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Abstract

Heimdallarchaeia is a class of the Asgardarchaeota, are the most probable candidates for the archaeal
protoeukaryote ancestor that have been identified to date. However, little is known about their life habits
regardless of their ubiquitous distribution in diverse habitats, which is especially true for Heimdallarchaeia

from deep-sea environments. In this study, we obtained 13 metagenome-assembled genomes (MAGs) of
Heimdallarchaeia from the deep-sea cold seep and hydrothermal vent. These MAGs belonged to orders
o_Heimdallarchaeales and o_JABLTIO1, and most of them (9 MAGs) come from the family f_Heimdallarchaeaceae
according to genome taxonomy database (GTDB). These are enriched for common eukaryote-specific signatures.
Our results show that these Heimdallarchaeia have the metabolic potential to reduce sulfate (assimilatory)

and nitrate (dissimilatory) to sulfide and ammonia, respectively, suggesting a previously unappreciated role in
biogeochemical cycling. Furthermore, we find that they could perform both TCA and rTCA pathways coupled

with pyruvate metabolism for energy conservation, fix CO, and generate organic compounds through an atypical
Wood-Ljungdahl pathway. In addition, many genes closely associated with bacteriochlorophyll and carotenoid
biosynthesis, and oxygen-dependent metabolic pathways are identified in these Heimdallarchaeia MAGs,
suggesting a potential light-utilization by pigments and microoxic lifestyle. Taken together, our results indicate that
Heimdallarchaeia possess a mixotrophic lifestyle, which may give them more flexibility to adapt to the harsh deep-
sea conditions.
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(including o_Hodarchaeales, o_Heimdallarchaeales, and
0_JABLTIOI according to genome taxonomy database,
GTDB) [5] currently represent the closest predicted
archaeal relatives of eukaryotes [6]. Although they have
been given a new name to o_JABLTIOI as Gerdarchaeales
in recent literature [7], the original names are still used
here in order to be consistent with the GTDB (R220
taxonomy from v2.4.0). Compared with other members
of the Asgardarchaeota (e.g. Lokiarchaeia [8] and Tho-
rarchaeia [9]), studies of Heimdallarchaeia are lagging
due to a lack of metagenomic data and cultured strains.
Nonetheless, the available genomic information supports
the hypothesis that Heimdallarchaeia could survive in
strictly anaerobic habitats, as well as in a sunlit microoxic
niche [10]. The aerobic respiration would allow Heimdal-
larchaeia to use a wide range of organic substrates [8],
and enable them to oxidize organic substrates by using
oxygen as an electron acceptor, and allow them to con-
serve the energy by coupling ferredoxin reoxidation to
respiratory proton reduction [11].

Metagenome-assembled genomes (MAGs) of Heim-
dallarchaeia class as well as their new derived clades
were obtained from both marine and fresh water envi-
ronments [4, 10, 12]. But the number of Heimdallar-
chaeia MAGs was much lower than Lokiarchaeia and
Thorarchaeia in the database, which greatly limits the
understanding of their metabolism, lifestyle, and con-
tributions to biogeochemical cycling. Previous studies
have mentioned that Heimdallarchaeia clades, including
0_JABLTIOI and o_Hodarchaeales possessed citrate cycle
(TCA), succinate dehydrogenase and NADH-quinone
oxidoreductase for aerobic respiration, and rhodopsins
for light sensing [2, 10]. These unique archaea may have
existed in microoxic and light-exposed habitats during
their evolutionary history [4, 10, 13, 14]. However, many
key metabolism pathways were indicated to be lacking in
MAGs of Heimdallarchaeia, such as sulfur metabolism,
the Wood-Ljungdahl (WL) pathway, and the reductive
citrate cycle (rTCA) [2, 6, 15]. These findings suggest
that the metabolism and lifestyle of Heimdallarchaeia
remains to be explored.

Cold seeps and hydrothermal vents are two special
deep-sea environments rich in methane, carbon dioxide
(CO,), and sulfur. These are ideal locations for the study
of biogeochemical cycling, novel metabolic pathways,
and the biological origins and evolution of life [16-19].
Sulfur metabolism and CO, fixation are thought to be
important metabolic pathways for microorganisms in
these environments [20-24]. It is generally believed that
there is no light in the deep-sea environment below
1,000 m. However, the geothermal light has been men-
tioned in hydrothermal vents to provide a selective
advantage for the evolution of photosynthesis from a
chemotrophic microbial ancestor [25]. In addition, some
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bacteria have been reported to use light-sensing mole-
cules for phototaxis toward light associated with the geo-
thermal light in deep-sea vents [25—28]. For archaea, key
enzymes involved in photosynthetic pigment synthesis
have been reported in Thermoproteota (former Crenar-
chaeota and Bathyarchaeota) [29, 30]. Therefore, we are
interested in whether some photosynthetic pigments are
also present in Asgardarchaeota from deep-sea vents.

In the present study, we first analyzed the community
structure of archaea in deep-sea cold seep and vent sedi-
ment, and then obtained 13 MAGs of Heimdallarchaeia,
belonging to order o_Heimdallarchaeales (o_UBA460)
and o_JABLTIOI, respectively. Based on these MAGs, we
confirmed the eukaryotic signatures of deep-sea Heim-
dallarchaeia; identified indications for their involvement
in sulfur, nitrogen, and carbon cycling; and discovered
their potential aerobic light sensing lifestyle. This work
could pave the way for the future explorations of unex-
pected light utilization mechanisms and other special
environmental adaptations possessed by Heimdallar-
chaeia in the deep biosphere.

Results and discussion

Phylogenetic status and eukaryotic signatures of deep-sea
Heimdallarchaeia

To investigate the metabolic characteristics of deep-sea
Heimdallarchaeia, we sampled four sediments (C1, C2,
C4, and C5) from a deep-sea cold seep (depth greater
than 1,100 m) in the South China Sea, and one sample
(H2) from a deep-sea hydrothermal vent (depth 2,194 m,
outside of the black chimney, environmental tempera-
ture 5.5 °C) in the Western Pacific Ocean (Table S1).
These environments are rich in CH,, sulfur, and different
metal ions (Figure S1). Metagenomic DNA from these
five samples was extracted and sequenced. Sequence
statistics indicated that proportion of annotated genes
belong to Heimdallarchaeia were relatively abundant
among Asgardarchaeota in both cold seep and vent
environments (Figure S2). To explore the metagenomic
characteristics of these Heimdallarchaeia, 13 MAGs
were obtained using a hybrid binning strategy combined
with manual inspection and data curation. Seven of 13
MAGs (>80% completeness, <5% contamination) were
considered as high-quality genomes according to the
reported standards (Table S2) [31]. Other MAGs were of
medium-quality (>50% completeness, <5% contamina-
tion) [32], except for C2.bin.3, C5.bin.12 and H2.bin.2.
However, since the completeness of these three MAGs
was higher than 70%, we also used them for subsequent
functional gene annotation and analysis. The maximum-
likelihood phylogenetic tree was generated based on
concatenation of 53 marker proteins for Archaea from
GTDB database (Release 220). Both the MAGs from the
present study and other published Heimdallarchaeia
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MAGs clustered with Asgardarchaeota members, and  were further used for the amino acid identity (AAI)
displayed an obvious evolutionary distance from other analysis (Fig. 1B) [6]. Among them, 11 MAGs mainly
archaeal phyla (Fig. 1A, Supplementary Dataset 1). These  belonged to three families in o_Heimdallarchaeales,
13 MAGs fallen in two orders (o_Heimdallarchaeales, including f Heimdallarchaeaceae (Cl.bin.1, Ci.bin.2,
and o_JABLT101) based on the phylogenomic tree Cl.bin.21, Cibin.76, C2.bin.3, C4.bin.14, C4.bin.22,
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Fig. 1 Phylogenetic analysis of Heimdallarchaeia clades. (A) Maximum-likelihood phylogeny of Heimdallarchaeia MAGs. Phylogenetic analysis was per-
formed based on concatenation of 53 marker proteins for Archaea, which were chosen by Phylosift (1,000 bootstrap replicates). Detailed sequence
information from different species in compressed clades is listed in Supplementary Dataset 1. (B) Amino acid identity correlation matrix of MAGs of
Heimdallarchaeia clades was calculated by Compare M
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C4.bin.51 and C5.bin.5), f Kariarchaeaceae (H2.
bin.2) and fDAOWEDOI (Cl.bin.20). Of note,
f Kariarchaeaceae, f DAOWEDOI and f JAJRWKO1I were
displayed a more similar identity distinguishing from
f_Heimdallarchaeaceae MAGs in o_Heimdallarchaeales
according the results both of phylogenetic tree and AAI
analysis (Fig. 1). However, according to the analysis
results of AAI, we found that the corresponding values of
other three families (f Kariarchaeaceae, f DAOWEDOI
and f JAJRWKOI) and f Heimdallarchaeaceae ranged
from 43 to 45%, but the values of o JABLTIOI and
f Heimdallarchaeaceae ranged from 46 to 47%, and the
values of o_Hodarchaeales and f Heimdallarchaeaceae
ranged from 43 to 45% (Supplementary Dataset 1). This
result might indicate that AAI analysis can only be used
to define taxonomic ranks below the family level [31].
In addition, C1.bin.20 is the second reported MAG in
f DAOWEDOI according to records of the GTDB data-
base. This will further enrich the species composition of
f DAOWEDOI family.

