nature communications

Article https://doi.org/10.1038/s41467-024-48498-5

Analysis of nearly 3000 archaeal genomes
from terrestrial geothermal springs sheds
light on interconnected biogeochemical
processes
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Terrestrial geothermal springs are physicochemically diverse and host abundant
populations of Archaea. However, the diversity, functionality, and geological
influences of these Archaea are not well understood. Here we explore the
genomic diversity of Archaea in 152 metagenomes from 48 geothermal springs
in Tengchong, China, collected from 2016 to 2021. Our dataset is comprised of
2949 archaeal metagenome-assembled genomes spanning 12 phyla and 392
newly identified species, which increases the known species diversity of Archaea
by ~-48.6%. The structures and potential functions of the archaeal communities
are strongly influenced by temperature and pH, with high-temperature acidic
and alkaline springs favoring archaeal abundance over Bacteria. Genome-
resolved metagenomics and metatranscriptomics provide insights into the
potential ecological niches of these Archaea and their potential roles in carbon,
sulfur, nitrogen, and hydrogen metabolism. Furthermore, our findings illustrate
the interplay of competition and cooperation among Archaea in biogeochemical
cycles, possibly arising from overlapping functional niches and metabolic
handoffs. Taken together, our study expands the genomic diversity of Archaea
inhabiting geothermal springs and provides a foundation for more incisive study
of biogeochemical processes mediated by Archaea in geothermal ecosystems.

As the least-understood domain of the tree of life, the Archaea is a anaerobic methane oxidation, anaerobic alkanotrophy, and chemo-
major frontier of microbiology and biogeochemistry research™. lithotrophic ammonia oxidation*’. Although some groups of Archaea
Known Archaea shoulder key roles in biogeochemical cycles® by canbe readily cultivated in the lab, less than 0.1% of the known species
mediating unique or unusual metabolisms such as methanogenesis, diversity of Archaea has been described as pure cultures®.
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The explosion of archaeal metagenome-assembled genomes (MAGs)
in recent decades has greatly expanded our scope of view of the true
diversity of Archaea, but still more than half of archaeal taxonomic
‘blind spots’ have not yet been described carefully in the literature and
await ‘discovery”.

Due to their physicochemical extremes—especially temperature
and pH - geothermal ecosystems are rich in extremophilic Archaea,
while more moderate habitats within geothermal areas are conducive
to less extremophilic Archaea. Prokaryotes and their viruses dominate
in high-temperature geothermal ecosystems because no known
eukaryotes can grow above ~65 °C; and within these systems, Archaea
are known to dominate at the high-temperature and low pH extremes,
since no known Bacteria can grow above 95°C® or below pH 2°°.
Physicochemical extremes are very common in terrestrial geothermal
ecosystems because subsurface phase separation and varying degrees
of mixing with shallow water can lead to wide variations in spring
temperature and chemistry”. In these systems, acidic pools represent
vapor-dominated end-members along with sulfur-depositing fumar-
oles; the low pH of these systems derives from the enrichment of
hydrogen sulfide in the vapor phase, followed by oxidation of the
hydrogen sulfide to sulfuric acid'. Alkaline springs represent water-
dominated end-members and are characterized by high content of
total dissolved solids, while high-temperature, high-pH spring sources
are significantly understudied"”.

One magmatic hydrothermal region that harbors springs with
such physicochemical extremes is the Tengchong geothermal spring
system in Southwest China, which belongs to the Mediterranean-
Himalayan Geothermal Belt that resulted from collision of the Indian
Plate and the Eurasian Plate. Pronounced variations regarding the
physicochemical parameters have been observed among different
geothermal springs, with reported temperatures up to 96 °C and pH
values from <1.8 to =9.3"*", Despite decades of microbiology
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research at Tengchong geothermal springs, very few archaeal isolates
have been described, and all belong to the genera Sulfolobus, Acid-
ianus, and Metallosphaera'®™, within the order Sulfolobales. Recently,
metagenomics has uncovered the potential metabolisms of some
yet-uncultivated archaeal lineages in Tengchong geothermal springs,
including  chemolithotrophic  Caldarchaeales’®”,  symbiotic
Aenigmatarchaeota” and  Panguiarchaeales”,  carbohydrate-
metabolizing Bathyarchaeia*, ammonia-oxidizing Nitrosocaldaceae®,
anaerobic methylotrophic class EX4484-205%, and several lineages
potentially involved in methane/alkane metabolism?’.

However, while these studies provided important insights into
specific lineages of Archaea, they did not provide a high-level view into
the full diversity and potential functionality of Archaea as a whole, or
the forces controlling their diversity and distribution. Here, we applied
deep metagenomic and metatranscriptomic sequencing to diverse
sediment samples from a variety of geothermal springs in Tengchong.
A total of 152 metagenomes were acquired from 48 springs over a
period of 6 years, and nearly 3000 archaeal MAGs were successfully
reconstructed. By analyzing these MAGs and focusing on highly tran-
scribed genes from metatranscriptomes, we describe the diversity,
distribution, and potential roles of Archaea in the biogeochemical
cycling of carbon, sulfur, nitrogen, and hydrogen. Our study expands
the global cache of archaeal genomes and illustrates their potential
ecological roles and interactions in terrestrial geothermal ecosystems.

Results

Nearly 3000 archaeal genomes adequately represent the
Archaea diversity in Tengchong geothermal springs

A total of 152 sediment samples covering 48 geothermal pools/streams
located in Tengchong County (Yunnan Province, China) and spanning
six years from 2016 to 2021 were collected and metagenomically
sequenced (Supplementary Data 1). A comprehensive investigation of
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Fig. 1| Archaeal diversity in 152 geothermal spring metagenomes.

a Composition and relative abundance of archaeal classes in microbial community
based on rpS3 gene sequences. Detailed information including the relative abun-
dance of each rpS3 gene in each microbial community is reported in Supplementary
Data 2. b Composition and relative abundance of archaeal classes in archaeal

community based on rMAGs. Colors indicate archaeal classes: green series, DPANN
superphylum; blue series, Thermoproteota; red series, Asgardarchaeota. ¢ The
percent of archaeal MAGs harboring rpS3 genes among all 2949 archaeal MAGs.
d The percent of rpS3 genes associated with archaeal MAGs normalized to the total
archaeal community based on count and coverage of rpS3 genes.
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Fig. 2 | Newly identified archaeal species are broadly distributed across the
Archaea. a Phylogenetic tree of 603 archaeal rMAGs recovered from Tengchong
geothermal springs. Taxonomic labels are based on the GTDB. Triangles behind
taxonomic labels indicate the order/class existed in GTDB but without nomen-
clature; stars behind taxonomic labels indicate the order is newly discovered in this
study. Red pie charts indicate the prevalence of each order across 152 samples.
Orange and yellow pie charts indicate the maximum relative abundance of each
order in microbial and archaeal communities, respectively. Dark blue and light blue
columns indicate the numbers of archaeal MAGs and rMAGs contained in the

corresponding order, respectively. Purple stacked histograms indicate the number
of families, genera, and species that are newly identified (light part) and existing but
without nomenclature (dark part). Purple pie charts indicate the percentage of
newly identified species among all species in each order. The relative abundance of
each order in microbial communities is available in Supplementary Data 6. The
generated tree in newick format is provided in FigShare repository at https://doi.
org/10.6084/m9.figshare.25650441. b Number and percentage of taxa with newly
identified and existing but not formally named at each taxonomic level for 603
archaeal rMAGs.

archaeal diversity was conducted by initially scanning for genes
encoding ribosomal protein S3 (rpS3). Using this procedure, we suc-
cessfully identified 27,436 archaeal and bacterial rpS3 sequences,
which clustered into 8757 representative rpS3 sequences with 99% as
the sequence identity cutoff (see Methods). Taxonomic assignments
based on the Genome Taxonomy Database (GTDB) revealed that
archaeal rpS3 genes could be classified into 13 phyla, 29 classes, and 64
orders (Supplementary Fig. 1 and Supplementary Data 2). Further
bioinformatic analysis resulted in the construction of 2949 archaeal
MAGs meeting currently accepted criteria as medium to high quality?®,
with a median of 89.6% completeness and 0.8% contamination (Sup-
plementary Fig. 2, Supplementary Data 3 and 4). Moreover, these
MAGs had a median of 70 scaffolds, and over 90% (2,678) of the MAGs

had <200 scaffolds. The quantity of our reconstructed MAGs is
equivalent to about half of the existing archaeal genomes in the GTDB
(total 6062 Archaea genomes in GTDB v.207 until Jan. 2023)%.
Although approximately 10% of the archaeal MAGs did not contain
rpS3 (Fig. 1c), the other 90% of the MAGs represent 40% of the total
archaeal representative rpS3 by number, and importantly represent
82% of the archaeal representative rpS3 when they were weighted by
sequence coverage in the metagenomes (Fig. 1d). Also, according to
the GTDB nomenclature, these MAGs encompass 12 of the 13 phyla and
25 of the 29 classes detected, and the taxonomy of the MAGs is highly
consistent with that derived by the representative rpS3 (Fig. 1b, Sup-
plementary Fig. 1, Supplementary Data 5 and 6). Overall, these results
show that the 2,949 archaeal MAGs recovered in our study adequately
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represent the archaeal community in the Tengchong geothermal
spring system.

As expected, the composition of Archaea varied greatly across
samples (Fig. 1a, b and Supplementary Fig. 1). The average and max-
imum abundance of Archaea based on reads mapping to MAGs was
34.7% and 95.2%, respectively, and 54 samples were dominated by
Archaea (>50% relative abundance; Supplementary Data 6). This is
further supported by qPCR experiments conducted on several recent
samples collected from geothermal spring sediments (Supplementary
Table 1). In agreement with many previous thermal spring surveys®**,
we found that Thermoplasmata and Thermoproteia were the most
abundant lineages across our sites (Fig. 1a, b). Thermoplasmata
dominated (maximum abundance, 70.2%) the DRTY pools, which are
acidic (pH <5.5), followed by Thermoproteia, Nitrososphaeria, and
Bathyarchaeia, as well as Micrarchaeia and Nanoarchaeia, which has
recently been validated as Nanobdellia® (Fig. 1b, Supplementary
Data 1 and 6). However, Thermoproteia dominated in most other
samples, including both acidic springs (some DRTY, ZZQ pools) and
alkaline springs (pH = 8.5; including ZMQR/L, SRBZ, GMQS/P pools),
with a maximum abundance of 93.7%. The composition of other
Archaea in Thermoproteia-dominant communities in acidic springs was
similar to those in Thermoplasmata-dominated acidic springs, whereas
in alkaline springs other Archaea included Nitrososphaeria_A, Aenig-
matarchaeia, Methanomethylicia, Nanoarchaeia (Nanobdellia), and
Archaeoglobi. The remaining springs (such asJZ, GXS, QQ, HNT pools)
contained various Archaea that together contributed up to 45% of the
read abundance. Given the high abundance of Archaea in the Teng-
chong spring system, we further investigated their diversity and
metabolic potential.

