
Article
Panguiarchaeum symbios
um, a potential
hyperthermophilic symbiont in the TACK
superphylum
Graphical abstract
Highlights
d Panguiarchaeum symbiosum belongs to a previously

unknown order within the Korarchaeia

d P. symbiosum has a symbiotic lifestyle by fermenting

peptides and reducing sulfur

d Genes related to proteolytic catabolism and cell attachment

exhibit positive selection

d Genes related to proteolytic catabolism and cell attachment

are highly expressed
Qu et al., 2023, Cell Reports 42, 112158
March 28, 2023 ª 2023 The Authors.
https://doi.org/10.1016/j.celrep.2023.112158
Authors

Yan-Ni Qu, Yang-Zhi Rao, Yan-Ling Qi, ...,

Guo-Xing Nie, Zheng-Shuang Hua,

Wen-Jun Li

Correspondence
hzhengsh@ustc.edu.cn (Z.-S.H.),
liwenjun3@mail.sysu.edu.cn (W.-J.L.)

In brief

Qu et al. report 10 closely related

genomes from hot springs with the name

Panguiarchaeum symbiosum proposed.

By focusing on ecological niches and

evolution, they reveal a symbiotic lifestyle

of these microbes, where genes

associated with nutrient acquisition and

cell attachment are prone to be positively

selected and highly transcribed.
ll

mailto:hzhengsh@ustc.edu.cn
mailto:liwenjun3@mail.sysu.edu.cn
https://doi.org/10.1016/j.celrep.2023.112158
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112158&domain=pdf


OPEN ACCESS

ll
Article

Panguiarchaeum symbiosum, a potential
hyperthermophilic symbiont in the TACK superphylum
Yan-Ni Qu,1 Yang-Zhi Rao,1 Yan-Ling Qi,2 Yu-Xian Li,2 Andrew Li,2 Marike Palmer,3 Brian P. Hedlund,3,4 Wen-Sheng Shu,5

Paul N. Evans,6 Guo-Xing Nie,7 Zheng-Shuang Hua,2,9,* and Wen-Jun Li1,8,*
1State Key Laboratory of Biocontrol, Guangdong Provincial Key Laboratory of Plant Resources and SouthernMarine Science and Engineering

Guangdong Laboratory (Zhuhai), School of Life Sciences, Sun Yat-Sen University, Guangzhou 510275, PR China
2Chinese Academy of Sciences Key Laboratory of Urban Pollutant Conversion, Department of Environmental Science and Engineering,
University of Science and Technology of China, Hefei 230026, China
3School of Life Sciences, University of Nevada Las Vegas, Las Vegas, NV 89154, USA
4Nevada Institute of Personalized Medicine, University of Nevada Las Vegas, Las Vegas, NV 89154, USA
5School of Life Sciences, South China Normal University, Guangzhou 510631, PR China
6The Australian Centre for Ecogenomics, School of Chemistry and Molecular Biosciences, University of Queensland, St Lucia, QLD 4072,

Australia
7College of Fisheries, Henan Normal University, Xinxiang, China
8State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi

830011, PR China
9Lead contact

*Correspondence: hzhengsh@ustc.edu.cn (Z.-S.H.), liwenjun3@mail.sysu.edu.cn (W.-J.L.)
https://doi.org/10.1016/j.celrep.2023.112158
SUMMARY
The biology of Korarchaeia remains elusive due to the lack of genome representatives. Here, we reconstruct
10 closely related metagenome-assembled genomes from hot spring habitats and place them into a single
species, proposed herein as Panguiarchaeum symbiosum. Functional investigation suggests that
Panguiarchaeum symbiosum is strictly anaerobic and grows exclusively in thermal habitats by fermenting
peptides coupled with sulfide and hydrogen production to dispose of electrons. Due to its inability to bio-
synthesize archaeal membranes, amino acids, and purines, this species likely exists in a symbiotic lifestyle
similar to DPANN archaea. Population metagenomics and metatranscriptomic analyses demonstrated that
genes associated with amino acid/peptide uptake and cell attachment exhibited positive selection and
were highly expressed, supporting the proposed proteolytic catabolism and symbiotic lifestyle. Our study
sheds light on the metabolism, evolution, and potential symbiotic lifestyle of Panguiarchaeum symbiosum,
which may be a unique host-dependent archaeon within the TACK superphylum.
INTRODUCTION