As the closest archaeal lineage to eukaryotes, eukary-
ote-specific proteins (ESPs) were indeed identified in the
present 13 MAGs of Heimdallarchaeia, which is consis-
tent with other members of the Asgardarchaeota (Fig-
ure S3, Supplementary Dataset 2). However, we found
that the distribution of these ESPs was different in order
levels of Heimdallarchaeia [6]. For instance, some ESPs,
including eukaryotic ribosomal proteins, nucleus related
proteins, vacuoles and signal transforming related pro-
teins were found to have an almost complete distribution
in all 13 MAGs (Figure S3, Supplementary Dataset 2).
These ESPs were mainly involved in the storage of genetic
material, gene transcription, protein translation, and
material transport processes, which were recognized as
the “basic part” of eukaryotic cells [10, 14, 33—35]. On the
other hand, ESPs of ubiquitin-proteasome system, cyto-
skeleton, mitochondrion, and chloroplast, viewed as the
“functional part” of eukaryotic cells, showed different dis-
tribution characteristics between o_Heimdallarchaeales
and o_JABLTIOI (Figure S3, Supplementary Dataset 2).
Despite the lack of hard evidence, we speculate that the
differences in order levels of Heimdallarchaeia might be
related to the subsequent evolution of cellular complexity
and functional differentiation of eukaryotic cells [7].

Heimdallarchaeia clades could participate in the sulfur
biogeochemical cycle

Sulfur cycling is believed to be a dominant form of
metabolism for microorganisms living in the sampling
locations presented in this study [36]. However, recent
studies have shown that many key molecules of sulfur
metabolic pathway are absent in the MAGs of Heimdal-
larchaeia and other Asgardarchaeota, such as dissimila-
tory sulfite reductase (DsrA), adenylylsulfate reductase
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(AprA) and anaerobic sulfite reductases (AsrAB) [2, 6,
11]. In this study, although DsrA and AprA proteins were
also absent in our obtained MAGs, AprB and AsrAB
instead could be identified from Heimdallarchaeia. In
addition, other key enzymes in inorganic sulfur metabo-
lism, including sulfate transport proteins (CysUWA),
sulfate adenylyltransferase (Sat), adenylylsulfate kinase
(ApsK), and phosphoadenosine phosphosulfate reduc-
tase (CysH), were widely distributed in the MAGs of
the cold seep Heimdallarchaeia (Fig. 2A and B, Supple-
mentary Dataset 3). Sulfate is known to be important
environmental factors in the sulfate methane transition
zone (SMTZ) of cold seeps [16, 37, 38]. Thus, our results
suggest that Heimdallarchaeia inhabiting cold seep
sediments have the potential to participate in inorganic
sulfur metabolism for energy production through assimi-
latory and partly dissimilatory sulfate reduction pathways
[39, 40]. In contrast, mostly enzymes (AprB, ApsK, CysH,
and Sat) involved in sulfate and sulfite metabolism were
absent in the MAG H2.bin.2 obtained from the vent envi-
ronment. However, enzymes associated with dimethyl
sulfone (DMS) metabolism, such as dimethyl sulfone
monooxygenase (SfnG) and alkanesulfonate monooxy-
genase (SsuD), were identified (Fig. 2A and B, Supple-
mentary Dataset 3), suggesting that some members of
Heimdallarchaeia may be able to perform organic sulfur
metabolism.

Notably, sulfide: quinone oxidoreductase (SQR) is
broadly distributed in Heimdallarchaeia MAGs (Fig. 2A,
Supplementary Dataset 3). SQR is known as one of the
most widespread markers of marine sulfur-oxidizing
microorganisms [41, 42]. It is a ubiquitous membrane-
bound flavoprotein involved in sulfide detoxification via
the oxidization of sulfide to zero-valent sulfur, through
which electrons are transferred to the membrane qui-
none pool for energy conservation processes [42]. Pre-
vious studies have reported that Heimdallarchaeia
could uniquely metabolize H,S [8, 10]. Therefore, SQR
protein could play an important role in this meta-
bolic process. In the present study, seven out of nine
f_Heimdallarchaeaceae MAGs and H2.bin.2 contained
complete amino acid sequences for SQR, most of which
belonged to the type III group (Fig. 2C), consistent with
SQRs identified in other archaea [41, 43, 44]. This ratio
is significantly higher than the previously reported SQRs
in Heimdallarchaeia MAGs [8]. An SQR present in MAG
C1.bin.76 was found to form a distinct clade with SQRs
from Streptomyces aidingensis (SFC92959.1), Salegen-
tibacter agarivorans (SFF97228.1) and Heimdallarchaeia
LC3 (OLS23614-1). This clade is distinct from the six typ-
ical groups (Fig. 2C), suggesting that a novel type of SQR
group may exist.

Based on these results, we propose that more com-
plete sulfur metabolism pathways (including assimilatory
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Fig. 2 Sulfur metabolic pathway identified in Heimdallarchaeia MAGs. (A) Distribution of identified key enzymes involved in the sulfur metabolism of
Heimdallarchaeia clades. The presence of enzymes involved in the sulfur metabolic pathway is indicated for each MAG using green colored rectangles.
(B) Sulfur metabolic pathway identified in Heimdallarchaeia clades. (C) Maximum-likelihood phylogeny of sulfide: quinone oxidoreductases (SQRs) identi-
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sulfate reduction and sulfide oxidation) in these deep-sea
Heimdallarchaeia MAGs may be due to the higher con-
centrations of sulfur compounds in cold seep environ-
ments than previously reported Asgardarchaeota MAGs
(2, 4, 11, 45, 46]. Therefore, Heimdallarchaeia clades may
be important participants in sulfur cycling in the cold
seep environments, particularly a higher concentration
of sulfide (reach the greatest>20 mM in the surface sedi-
ments) in deep-sea cold seeps [46].