MAGs are diverse and represent hundreds of unknown species

To better explore the diversity of these Archaea, the 2949 archaeal
MAGs were dereplicated at the strain level into 603 representative
MAGs (rMAGs) based on 99% average nucleotide identity (Supple-
mentary Data 3). The rMAGs represent the majority of archaeal phyla
(12 of 18, 66.7%), as defined in the GTDB, and 27 classes, 67 orders, 147
families, 265 genera, and 475 species (Fig. 2). They comprise the first
genomic representatives of four orders (within Micrarchaeia, Kor-
archaeia, and Bathyarchaeia), 26 families, and 131 genera. Additionally,
they include one phylum (B1Sed10-29), three classes (belonging to
Halobacteriota, Thermoplasmatota, Thermoproteota), 30 orders, 90
families, and 107 genera that defined in GTDB without nomenclature
and effective descriptions. Of the 475 species represented by the
rMAGs, 82.5% do not have a previous species representative in GTDB,
and another 13.9% do not have a nomenclature. Thus, the Archaea in
Tengchong geothermal springs are poorly explored and they are of
great research value.

The identified rMAGs are taxonomically broadly distributed
(Fig. 2). In particular, they span a broad diversity within the Thermo-
proteota (7/8 classes) and several phyla known for their small cell size,
small genome size, and episymbiotic lifestyles (Altiarchaeota, lai-
narchaeota, B1Sedl10-29, Micrarchaeota, Aenigmatarchaeota and
Nanoarchaeota (Nanobdellota)), with hotspots of diversity and novelty
in the orders B26-1 (Bathyarchaeia), Sulfolobales, Caldarchaeales, and
CG10238-14 (within Aenigmatarchaeia). Further, many Thermo-
proteota orders were both prevalent and abundant across the 152
samples, especially Sulfolobales, Thermofilales, Thermoproteales, Cal-
darchaeales, Nitrososphaerales, and B26-1, suggesting their ecological
importance. Small Archaea known or interpreted to be episymbionts
were widely distributed, but at low abundance. Only Micrarchaeales,
CABMEPO1 (within Micrarchaeia), CG10238-14, Nanoarchaeales
(Nanobdelalles), and Parvarchaeales had relative abundances greater
than 1% in at least one metagenome (Supplementary Data 6). By con-
trast, fewer than 10 rMAGs were assigned to orders within Thermo-
plasmatota, Hadarchaeota, Halobacteriota, Methanobacteriota, and

Asgardarchaeota, except for the more diverse orders Archaeoglobales,
Thermoplasmatales, and Hadarchaeales. It is noteworthy that ARK-15
(Thermoplasmata order), with only two rMAGs, was abundant (up to
66%) in some of the metagenomes. In addition to abundant species,
these rMAGs also represent diverse low-abundance species with sev-
eral representatives, further confirming this collection of genomes
represents the diversity of the Archaea community well. In summary,
the identified MAGs in geothermal springs not only improve genomic
representatives within several archaeal lineages, but also substantially
increase the known archaeal phylogenetic diversity across the tree
of life.

pH and temperature are key drivers of archaeal composition
and potential function

By applying a generalized linear model (GLM), we found that microbial
communities correlated with a variety of environmental factors (Sup-
plementary Table 2). Among them, pH and temperature emerged as
the two strongest correlates and they most likely affect the archaeal
community at both species (Y*’=40.8 and 29.2, respectively, both
p<0.001) and functional (Y’=46 and 34.2, respectively, both
p<0.001) levels. Sulfate and nitrite were weaker correlates at both
species (y’ =8.42 and 3.84, respectively, both p < 0.05) and functional
(¥*=8.18 and 4.00, respectively, both p<0.05) composition of
Archaea. Our analyses of both taxonomic composition and potential
metabolic functions showed remarkable variation according to pH
(Supplementary Fig. 3a-d). Statistical differences among MAGs present
in acidic (pH <5.5), neutral (5.5 < pH <8.5) and alkaline (pH >8.5)*
springs were evident (ANOSIM test, R = 0.807 and p = 0.001 for rMAGs;
R=0.638 and p=0.001 for KOs). Additionally, grouping samples by
temperature revealed significant differences among mesothermal
(<60 °C), thermal (60-80°C), and hyperthermal (=80 °C)** commu-
nities (ANOSIM test, R =0.275 and p = 0.001 for rMAGs; R =0.255 and
p =0.001for KOs; Supplementary Fig. 3f, h), suggesting temperature is
a secondary factor that also influences the taxonomic and functional
diversity of geothermal spring archaeal communities. The composi-
tion and potential function of Archaea from thermal communities was
similar to those from mesothermal communities but vastly different
from those hyperthermal springs based on both the ordination and
correlation coefficient (Supplementary Fig. 3e-h). There was no sig-
nificant difference in archaeal communities when grouped by sam-
pling season, despite previous reports of seasonal effects on chemistry
and community composition in Tengchong springs® (Supplementary
Fig. 3i-I).

Archaea are more abundant under extreme pH conditions and
show a strongly bimodal distribution

Archaeal community composition varied significantly between
acidic, neutral, and alkaline springs. Additionally, correlation ana-
lyses reveled strong relationships between the relative abundance of
Archaea and pH (Supplementary Fig. 4a, b). When the springs were
divided into acidic or alkaline groups, both extremes of pH favored
archaeal abundance, with stronger relationships in acidic springs
(Pearson test, R=-0.76, p=5.6 x 10™*) than alkaline springs (Pearson
test, R=0.57, p=2.7x107). Quantitative data obtained through
gPCR also indicated that in acidic springs, the absolute abundances
of Archaea was greater than those of Bacteria (Supplementary
Table 1). This trend is consistent with the known competitive
advantage of Archaea over Bacteria at several physicochemical
extremes®. However, in alkaline springs, both pH (Pearson test,
R=0.55, p=5.5x107) and archaeal abundance (Pearson test,
R=0.67, p=11x107°) correlated with temperature (Supplementary
Fig. 4c—f). Further, analysis of the relationship between pH and
abundance of the 20 most abundant archaeal orders showed Ther-
moproteia and Thermoplasmata dominating, but with distinct pat-
terning by pH (Supplementary Fig. 5). Sulfolobales dominated in
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Fig. 4 | Metabolic potential of archaeal orders in the geothermal spring pathway. For each archaeal order, pathways containing all genes in at least one
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incomplete pathway. White circles indicate the absence of any genes in the
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Fig. 5 | Metatranscriptomic read mapping to archaeal MAGs in geothermal
springs. Top 10 highest expressed genes associated with carbon metabolism (a),
sulfur metabolism (b), and nitrogen metabolism (c) in the four reference springs.
Cells in gray indicate either the archaeal genomes contained no ortholog or no
expression of the ortholog is detected. d Percent relative abundance of meta-
transcriptomic reads mapping to the top five archaeal orders in each reference
spring. The top 100 transcriptional rank of functional genes of rMAGs from the

most abundant orders in the reference springs, including DRTY-16_ 202007 _bins_21
(ARK-15; e) and DRTY-16_202007_bins_2 (Thermoplasmatales; f) in DRTY-16 pool,
JZ-2.201912_bins_104 (Nitrososphaerales; g) in JZ-2 pool, JZ-1.201705_bins_112
(Nitrososphaerales; h) in QQ pool, DRC_201705_bins_79 (Sulfolobales; i) and
DRC_201705_bins_77 (Thermoproteales; j) in JZ-3 pool. FPKM: Fragments Per Kilo-
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many acidic springs. For example, Sulfolobaceae dominated in DRTY-
4, -5, -10 and ZZQ pools (Supplementary Fig. 5-6 and Supplemen-
tary Data 6), consistent with its abundance in other acidic thermal
springs®*%. Sulfolobales were also abundant in some alkaline springs.
For example, Desulfurococcaceae were abundant in ZMQL/R and
GMQP pools, with a maximum relative abundance of 87%. Two
Thermoproteia orders, Thermoproteales and Thermofilales, were
more abundant in alkaline springs, as well as Nezhaarchaeales. In
contrast, two orders of Thermoplasmata, ARK-15 and

Thermoplasmatales, were enriched in acidic springs, with maximum
abundance of 66% and 34%, as well as other acidophilic lineages like
Micrarchaeia, Parvarchaeales, JACIWGO1, and Conexivisphaerales.
Several lineages with lower abundance were more abundant in neu-
tral springs, such as Caldarchaeales, B26-1, Nitrososphaerales, and
EX4484-205, whose maximum abundances are 15%, 14%, 8% and 9%.
We also observed that some widespread small Archaea, including
Micrarchaeales, Parvarchaeales, and CABMEPO]1, existed exclusively
in acidic springs, most likely because of their symbiotic/parasitic
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relationships with acidophilic hosts** (Supplementary Fig. 7).
Overall, the archaeal communities showed a selective enrichment in
response to pH.

Thermoproteota are likely key players in the carbon cycle

An analysis of potential carbon metabolisms encoded by rMAGs within
12 representative springs that were sampled more than four times was
conducted to investigate metabolic potential (Fig. 3). Given the strong
relationships between pH and potential archaeal functions (Supple-
mentary Fig. 3¢, d), the pattern of potential autotrophic pathways
according to pH was examined. In neutral springs, the Wood-Ljungdahl
pathway dominated, and B26-1 was the largest archaeal contributor
(Figs. 3a, d, 4). Thermoproteales endoding a complete set of genes
involved in the dicarboxylate-hydroxybutyrate (DC/4-HB) cycle
including the key enzymes acetyl-CoA/propionyl-CoA carboxylase
(K01964, K15036, K15037) were abundant in both acidic and alkaline
springs (Supplementary Data 7). Additionally, in acidic springs, mem-
bers of Sulfolobales were abundant and encoded either the 3-hydro-
xypropionate/4-hydroxybutyrate (3HP/4HB; with pyruvate synthase
and PEP carboxylase being the key enzymes (KO1007, K01595)) or
DC/4-HB cycles, as supported by the detection of a complete set of
genes for both pathways. Surprisingly, some members of the Sulfolo-
bales were highly abundant in alkaline springs but only possessed the
3HP/4HB cycle, suggesting that 3HP/4HB might also be an important
pathway for carbon fixation in such environments. Genes encoding
potential for methane metabolism, notably methyl-coenzyme M
reductase (mcrABG), were restricted to low-abundance orders, such as
putative methanogens within the Archaeoglobales, Methanotrichales,
Methanomassiliicoccales, Nezhaarchaeales, Korarchaeales, Methano-
methylicales, Nitrososphaerales and putative methanotrophs/alkano-
trophs in the Hadarchaeales (Fig. 4), which were described in detail
previously”. Even though some members of the Archaeoglobales and
Nezhaarchaeales in Tengchong and other terrestrial spring systems
have recently been shown to be methanogenic*>*, the number of
transcripts mapping to mcrABG in our datasets were low.

