length of scaffold 794 23728 11253 601 14842

N50 value 888 51492 12536 591 18009

Number of predicted genes 111 3558 4474 2242 3656

Completeness (%) 0.00 92.06 85.05 41.99 90.19

Contamination (%) 0.00 5.30 1.01 6.27 2.34

Strain heterogeneity (%) 0.00 11.11 0.00 33.33 0.00

GC (%) 42.85 41.62 41.55 42.63 42.59
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the mangroves may induce deeper oxygen penetration over
depth [32, 33], we avoided any sampling from area with
visible burrows to exclude this factor. For the further ana-
lysis, we focused on the three high quality Thorarchaeotal
genomic bins (MP8T_1, MP9T_1 and MP11T_1) and
compared to genomic bins from an estuary (SMTZ1-83,
SMTZ1-45) [2] and a bay (AB25) [1].

Pan-genome analysis of Thorarchaeota

We used the Markov Cluster algorithm (MCL) to identify
protein clusters present in all Thorarchaeota genomes [34].
Among the total 6969 protein clusters, ~ 56.0% (3902) were
orthologous clusters present in at least two Thorarchaeota.
Roughly 13.1% (913) core protein clusters were shared
among all the six genomes, among which 296 protein
clusters were single-copy genes (Supplementary Figure 2).
Orthologous Average Nucleotide Identity (OrthoANI)
values (Supplementary Figure 3) suggest that bins MP8T_1
and MP9T_1 belong to the same species, as this value
exceeds 97%, while the nucleotide similarities of these two
bins to other four Thorarchaeotal genomes ranged from 65.8
to 70.2%, indicating they are distantly related to the others.
The OrthoANI value of bins MP11T_1 and SMTZ1-45 is
83.7%. Similar to other published Asgard archaea, the three
Thorarchaeotal genomes of MP encode various proteins
previously considered as eukaryote-specific including the
proteins Sec23/24 and TRAPP domains only found in
Thorarchaeota (Supplementary Table 1). In addition, bin

MP8T_1 contains a vacuolar sorting-associated gene
(vps62) [35, 36], which has not been previously reported in
Asgard archaea. These genes encoded in Thorarchaeota are
orthologues of cytoskeletal function, vesicular trafficking
and endosomal sorting components, which are keys in the
early evolutionary stages of eukaryogenesis, underlying the
emergence of eukaryotic cellular complexity. Comparison
of Thorarchaeota genomes (Fig. 2) revealed more bacterial
type protein clusters for metabolic function (COG classifi-
cation) than archaeal types, suggesting that Thorarchaeota
acquired a large number of metabolic processes that origi-
nated from bacteria.

Carbon metabolism of Thorarchaeota

All the Thorarchaeota of Mai Po contain genes that encode
proteins for a variety of extracellular protein degradation
and assimilation processes, including extracellular pepti-
dases, di/oligo peptide uptake, membrane transporters,
intracellular aminopeptidases and proteases involved in the
degradation of amino acids (Supplementary Table 2), con-
sistent with the previous findings [2]. A limited number of
enzymes with specific roles in carbohydrate degradation
were also detected (Supplementary Table 3), which again is
consistent with the previous suggestion that Thorarchaeota
may prefer the heterotrophic life style in degradation of
proteins and carbohydrates (Fig. 3). Among genes required
for glycolysis, hexokinase is missing in the present six
genomes. Genes identified in the SMTZ bins would only

Fig. 1 Phylogenetic analyses of new Thorarchaeota lineages. a The
concatenated 16S and 23S rRNA genes maximum-likelihood tree
rooted with bacteria. b The concatenated 55 archaeo-eukaryotic ribo-
somal proteins from Archaea and Eukarya Maximum-Likelihood tree
re-rooted with DPANN and Euryarchaeota. The bootstrap support

values above 50, 70 and 85 are indicated with empty, gray and black
filled circles, respectively. c The relative abundance of Thorarchaeota
in the five samples in Mai Po. The numbers of mapped reads were
normalized by total number of sequenced raw reads