Heimdallarchaeia clades use diverse nitrogen compounds
for growth
Nitrogen is the fourth most abundant element in cellular
biomass, and it comprises the majority of Earth’s atmo-
sphere [47, 48]. However, nitrogen is a limiting nutrient
for biological systems in marine environments [49-51].
Hence, the nitrogen cycle is critical for both the growth
of microorganisms and the biogeochemical cycles of the
ocean [48-50]. Like sulfur metabolism pathways, the
nitrogen metabolism pathways present in Heimdallar-
chaeia that derived from cold seeps and vents are dif-
ferent. The enzymes responsible for nitrate reduction
to nitrite (Narl) [48], nitrite reduction to ammonium
(NirD) [48, 49], nitrite reduction to nitric oxide (NirK
and NirS) [52-54], hydroxylamine reduction to ammo-
nia (Hep) [48, 55], and ammonia transformation to glu-
tamate (GInA, GItD and GdhA) were all identified in the
MAG H2.bin.2 obtained from vent sediment. However,
these enzymes, with the exception of enzymes respon-
sible for the transformation of ammonium to glutamate,
were almost not detected in cold seep Heimdallarchaeia
MAGs (Figures S4A and S4B, Supplementary Dataset
4). These results suggest that Heimdallarchaeia living in
vents may play important roles in nitrate reduction, while
those living in cold seeps may be essential participants in
the metabolism of ammonia, which is potentially derived
from the methylamine in this environment. Methylamine
is thought to be an important nitrogen source for marine
microorganisms, and is released through the biodegrada-
tion of proteins and N-containing osmolytes [56, 57]. In
cold seep environments, methylamine is also a key sub-
strate of archaeal methanogenesis, a process which may
release a large amount of ammonia into the environment
[58]. We consistently found large amounts of methane in
cold seep sampling sites (Figure S1). Therefore, we infer
that the different pathways for sulfur and nitrogen metab-
olism identified in deep-sea Heimdallarchaeia clades
from diverse habitats may be the result of their long-term
adaptation to the deep-sea extreme environment.
Nitrilase (nitrile aminohydrolase) has also been widely
identified in deep-sea MAGs of Heimdallarchaeia
clades (Figures S4A and S4B, Supplementary Dataset
4). Nitrilase catalyzes the hydrolysis of nitriles to form a
carboxylic acid product with the concomitant release of
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ammonia [59, 60]. The existence of nitrilase in microor-
ganisms endows them with the ability to use nitriles as
a source of nitrogen for growth [61, 62]. Nitrilases have
been divided into six subgroups according to their sub-
strates (e.g. aliphatic and aromatic nitriles [59, 63] or
amides [59, 64]). Phylogenetic analysis revealed that
nitrilases in deep-sea MAGs of Heimdallarchaeia clades
were mainly clustered in clades induced by aliphatic
nitriles and amides (Figure S4C), suggesting that abun-
dant aliphatic nitriles and amides might exist in the deep
sea. We speculate that Heimdallarchaeia clades use
diverse nitrogen compounds for growth, and play impor-
tant roles in nitrogen cycling in deep-sea environments.

Heimdallarchaeia sense the light by chlorophyll and
carotenoid

Previous reports of the existence of rhodopsins in
archaeal phyla (e.g. Bathyarchaeia, Lokiarchaeia and
Heimdallarchaeia [10, 30]) have suggested that archaea
can sense the light. In this study, no rhodopsin homo-
logs were identified in the present MAGs of deep-sea
Heimdallarchaeia clades. However, many typical chlo-
roplastic proteins (including protochlorophyllide reduc-
tase, chlorophyll(ide) b reductases NOL/NYC1, NAD(P)
H quinone oxidoreductase, and the photosystem I
assembly proteins Ycf3 and phycocyanobilin lyase) were
identified (Figure S3, Supplementary Dataset 2). Compar-
ative genomic analysis revealed that a series of enzymes
involved in the porphyrin and bacteriochlorophyll syn-
thesis pathways were present in MAGs of deep-sea
Heimdallarchaeia clades (Fig. 3A, Supplementary Data-
set 5). Notably, almost all of the necessary bacteriochlo-
rophyll synthesis components were widely distributed in
Heimdallarchaeia MAGs from vents (including H2.bin.2
and LC2), which suggests that Heimdallarchaeia clades
may be able to synthesize bacteriochlorophyll (Fig. 3A,
Supplementary Dataset 5).

Protochlorophyllide reductase (Por) is a key enzyme
in bacteriochlorophyll synthesis that could catalyze the
transition between divinyl protochlorophyllide and divi-
nyl chlorophyllide a [65]. Total four homologs of Por cod-
ing gene were found from these 13 Heimdallarchaeia
MAGs. Phylogenetic analysis revealed that Por homologs
from cold seep and vent were clustered in a sister clade,
respectively (Fig. 3B, Supplementary Dataset 5). Then
Por proteins from Heimdallarchaeia, Acidobacteria, and
Rhodobacterales were located in branch with photosyn-
thetic organisms, including Cyanobacteria, eukaryotic
Algae, and Plants (Streptophytina). Interestingly, the Por
homologs identified from Bathyarchaeia [66] displayed
a closer evolutionary relationship to that of Chloroflexia,
Rhodospirillales, and Chromatiales (Fig. 3B). These might
indicate that Por homologs in Heimdallarchaeia are
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more closely evolutionarily related to eukaryotes com-
pared with Por proteins of bacterial origin.

Bacteriochlorophyll synthase (BCS) is capable of
synthesizing bacteriochlorophyll a by esterification of
bacteriochlorophyllide with phytyl diphosphate or gera-
nylgeranyl diphosphate [29]. Digeranylgeranylglyceryl
phosphate synthase (DGPS) might perform the similar
function in archaea. Key enzymes of bacteriochloro-
phyll biosynthesis, including BCS, have been reported
in Thermoproteota (Crenarchaeota) [29] and Bathyar-
chaeia [30], suggesting that bacteriochlorophyll may be
a common molecule used by archaea to utilize light. We
phylogenetically analyzed the evolutionary relationship
between BCS and DGPS, and found that archaeal DGPS
was located at the outer group of the tree, separated
from the clade containing BCS in phototrophic bacteria
and chlorophyll synthase in photosynthetic organisms
(Fig. 3C, Supplementary Dataset 5). Four homologues
of BCS in the present Heimdallarchaeia MAGs clus-
tered in a clade with the DGPS in Heimdallarchaeia 1.C2,
which is located between the DGPS and BCS branches
(Fig. 3C, Supplementary Dataset 5). Finally, a previously
reported functional bacteriochlorophyll synthase derived
from uncultured Thermoproteota (Crenarchaeota) [29]
was found to cluster on a branch with the DGPS from
Heimdallarchaeia LC3 [4]. This cluster displayed a close
evolutionary relationship with the photosynthetic bac-
teriochlorophyll and chlorophyll synthase branches
(Fig. 3C).

In addition to bacteriochlorophyll, other light-sensing
pigments, including carotenoids [67, 68] and bacterio-
phytochrome [69], are identified to be synthesized in
Heimdallarchaeia (Supplementary Dataset 6). Carot-
enoids are ubiquitous and essential pigments for pho-
tosynthesis [67]. Carotenoids function as accessory
light-harvesting pigments that transfer absorbed energy
to bacteriochlorophylls and thereby expand the range
of wavelengths that are able to drive photosynthesis
[70, 71]. We reconstructed the complete synthesis path-
way of lycopene [72], a biologically important carot-
enoid derived from acetyl-CoA, using Heimdallarchaeia
MAGs from cold seeps (Figure S5, Supplementary Data-
set 6). It has been previously observed that light in the
450-550 nm (blue-green light) region of the solar radia-
tion spectrum is not effectively absorbed by chlorophylls
in photosynthesis, but is effectively absorbed by carot-
enoids [67, 68]. Moreover, carotenoids protect organ-
isms from photo damage by quenching both singlet and
triplet states of bacteriochlorophylls under strong illumi-
nation, and function as photosynthetic membrane sta-
bilizers in chloroplasts [67]. Therefore, the biosynthesis
of carotenoids in Heimdallarchaeia could complement
bacteriochlorophyll to enable high-efficiency light energy
utilization and thus provide a competitive advantage
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in habitats with light. What remains unclear is the eco-
logical function or benefit of light energy utilization in
Heimdallarchaeia clades, which reside predominantly in
marine sediments [4].