Acetate is a prevalent electron donor and carbon source in both
oxic and anoxic environments, and species-specific uptake of acetate
was recently studied in a Tengchong spring**. Furthermore, acetate
oxidation with low potential electron acceptors, such as partially oxi-
dized sulfur compounds, can be an important intersection of the car-
bon cycle and other element cycles*. Genes for acetate oxidation were
observed in most springs (average 8-60% coverage except DRTY-3 and
DRTY-9; Fig. 3a). Particularly, the acetyl-CoA synthetase (acs) gene was
detected among many archaeal orders, likely functioning in acetate
oxidation to acetyl-CoA (Fig. 4 and Supplementary Data 7). The
importance of acetate oxidation was further supported by metatran-
scriptomic sequencing, with reads mapping to acs in many springs
(Fig. 5a). In addition to acetate oxidation, archaeal genes related to
fermentation were abundant across all representative springs (over
53% coverage) further confirming the presence of a baseline popula-
tion of heterotrophic Archaea (Fig. 3a). The highly expressed pyr-
uvate:ferredoxin  oxidoreductase (por) and related poorly
characterized tungsten-dependent aldehyde ferredoxin oxidor-
eductases (aor) are important for both sugar and amino acid fermen-
tations and were recently shown to have proliferated in the
Caldarchaeales family Wolframiiraptoraceae in Tengchong and other
geothermal ecosystems” (Fig. 5a). Ferredoxins Fer primarily facilitat-
ing the transfer of electrons from glucose and/or amino acids to oxi-
doreductases were commonly detected across multiple orders within
Thermoproteota*® (Supplementary Data 7). Additionally, the wide-
spread existence and expression of acetate-CoA ligases (acdAB; Fig. 4
and Supplementary Data 8) indicates that many Archaea can oxidize
acetyl-CoA for energy conservation. However, when carbon sources
become limited or acetate becomes the sole carbon source, these
Archaea can utilize the reverse ACD and POR enzymes to assimilate

acetate as a carbon substrate**”*%, Interestingly, another acetogenesis
pathway, the phosphate acetyltransferase (pta)-acetate kinase (ack)
pathway, was also detected in small Archaea (e.g., Pacearchaeales and
Woesearchaeales), Asgardarchaeota, and Thermoproteota. The pta-ack
pathway is thought to be a bacterial-type acetogenesis pathway,
although it has been found in a few Archaea***°. Our discovery of
widespread pta-ack pathway enzymes suggests that this so-called
Bacteria-specific pathway is more widely distributed in Archaea than
previously thought.

The dominance of rMAGs coding for organic carbon metabolism
(over 92% coverage) across all sites suggests the presence of a “base-
line” of heterotrophic Archaea (Fig. 3a). However, genes related to
heterotrophic processes were distinct in the three pH groups, likely
indicating preferences for distinct organic carbon substrates (Fig. 3d),
mirroring differences in dissolved organic carbon pools in acidic and
alkaline springs in Tengchong and elsewhere®. For example, Archaea
in neutral springs tended to encode more families of carbohydrate-
active enzymes (CAZymes) than those in acidic springs, even though
they contained fewer CAZymes per rMAG (Supplementary Fig. 8).
Those in alkaline springs harbored a similar number of CAZymes
families as those in neutral springs, but they had more CAZymes per
MAG. Archaea in acidic springs encoded fewer CAZymes per rMAG
and fewer CAZyme families, and polysaccharide lyases were nearly
absent. Although many acidic springs are known to accumulate ter-
restrial organic carbon®, these patterns suggest that polysaccharides
may be acid-hydrolyzed naturally in acidic springs, rendering
CAZymes less important. We note that order EX4484-205, also known
as Brockarchaeota, is a major contributor to CAZymes in the cir-
cumneutral springs, consistent with previous reports® (Supplemen-
tary Fig. 9), suggesting that EX4484-205 may play an important role in
degrading diverse complex organics in neutral springs. Similarly, sev-
eral orders of Thermoproteia contained high numbers of CAZymes in
both acidic and alkaline springs. Sulfolobales CAZymes associated with
the metabolism of amino sugars and Thermoproteales/Thermofilales
CAZymes associated with starch/hemicellulose degradation were both
highly expressed in the alkaline JZ-3 spring (Supplementary Data 9).
Additionally, in acidic DRTY-16 spring, starch-degrading CAZymes
encoded by Thermoplasmatales and ARK-15 were expressed. The
potential carbon metabolisms encoded by archaeal communities in
acidic springs showed two distinct patterns (Fig. 3d). In some pools,
notably DRTY-3 and DRTY-9 (DRTY-3/-9), the heterotrophic “baseline”
dominated, while in others, notably DRTY-5 and DRTY-7 (DRTY-5/-7),
Archaea encoded those functions plus carbon fixation and acetate
oxidation. This difference correlated with the high abundance of
Thermoproteia in DRTY-5/-7 (Fig. 1), suggesting these Thermoproteia
may be important for those functions.

Potential for dissimilatory sulfate reduction is enriched in
polyextreme geothermal springs mainly by Thermoplasmata in
acidic springs and Thermoproteales in alkaline springs

For Archaea to thrive in extreme habitats, it would be opportune to
diversify to exploit diverse energy sources. Genes supporting sulfite
oxidation and sulfate reduction were ubiquitous (Fig. 3b, d), and the
key gene sulfate adenylyltransferase (sat) was expressed in all four
metatranscriptomic datasets (Fig. 5b). Both metagenomic and meta-
transcriptomic analyses showed the prevalence of the dissimilatory
sulfite reductase (dsrAB) and adenylylsulfate reductase (aprAB) gene
clusters across both acidic and alkaline springs, suggesting the
importance of dissimilatory sulfate reduction (DSR) (Figs. 3b, 5b),
although very few measurements of DSR in high-temperature terres-
trial geothermal ecosystems have been reported®. In acidic geother-
mal springs, DSR was likely mediated by the most abundant Archaea,
ARK-15, whereas the high expression of both dsrAB and aprAB in some
Thermoproteales suggested distinct sulfate-reducing Archaea in neu-
tral and alkaline springs (Fig. 5j). Notably, the most abundant ARK-15
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rMAG lacks aprAB genes, indicating a potential dependency on part-
ners to provide sulfite. The sulfide derived from DSR or from the spring
sources themselves” could be oxidized using sulfide:quinone oxidor-
eductase (sgr) to form zero-valent sulfur, a crucial intermediate in the
biogeochemical sulfur cycle that is widespread in terrestrial and mar-
ine geothermal ecosystems™. In acidic springs, many rMAGs within the
orders ARK-15 and Thermoplasmatales possessed these genes and
their transcripts were also abundant; likewise, many rMAGs encoding
these genes belonged to the Thermoproteales in alkaline springs (Fig. 5
and Supplementary Data 8). In contrast to these dissimilatory path-
ways in the polyextreme springs, Archaea in neutral springs expressed
the suite of genes necessary for assimilatory sulfate reduction (Fig. 5b).
Additionally, the broad occurrence of sulfur dioxygenases (sdo) sug-
gested chemolithotrophic sulfur oxidation in neutral springs, espe-
cially by B26-1, Caldarchaeales, Nitrososphaerales, and EX4484-205
(Figs. 3d, 4). These sdo genes were also highly expressed in neutral JZ-2
pool and predominantly map to Nitrososphaerales (Supplementary
Data 8). We also noted a high number of transcriptional reads mapping
to thiosulfate sulfurtransferase (sseA) for thiosulfate oxidation to form
sulfite in neutral and alkaline pools, and tetrathionate reductase
(ttrAB), for reduction of tetrathionate to thiosulfate, in alkaline JZ-3
pool. In summary, both metagenomic and metatranscriptomic data
suggested an active dissimilatory sulfur cycle mediated by Archaea in
acidic pools, which may be driven by the concentration of sulfur in the
vapor phase initially as hydrogen sulfide. The data suggest that
hydrogen sulfide can be oxidized by Archaea, and the resulting sulfate
is used by DSR. In alkaline springs, the data suggest that Archaea can
oxidize reduced sulfur and then utilize various sulfur compounds
including tetrathionate, thiosulfate, sulfate, and sulfite to conduct DSR
or form zero-valent sulfur.

An interesting and unique case is found in the DRTY-6 pool. The
pH of DRTY-6 pool gradually decreased through time from neutral to
acidic, accompanied by an increased abundance of Archaea, among
which the class Thermoplasmata was dominant (Fig. 1a and Supple-
mentary Fig. 10). Meanwhile, we observed a gradual increase in DSR
pathway genes. This transformation reinforces the link between
Thermoplasmata and the DSR pathway as a response to the enrich-
ment of sulfate in acidic springs. Surprisingly, the abundance of
archaeal genes for sulfur oxidation decreased as DRTY-6 acidified
through time. We also noticed a gradual change in potential carbon
metabolisms among the archaeal community; for example, the abun-
dance of genes for inorganic carbon fixation, acetate oxidation, and
hydrogen metabolism decreased. This is consistent with a decline in
the relative abundance of Thermoproteia. Combining these trends with
decreases in carbohydrate and hydrogen metabolism, we surmise that
the acidification of DRTY-6 may have led to a shift in the predominant
archaeal pathways for energy conservation, with more genes related to
DSR rather than sulfur oxidation.

Multiple strategies for utilization of nitrogen resources in
N-limited geothermal springs

According to the GLM results mentioned above, nitrite significantly
correlated with the archaeal species and functional composition in
geothermal springs (Supplementary Table 2). However, the abundance
of genes for dissimilatory nitrogen metabolisms in Archaea in Teng-
chong springs were limited relative to carbon and sulfur, which is
consistent with previous studies®** (Fig. 3¢, d). The concentrations of
dissolved inorganic nitrogen are low in most neutral and alkaline
springs®. Nitrogen is supplied to many terrestrial geothermal springs
as ammonia®, which can be oxidized to nitrite by thermophilic
ammonia-oxidizing Archaea (AOA)***’. We detected a high number of
transcriptional reads mapping to ammonia monooxygenase (amo-
CAB), suggesting active ammonia oxidation by AOA (Fig. 5 and Sup-
plementary Data 8). Both amoCAB and nitrite reductase (nirk) were
highly expressed by MAGs assigned to Nitrososphaerales inhabiting

neutral and alkaline springs. The high expression of nirK by Nitroso-
sphaerales suggests that the greenhouse gas N,O may be released by
nitrifier denitrification (Fig. 5c). Ammonia oxidation to nitrite or nitrate
could provide substrates for assimilatory or dissimilatory metabo-
lisms. The archaeal communities in these springs encode more genes
associated with dissimilatory nitrate reduction (DNR) than assimilatory
nitrate reduction (Fig. 4), suggesting AOA provide sufficient oxidized
nitrogen to drive denitrification, although in other geothermal eco-
systems, the rate of denitrification is limited by the nitrate/nitrite
supply*®. Despite the expression of genes involved in the DNR pathway
in DRTY-16, the complete lack of expression of amoCAB suggests that
the dominance of ammonium over ammonia may inhibit ammonia
oxidation at low pH (Fig. 5c, Supplementary Data 8). Community-level
metabolic reconstructions revealed that incomplete denitrification
may be an important archaeal pathway particularly in neutral springs
(Fig. 3¢, d).