1024 Y. Liu et al.



allow conversion of phosphoenolpyruvate to pyruvate by
phosphoenolpyruvate synthase (PPS). However, the bins
MP8T_1 and MP9T_1 not only contain pps genes but also
pyruvate kinase (PK), which performs similar functions.
The difference is that pyruvate kinase catalyzes an irrever-
sible reaction with no ATP consumption, while phosphoe-
nolpyruvate synthase performs a reversible reaction that
requires one mole of ATP per mole of substrate [37]. It has
been reported that transcriptional and translational regula-
tion in response to trophic conditions differs between these
two enzymes, which is shown by an increased expression
level of pps in autotrophically and of pk in heterotrophically
grown cells, respectively [38]. Thus, the co-existence of pk
and pps may enable Thorarchaeota to adapt to various
trophic/environmental conditions through regulating the
reversible glycolysis pathway. The tidal wetland ecosystem
is primarily considered as a sink of carbon sources, and can
export a large amount of inorganic and organic carbon to
estuary [39, 40], how the Thorarchaeota in this ecosystem
control such potentially reversible glycolysis pathway in
response to the organic carbon-rich environment and

contribute to the marine carbon cycles are encouraged for
further investigations.

The Wood–Ljungdahl (WL) pathway is comprised of a
set of enzymes for reducing CO2 and producing acetyl-
CoA. The WL pathway can use either tetrahydrofolate
(THF) and tetrahydromethanopterin (THMPT) as a C1

carrier, and they are involved with different enzymes,
respectively. Generally, most bacterial acetogens use the
THF-WL pathway, whereas archaeal methanogens use the
THMPT-WL pathway [41]. The Thorarchaeota tend to
contain most genes for both WL pathways. However, the
absence of formate dehydrogenase (FDH) for initial CO2

reduction in all of our genomic bins suggests the Thor-
archaeota identified here probably do not use THF-WL
pathway for acetyl-CoA synthesis. Interestingly, all the six
MP and SMTZ bins include predicted genes for a complete
THMPT-WL pathway, including the formylmethanofuran
dehydrogenase complex (fwdABCDEF), which catalyzes
the first step of carbon fixation in methanogenesis. Thus,
Thorarchaeota are probably able to reduce CO2 through the
THMPT-WL pathway. The enzymes of the THMPT-WL

Fig. 2 Pan-genome analysis of protein clusters within all Thorarchaeota genomes. The inner tree was constructed from matrix of protein annotation
by COG function categories and eggNOG Orthologous Groups (LUCA, archaea, bacteria, and eukarya)
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pathway tend to oxidize acetyl-CoA that generated from
butane oxidation and reversibly release of CO2 (Fig. 3)
which has been shown in Candidatus Syntrophoarchaeum
[42]. All the Thorarchaeota genomes encode a complete set
of genes for butyryl-CoA oxidation to acetyl-CoA (Fig. 3)
to allow utilization of the reverse THMPT-WL pathway to
oxidize acetyl-CoA to CO2. Although all the present
Thorarchaeota genomes except for MP11T_1 and SMTZ1-
45 encode putative methylcobalamin:CoM methyltransfer-
ase, which is responsible for oxidation of butyl-CoM to
butyryl-CoA [42], no known genes for alkyl-CoM forma-
tion were detected, leaving their butane oxidation capability
unresolved.

The last universal common ancestor of archaea is thought
to be a methanogen that contained the WL pathway and
used THMPT as C1 carrier [43]. Nevertheless, we did not
detect any genes encoding methyl-CoM reductase (mcr) in
any Thorarchaeota genomes of this study. The loss of mcr
and methanogenesis and the presence of an archaeal WL
pathway has been reported in various newly found archaeal
lineages [2, 44–48]. Despite this loss, some archaea have
retained some or all enzymes of the archaeal WL pathway,
possibly a remnant of their ancestral methane-cycling life-
style [49, 50]. Moreover, some others have adapted to dif-
ferent environmental conditions, e.g., aerobic environments,
with the help of lateral gene transfer from bacteria