A recent study on rhodopsins in Heimdallarchaeia
provides evidence for their existence in light-exposed
habitats that would provide sufficient energy [10]. The
recovery of Heimdallarchaeia from deeper environments
may be due to the high deposition rates characteristic of
the sampling locations'’. There is substantial evidence to
demonstrate that both long wavelength (>650 nm) and
short wavelength (<650 nm) light have been detected in
vents (73, 74]. The blue-green light (450-550 nm) from
the dim sunlight penetrating ocean water or the biolu-
minescence might exist in deep seafloor about 1,000 m
[75, 76]. Our sampling site from the cold seep was also
around this depth [77]. Thus, the necessary conditions
for light energy utilization may exist in these environ-
ments. Heimdallarchaeia have the inferred capability to
detect light of different wavelengths in the environment,
and thus could utilize photoelectrons for energy conver-
sion and thereby have an advantage in the competition
for nutrient resources. However, more works are still
needed to prove the functions of these pigments in Heim-
dallarchaeia for light sensing.

The mixotrophic and aerobic lifestyle of Heimdallarchaeia
clades

According to previous studies, Heimdallarchaeia clades
exhibited a mixotrophic lifestyle similar to other mem-
bers of the Asgardarchaeota MAGs [10, 11]. Heimdal-
larchaeia clades were able to simultaneously use the
nearly complete TCA (from 2-oxoglutarate to malate)
and transport exogenous organic matter through the
metabolic circuitry for coupling catabolism with pyru-
vate metabolism [4, 11, 78]. They could also utilize a
reverse tricarboxylic acid cycle (rTCA) for autotrophic
CO, assimilation [4, 10, 78]. In the present study, we
found that these Heimdallarchaeia have the potential
ability to fix CO, with an atypical Wood-Ljungdahl path-
way (Fig. 4A, Supplementary Dataset 7). In this atypical
Wood-Ljungdahl process, the methylenetetrahydrofo-
late reductase (MetF) and 5-methyltetrahydrofolate cor-
rinoid/iron sulfur protein methyltransferase (AcsE) are
missing. However, a kind of protein (annotated as the
bifunctional homocysteine S-methyltransferase/5,10-
methylenetetrahydrofolate reductase, MetH) was found
in deep-sea Heimdallarchaeia clades, which was not
clustered with the traditional MetH proteins in the phy-
logenetic tree but located between the clades of AcsE
and MetF. This novel function MetH protein (MetH-
N) is thought to perform the functions of MetF and
AcsE simultaneously, thereby catalyzing the production
of tetrahydrofolate (THF) from 5,10-Methylene-THF
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(Fig. 4B, Supplementary Dataset 7) [79, 80]. In addition,
CAZy (Carbohydrate-Active enZYmes database) analysis
revealed a variety of polysaccharide-degrading enzymes,
including chitinase, xylan/chitin deacetylase, diacetyl-
chitobiose deacetylase, and cellulase, in these Heimdal-
larchaeia MAGs (Figure S6, Supplementary Dataset 6).
These CAZymes and results previously presented sug-
gest that macromolecular organic carbon compounds

utilization and (homo)acetogenic fermentation may be
the main metabolic strategies used for energy produc-
tion by Heimdallarchaeia clades in deep-sea sediments,
as shown for many other microorganisms [81]. Together,
these versatile carbon metabolism patterns provide evi-
dence that Heimdallarchaeia clades live a mixotrophic
lifestyle which may be advantageous in deep-sea condi-
tions [10].
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Some aerobic metabolic pathways, distinguished
from the metabolic pathways of anaerobic Lokiar-
chaeia and Thorarchaeia [4, 9-11], have been found in
Heimdallarchaeia [9, 10]. We asked whether deep-sea
Heimdallarchaeia clades could have a strict anaero-
bic lifestyle, given the surrounding environment.
Similarly, aerobic respiration pathways such as the TCA
and oxidative phosphorylation pathway were also found
in deep-sea Heimdallarchaeia (Fig. 5, Supplementary
Dataset 6). Moreover, both the aerobic kynurenine path-
way and aspartate pathway for NAD* de novo synthesis
were reconstructed in the present and previously pub-
lished Heimdallarchaeia MAGs [10, 82]. In addition,
other proteins involved in oxygen-dependent metabolism
and peroxide removal, such as aerotaxis receptors, bac-
terioferritin, superoxide dismutase (SOD) and catalase

Na*, Zn**

0: Nit*, Cot*, Fe** Oligopeptide  Formaldehyde
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(CAT), were identified in MAGs of deep-sea Heimdal-
larchaeia clades (Fig. 5). According to concentrations of
dissolved oxygen (DO) in the South China Sea cold seep,
there is more than 3 mg/L DO in the surface reduced
sediments [77]. In the present study, the relative propor-
tion of functional genes from Heimdallarchaeia in sur-
face sediments (C1 and C2) is higher than that in deep
sediments (C5), indicating that the distribution of Heim-
dallarchaeia is positively correlated with the concentra-
tion of DO (Figure S2). Taken together, this evidence
strongly suggests that oxygen is present in the environ-
ments inhabited by Heimdallarchaeia, which seems to
contradict the strict anaerobic lifestyle of other Asgar-
darchaeota (e.g. Thorarchaeia and Lokiarchaeia) that
occupy the same habitat [4, 10]. We speculate this should
be a survival strategy for Heimdallarchaeia to adapt to
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different environments. When living in the microaero-
bic environment, these Heimdallarchaeia could resist
the toxicity of oxygen and use oxygen for physiologi-
cal metabolism. However, Heimdallarchaeia could also
transfer electrons through anaerobic respiration to obtain
energy in the strict anaerobic environments.

Conclusion

We analyze 13 MAGs of Heimdallarchaeia from the
deep-sea cold seep and hydrothermal vent. We show
that these Heimdallarchaeia clades enable reduce sulfate
and nitrate to sulfide and ammonia, respectively, reveal-
ing their undiscovered roles in biogeochemical cycling of
deep sea. Of note, we demonstrate that Heimdallarchaeia
clades could synthesize bacteriochlorophyll and carot-
enoid, and might utilize light through these light-sensing
pigments. In addition, we further found that Heimdallar-
chaeia clades could fix CO, through an atypical Wood-
Ljungdahl process, and a novel multi-function MetH
enzyme might play a key role in this process. Lastly, we
thus propose that Heimdallarchaeia possess a mixotro-
phic lifestyle, which may give them more flexibility to
adapt to harsh deep-sea conditions, and make them con-
tribute to the biogeochemical cycling in deep biosphere.

Materials and methods

Sample collection and processing

Samples were collected from cold seeps in the South
China Sea and a hydrothermal vent field in the West-
ern Pacific Trough (Table S1) during the cruise of the
R/V Kexue in July 2018. Cold seep sediment samples
(C1, C4, C2, and C5) were collected at depth intervals
of 0-20, 20—40, 40—60 and 280 cm. The vent subsurface
(0-20 cm) sediment sample (H2) was taken at the out-
side of the “black chimney” of the vent. Samples C1 and
H2 were collected by the Discovery remotely operated
vehicle (ROV), sample C4 was collected by the television
grab, and samples C2 and C5 were collected by the grav-
ity sampler. Sediments were sealed into sterile sampling
bags immediately after collection and stored at -80 °C.
DNA for metagenomics analysis was isolated from 20 g
(wet weight) sediment following sample with the Power-
Soil DNA Isolation Kit (Qiagen) per the manufacturer’s
instructions.