In addition, Archaea living in geothermal springs may obtain
nitrogen from organic molecules. ARK-15 rMAGs expressed for-
mamidase (E3.5.1.49) in acidic springs, which suggests transformation
of methanamide to ammonia (Fig. 5c and Supplementary Data 8).
Some Sulfolobales (Desulfurococcaceae members) in neutral and alka-
line springs expressed nitronate monooxygenase (ncd2), which con-
verts nitroalkane into nitrite. Urease (ureAB) transcripts mapping to
Nitrososphaerales suggests they may produce ammonia from urea in
JZ-2 pool. Surprisingly, ureAB were also highly expressed in alkaline JZ-
3 pool by members of the Jordarchaeales, suggesting broad use of urea
in geothermal ecosystems. Moreover, the expression of glutamate
dehydrogenase (gudB), which interconverts glutamate and ammonia,
was much higher than glutamine synthetases (ginA, gltBD) that couple
ammonium assimilation to glutamate synthesis (Fig. 5¢). gudB was
encoded by ARK-15/Thermoplasmatales and Thermoproteales from
acidic DRTY-16 and alkaline JZ-3 pools, respectively (Fig. 5e, f, j).

Archaeal hydrogen metabolism is widely distributed in geo-
thermal springs
Molecular hydrogen occurs ubiquitously in geothermal springs from
both geological and biological sources, and it is a widely utilized
electron donor and intercellular electron shuttle for microbial growth
and survival’®®. The potential metabolism of hydrogen by the archaeal
community in geothermal springs was different under different pH
conditions (Fig. 3a, d). Hydrogenases were identified in nearly half of
the archaeal rMAGs (270 out of 603, 45%; Supplementary Data 10),
including [NiFe]-, [FeFe]- and [Fel-hydrogenases (Supplementary
Fig. 11). The Hy-oxidizing [Fe]-hydrogenases, which are specific to
Methanobacteriales®, although mcrABG were not detected in the
Methanobacteriales rMAGs from this study. Several Group A [FeFe]-
hydrogenases, known to be involved in coupling ferredoxin oxidation
to fermentative H, evolution, were detected in Micrarchaeia and
Nanoarchaeia (Nanobdellia), as described from single-amplified gen-
omes of lainarchaeota previously”. However, [FeFe]- and [Fe]-hydro-
genases were far less abundant compared with [NiFe]-hydrogenases.
[NiFe]-hydrogenases were the most widespread hydrogenases,
occurring in 11 phyla, 22 classes, and 38 orders of Archaea (Supple-
mentary Data 10 and Supplementary Fig. 11). This pattern mirrors the
overall diversity of [NiFe]-hydrogenases, which are divided into four
clades: Hy-uptake Group 1 (membrane-bound) and 2 (cytosolic),
bidirectional Group 3, and H,-evolving Group 4*°, Group 1a,g,j [NiFe]-
hydrogenases were distributed in a few orders of Thermoproteota.
These enzymes are O,-sensitive and mediate anaerobic H,-dependent
sulfate, nitrate, metal, heterodisulfide, and fumarate respiration®.
Group 2e [NiFe]-hydrogenases are a unique lineage of aerobic uptake
hydrogenases and were only found in aerobic hydrogenotrophic
Thermoproteia®. As expected, a Group 2e [NiFe]-hydrogenase was
encoded by a Sulfolobales rMAG (DRTY-4 201912 _bins_2) that was
highly abundant in many acidic springs. Group 3 [NiFe]-hydrogenases
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Fig. 6 | Potential metabolic interactions within archaeal communities in
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distinct archaeal orders involved in co-occurrence networks and their potential
roles in the biogeochemical cycles of carbon, nitrogen, and sulfur metabolism in
acidic (d) and alkaline (e) geothermal spring habitats. The color of circle indicates
class, which is consistent with Fig. 1. The number in circle indicates the order
assigned to same class.

are cytosolic bidirectional enzymes coupling with different cofactors:
F4>0 (3a), NADP (3b), heterodisulfide reductase (3c), and NAD (3d).
Group 3b and 3d [NiFe]-hydrogenases were encoded by the neutral-
abundant B26-1, EX4484-205, Nitrososphaerales, and Caldarchaeales;
these are O,-tolerant and are considered as redox valves that inter-
convert electrons between H, and NAD(P)H depending on the avail-
ability of exogenous electron acceptors®. These Group 3b and 3d
[NiFe]-hydrogenases may help these Archaea to cope with oxygen
fluctuations. Group 3c [NiFe]-hydrogenases form functional com-
plexes with heterodisulphide reductase (MvhADG-HdrABC) and per-
form the electron bifurcation process that couple the endergonic
reduction of ferredoxin with H, by coupling it with the exergonic
reduction of heterodisulphide with H,*. This hydrogenase was pre-
valent in Halobacteriota, Thermoplasmatota, and Thermoproteota.
Moreover, the Archaea rMAG dataset encoded diverse membrane-
bound Hj-evolving Group 4 [NiFe]-hydrogenases, with several sub-
groups associated with different electron donors, namely formate (4b)
and ferredoxin (4d, 4e, 4 g, 4 h, 4i). These enzymes have a respiratory
function that releases electrons from low-potential donors to reduce
protons, preserving the free energy liberated during electron transfer
as a proton- or sodium-motive force®. The majority of Group 4 [NiFe]-
hydrogenases were assigned to subgroup 4b and 4 g and were pre-
valent in members of Sulfolobales and Thermofilales enriched in alka-
line springs, along with B26-1 in neutral springs. Additionally,
ferredoxins involved in hydrogen production by facilitating electron
transfer to Group 4 [NiFe]-hydrogenases were also commonly
observed among Archaea® (Supplementary Data 7). Altogether, the
diverse hydrogenases likely sustain H,-based respirations,

fermentations, and various electron-bifurcation and energy-
conversion mechanisms in these archaeal communities.

Some Archaea may be competitive or cooperative

We focus not only on the metabolic potential of individual archaeal
orders, but also attempt to explore the larger biogeochemical pro-
cesses and metabolic interactions, including competitive or coopera-
tive dynamics within the archaeal community. As mentioned above,
Archaea were not abundant in the relatively temperate springs (low-
temperature neutral pH springs), where most ecosystem functions are
likely performed by Bacteria (Fig. 1a). Therefore, we built co-
occurrence networks based on communities dominated by Archaea
(>50% in relative abundance) in polyextreme (thermoacidic and ther-
moalkaline) springs. The networks constructed based on the investi-
gation of rpS3 genes demonstrated that there are only few links
between Archaea and Bacteria, and most of these links exhibited sig-
nificant negative correlations. This suggested a potential competitive
rather than cooperative relationship between Archaea and Bacteria
(see microbial networks at https://doi.org/10.6084/m9.figshare.
25650441). To enhance the identification of potential beneficial func-
tional interactions among Archaea with greater resolution and preci-
sion, we extended our analysis to include archaeal rMAGs in
constructing co-occurrence networks (Fig. 6a). In thermoacidic
springs, the network exhibits high phylogenetic diversity, including 14
archaeal orders. The dominant lineage, Thermoplasmata, may com-
pete with another dominant lineage, Sulfolobales, as illustrated by
negative correlations between the two cohorts (Fig. 6b). This compe-
tition may be attributed to overlapping functional niches (Fig. 6d), and
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the outcome of the competition is determined by temperature. When
temperature exceeds 62°C, Sulfolobales prevails over Thermo-
plasmata (Supplementary Fig. 12). Conversely, as the temperature
decreases, Thermoplasmata gains a competitive advantage over Sul-
folobales. Another factor, the high concentration of sulfate in DRTY
pools, may further favor Thermoplasmata, especially the ARK-15 sub-
group, members of which are capable of respiring sulfate or sulfite,
providing an extra niche in the competition with other Archaea.
Alternatively, some positive co-occurrence patterns suggest coopera-
tivity (Fig. 6b, ¢). In thermoacidic springs, Thermoplasmatales and
Conexivisphaerales may cooperate on sequential redox transforma-
tions of sulfur (Fig. 6b, d). Thermoplasmatales oxidize sulfide to ele-
mental sulfur, which can be further oxidized into sulfite or reduced to
sulfide by Conexivisphaerales. We conjecture that the partial DSR
pathway of dominant ARK-15 species may require the reduction of
sulfate by Thermoplasmatales and the low-abundance Conexivi-
sphaerales for sulfite supply, though no significant relationship was
observed between them. In contrast, fewer Archaea encode pathways
for sulfate reduction in thermoalkaline springs, mainly members of the
Thermoproteales and Caldarchaeales (Fig. 6c, e). Additionally, one
module in the network in thermoalkaline springs consists of abundant
Sulfolobales and Thermoproteales, while the other comprises less
abundant Archaea, including small Archaea from CG10238-14 and
Anstonellales (Fig. 6¢). Although distinct, thermoacidic geothermal
springs also host numerous low abundance small Archaea in the net-
work, such as Micrarchaeales, CABMEPO1, and Parvarchaeales, sug-
gesting the importance of these poorly studied Archaea. Given the
expression of CAZymes and rbcL gene in Micrarchaeales and CAB-
MEPO1, these less abundant small Archaea may participate in the
degradation of complex organic carbon and nucleotides. This could
potentially serve as a source of monosaccharides and phosphorus
sources or as part of a parasitic or predatory relationship with their
hosts such as ARK-15 and Thermoplasmatales (Fig. 6d, e; Supplemen-
tary Data 11). In general, the analysis of rMAGs supports the general
notion that competition and cooperation between Archaea may be
common, especially in springs where Archaea dominate over Bacteria.

Discussion

We provide a large resource of archaeal genomes from a unique
magmatic-geothermal spring area of mainland China that hosts phy-
sicochemically diverse springs. These 2,949 reconstructed genomes
and over four million protein sequences considerably expand the
known phylogenetic diversity of Archaea in terrestrial geothermal
systems and expand the total number of archaeal genomes in the
GTDB by over 48%. The integration of metagenomic and metatran-
scriptomic sequencing allowed us to examine the metabolic potential
and gene expression and enabled us to develop conceptual models of
potential metabolic interactions between Archaea at the ecosystem
scale. Additionally, we provide evidence that microbially generated
low pH not only controls community composition but by doing so it
alters the abundance of functions for important biogeochemical
cycling reactions. Within the dataset, temperature was also strongly
correlated with archaeal diversity.