The proliferation of DNA sequencing and bioinformatics

workflows in recent decades has sparked a rapid expansion of

recognized, but yet to be cultivated, archaeal diversity (e.g.,

Bathyarchaeota, Verstraetearchaeota, Marsarchaeota, Nez-

haarchaeota, Brockarchaeota). The potential ecological roles

and evolutionary histories of these lineages have been exten-

sively studied.1–5 One major archaeal lineage, the ‘‘TACK super-

phylum,’’ is a phylogenetically and functionally diverse group

that was initially described based on a monophyletic group

composed of Thaumarchaeota, Aigarchaeota, Crenarchaeota,

and Korarchaeota,6 although alternative names and taxonomies

for this group are now widely used.7 Within the TACK superphy-

lum, the class Korarchaeia is the most basal branch, implying an

important role in the early evolution and diversification of the

group.6,8 Unexpectedly, McKay and colleagues describedmeta-

genome-assembled genomes (MAGs) belonging to Korarchaeia

with genomic capacity for dissimilatory reduction of sulfite and
This is an open access article under the CC BY-N
production and/or oxidation of methane.9 Combined with the

deep phylogenetic position of the Korarchaeia, this finding sup-

ported the hypothesis that life on Earth may have originated in

thermal habitats and conserved energy via methanogenesis

and/or dissimilatory sulfite reduction.10,11 However, most

Korarchaeia remain uncultured and unclassified and are only

based on single marker gene analyses.

Many thermophilic archaea, including members of the TACK

superphylum, are known or proposed to be either heterotrophs

or chemolithoautotrophs with sulfur-dependent metabolisms

and a free-living lifestyle.12–15 Very few TACK lineages are re-

ported to be symbiotic,16 and virtually all known or presumed

symbiotic archaea belong to the distantly related DPANN super-

phylum. DPANN archaea have greatly reduced cell and genome

sizes,17,18 andmost lack complete biosynthetic pathways for nu-

cleotides, lipids, and amino acids, which has beenwidely used to

infer direct interactions with and dependence on other microbes.

To date, no archaea within the TACK superphylum are known to

have such features.
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Table 1. Summary statistics of the Panguiarchaeum symbiosum MAGs reconstructed from hot spring samples

Bins

JZ-1

bin_83T
SRBZ-1

bin_73

SRBZ-1

bin_65

JZ-2

bin_52

JZ-1

bin_98

JZ-1

bin_103

JZ-1

bin_107

ZZQ

bin_139

SZTDM-1b

bin_1

BF2

bin_16

No. of scaffolds 29 34 70 52 54 59 65 62 67 200

Sampling

time

May,

2017

Aug,

2018

Jan,

2019

Jan,

2016

Sep,

2017

Dec,

2019

Mar,

2018

Mar,

2018

Sep,

2017

Aug,

2018

Genome

size (bp)

1,356,921 1,425,407 1,425,832 1,256,628 1,257,246 1,248,635 1,267,925 1,228,896 1,317,496 1,114,919

GC content

(%)

40.21 40.27 40.45 40.17 40.20 40.22 40.26 40.06 40.24 40.17

N50 value

(bp)

149,542 106,043 50,799 38,034 38,904 47,189 35,341 31,118 40,452 6,331

No. of CDSs 1,297 1,346 1,379 1,239 1,235 1,209 1,246 1,228 1,244 1,194

Coding

density (%)

90.2 87.9 89.2 88.5 90.0 90.3 89.9 90.3 89.6 90.3

No. of rRNAs 2 2 2 0 2 2 2 0 1 0

No. of tRNAs 45 46 49 43 46 40 45 44 43 41

No. of arCOGs 812

(62.6%)

822

(61.1%)