Analyses of environmental and chemical parameters of
sampling sites

The temperature, salinity, and underwater depth of sam-
pling sites were recorded in real time by an SBE 25plus
Sealogger CTD (SBE, USA). Concentrations of CO,
and CH, in surface sediments were measured in situ
with CONTROSHydroCO, (CONTROS, Norway) and
Hydro°CH, (CONTROS, Norway) sensors, respectively.
All sensors were mounted on the Discovery ROV. For
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chemical element analyses, all sediment samples (C1,
C2, C4, C5, and H2) were dehydrated in an oven at 80 °C
until completely dry. After grinding, sample powder was
filtered through a 200-mesh screen. The filtrate was ana-
lyzed for chemical content, including Na, Mg, Fe, Cl, S, P,
Mn, Zn, Ni, and Co, using an S8 Tiger X-ray fluorescence
spectrometer (BRUKER, Germany).

Library construction and sequencing

DNA extracts were treated with DNase-free RNase to
eliminate RNA contamination, and DNA concentration
was measured by a Qubit 3.0 fluorimeter (Thermo Fisher
Scientific, USA). DNA integrity was checked by gel elec-
trophoresis. 0.5 pug of each sample was used to prepare
libraries. DNA was sheared into fragments between 50
and 800 bp in length using a Covaris E220 ultrasonica-
tor (Covaris, UK); fragments between 150 bp and 250 bp
were selected using AMPure XP beads (Agencourt, USA)
and repaired using T4 DNA polymerase (ENZYMAT-
ICS, USA). DNA fragments were ligated at both ends to
T-tailed adapters and amplified for eight cycles. Finally,
the amplification products were used to produce single-
stranded, circular DNA libraries. All NGS libraries were
sequenced on a BGISEQ-500 platform (BGI, China) to
obtain 100 bp paired-end raw reads. Quality control was
performed by SOAPnuke (v1.5.6) (setting: -1 20 -q 0.2 -n
0.05-Q2-d-c0-50-71) [83].

Genome assembly, binning and annotation

The raw shotgun sequencing metagenomic reads were
dereplicated and trimmed using BGI-Qingdao (BGI,
China). Clean data were assembled using MEGAHIT
(v1.1.3, setting: --min-count 2 --k-min 33 --k-max 83
--k-step 10) [84]. Thereafter, metaBAT2 [85], Maxbin2
[86] and Concoct [87] were used to automatically bin
from assemblies. Finally, MetaWRAP [88] was used to
purify and generate data to obtain the final bins. Man-
ual curation was adapted to reduce genome contamina-
tion based on differential coverage, GC content, and the
presence of duplicate genes. The completeness and con-
tamination of the genomes within bins were then esti-
mated using CheckM [89]. Gene prediction for individual
genomes was performed using Glimmer (v 3.02) [90].
The KEGG (Kyoto Encyclopedia of Genes and Genomes,
Release 87.0), NR (Non-Redundant Protein Database
databases, 20,180,814), Swiss-Prot (release-2017_07) and
EggNOG (2015-10_4.5v) databases were used to anno-
tate protein functions by default (cutoff E-values<1E-5),
and the best hits were chosen. The domain of these pro-
teins from different MAGs were further aligned by Pfam
(37.0, Pfam-A.hmm) with the cutoff E-values<1E-20.
Additionally, the CAZy (Carbohydrate-Active enZYmes)
[91] database was downloaded to search for carbohydrate
active enzymes within genomic bins. Sulfur metabolism
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related proteins were searched by HMMER (3.3.1) with
the function of hmmscan [92].

Phylogenetic analyses

To reveal the phylogenetic relationships between the
assembled Archaea genomes, the 450 genomic sequences
of Archaea were downloaded from GTDB genome
databases using Aspera (v3.9.8), and 53 marker pro-
teins (Dataset S1) were chosen from GTDB database
(release 220) with automated settings. The concatenated
sequences were trimmed with TrimAl (version 1.2) [93]
using the gappyout function. Finally, the maximum-like-
lihood tree was calculated using IQ-TREE (v1.6.12) [94]
with the GTR+F+I1+G4 model and 1,000 bootstrap rep-
licates (-bb 1,000).

To assess the type of SQRs in MAGs of Heimdallar-
chaeia, homologous amino acid sequences of SQR [41,
43], were extracted from NCBI databases (including type
I to type VI SQRs). After sequence alignment, a maxi-
mum-likelihood phylogenetic tree was constructed with
the LG+I1+G4+F model (-bb 1,000) using IQ-TREE.

Full-length nitrilase protein sequences were selected
from NCBI databases according to the classification of
their inducers (e.g. aliphatic nitriles, aromatic nitriles,
and amides). Nitrilase homologs mainly included
nitrilases derived from archaea, bacteria, and fungi.
Sequences of nitrilases from MAGs of Heimdallarchaeia
were aligned and processed through maximum-like-
lihood phylogenetic analyses using IQ-TREE with the
LG+ G4+F model (-bb 1,000).

Phylogenetic analyses were performed to explain the
relationship between newly discovered bifunctional cata-
lyzing enzymes in MAGs of Heimdallarchaeia and clas-
sical catalyzing enzymes in archaea and bacteria, which
involve in the conversion of 5,10-methylenetetrahydrofo-
late to tetrahydrofolate. Protein sequences for MetF and
AcsE (from the Wood-Ljungdahl pathway) were selected
from the KEGG database. In addition, protein sequences
of MetH were downloaded to construct a maximum-like-
lihood phylogenetic tree with the LG+ G4+F model (-bb
1,000) using IQ-TREE.

To analyze the evolutionary relationships between
protochlorophyllide reductase (Por) and bacteriochlo-
rophyll synthase (BCS) in MAGs of Heimdallarchaeia
and reported photosynthetic organisms, homologous
sequences were selected from archaea, bacteria, and
eukaryotes in NCBI and Swiss-Prot databases. The
aligned sequences were constructed using maximum-
likelihood phylogenetic analyses in IQ-TREE with the
WAG+G4 and LG+F+1+G4 models (-bb 1,000), respec-
tively. The sequence alignments for all trees were calcu-
lated using the MEGA X soft with Clustal W/MUSCLE
program [95]. All trees were visualized using iTOL (v5)
[96].
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CompareM (v 0.0.23) with aai_wf function [97] was
used to calculate the average amino acid identity (AAI)
across all MAGs and new phyla derived from Heimdal-
larchaeia referenced genomes. Results were displayed as
a heatmap using R (3.5.1).

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540793-024-00585-2.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8

Supplementary Material 9

Acknowledgements

We thank all the staff of Kexue vessel for their great contribution to the
sampling work. This work was funded by the Science and Technology
Innovation Project of Laoshan Laboratory (Grant No. 2022QNLM030004-

3; LSKJ202203103), Major Research Plan of the National Natural Science
Foundation (Grant No. 92351301), the NSFC Innovative Group Grant (No.
42221005), Shandong Provincial Natural Science Foundation (ZR20212D28),
Key Collaborative Research Program of the Alliance of International Science
Organizations (Grant No. ANSO-CR-KP-2022-08), and the Taishan Scholars
Program (Grant No. tstp20230637) for Chaomin Sun. This study is also funded
by the Open Research Project of National Major Science & Technology
Infrastructure (RV KEXUE) (Grant No. NMSTI-KEXUE2017K01) for Chaolun Li.