A fundamental goal of ecology is to understand how environ-
mental parameters impact the composition and function of biological
communities. For a long time, temperature and pH have been reported
as the two most influential factors affecting the distribution of
microbial communities in thermal springs, where temperature is
usually considered to be the main driving factor. The general belief is
that both microbial richness and diversity show a unimodal relation-
ship with temperature, with diversity peaking around 20 to 40 °C***",
However, many samples in these studies have a narrow pH range of
6-8, so pH effects may be underestimated. In contrast, several other
studies with a wider range of pH suggest microbially generated low pH
is the dominant correlate with the distribution and diversity of

microbial communities in thermal springs®®7°. Springs in those studies
are divided into two distinct clusters, acidic (2-5) and neutral (6-8) pH.
There are very few high-temperature alkaline springs with pH above 8
in these studies. The largest data set of 925 hot springs studied by
Power et al. also showed that temperature only has a significant effect
above 70 °C’°. Those results are similar to our study, which showed
that archaeal composition and function are primarily correlated with
pH at temperature below 80 °C (Supplementary Fig. 3). Unlike pre-
vious studies based on 16 S rRNA gene sequencing, the current study
avoids primer bias and assumptions about function based on single
gene amplicons. Additionally, our large data set spans a very wide
range of pH (2-10) and temperature (23-100°C) and is a good
representation of the physicochemical diversity within terrestrial
geothermal ecosystems worldwide. Our study shows that neither pH
nor temperature alone is sufficient to explain the community com-
position, but emphasizes the importance of pH, especially in acidic
springs buffered by sulfuric acid, as the strongest control.

Most -omics studies of Archaea focus on the dominant lineages,
while low-abundance lineages are often overlooked, especially groups
of small Archaea such as Nanoarchaeota (Nanobdellota), Aenigma-
tarchaeota, and Micrarchaeota, as well as Asgardarchaeota. Our
metatranscriptomic analysis showed that some small Archaea, such as
CABMEPO1 (within Micrarchaeia) and CG10238-14 (within Aenigma-
tarchaeia), expressed multiple carbohydrate-metabolizing enzymes,
peptidases, and carbohydrate and amino acid transporters (Supple-
mentary Data 11). Furthermore, they encoded a number of transpo-
sases with high expression, suggesting frequent gene exchange, which
may be relevant to their symbiotic lifestyle”. In addition, Micrarchaeia
was the only member in acidic DRTY-6 spring expressing ribulose-
bisphosphate carboxylase (rbcL), which is involved in the AMP path-
way catabolizing nucleotides as reported previously’” (Supplementary
Data 8). Interestingly, members of the Jordarchaeales, an Asgardarch-
aeota order, were the only archaeal lineages that expressed urease and
a urea transport system in JZ-3 pool (Supplementary Data 11). These
enzymes may help Jordarchaeales utilize exogenous urea and convert
it into CO, and ammonia, which has never been reported in Jordarch-
aeales, which generally have poor nitrogen-metabolizing capacity”. In
short, low-abundance small Archaea and Asgardarchaeota occupy
unique ecological niches in these geothermal ecosystems. Although
methanogens were not abundant in these springs, microcosm
experiments demonstrated that they were active but temperature-
sensitive*’. That study noted a shift in the predominant methanogenic
pathway in a member of the Archaeoglobales from hydrogenotrophic
to methylotrophic when incubation temperatures increased from 65
to 75°C. And both genomic inference and mcr expression under
methanogenic conditions strongly suggested hydrogenotrophic
methanogenesis by a member of the Nezhaarchaeales in situ.

We note that some key biochemical functions are encoded by
coexisting but taxonomically distinct orders of Archaea (Fig. 6). This
functional redundancy is widespread in microbial communities in
various environments™”’. In our geothermal springs, a high functional
redundancy was observed with respect to energy-transducing meta-
bolic pathways’®, including polysaccharide degradation, acetogenesis,
acetate oxidation, thiosulfate disproportionation, and sulfide oxida-
tion, which are conducted by abundant but phylogenetically diverse
Archaea (Fig. 6). These functions are likely to be fundamental and
important archaeal community processes in geothermal ecosystems’’,
and support polysaccharide, acetate and sulfur compound as impor-
tant energy source. In addition, in our dataset, functional redundancy
seemed to be more prevalent in polyextreme conditions. An example
is the distribution of CAZymes, which were more abundant and
widespread in the archaeal community in acidic/alkaline springs rela-
tive to neutral springs within the same functional cluster (Supple-
mentary Fig. 7). The identity of Archaea possessing the same function
can vary substantially across space or time. For example, some
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Thermoproteales mediate DSR in thermoalkaline springs, while the
same function is likely mediated by Thermoplasmata in thermoacidic
springs (Fig. 6b,d). This taxonomic variability may result from the
unique ecophysiology of these ecologically equivalent organisms that
leads them to be selected by different physicochemical
characteristics’®”’. In general, functional redundancy is a common
aspect of microbial communities, which is linked to the capacity to
withstand environmental pressures and fluctuations.

Methods

Sample collection, DNA extraction, sequencing, and metage-
nomic assembly

This study was conducted in compliance with all relevant ethical
standards and regulations. We obtained permits for all sample col-
lection, supported by Yunnan Tengchong Volcano and Spa Tourist
Attraction Development Corporation. Geothermal spring sediment
samples were collected and transferred with informed consent, under
protocols approved by the Ethical Review Committee at the University
of Science and Technology of China. A total of 152 sediment samples
were collected from 48 geothermal springs spanning six years
(2016-2021) located at Tengchong county in Yunnan province, China.
These geothermal springs span a wide range of physiochemical para-
meters with temperature ranging from 23 to 100 °C and pH ranging
from 2.0 to 9.7 (Supplementary Data 1). Detailed method for sample
collection, DNA extraction, and metagenomic sequencing have been
described in Hua et al.*°. Raw reads generated on Illumina Hiseq
4000 sequencer were preprocessed using custom Perl scripts®
(https://github.com/hzhengsh/qualityControl). Quality reads for each
sample were de novo assembled separately using SPAdes® (v.3.9.0)
with parameters: -meta -k 21,33,55,77,99,127.

Genome binning, curation and dereplication

For each sample, quality reads were mapped on assembled scaffolds
with length >2500 bp using BBMap (v.38.92; http://sourceforge.net/
projects/bbmap/) with following parameters: k =15 minid = 0.97 build
= 1. The generated.bam file was used to calculate sequence depth and
further to conduct genome binning using three tools including:
MaxBin2%* (v.2.2.7), CONCOCT®? (v.1.1.0) and MetaBAT®** (v.2.12.1). The
best bins were determined using DASTool® (v.1.1.3). Clean reads for
each selected bin were recruited using BBMap (the same parameters as
mentioned above) and were reassembled using SPAdes (v.3.15.2) with
the following parameters: -careful -k 21,33,55,77,99,127. The genome
quality including completeness, contamination, heterogeneity of all
bins except small Archaea with tiny sizes and episymbiotic lifestyle
(previously known as DPANN Archaea) was evaluated using CheckM®®
(v.L1.3). For small Archaea bins, their completeness was estimated to
calculate the occurrence frequency of genes among a set of 48 single-
copy genes’. Contamination and heterogeneity of these bins were
determined using CheckM. The genome quality for all bins was
recorded in Supplementary Data 3. To obtain genomes with high
quality, scaffolds with abnormal sequence depth and multiple marker
genes were manually removed as previously described*. Scaffolds
with depth <[quartile;;; - 1.5 x (quartiles;q - quartilei,)] and >
[quartiles;q + 1.5 x (quartiles,q - quartile,s,)] were treated as outliers.
Finally, a total of 2,949 Archaea bins were obtained with completeness
> 50% and contamination <10%. The program dRep® (v.3.2.2) was
applied to dereplicate genomes at 99% ANI (strain level). A total of 603
representative MAGs (rMAGs) were picked out for further metabolic
analysis.

Taxonomic assignment and phylogenetic inference of
assembled rMAGs

The taxonomy of all 2949 archaeal genomes was initially determined
using GTDB-Tk®*® (v.2.1.0). Phylogenetic analysis was constructed and
used to confirm the taxonomic assignments. A total of 603

representative MAGs from present study and reference genomes from
GTDB were picked out to infer the phylogeny. Briefly, multiple
sequence alignments of 53 concatenated conserved archaeal marker
genes were retrieved from GTDB-Tk. The poorly aligned regions were
eliminated using trimAI* (v.1.4.rev22) with the parameter: -auto-
matedl. Phylogeny was inferred using IQ-TREE* (v.1.6.12) with 1,000
ultrafast bootstrapping iterations. The best model of LG + F + R10 was
determined using ModelFinder®”, which is well supported by Bayesian
information criterion (BIC). The phylogenetic tree was visualized using
iTOL?* (v.6).

Taxonomic assignment of rpS3 genes

Gene calling was conducted using Prodigal™ (v.2.6.3) (parameters: -p
meta) for scaffolds >500 bp in each metagenome. The candidate rpS3
protein sequences were retrieved by searching all proteins against
curated rpS3 database (see rpS3 database at https://doi.org/10.6084/
mo.figshare.25650441) which sequences > 200 amino acids using
AMPHORA2°* (v.2.0). To identify rpS3 protein sequences with accu-
racy, three steps were performed: (i) Hits with score <40 from
AMPHORA-based searches were filtered; (ii) Protein sequences with
length <60 amino acids were eliminated; and (iii) All remaining
sequences were searched against NCBI-nr database using BLASTp
program and only hits identified as rpS3 genes were kept. Across all
metagenomes, a total of 27,436 rpS3 protein sequences were identi-
fied. The confirmed rpS3 protein sequences were subsequently clus-
tered at 99% sequence identity using USEARCH® (v.11.0.667) with
following options: -sort length -id 0.99 -maxrejects O -maxaccepts O
-centroids. This resulted in the generation of 8,757 representative
archaeal and bacterial rpS3 proteins at species level.

Since GTDB provided a phylogenetically consistent and rank
normalized genome-based taxonomy for prokaryotes, rpS3 gene
sequences from GTDB with well-documented taxonomy information
were extracted to build a custom rpS3 gene database, which could be
further used to assign taxonomy at different levels for rpS3 genes
retrieved from metagenomes. Briefly, gene sequences with length
>300 bp were kept and were further clustered using USEARCH at 100%
identity. To eliminate rpS3 genes that misassigned to the corre-
sponding genomes due to the biases caused by metagenome assembly
and genome binning, taxonomic assignments were conducted for all
rpS3 genes identified from GTDB with themselves as database using
assign_taxonomy.py (v.1.9.1) program in QIIME’®; -m rdp -c 0.60. Items
were discarded if the assigned taxonomy is inconsistent with the tax-
onomy retrieved from GTDB. The retained rpS3 gene sequences were
further clustered at 99% identity using USEARCH to establish a final
version of rpS3 database at species-level. 8,757 representative rpS3
gene sequences were searched against the curated database with the
same procedure as mentioned above. Among them, 2500 rpS3 genes
(28.5%) can’t be assigned at phylum-level. These gene sequences were
further searched against the protein sequences of curated rpS3 data-
base using BLASTx program: -evalue le-5 -num_descriptions 5
-num_alignments 5. The lowest concordant level of the five top hits was
used to assign taxonomy for each undetermined sequence.