851

(61.7%)

765

(61.7%)

772

(62.5%)

752

(62.2%)

776

(62.3%)

756

(61.6%)

781

(62.8%)

725

(60.7%)

No. of KOs 578

(44.6%)

584

(43.4%)

585

(42.4%)

545

(44.0%)

537

(43.5%)

539

(44.6%)

554

(44.5%)

532

(43.3%)

544

(43.7%)

487

(40.8%)

Completeness

(%)a
100

(85.2)

97.9

(83.8)

97.9

(83.8)

96.8

(82.9)

96.8

(82.9)

95.7

(81.9)

95.7

(81.9)

95.3

(81.1)

93.5

(80.5)

71.0

(61.4)

Contamination

(%)a
1.61

(0.93)

2.69

(1.87)

1.61

(0.93)

1.08

(0.47)

1.08

(0.47)

1.08

(0.47)

0

(0)

1.08

(0.47)

2.15

(1.4)

0

(0)

Rel. abund.

(%)b
0.08 0.14 0.06 0.28 0.04 0.06 0.06 0.06 0.04 0.03

SNPs 2,377 13,748 13,360 3,396 3,833 3,742 3,652 3,619 13,036 10,780

Abbreviations: CDSs, protein-coding genes; Rel. abund., Relative abundance.
aGenome completeness and contamination were estimated using CheckM.21 Twenty marker proteins were excluded from the estimation due to the

inherent absence in all Panguiarchaeum symbiosumMAGs. The results shown in parentheses were generated using the "checkm lineage_wf" proced-

ure in CheckM.
bThe relative abundance of each bin was computed as: total reads mapped to bins/total reads in the corresponding sample.
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In this study, we applied a metagenomic approach to recon-

struct 10 MAGs from terrestrial geothermal systems in south-

west China and show that they comprise a single species within

a previously undescribed order, herein named Panguiarch-

aeales, which is phylogenetically positioned as a sister lineage

of Korarchaeales. Analysis of the gene repertoire of these Pan-

guiarchaeales MAGs revealed limited biosynthetic potential

with apparent dependencies similar to those in DPANN, sug-

gesting a symbiotic lifestyle. By implementing population

metagenomics and metatranscriptomic analyses, we provide

evidence that nutrient uptake and cell attachment are under pos-

itive selection and are highly expressed and therefore of great

importance to the ecology and evolution of Panguiarchaeales.

RESULTS

New MAGs from terrestrial geothermal systems
represent the novel species Panguiarchaeum

symbiosum within the novel order Panguiarchaeales
TenMAGswere obtained from five high-temperature (>75�C) hot
spring sediments located in Tengchong County, Yunnan Prov-

ince, China (see additional resources for detailed physicochem-
2 Cell Reports 42, 112158, March 28, 2023
ical and geolocation information of the sampling sites). All MAGs

except one were of high quality, with genome sizes ranging from

1.23 to 1.43 Mbp, completeness >90%, and contamination <3%

(Table 1).19 Most MAGs included two rRNA operons (16S rRNA

and 23S rRNA) and >40 tRNAs. On average, a total of 1,262 pro-

tein-coding genes were predicted, with an average length of 916

base pairs (bp). To resolve the phylogenetic affiliations of the

new MAGs, we constructed four phylogenetic trees based on

different marker gene sets: (1) 122 archaeal marker proteins (Fig-

ure 1A); (2) 16S rRNA genes (Figure S1A); (3) 16 ribosomal

proteins (Figure S1B); and (4) 56 universal marker proteins

(Figure S1C). The topologies of the four taxonomic trees are

generally consistent with each other and reveal a novel lineage

branching within Thermoproteota (Figures 1A and S1). All 10

MAGs are closely related with short branch lengths (Figure 1B).