Author contributions

RL and CS conceived and designed the study; RL conducted most of the
experiments; RC, MW and JZ helped to perform the metagenomic data
analysis; HZ and CL helped to provide partial samples; RL and CS lead the
writing of the manuscript; all authors contributed to and reviewed the
manuscript.

Data availability

The Heimdallarchaeia MAGs (C1.bin.1, C1.bin.2, C1.bin.20, C1.bin.21, C1.bin.76,
C2.bin.3,C4.bin.14, C4.bin.22, C4.bin.51, C5.bin.5, C5.bin.10, C5.bin.12 and
H2.bin.2) obtained in this study are available in NCBI Genbank under the
accession numbers SAMN15815161, SAMN 15815162, SAMN15815163,
SAMN15815164, SAMN 15815165, SAMN13483368, SAMN 13483369,
SAMN13483392, SAMN15815166, SAMN 15815166, SAMN15815168,
SAMN13483370, and SAMN 13483372, respectively, in BioProject PRINA593668.

Declarations

Ethics statement
This study has no animal or human experiments. There are no ethical issues
involved.

Competing interests
The authors declare no competing interests.

Received: 25 January 2024 / Accepted: 18 June 2024
Published online: 22 June 2024


https://doi.org/10.1186/s40793-024-00585-2
https://doi.org/10.1186/s40793-024-00585-2

Liu et al. Environmental Microbiome

(2024) 19:43

References

1.

2.

20.

21

22.

23.

24.

25,

Offre P, Spang A, Schleper C. Archaea in biogeochemical cycles. Annu Rev
Microbiol. 2013;67:437-57.

Baker BJ, De AndaV, Seitz KW, Dombrowski N, Santoro AE, Lloyd KG. Diversity,
ecology and evolution of Archaea. Nat Microbiol. 2020;5:887-900.

Spang A, Caceres EF, Ettema TJG. Genomic exploration of the diversity, ecol-
ogy, and evolution of the archaeal domain of life. Science. 2017;357:eaaf3883.
Zaremba-Niedzwiedzka K, Caceres EF, Saw JH, Backstrom D, Juzokaite L,
Vancaester E, et al. Asgard archaea illuminate the origin of eukaryotic cellular
complexity. Nature. 2017;541:353-58.

Rinke C, Chuvochina M, Mussig AJ, Chaumeil PA, Davin AA, Waite DW, et al.

A standardized archaeal taxonomy for the genome taxonomy database. Nat
Microbiol. 2021;6:946-59.

Liu Y, Makarova KS, Huang WC, Wolf Y1, Nikolskaya AN, Zhang XX, et al.

Expanded diversity of Asgard archaea and their relationships with eukaryotes.

Nature. 2021;593:553-57.

Eme L, Tamarit D, Caceres EF, Stairs CW, De Anda V, Schon ME, et al. Inference
and reconstruction of the heimdallarchaeial ancestry of eukaryotes. Nature.
2023;618:992-99.

Imachi H, Nobu MK, Nakahara N, Morono Y, Ogawara M, Takaki Y, et al.
Isolation of an archaeon at the prokaryote-eukaryote interface. Nature.
2020;577:519-25.

LiuY, Zhou ZC, Pan J, Baker BJ, Gu JD, Li M. Comparative genomic inference
suggests mixotrophic lifestyle for Thorarchaeota. ISME J. 2018;12:1021-31.
Bulzu PA, Andrei AS, Salcher MM, Mehrshad M, Inoue K, Kandori H, et al.
Casting light on Asgardarchaeota metabolism in a sunlit microoxic niche. Nat
Microbiol. 2019;4:1129-37.

Spang A, Stairs CW, Dombrowski N, Eme L, Lombard J, Caceres EF, et al.
Proposal of the reverse flow model for the origin of the eukaryotic cell based
on comparative analyses of Asgard archaeal metabolism. Nat Microbiol.
2019;4:1138-48.

Cai MW, Liu'Y, Yin XR, Zhou ZC, Friedrich MW, Richter-Heitmann T, et al.
Diverse asgard archaea including the novel phylum Gerdarchaeota partici-
pate in organic matter degradation. Sci China Life Sci. 2020,63:886-97.

Beja O, Aravind L, Koonin EV, Suzuki MT, Hadd A, Nguyen LP, et al. Bacterial
rhodopsin: evidence for a new type of phototrophy in the sea. Science.
2000,289:1902-06.

Spang A, Saw JH, Jorgensen SL, Zaremba-Niedzwiedzka K, Martijn J, Lind

AE, et al. Complex archaea that bridge the gap between prokaryotes and
eukaryotes. Nature. 2015;521:173-79.

Huang JM, Baker BJ, Li JT, Wang Y. New microbial lineages capable of carbon
fixation and nutrient cycling in deep-sea sediments of the Northern South
China Sea. Appl Environ Microb. 2019,85:00523-19.

Feng D, Qiu JW, Hu'Y, Peckmann J, Guan HX, Tong HP, et al. Cold seep systems
in the South China Sea: an overview. J Asian Earth Sci. 2018;168:3-16.
Whiticar MJ. Carbon and hydrogen isotope systematics of bacterial formation
and oxidation of methane. Chem Geol. 1999;161:291-314.

Boetius A, Wenzhofer F. Seafloor oxygen consumption fuelled by methane
from cold seeps. Nat Geosci. 2013;6:725-34.

Ma N, Sha ZL, Sun CM. Formation of cadmium sulfide nanoparticles mediates
cadmium resistance and light utilization of the deep-sea bacterium Idioma-
rina sp.0OT37-5b. Environ Microbiol. 2020;23:934-48.

Vigneron A, Alsop EB, Cruaud P, Philibert G, King B, Baksmaty L, et al. Com-
parative metagenomics of hydrocarbon and methane seeps of the Gulf of
Mexico. Sci Rep. 2017;7:16015.

Bhattarai S, Cassarini C, Lens PNL. Physiology and distribution of archaeal
methanotrophs that couple anaerobic oxidation of methane with sulfate.
Microbiol Mol Biol R. 2019;83:00074-18.

Chakraborty A, Ruff SE, Dong X, Ellefson ED, Li C, Brooks JM, et al. Hydrocar-
bon seepage in the deep seabed links subsurface and seafloor biospheres. P
Natl Acad Sci USA. 2020;117:11029-37.

Glass JB, Yu H, Steele JA, Dawson KS, Sun SL, Chourey K, et al. Geochemi-

cal, metagenomic and metaproteomic insights into trace metal utilization
by methane-oxidizing microbial consortia in sulphidic marine sediments.
Environ Microbiol. 2014;16:1592-611.

Wang YZ, Feng XY, Natarajan VP, Xiao X, Wang FP. Diverse anaerobic methane-
and multi-carbon alkane-metabolizing archaea coexist and show activity in
Guaymas Basin hydrothermal sediment. Environ Microbiol. 2019;21:1344-55.
Nisbet EG, Cann JR, Vandover CL. Origins of Photosynthesis. Nature.
1995,373:479-80.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

Page 13 of 14

Beatty JT, Overmann J, Lince MT, Manske AK, Lang AS, Blankenship RE, et al.
An obligately photosynthetic bacterial anaerobe from a deep-sea hydrother-
mal vent. P Natl Acad Sci USA. 2005;102:9306-10.

Yurkov WV, Krieger S, Stackebrandt E, Beatty JT. Citromicrobium Bathyomari-
num, a novel aerobic bacterium isolated from deep-sea hydrothermal vent
plume waters that contains photosynthetic pigment-protein complexes. J
Bacteriol. 1999;181:4517-25.