I93

Relative abundance of rMAGs and rpS3 genes

Clean reads were mapped on 603 rMAGs and scaffolds with length
>500 bp using BBMap respectively. The relative abundance of each
rMAG in one sample was calculated as the percentage of reads mapped
to the rMAG to the total reads mapped to the metagenome. Only rMAG
with a relative abundance more than 0.01% is counted. Similarly, clean
reads were mapped on 8757 representative rpS3 gene sequences for
each sample using BBMap and the coverage information was calcu-
lated by dividing recruited reads to the length of gene length. The
relative abundance of each rpS3 in one sample was calculated by
dividing the coverage of one rpS3 to the total coverage of all rpS3.
A table was generated to record the abundance information of each
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archaeal phylum, class and order based on rMAGs and representative
rpS3 genes in each sample (Supplementary Data 6).

Genome and community-level metabolic annotation

Functional annotation was conducted using METABOLIC®” (v.4.0) with
all representative archaeal MAGs and clean reads of each sample as
inputs. Briefly, gene calling was performed for each rMAG using Pro-
digal with “-p single” option to identify open reading frames (ORFs).
ORFs were subsequently searched against the KEGG, TIGRfam, Pfam
and collected HMM profiles associated with key biogeochemical
cycling using HMMER?® (v.3.3.2). The MW-scores (metabolic weight
score) were calculated by METABOLIC which describes the contribu-
tion of one function/pathway relative to all functions in all Archaea
since only archaeal genomes were taken as inputs.

The metabolic pathway associated with elemental biogeochem-
ical cycling were further assessed by searching all ORFs in rMAGs
against the KOfam database (KEGG release 103) using the KofamScan®
(v.1.3.0; E value <107°). The archaeal order was determined to contain
the pathway if all genes involved in this pathway can be detected in at
least one rMAG in a given order. To ensure the accuracy, only rMAGs
with scaffold numbers <200 were taken into consideration. The gene
repertoire against Carbohydrate-Active enZYmes (CAZy) Database'*
for searching carbohydrate degradation capacities was explored for
each rMAG as well.

Phylogenetic tree reconstruction of hydrogenase

Hydrogenase proteins were initially identified using METABOLIC
across 603 archaeal rMAGs in this study, and were further classified
into different functional groups using a web tool of Hydrogenase
database (HydDB)®°. Reference sequences of [Fe], [FeFe] and [NiFe]
hydrogenases in Archaea were downloaded from the HydDB. The
obtained protein sequences were aligned using MUSCLE™ (v.3.8.31)
and trimmed using TrimAL (-gt 0.05 -cons 50). Phylogeny was gener-
ated using 1Q-tree with 1,000 ultrafast bootstrapping iterations and
VT +F +R9 as the best model.

Metatranscriptomic analysis

Geothermal spring sediment samples collected in Jan 2021 and Jul 2022
were conducted for metatranscriptomic sequencing. Sufficient RNA
was only obtained from four samples, including JZ-2 (pH 7.47, 36.0 °C)
in Jan 2021 and DRTY-16 (pH 2.11, 38.1°C), QQ (pH 6.80, 70.1°C), JZ-3
(pH 9.98, 64.7°C) in Jul 2022. Total RNA was extracted using the
RNeasy PowerSoil Total RNA kit (QIAGEN). Total RNA was subse-
quently sent out for metatranscriptomic sequencing, following with
rRNA removal and mRNA enrichment. The generated paired-end reads
(~114 Gbp) were quality-controlled using Sickle (v.1.33; https://github.
com/najoshi/sickle) with the following parameters: -t sanger --quiet -l
50. Trimmed transcripts were mapped to the identified ORFs of 603
archaeal rMAGs using BBMap with the same parameters as above. The
fragments per kilobase of transcript per million (FPKM) values were
extracted from the output. The heatmap figure was built based on
gene expression data using the pheatmap package (v.1.0.12) in RStudio
(v.1.2.5033).

Statistical analyses

A total of 132 geothermal spring samples with both pH and tempera-
ture measured were picked out and applied for ordination analysis. To
assess the resemblance of samples and to identify main factors
affecting the clustering pattern, principial coordinates analysis (PCoA)
was conducted based on Bray-Curtis distance of archaeal community
composition and functional annotation (KOs) data. Three factors were
considered including sampling season (summer and winter), pH
(acidic: pH <5.5; neutral: 5.5 < pH <8.5; alkaline: pH >8.5)*, and tem-
perature (mesothermal: temperature <60 °C; thermal: 60 < tempera-
ture <80°C; hyperthermal: temperature >80°C)**. Analysis of

Similarity (ANOSIM) was used to examine the significant differences
among different sample groups. Pearson correlation was applied to
test the correlation between pH and temperature with the relative
abundance of specific archaeal lineages. The generalized linear model
(GLM) was applied to establish connections between archaeal com-
munity at strain/function level and environmental parameters using
the gim function in the “stats” package (v. 4.2.2)'°? in R platform (http://
cran.r-project.org). Statistical significance (p <0.05) was assessed by
conducting likelihood ratio tests (LRT) on the linear models, utilizing
Type-Il ANOVA in the “car” package (v. 3.0-10)'® in R.

Network-based co-occurrence analysis

A comprehensive dataset comprising 48 acidic and 31 alkaline geo-
thermal springs, spanning both temporal and spatial dimensions, was
employed for unveiling the co-occurrence patterns of archaeal orders
(Supplementary Data 1). To enhance clarity and streamline the analy-
sis, archaeal rMAGs occurring in fewer than half of samples were
excluded, resulting in the retention of 83 rMAGs for subsequent net-
work construction. The co-occurrence networks were constructed
using SparCC'** with default parameters, and the robustness of the
networks was ensured by employing 100 bootstrap samples to infer
pseudo-P values. Only correlations deemed statistically significant
(p < 0.05, two-sided) and robust (absolute value of correlation coef-
ficient greater than 0.6) between pairwise rMAGs were considered,
contributing to the inference of a reliable network. Visualization of the
network was performed using Gephi (v.0.10.1)'.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

2949 metagenome-assembled genomes of Archaea described in this
study have been deposited in NCBI under the BioProject
PRINA544494: BioSample id SAMNI18253264 to SAMNI8253267,
SAMNI18253269, SAMN18253270, SAMNI18838809, SAMN19656016 to
SAMNI19656018, SAMN28867992 to SAMN28867995, SAMN28867997
to  SAMN28867999, SAMN31028420 to  SAMN31028426,
SAMN31028428 to SAMN31028439, SAMN31028763, SAMN34195732,
SAMN36035244 to SAMN36035357. The accession numbers of gen-
omes are JAVYKEOOO000000 to JAWCTO000000000, with detailed
accession for each MAG recorded in Supplementary Data 3. Supple-
mentary data, comprising the phylogenies of Archaea and hydro-
genase, the rpS3 protein sequences, and co-occurrence networks
between Archaea and Bacteria, are accessible in the FigShare reposi-
tory at https://doi.org/10.6084/m9.figshare.25650441. The links to the
databases used in this study are listed below: CAZy [https://www.cazy.
org/l; Genome Taxonomy database [https://data.ace.uq.edu.au/
public/gtdb/data/releases/release207/]; HMM database within META-
BOLIC program (v.4.0) [https://github.com/AnantharamanLab/
METABOLIC/releases].

References

1. Liu, Y. et al. Expanded diversity of Asgard archaea and their rela-
tionships with eukaryotes. Nature 593, 553-557 (2021).

2. He, C. et al. Genome-resolved metagenomics reveals site-specific

diversity of episymbiotic CPR bacteria and DPANN archaea in
groundwater ecosystems. Nat. Microbiol 6, 354-365 (2021).

3. Baker, B. J. et al. Diversity, ecology and evolution of Archaea. Nat.
Microbiol 5, 887-900 (2020).

4. Evans, P. N. et al. An evolving view of methane metabolism in the
Archaea. Nat. Rev. Microbiol 17, 219-232 (2019).

5. Santoro, A. E., Buchwald, C., Mcllvin, M. R. & Casciotti, K. L. Iso-
topic signature of N(2)O produced by marine ammonia-oxidizing
archaea. Science 333, 1282-1285 (2011).

Nature Communications | (2024)15:4066

13


https://github.com/najoshi/sickle
https://github.com/najoshi/sickle
http://cran.r-project.org
http://cran.r-project.org
https://doi.org/10.6084/m9.figshare.25650441
https://www.cazy.org/
https://www.cazy.org/
https://data.ace.uq.edu.au/public/gtdb/data/releases/release207/
https://data.ace.uq.edu.au/public/gtdb/data/releases/release207/
https://github.com/AnantharamanLab/METABOLIC/releases
https://github.com/AnantharamanLab/METABOLIC/releases

Article

https://doi.org/10.1038/s41467-024-48498-5

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lewis, W. H., Tahon, G., Geesink, P., Sousa, D. Z. & Ettema, T. J. G.
Innovations to culturing the uncultured microbial majority. Nat.
Rev. Microbiol 19, 225-240 (2021).

Eloe-Fadrosh, E. A., Ivanova, N. N., Woyke, T. & Kyrpides, N. C.
Metagenomics uncovers gaps in amplicon-based detection of
microbial diversity. Nat. Microbiol 1, 15032 (2016).

Madigan, M. T., Martinko, J. M., Bender, K. S., Buckley, D. H. &
Stahl, D. A. Brock Biology of Microorganisms, 14th Edn London.
(Pearson, 2014).

Foster, J. W. Escherichia coli acid resistance: tales of an amateur
acidophile. Nat. Rev. Microbiol 2, 898-907 (2004).

Zhang, G. et al. Geochemistry of the Rehai and Ruidian geothermal
waters, Yunnan Province, China. Geothermics 37, 73-83 (2008).
Hedlund, B. P. et al. A review of the microbiology of the Rehai
geothermal field in Tengchong, Yunnan Province, China. Geosci.
Front. 3, 273-288 (2012).

Kirk Nordstrom, D., Blaine McCleskey, R. & Ball, J. W. Sulfur geo-
chemistry of hydrothermal waters in Yellowstone National Park: IV
Acid-sulfate waters. Appl. Geochem. 24, 191-207 (2009).
Mueller, R. C. et al. An emerging view of the diversity, ecology and
function of Archaea in alkaline hydrothermal environments. FEMS
Microbiol Ecol. 97, fiaa246 (2021).

Guo, Q. & Wang, Y. Geochemistry of hot springs in the Tengchong
hydrothermal areas, Southwestern China. J. Volcanol. Geotherm.
Res. 215-216, 61-73 (2012).