Fig. 3 Inferred physiological capabilities of Thorarchaeota phylum.
Metabolic reconstruction of the Thorarchaeota genomic bin MP8T_1
based on the genes identified using the KEGG database, NCBI non-
redundant protein database and eggNOG-mapper annotation. Dashed

line indicates absence and solid line indicates presence in bin MP8T_1,
and gray line indicates presence in other Thorarchaeota genomic bins.
Details about the genes are provided in Supplementary Table 4
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throughout their evolution process [51, 52]. Interestingly,
orthologous groups of the genes associated with the THF-
WL pathway in Thorarchaeota genomes are all bacterial
orthologs. Typically, bacterial acetogens use THF as the
cofactor for methyl synthesis, whereas methanogens use
THMPT instead [41]. In bacterial metabolism, folate is not
only central to the acetyl-CoA pathway, but also more
generally the universal C1 carrier for amino acid, cofactor
and nucleotide biosynthesis as well as providing the methyl
groups for modified bases and ribosome methylation [41].
Archaea generally possess THMPT as a C1 carrier, except
that halophiles possess THF, and Methanosarcina barkeri
has both THMPT and THF pathways [41]. Interestingly,
among the archaea in Asgard superphylum (Supplementary
Figure 4), Lokiarchaeotal bin (CR4) also contains both of
the pathways, and the Odinarchaeotal bin (LCB_4) contains
only THMPT, whereas the three Heimdallarchaeotal bins
(AB_125, LC2, and LC3) contain only THF. The diversity
of predicted CO2 assimilation pathways in the Asgard
archaea suggests diverse metabolic capacities within this
group. Understanding how they converge to the transition
role between prokaryotes and eukaryotes on the phyloge-
netic tree will require more evolutionary and physiological
evidence.

The ADP-forming subunit of acetyl-CoA synthetase
(ACD), which is thought to catalyze acetate production in
archaea, was found in all Mai Po and SMTZ Thorarchaeota.
The gene for enzyme ACD is commonly found in archaeal
genomes [45] as well as in a few bacterial genomes recently
[53, 54]. The alternative acetogenesis pathway involves two
genes, phosphate acetyltransferase (PTA) and acetate kinase
(ACK) [44], both of which were missing in all the present
Thorarchaeota bins. In archaea, the ack/pta pathway is
currently only found in the methanogenic genus Methano-
sarcina and phylum Bathyarchaeota [44, 55]. He et al. [44]
experimentally verified the ability of Bathyarchaeota to
produce acetate using ack/pta pathway by heterologous
expression. The ethanol fermentation pathway is believed to
be non-existent [2] because of the absence of aldehyde
dehydrogenase (ALD), the key enzyme that responsible for
the reversible conversion of acetate to aldehyde. However,
alternatively, aldehyde ferredoxin oxidoreductase (AOR) as
well as NAD(P)-dependent alcohol dehydrogenase (AdhA)
are found in the bins MP8T_1 and MP9T_1. The former
enzyme could perform similar function as AOR. Such
AOR/ADH pathway is considered to be an efficient way for
alcohol production, and the hyperthermophilic archaeon
Pyrococcus furiosus with single gene insertion proved to be
the first archaea that is capable of significant alcohol for-
mation [56].

Three out of six Thorarchaeotal genomic bins appear to
contain a near-complete Calvin–Benson–Bassham (CBB)
pathway, which is the pathway for carbon fixation using