Liu G, Shan YQ, Zheng RK, Liu R, Sun CM. Growth promotion of a deep-sea
bacterium by sensing infrared light through a bacteriophytochrome photo-
receptor. Environ Microbiol. 2021;23:4466-77.

Meng J, Wang FP, Wang F, Zheng YP, Peng XT, Zhou HY, et al. An uncultivated
crenarchaeota contains functional bacteriochlorophyll a synthase. ISME J.
2009;3:106-16.

Pan J, Zhou ZC, Beja O, Cai MW, Yang YC, Liu Y, et al. Genomic and transcrip-
tomic evidence of light-sensing, porphyrin biosynthesis, Calvin-Benson-
Bassham cycle, and urea production in Bathyarchaeota. Microbiome.
2020;8:43.

Konstantinidis KT, Rossellé-Mdra R, Amann R. Uncultivated microbes in need
of their own taxonomy. Isme J. 2017;11:2399-406.

Bowers RM, Kyrpides NC, Stepanauskas R, Harmon-Smith M, Doud D, Reddy
TBK, et al. Minimum information about a single amplified genome (MISAG)
and a metagenome-assembled genome (MIMAG) of bacteria and archaea.
Nat Biotechnol. 2017;35:725-31.

Yu G, Zhao'Y, Li H. The multistructural forms of box C/D ribonucleoprotein
particles. RNA. 2018;24:1625-33.

Miluzio A, Beugnet A, Volta V, Biffo S. Eukaryotic initiation factor 6 mediates
a continuum between 60S ribosome biogenesis and translation. EMBO Rep.
2009;10:459-65.

Pena C, Hurt E, Panse VG. Eukaryotic ribosome assembly, transport and qual-
ity control. Nat Struct Mol Biol. 2017,24:689-99.

Zhang J, Liu R, Xi SC, Cai RN, Zhang X, Sun CM. A novel bacterial thiosulfate
oxidation pathway provides a new clue about the formation of zero-valent
sulfur in deep sea. ISME J. 2020;14:2261-74.

Knittel K, Boetius A. Anaerobic oxidation of methane: progress with an
unknown process. Annu Rev Microbiol. 2009;63:311-34.

Vigneron A, Cruaud P, Pignet P, Caprais JC, Cambon-Bonavita MA, God-

froy A, et al. Archaeal and anaerobic methane oxidizer communities in

the Sonora Margin cold seeps, Guaymas Basin (Gulf of California). ISME J.
2013;7:1595-608.

Liu YC, Beer LL, Whitman WB. Sulfur metabolism in archaea reveals novel
processes. Environ Microbiol. 2012;14:2632-44.

Wasmund K, Mussmann M, Loy A. The life sulfuric: microbial ecology of sulfur
cycling in marine sediments. Env Microbiol Rep. 2017,9:323-44.

Marcia M, Ermler U, Peng GH, Michel H. A new structure-based classification
of sulfide:quinone oxidoreductases. Proteins. 2010,78:1073-83.

Cherney MM, Zhang YF, James MNG, Weiner JH. Structure-activity
characterization of sulfide:quinone oxidoreductase variants. J Struct Biol.
2012;178:319-28.

Brito JA, Sousa FL, Stelter M, Bandeiras TM, Vonrhein C, Teixeira M, et al.
Structural and functional insights into sulfide:quinone oxidoreductase.
Biochemistry. 2009;48:5613-22.

Sousa FM, Pereira JG, Marreiros BC, Pereira MM. Taxonomic distribution,
structure/function relationship and metabolic context of the two families
of sulfide dehydrogenases: SQOR and FCSD. Biochim Biophys Acta Bioenerg.
2018;1859:742-53.

MacLeod F, Kindler GS, Wong HL, Chen R, Burns BP. Asgard archaea: diversity,
function, and evolutionary implications in a range of microbiomes. AIMS
Microbiol. 2019;5:48-61.

Bernardino AF, Levin LA, Thurber AR, Smith CR. Comparative composition,
diversity and trophic ecology of sediment macrofauna at vents, seeps and
organic falls. PLoS ONE. 2012;7:€33515.

Stein LY, Klotz MG. The nitrogen cycle. Curr Biol. 2016;26:R94-98.

Kuypers MMM, Marchant HK; Kartal B. The microbial nitrogen-cycling net-
work. Nat Rev Microbiol. 2018:16:263-76.

Zehr JP, Kudela RM. Nitrogen cycle of the open ocean: from genes to ecosys-
tems. Annu Rev Mar Sci. 2011;3:197-225.

YuTT, Li M, Niu MY, Fan XB, Liang WY, Wang FP. Difference of nitrogen-cycling
microbes between shallow bay and deep-sea sediments in the South China
Sea. Appl Microbiol Biot. 2018;102:447-59.

Hutchins DA, Fu FX. Microorganisms and ocean global change. Nat Microbiol.
2017;2:17058.



Liu et al. Environmental Microbiome

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

(2024) 19:43

Graf DRH, Jones CM, Hallin S. Intergenomic comparisons highlight modu-
larity of the denitrification pathway and underpin the importance of commu-
nity structure for N,O emissions. PLoS ONE. 2014,9:e114118.

Hu Z, Wessels HICT, van Alen T, Jetten MSM, Kartal B. Nitric oxide-dependent
anaerobic ammonium oxidation. Nat Commun. 2019;10:1244.

Oakley BB, Francis CA, Roberts KJ, Fuchsman CA, Srinivasan S, Staley JT. Analy-
sis of nitrite reductase (nirK and nirS) genes and cultivation reveal depauper-
ate community of denitrifying bacteria in the Black Sea suboxic zone. Environ
Microbiol. 2007;9:118-30.

Wang J, Vine CE, Balasiny BK, Rizk J, Bradley CL, Tinajero-Trejo M, et al. The
roles of the hybrid cluster protein, Hcp and its reductase, Hcr, in high affinity
nitric oxide reduction that protects anaerobic cultures of Escherichia coli
against nitrosative stress. Mol Microbiol. 2016;100:877-92.

Neff JC, Holland EA, Dentener FJ, McDowell WH, Russell KM. The origin,
composition and rates of organic nitrogen deposition: a missing piece of the
nitrogen cycle? Biogeochemistry. 2002;57:99-136.

Taubert M, Grob C, Howat AM, Burns OJ, Pratscher J, Jehmlich N, et al.
Methylamine as a nitrogen source for microorganisms from a coastal marine
environment. Environ Microbiol. 2017;19:2246-57.

Lazar CS, Parkes RJ, Cragg BA, L'Haridon S, Toffin L. Methanogenic activity and
diversity in the centre of the Amsterdam Mud Volcano, Eastern Mediterra-
nean Sea. FEMS Microbiol Ecol. 2012;81:243-54.

Chhiba-Govindjee VP, van der Westhuyzen CW, Bode ML, Brady D. Bacterial
nitrilases and their regulation. Appl Microbiol Biot. 2019;103:4679-92.
Egelkamp R, Friedrich |, Hertel R, Daniel R. From sequence to function: a new
workflow for nitrilase identification. Appl Microbiol Biot. 2020;104:4957-70.
Layh N, Parratt J, Willetts A. Characterization and partial purification of an
enantioselective arylacetonitrilase from Pseudomonas fluorescens DSM 7155. J
Mol Catal B-Enzym. 1998;5:467-74.

O'Reilly C, Turner PD. The nitrilase family of CN hydrolysing enzymes - a
comparative study. J Appl Microbiol. 2003,95:1161-74.

Martinkova L. Nitrile metabolism in fungi: a review of its key enzymes
nitrilases with focus on their biotechnological impact. Fungal Biol Rev.
2019;33:149-57.