Xian, W.-D. et al. Diversity of Thermophiles in Terrestrial Hot Springs
of Yunnan and Tibet, China. in Extremophiles in Eurasian Ecosys-
tems: Ecology, Diversity, and Applications (eds. Egamberdieva, D.,
Birkeland, N.-K., Panosyan, H. & Li, W.-J.) 57-79 (Springer, Singa-
pore). https://doi.org/10.1007/978-981-13-0329-6_3, (2018)

He, Z.-G., Zhong, H. & Li, Y. Acidianus tengchongensis sp. nov., a
new species of acidothermophilic archaeon isolated from an
acidothermal spring. Curr. Microbiol 48, 159-163 (2004).

Zou, P., Zhang, W., Lei, T. & Wang, J. Study on bioleaching of
primary chalcopyrite ore with thermoacidophlic archae. Acta
Metall. Sin. (Engl. Lett.) 19, 341-346 (2006).

Han, J. et al. Diversity of thermoacidophilic sulfolobus in hot
springs in tengchong of yunnan, China. Chin. J. Appl. Environ. Biol.
16, 692-696 (2010).

Peng, T.-J. et al. Metallosphaera tengchongensis sp. nov., an
acidothermophilic archaeon isolated from a hot spring. Int J. Syst.
Evol. Microbiol 65, 537-542 (2015).

Hua, Z.-S. et al. Genomic inference of the metabolism and evo-
lution of the archaeal phylum Aigarchaeota. Nat. Commun. 9,
2832 (2018).

Buessecker, S. et al. An essential role for tungsten in the ecology
and evolution of a previously uncultivated lineage of anaerobic,
thermophilic Archaea. Nat. Commun. 13, 3773 (2022).

Li, Y.-X. et al. Deciphering symbiotic interactions of ‘Candidatus
Aenigmarchaeota’ with inferred horizontal gene transfers and co-
occurrence networks. mSystems 6, e0060621 (2021).

Qu, Y.-N. et al. Panguiarchaeum symbiosum, a potential hyper-
thermophilic symbiont in the TACK superphylum. Cell Rep. 42,
112158 (2023).

Qi, Y.-L. et al. Comparative genomics reveals thermal adaptation
and a high metabolic diversity in ‘Candidatus Bathyarchaeia.
mSystems 6, e0025221 (2021).

Luo, Z.-H. et al. Genomic insights of ‘Candidatus Nitrosocalda-
ceae’ based on nine new metagenome-assembled genomes,
including ‘Candidatus Nitrosothermus’ Gen Nov. and two new
species of ‘Candidatus Nitrosocaldus. Front Microbiol 11,

608832 (2020).

De Anda, V. et al. Brockarchaeota, a novel archaeal phylum with
unigue and versatile carbon cycling pathways. Nat. Commun. 12,
2404 (2021).

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Hua, Z.-S. et al. Insights into the ecological roles and evolution of
methyl-coenzyme M reductase-containing hot spring Archaea.
Nat. Commun. 10, 4574 (2019).

Bowers, R. M. et al. Minimum information about a single amplified
genome (MISAG) and a metagenome-assembled genome
(MIMAG) of bacteria and archaea. Nat. Biotechnol. 35,
725-731(2017).

Rinke, C. et al. A standardized archaeal taxonomy for the genome
taxonomy database. Nat. Microbiol 6, 946-959 (2021).

Colman, D. R. et al. Phylogenomic analysis of novel Diaforarchaea
is consistent with sulfite but not sulfate reduction in volcanic
environments on early Earth. ISME J. 14, 1316-1331 (2020).

Song, Z.-Q. et al. Bacterial and archaeal diversities in Yunnan and
Tibetan hot springs, China. Environ. Microbiol 15, 1160-1175 (2013).
Kato, S. et al. Nanobdella aerobiophila gen. nov., sp. nov., a ther-
moacidophilic, obligate ectosymbiotic archaeon, and proposal of
Nanobdellaceae fam. nov., Nanobdellales ord. nov. and Nanob-
dellia class. nov. Int. J. Syst. Evol. Microbiol. 72, 005489 (2022).
Caritat et al. The pH of Australian soils: field results from a national
survey. Soil Res. 49, 173-182 (2011).

Rothschild, L. J. & Mancinelli, R. L. Life in extreme environments.
Nature 409, 1092-1101 (2001).

Briggs, B. R. et al. Seasonal patterns in microbial communities
inhabiting the hot springs of Tengchong, Yunnan Province, China.
Environ. Microbiol 16, 1579-1591 (2014).

Valentine, D. L. Adaptations to energy stress dictate the ecology
and evolution of the Archaea. Nat. Rev. Microbiol 5,

316-323 (2007).

Jiao, J.-Y. et al. Insight into the function and evolution of the
Wood-Ljungdahl pathway in Actinobacteria. ISME J. 15,
3005-3018 (2021).

Flores, G. E. et al. Microbial community structure of hydrothermal
deposits from geochemically different vent fields along the Mid-
Atlantic Ridge. Environ. Microbiol. 13, 2158-2171 (2011).
Golyshina, O. V. et al. ARMAN’ archaea depend on association with
euryarchaeal host in culture and in situ. Nat. Commun. 8,

60 (2017).

Krause, S. et al. The importance of biofilm formation for cultivation
of a Micrarchaeon and its interactions with its Thermoplasmatales
host. Nat. Commun. 13, 1735 (2022).

Chen, L.-X. et al. Metabolic versatility of small archaea Micrarch-
aeota and Parvarchaeota. ISME J. 12, 756-775 (2018).

Wang, J. et al. Evidence for nontraditional mcr-containing archaea
contributing to biological methanogenesis in geothermal springs.
Sci. Adv. 9, eadg6004 (2023).

Lynes, M. M. et al. Diversity and function of methyl-coenzyme M
reductase-encoding archaea in Yellowstone hot springs revealed
by metagenomics and mesocosm experiments. ISME COMMUN 3,
1-11 (2023).

Lai, D. et al. Resource partitioning and amino acid assimilation in a
terrestrial geothermal spring. ISME J. 17, 2112-2122 (2023).
Sorokin, D. Y. et al. Elemental sulfur and acetate can support life of
a novel strictly anaerobic haloarchaeon. ISME J. 10,

240-252 (2016).

Burkhart, B. W., Febvre, H. P. & Santangelo, T. J. Distinct Physio-
logical Roles of the Three Ferredoxins Encoded in the Hyper-
thermophilic Archaeon Thermococcus kodakarensis. mBio 10,
https://doi.org/10.1128/mbio.02807-18 (2019).

Brasen, C., Schmidt, M., Grotzinger, J. & Schonheit, P. Reaction
mechanism and structural model of ADP-forming Acetyl-CoA
synthetase from the hyperthermophilic archaeon Pyrococcus
furiosus. J. Biol. Chem. 283, 15409-15418 (2008).

Glasemacher, J., Bock, A.-K., Schmid, R. & Schonheit, P. Purifica-
tion and Properties of Acetyl-CoA Synthetase (ADP-forming), an
Archaeal Enzyme of Acetate Formation and ATP Synthesis, from

Nature Communications | (2024)15:4066

14


https://doi.org/10.1007/978-981-13-0329-6_3
https://doi.org/10.1128/mbio.02807-18

Article

https://doi.org/10.1038/s41467-024-48498-5

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

the Hyperthermophile Pyrococcus furiosus. Eur. J. Biochem. 244,
561-567 (1997).

He, Y. et al. Genomic and enzymatic evidence for acetogenesis
among multiple lineages of the archaeal phylum Bathyarchaeota
widespread in marine sediments. Nat. Microbiol. 1, 1-9 (2016).
Rother, M. & Metcalf, W. W. Anaerobic growth of Methanosarcina
acetivorans C2A on carbon monoxide: An unusual way of life for a
methanogenic archaeon. Proc. Natl Acad. Sci. 101,

16929-16934 (2004).

Nye, J. J., Shock, E. L. & Hartnett, H. E. A novel PARAFAC model for
continental hot springs reveals unique dissolved organic carbon
compositions. Org. Geochem. 141, 103964 (2020).

Fishbain, S., Dillon, J. G., Gough, H. L. & Stahl, D. A. Linkage of high
rates of sulfate reduction in yellowstone hot springs to unique
sequence types in the dissimilatory sulfate respiration pathway.
Appl. Environ. Microbiol. 69, 3663-3667 (2003).

Liu, R., Shan, Y., Xi, S., Zhang, X. & Sun, C. A deep-sea sulfate-
reducing bacterium generates zero-valent sulfur via metabolizing
thiosulfate. mLife 1, 257-271 (2022).

Lin, K.-H. et al. Metabolic characteristics of dominant microbes
and key rare species from an acidic hot spring in Taiwan revealed
by metagenomics. BMC Genomics 16, 1029 (2015).

Holloway, J. M., Nordstrom, D. K., Bohlke, J. K., McCleskey, R. B. &
Ball, J. W. Ammonium in thermal waters of Yellowstone National
Park: Processes affecting speciation and isotope fractionation.
Geochimica et. Cosmochimica Acta 75, 4611-4636 (2011).
Dodsworth, J. A., Hungate, B. A. & Hedlund, B. P. Ammonia oxi-
dation, denitrification and dissimilatory nitrate reduction to
ammonium in two US Great Basin hot springs with abundant
ammonia-oxidizing archaea. Environ. Microbiol. 13,

2371-2386 (2011).

De La Torre, J. R., Walker, C. B., Ingalls, A. E., Kénneke, M. & Stahl,
D. A. Cultivation of a thermophilic ammonia oxidizing archaeon
synthesizing crenarchaeol. Environ. Microbiol. 10, 810-818 (2008).
Schwartz, E., Fritsch, J. & Friedrich, B. H,-Metabolizing Prokar-
yotes. in The Prokaryotes: Prokaryotic Physiology and Biochemistry
(eds. Rosenberg, E., DeLong, E. F., Lory, S., Stackebrandt, E. &
Thompson, F.) 119-199 (Springer). https://doi.org/10.1007/978-3-
642-30141-4_65, 2013

Greening, C. et al. Genomic and metagenomic surveys of hydro-
genase distribution indicate H2 is a widely utilised energy source
for microbial growth and survival. ISME J. 10, 761-777 (2016).
Sendergaard, D., Pedersen, C. N. S. & Greening, C. HydDB: A web
tool for hydrogenase classification and analysis. Sci. Rep. 6,
34212 (2016).

Islam, Z. F. et al. A widely distributed hydrogenase oxidises
atmospheric H, during bacterial growth. ISME J. 14,

2649-2658 (2020).

Greening, C. & Cook, G. M. Integration of hydrogenase expression
and hydrogen sensing in bacterial cell physiology. Curr. Opin.
Microbiol. 18, 30-38 (2014).