ribulose bisphosphate carboxylase (RubisCO). The bins
SMTZ1-83, SMTZ1-45, MP8T_1 and AB25 contain a gene
encoding a RubisCO homolog. Phylogenetic analysis of
these predicted proteins revealed that the Thorarchaeal
RubisCOs form a distinct clade within the Type IV
RubisCO (RubisCO-like protein/RLP). While Type I-III
RuBisCOs enable light-independent CO2 incorporation into
sugars derived from nucleotides like adenosine monopho-
sphate (AMP) [57–59], Type IV are probably involved in
methionine salvage pathway [57, 60]. Similar to the recently
designated archaeal class Hadesarchaea [46], the six Thor-
archaeotal bins do not contain the genes for phosphor-
ibulokinase (PRK) in the CBB pathway [61]. The gene prk
is commonly absent in archaea, with a few exceptions in
methanogens [61–63]. However, unlike Thorarchaeota,
Hadesarchaea have a Type III RubisCO [46], which is
only found in archaea [64]. In addition, a set of intermediate
Type II/III RuBisCO were identified in the recently
described archaeal phylum Verstraetearchaeota, predicted to
be methylotrophic methanogens [65]; however, no CBB
pathway genes were found. Interestingly, except for
Thorarchaeota, other archaeal members in Asgard super-
phylum all encode Type III/IV RuBisCO genes, but are still
predicted to be missing the CBB pathway (Supplementary
Figure 5). If the presence of a Type III RuBisCO and CBB
pathway in Hadesarchaea indeed broaden our understanding
of archaeal inorganic carbon fixation [46], the co-existence
and functionality of RLP and CBB pathway in
Thorarchaeota is still mysterious. It is believed that all the
other RuBisCOs and RLP are originated from the
Type III RuBisCO in archaeal methanogens [58].
Thus, the Thorarchaeota may have abandoned their ancient
autotrophic lifestyle as their RLP evolved from its
Type III origin, while retaining other CBB genes.
However, we cannot rule out other possible functions in
relation to sulfur metabolism for RLP, e.g., functions as
5-methylthio-D-ribulose-1-phosphate (MTR-1P)
isomerase that bridges S-adenosylmethionine (SAM)-
dependent polyamine biosynthesis to isoprenoid biosynth-
esis [66, 67].

Nitrogen metabolism in Thorarchaeota

Nitrogen fixation is an important microbial process that
converts atmospheric N2 to ammonia in mangrove ecosys-
tems. All six Thorarchaeotal genomes contain predicted
genes for nitrogen fixation protein NifH and nitrogenase
cofactors, suggesting Thorarchaeota can use nitrogen gas as
a nitrogen source for amino acid biosynthesis and/or release
ammonium for mangroves. Phylogenetic analysis revealed
that the Thorarchaeotal nifH genes are of archaeal origin,
and form a distinct group along with other nifH genes from
newly designated archaeal groups, e.g., Theionarchaea,
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Bathyarchaeota and Altiarchaeales (Supplementary Fig-
ure 6). Other nitrogen fixation genes, e.g., nifU, nifS, nifX
and nifB involved in the assembly and incorporation of iron
and molybdenum into the nitrogenase subunits were iden-
tified in all Thorarchaeota genomes except for MP11T_1,
which is missing nifX (Supplementary Table 4). Nitrite can
also be a nitrogen sources for Thorarchaeota, as suggested
by the detection of nitrite reductase (NADH) large subunit
(nirB) that can convert nitrite to ammonia. These genes
were detected in all Thorarchaeotal genomes except for
MP11T_1. The nirB gene was detected in Thermococcus
sp., Halogeometricum sp. and recently in Bathyarchaeota
subgroups 1 and 7/17 [45]. However, no genes encoding
enzymes catalyzing nitrate reduction were detected in
Thorarchaeota, implying that the nitrite does not derived
from nitrate reduction.

Arsenic transformation in Thorarchaeota

Arsenic and selenium are both known as “essential toxins”
[68]. In prokaryotes, these two elements are readily
metabolized and participate in a full range of metabolic
functions including assimilation, methylation, detoxifica-
tion and anaerobic respiration [68]. MP8T_1, MP9T_1 and
SMTZ1-45 encode a full arsenic efflux detoxification
pathway, consisting of phosphate transporters, arsenate
reductase and putative arsenical pump-driving ATPase.
These three genes cooperate to accumulate and reduce As
(V) to As (III), then pump As (III) out of the cells. In
addition, putative arsenite S-adenosylmethyltransferase
(ArsM) were found in all Mai Po Thorarchaeotal genomic
bins as well as in SMTZ1-45, indicating that Thor-
archaeota possess an arsenic methylation pathway. The
first identification and characterization of an archaeal arsM
was reported in a methanogen (Methanosarcina acetivor-
ans) recently [69]. It is arguable whether the methylation is
a detoxification mechanism since it may produce more
toxic methylated intermediates, e.g., monomethylarsenite
and dimethylarsenite. However, it is proved that the two
intermediates do not accumulate in the cells expressing
arsM, and the cells produce trimethylarsine gas as the final
product [70, 71]. The identification of both arsenic efflux
detoxification and methylation pathways in Thorarchaeota
provides novel insights into the role of Thorarchaeota in
the arsenic biogeochemical cycle. Specifically, in man-
grove sediments, high levels of As were found around the
world ranging from 0.52 to 70 mg kg–1 [72]. A recent
survey in the same area as the present study reported up to
93 mg kg–1 arsenic in mangrove sediment [29]. It provides
an environmental implication that Thorarchaeota not only
adapt to sediment condition with high As, but also could
be possibly applied to bioremediation of As-contaminated
sediment or water.