Chhiba-Govindjee VP, Mathiba K, van der Westhuyzen CW, Steenkamp P,
Rashamuse JK, Stoychev S, et al. Dimethylformamide is a novel nitrilase
inducer in Rhodococcus rhodochrous. Appl Microbiol Biot. 2018;102:10055-65.
Magqueo Chew AG, Bryant DA. Chlorophyll biosynthesis in bacteria:

the origins of structural and functional diversity. Annu Rev Microbiol.
2007;,61:113-29.

Evans PN, Parks DH, Chadwick GL, Robbins SJ, Orphan VJ, Golding SD, et al.
Methane metabolism in the archaeal phylum Bathyarchaeota revealed by
genome-centric metagenomics. Science. 2015;350:434-8.

Hashimoto H, Uragami C, Cogdell RJ. Carotenoids and photosynthesis. Sub-
cell Biochem. 2016;79:111-39.

Moise AR, Al-Babili S, Wurtzel ET. Mechanistic aspects of carotenoid biosyn-
thesis. Chem Rev. 2014;114:164-93.

Moran AM. Elucidation of primary events in bacteriophytochrome photore-
ceptors. Biophys J. 2016;111:2075-76.

Kirilovsky D. Photosynthesis: dissipating energy by carotenoids. Nat Chem
Biol. 2015;11:242-43.

Papagiannakis E, Kennis JTM, van Stokkum IHM, Cogdell RJ, van Grondelle R.
An alternative carotenoid-to-bacteriochlorophyll energy transfer pathway in
photosynthetic light harvesting. P Natl Acad Sci USA. 2002;99:6017-22.
Hernandez-Almanza A, Montanez J, Martinez G, Aguilar-Jimenez A, Contreras-
Esquivel JC, Aguilar CN. Lycopene: progress in microbial production. Trends
Food SciTech. 2016;56:142-48.

VanDover CL, Reynolds GT, Chave AD, Tyson JA. Light at deep-sea hydrother-
mal vents. Geophys Res Lett. 1996;23:2049-52.

White SN, Chave AD, Reynolds GT. Investigations of ambient light emission at
deep-sea hydrothermal vents. J Geophys Res-Sol Ea 2002;107.

Johnsen S, Frank TM, Haddock SHD, Widder EA, Messing CG. Light and vision
in the deep-sea benthos: I. Bioluminescence at 500-1000. M depth in the
Bahamian Islands. J Exp Biol. 2012,215:3335-43.

Mascarenhas V, Keck T. Marine optics and ocean color remote sensing,

abstr YOUMARES 8 - oceans across boundaries: learning from each other,
Germany. Cham, Kiel: Springer; 2018.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

Page 14 of 14

Cao L, Lian C, Zhang X, Zhang H, Wang H, Zhou L, et al. In situ detection of
the fine scale heterogeneity of active cold seep environment of the Formosa
Ridge, the South China Sea. J Mar Syst. 2021;218:103530.

Smith E, Morowitz HJ. Universality in intermediary metabolism. P Natl Acad
Sci USA. 2004;101:13168-73.

Adam PS, Borrel G, Gribaldo S. An archaeal origin of the Wood-Ljungdahl
H,MPT branch and the emergence of bacterial methylotrophy. Nat Microbiol.
2019;4:2155-63.

Zhuang WQ, Yi S, Bill M, Brisson VL, Feng XY, Men YJ, et al. Incomplete Wood-
Ljungdahl pathway facilitates one-carbon metabolism in organohalide-
respiring dehalococcoides mccartyi. P Natl Acad Sci USA. 2014;111:6419-24.
Orsi WD, Vuillemin A, Rodriguez P, Coskun OK, Gomez-Saez GV, Lavik G, et al.
Metabolic activity analyses demonstrate that Lokiarchaeon exhibits homo-
acetogenesis in sulfidic marine sediments. Nat Microbiol. 2020;5:248-55.
Ternes CM, Schonknecht G. Gene transfers shaped the evolution of De Novo
NAD* biosynthesis in eukaryotes. Genome Biol Evol. 2014;6:2335-49.

Chen YX, Chen YS, Shi CM, Huang ZB, Zhang Y, Li SK; et al. SOAPnuke: a
MapReduce acceleration-supported software for integrated quality control
and preprocessing of high-throughput sequencing data. Gigascience.
2017;7:1-6.

Li DH, Liu CM, Luo RB, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via succinct
de bruijn graph. Bioinformatics. 2015;31:1674-76.

Kang DWD, Li F, Kirton E, Thomas A, Egan R, An H, et al. MetaBAT 2: an adap-
tive binning algorithm for robust and efficient genome reconstruction from
metagenome assemblies. Peerj. 2019;7:e7359.

Wu YW, Simmons BA, Singer SW. MaxBin 2.0: an automated binning algo-
rithm to recover genomes from multiple metagenomic datasets. Bioinfor-
matics. 2016;32:605-07.

Alneberg J, Bjarnason BS, de Bruijn I, Schirmer M, Quick J, ljaz UZ, et al. Bin-
ning metagenomic contigs by coverage and composition. Nat Methods.
2014;11:1144-46.

Uritskiy GV, DiRuggiero J, Taylor J. MetaWRAP-a flexible pipeline for genome-
resolved metagenomic data analysis. Microbiome. 2018;6:158.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM:
assessing the quality of microbial genomes recovered from isolates, single
cells, and metagenomes. Genome Res. 2015;25:1043-55.

Delcher AL, Bratke KA, Powers EC, Salzberg SL. Identifying bacterial genes and
endosymbiont DNA with glimmer. Bioinformatics. 2007,23:673-79.

Lombard V, Ramulu HG, Drula E, Coutinho PM, Henrissat B. The carbohydrate-
active enzymes database (CAZy) in 2013. Nucleic Acids Res. 2014;42:D490-95.
Mistry J, Finn RD, Eddy SR, Bateman A, Punta M. Challenges in homology
search: HMMER3 and convergent evolution of coiled-coil regions. Nucleic
Acids Res. 2013:41:2121.

Capella-Gutierrez S, Silla-Martinez JM, Gabaldon T. trimAl: a tool for auto-
mated alignment trimming in large-scale phylogenetic analyses. Bioinformat-
ics. 2009;25:1972-73.

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effec-
tive stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol Biol Evol. 2015;32:268-74.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo-
lutionary genetics analysis across computing platforms. Mol Biol Evol.
2018;35:1547-49.

Letunic |, Bork P. Interactive tree of life (TOL) v3: an online tool for the

display and annotation of phylogenetic and other trees. Nucleic Acids Res.
2016;44:W242-45.

Parks D. Calculating average amino acid identity (AAI) using CompareM.
2014:https://github.com/dparks1134/CompareM.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://github.com/dparks1134/CompareM

	﻿Metagenomic insights into ﻿Heimdallarchaeia﻿ clades from the deep-sea cold seep and hydrothermal vent
	﻿Abstract
	﻿Introduction
	﻿Results and discussion
	﻿Phylogenetic status and eukaryotic signatures of deep-sea ﻿Heimdallarchaeia﻿
	﻿﻿Heimdallarchaeia﻿ clades could participate in the sulfur biogeochemical cycle
	﻿﻿Heimdallarchaeia﻿ clades use diverse nitrogen compounds for growth
	﻿﻿Heimdallarchaeia﻿ sense the light by chlorophyll and carotenoid
	﻿The mixotrophic and aerobic lifestyle of ﻿Heimdallarchaeia﻿ clades

	﻿Conclusion
	﻿Materials and methods
	﻿Sample collection and processing
	﻿Analyses of environmental and chemical parameters of sampling sites
	﻿Library construction and sequencing
	﻿Genome assembly, binning and annotation
	﻿Phylogenetic analyses

	﻿References