Buckel, W. & Thauer, R. K. Energy conservation via electron
bifurcating ferredoxin reduction and proton/Na* translocating
ferredoxin oxidation. Biochimica et. Biophysica Acta (BBA) - Bioe-
nerg. 1827, 94-113 (2013).

Sharp, C. E. et al. Humboldt's spa: microbial diversity is controlled
by temperature in geothermal environments. ISME J. 8,
166-1174 (2014).

Cole, J. K. et al. Sediment microbial communities in Great Boiling
Spring are controlled by temperature and distinct from water
communities. ISME J. 7, 718-729 (2013).

Guo, L. et al. Temperature governs the distribution of hot spring
microbial community in three hydrothermal fields, Eastern Tibe-
tan Plateau Geothermal Belt, Western China. Sci. Total Environ.
720, 137574 (2020).

67.

68.

69.

70.

n.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Sharp, C. E., Martinez-Lorenzo, A., Brady, A. L., Grasby, S. E. &
Dunfield, P. F. Methanotrophic bacteria in warm geothermal
spring sediments identified using stable-isotope probing. FEMS
Microbiol Ecol. 90, 92-102 (2014).

Inskeep, W., Jay, Z., Tringe, S., Herrgard, M. & Rusch, D. The YNP
Metagenome Project: Environmental Parameters Responsible for
Microbial Distribution in the Yellowstone Geothermal Ecosystem.
Front. Microbiol. 4, 67 (2013).

Uribe-Lorio, L. et al. The influence of temperature and pH on
bacterial community composition of microbial mats in hot springs
from Costa Rica. MicrobiologyOpen 8, €893 (2019).

Power, J. F. et al. Microbial biogeography of 925 geothermal
springs in New Zealand. Nat. Commun. 9, 2876 (2018).

Xie, Y.-G. et al. Functional differentiation determines the mole-
cular basis of the symbiotic lifestyle of Ca. Nanohaloarchaeota.
Microbiome 10, 172 (2022).

Jaffe, A. L., Castelle, C. J., Dupont, C. L. & Banfield, J. F. Lateral
gene transfer shapes the distribution of rubisco among candidate
phyla radiation bacteria and DPANN archaea. Mol. Biol. Evol. 36,
435-446 (2019).

Sun, J. et al. Recoding of stop codons expands the metabolic
potential of two novel Asgardarchaeota lineages. ISME COMMUN
1, 1-14 (2021).

Zhou, Z., St. John, E., Anantharaman, K. & Reysenbach, A.-L. Global
patterns of diversity and metabolism of microbial communities in
deep-sea hydrothermal vent deposits. Microbiome 10, 241 (2022).
Louca, S., Parfrey, L. W. & Doebeli, M. Decoupling function and
taxonomy in the global ocean microbiome. Science 353,
1272-1277 (2016).

Dombrowski, N., Teske, A. P. & Baker, B. J. Expansive microbial
metabolic versatility and biodiversity in dynamic Guaymas Basin
hydrothermal sediments. Nat. Commun. 9, 4999 (2018).
Reysenbach, A.-L. et al. Complex subsurface hydrothermal fluid
mixing at a submarine arc volcano supports distinct and highly
diverse microbial communities. Proc. Natl Acad. Sci. 117,
32627-32638 (2020).

Chesson, P. Mechanisms of Maintenance of Species Diversity.
Annu. Rev. Ecol. Syst. 31, 343-366 (2000).

Louca, S. et al. Function and functional redundancy in microbial
systems. Nat. Ecol. Evol. 2, 936-943 (2018).

Hua, Z.-S. et al. Ecological roles of dominant and rare prokaryotes
in acid mine drainage revealed by metagenomics and metatran-
scriptomics. ISME J. 9, 1280-1294 (2015).

Bankevich, A. et al. SPAdes: A new genome assembly algorithm
and its applications to single-cell sequencing. J. Comput. Biol. 19,
455-477 (2012).

Wu, Y.-W., Simmons, B. A. & Singer, S. W. MaxBin 2.0: an auto-
mated binning algorithm to recover genomes from multiple
metagenomic datasets. Bioinformatics 32, 605-607 (2016).
Alneberg, J. et al. Binning metagenomic contigs by coverage and
composition. Nat. Methods 11, 1144-1146 (2014).

Kang, D. D., Froula, J., Egan, R. & Wang, Z. MetaBAT, an efficient
tool for accurately reconstructing single genomes from complex
microbial communities. PeerJ 3, 1165 (2015).

Sieber, C. M. K. et al. Recovery of genomes from metagenomes via
a dereplication, aggregation and scoring strategy. Nat. Microbiol
3, 836-843 (2018).

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P. &
Tyson, G. W. CheckM: Assessing the quality of microbial genomes
recovered from isolates, single cells, and metagenomes. Genome
Res. 25, 1043-1055 (2015).

Olm, M.R., Brown, C. T., Brooks, B. & Banfield, J. F. dRep: A tool for
fast and accurate genomic comparisons that enables improved
genome recovery from metagenomes through de-replication.
ISME J. 11, 2864-2868 (2017).

Nature Communications | (2024)15:4066

15


https://doi.org/10.1007/978-3-642-30141-4_65
https://doi.org/10.1007/978-3-642-30141-4_65

Article

https://doi.org/10.1038/s41467-024-48498-5

88. Chaumeil, P.-A., Mussig, A. J., Hugenholtz, P. & Parks, D. H. GTDB-
Tk v2: memory friendly classification with the genome taxonomy
database. Bioinformatics btac672 https://doi.org/10.1093/
bioinformatics/btac672. (2022)

89. Capella-Gutiérrez, S., Silla-Martinez, J. M. & Gabaldoén, T. trimAL: a
tool for automated alignment trimming in large-scale phyloge-
netic analyses. Bioinformatics 25, 1972-1973 (2009).

90. Nguyen, L.-T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-
TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evolut. 32,

268-274 (2015).

91.  Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A. &
Jermiin, L. S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 14, 587-589 (2017).

92. Letunic, I. & Bork, P. Interactive Tree Of Life (iTOL) v5: an online
tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 49, W293-W296 (2021).

93. Hyatt, D. et al. Prodigal: prokaryotic gene recognition and trans-
lation initiation site identification. BMC Bioinforma. 11, 119 (2010).

94. Wu, M. & Scaott, A. J. Phylogenomic analysis of bacterial and
archaeal sequences with AMPHORAZ2. Bioinformatics 28,
1033-1034 (2012).

95. Edgar, R. C. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 26, 2460-2461 (2010).

96. Caporaso, J. G. et al. QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336 (2010).

97.  Zhou, Z. et al. METABOLIC: high-throughput profiling of microbial
genomes for functional traits, metabolism, biogeochemistry, and
community-scale functional networks. Microbiome 10, 33 (2022).

98. Eddy, S. R. Accelerated Profile HMM Searches. PLOS Comput.
Biol. 7, €1002195 (2011).

99. Aramaki, T. et al. KofamKOALA: KEGG Ortholog assignment based

on profile HMM and adaptive score threshold. Bioinformatics 36,

2251-2252 (2020).

Drula, E. et al. The carbohydrate-active enzyme database: func-

tions and literature. Nucleic Acids Res. 50, D571-D577 (2022).

101. Edgar, R. C. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res. 32,

1792-1797 (2004).

100.

102. Team, R. C., Team, M. R. C., Suggests, M. & Matrix, S. Package
stats. The R Stats Package, (2018).

103. Fox, J. & Weisberg, S. An R Companion to Applied Regression.
(SAGE Publications, 2011).

104. Friedman, J. & Alm, E. J. Inferring Correlation Networks from
Genomic Survey Data. PLOS Comput. Biol. 8, 1002687 (2012).

105. Bastian, M., Heymann, S. & Jacomy, M. Gephi: An Open Source
Software for Exploring and Manipulating Networks. In Proceedings
of the Third International Conference on Weblogs and Social Media,
ICWSM 2009, San Jose, California, USA, May 17-20, 2009 (2009).

Acknowledgements

We thank Guangdong Magigene Biotechnology Co., Ltd. China for the
assistance in data analysis, and the entire staffs from Yunnan Tengchong

Volcano and Spa Tourist Attraction Development Corporation for strong
support. This work was financially supported by National Natural Sci-
ence Foundation of China (42207145, Y.L.Q.; 32170014, Z.S.H;
42377312, Y.T.C.) and the U.S. National Science Foundation (DBI
1557042, B.P.H.).

Author contributions

Y.L.Q., Y.T.C.,, W.S.S., W.J.L., B.P.H. and Z.S.H. conceived the study.
Y.LQ., YXL,YZR,MM.L, LC., J)Y.J.and Z.S.H. performed the sample
collection. Y.L.Q., Y.X.L., Y.Z.R., Z.C.X., Z.X.Y., and M.M.L. performed the
measurement of physiochemical parameters, DNA and RNA extraction.
Y.LQ., Y.T.C., Y.GX, Y.XL, Y.ZR, QJX, XR.C., Y.N.Q. LL. and Z.S.H.
performed the metagenomic and metatranscriptomic analyses, genome
binning, functional annotation, and evolutionary analysis. Y.L.Q., Y.T.C.,
W.J.L., W.S.S., B.P.H and Z.S.H. wrote the manuscript. All authors dis-
cussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48498-5.

Correspondence and requests for materials should be addressed to
Wen-Jun Li, Brian P. Hedlund or Zheng-Shuang Hua.

Peer review information Nature Communications thanks Thomas Mock,
and the other, anonymous, reviewer for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:4066

16


https://doi.org/10.1093/bioinformatics/btac672
https://doi.org/10.1093/bioinformatics/btac672
https://doi.org/10.1038/s41467-024-48498-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Analysis of nearly 3000 archaeal genomes from terrestrial geothermal springs sheds light on interconnected biogeochemical processes
	Results
	Nearly 3000 archaeal genomes adequately represent the Archaea diversity in Tengchong geothermal springs
	MAGs are diverse and represent hundreds of unknown species
	pH and temperature are key drivers of archaeal composition and potential function
	Archaea are more abundant under extreme pH conditions and show a strongly bimodal distribution
	Thermoproteota are likely key players in the carbon�cycle
	Potential for dissimilatory sulfate reduction is enriched in polyextreme geothermal springs mainly by Thermoplasmata in acidic springs and Thermoproteales in alkaline springs
	Multiple strategies for utilization of nitrogen resources in N-limited geothermal springs
	Archaeal hydrogen metabolism is widely distributed in geothermal springs
	Some Archaea may be competitive or cooperative

	Discussion
	Methods
	Sample collection, DNA extraction, sequencing, and metagenomic assembly
	Genome binning, curation and dereplication
	Taxonomic assignment and phylogenetic inference of assembled�rMAGs
	Taxonomic assignment of rpS3�genes
	Relative abundance of rMAGs and rpS3�genes
	Genome and community-level metabolic annotation
	Phylogenetic tree reconstruction of hydrogenase
	Metatranscriptomic analysis
	Statistical analyses
	Network-based co-occurrence analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