Selenocysteine-encoding system in Thorarchaeota

Selenocysteine (Sec) is a cysteine analog with selenium
replacing sulfur. Selenoproteins are a rare class of proteins
that possess a Sec residue, and require a specific set of genes
dedicated to Sec synthesis and insertion: SelA, selenocys-
teine synthase; SelB, a special translation factor that binds
guanine nucleotides and recognizes selenocystyl-tRNASec;
SelC, a Sec-specific tRNA (tRNASec); and SelD, the sele-
nophosphate synthase [68]. Selenoproteins are not present
in all organisms, but scatteredly distributed among the three
domains of life [73]. The known functions of selenoproteins
are, e.g., redox homeostasis, electron transport/energy
metabolism, compound detoxification and oxidative protein
folding in bacteria [74]; hydrogenotrophic methanogenesis,
Sec biosynthesis in archaea [74, 75]; and very diverse for
eukaryotic selenoproteins [76]. Thorarchaeota bin SMTZ1-
83 contains all the four components, and the other five
Thorarchaeotal bins only lack SelA. A search for known
selenoproteins in Thorarchaeotal genomes on the Seblastian
server did not return any significant hits [15]. Sec insertion
sequences (SECIS) are RNA structures found in the sele-
noprotein transcripts as the main signals for Sec insertion.
Generally, the sequence or structure of SECIS are distinct
between the three domains of life [77]. However, recently,
conserved RNA structures of SECIS in Lokiarchaeota were
found resemble the eukaryotic SECIS [74]. Similar to
Lokiarchaeota, multiple eukaryotic-like SECIS were iden-
tified in each of the Thorarchaeotal genomes (Supplemen-
tary Figure 7). It indicates that Thorarchaeota may encode
currently unknown families of selenoproteins. Subse-
quently, the possessions of eukaryotic-like SECIS in other
Asgard archaea (Odinarchaeota and Heimdallarchaeaota)
were expected as their close affiliation with eukaryotes [1],
however, neither eukaryotic-like SECIS nor tRNASec were
detected. The presences of tRNASec in other archaea are
only available in Methanococcales and Methanopyrus
kandleri, which are relatively rare compare to that in bac-
teria and eukaryotes [16]. It is unclear whether the
selenocysteine-encoding system emerged prior to the
divergence of Loki-/Thorarchaeota and Odin-/Heimdal-
larchaeota, and the possibility of horizontal gene transfer
after the division of these Asgard archaea are open.

In this study, we reconstructed three Thorarchaeota
genomes from mangrove and mudflat sediments to resolve
the role of this new archaeal phylum in biogeochemical
cycling. In addition to the previously described metabolic
capabilities, including organic matter degradation, inorganic
carbon fixation, sulfur/sulfate reduction and acetate pro-
duction, they also appear to be involved in ethanol pro-
duction, nitrogen fixation and nitrite reduction, as well as
arsenic detoxification. The RuBisCO protein and near-
complete CBB cycle genes reveal potential carbon
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metabolic versatility in the Thorarchaeota. Thorarchaeota
are predicted to contain THMPT-WL and THF-WL path-
ways, and the latter appears to have originated from bac-
teria. The presence of eukaryotic-like selenocysteine
insertion sequences, as well as a collection of proteins
previously considered eukaryote-specific, in Thorarchaeotal
genomes, provides new insights into the origin of eukar-
yotic cellular complexity. In conclusion, our results enrich
current knowledge of the lifestyle and the metabolic capa-
city of Thorarchaeota, begin to resolve the modern ecolo-
gical functions of this new archaeal phylum, but also pave
the way for advancing our understandings on the metabo-
lism of ancestral archaea host of eukaryogenesis [78].
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