Combined with pairwise average nucleotide identities >99%,

we infer that they belong to the same species (Figure 1C). The

name P. symbiosum within the novel order Panguiarchaeales is

proposed under the nascent SeqCode,20 with an average rela-

tive evolutionary divergence (RED) value of 0.32 (see STAR

Methods) and the genome JZ-1.bin_83T proposed as the

nomenclatural type for the species. Pangu (盘古) is a god in
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Figure 1. Phylogenetic placements of Panguiarchaeum symbiosum MAGs

(A) Maximum-likelihood tree based on 474 archaeal genomes (464 from public databases and 10 from the current study) was inferred from a concatenation of 122

marker proteins using IQ-TREE22 with 1,000 ultrafast bootstrap iterations. Genomes from DPANN superphylum are used as outgroups. Additional phylogenetic

trees are shown in Figure S1.

(B) Enlarged phylogenetic tree of the Panguiarchaeum symbiosum MAGs assembled from the present study.

(C) Hierarchical clustering heatmap based on average nucleotide identities (ANIs, lower left of the squares beneath the dashed line) and shared homologs (upper

right of the squares above the dashed line) between each pair of Panguiarchaeum symbiosumMAGs. The dendrogram was clustered according to the Euclidean

distance of AAIs, which was implemented in the pheatmap v1.0.12 package in R v4.1.1.
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Chinesemythology who separated heaven and Earth from chaos

and created the world. A protologue for each proposed taxo-

nomic name is provided (see experimental model and subject

details). While we present 10 MAGs here, as yet, only 20 near-

full-length 16S rRNA sequences publicly available from the

NCBI-nt database are affiliated with this novel lineage (Fig-

ure S1A). None of them have genomic information, underscoring

the importance of the MAGs described in this study. All of these

16S rRNA genes are derived from ecosystems with high temper-

atures, with deeper branching taxa from marine hydrothermal

vents and sediments and a single monophyletic group from

terrestrial hot springs, including the MAGs from this study, sug-

gesting a marine hydrothermal origin of this lineage.

P. symbiosum is an anaerobic amino acid fermenterwith
a symbiotic lifestyle
P. symbiosum MAGs lack known carbon fixation pathways and

are thus likely to be heterotrophs. The absence of several genes

involved in glycolysis; the tricarboxylic acid (TCA) cycle; respira-

tory complexes I, III, and IV; the high-affinity cytochrome bd

ubiquinol oxidase; and other terminal oxidase complexes sug-

gest an anaerobic and non-respiratory mode of energy conser-

vation (Figure 2 and Table S1). Similar to most DPANN archaea,

P. symbiosum MAGs lack a complete pathway for de novo
biosynthesis of most amino acids, except for alanine, glutamate,

and citrulline (Figures 2 and 3). Given the considerable number of

peptide/amino acid transporters and peptidases/aminotransfer-

ases, P. symbiosum may use extracellular peptides and amino

acids to support cell growth (Tables S2 and S3). Most of the pep-

tidases/aminotransferases likely function intracellularly, except

four peptidases (C11A, C14B, C25 and S08A) with N-terminal

signal peptides identified. The former three are cysteine pepti-

dases that strictly cleave arginine residues (or sometimes lysine,

for C14B and C25), and the latter is a nonspecific serine pepti-

dase with a preference to cleave peptide bonds adjacent to hy-

drophobic residues.23 The detected aminotransferases lead to

the deamination of amino acids to 2-keto acids (Table S1). The

generated 2-keto acids, including pyruvate, oxoglutarate, and

indolepyruvate, could be further decarboxylated via the putative

enzymes pyruvate:ferredoxin oxidoreductase (POR), oxoglutar-

ate:ferredoxin oxidoreductase (KOR), and indolepyruvate:ferre-

doxin oxidoreductase (IOR). The P. symbiosum MAGs also

harbor a homolog encoding aldehyde:ferredoxin oxidoreduc-

tase (AOR) that could catalyze the oxidation of aldehydes to

corresponding organic acids. In addition, the CoA derivatives

may be fermented to acetate for energy conservation with an

ATP-yielding acetate-CoA ligase (ACD) (Figure 2). Given the

identification of an apparently complete protein degradation
Cell Reports 42, 112158, March 28, 2023 3
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Figure 2. Overview of the metabolic potential of Panguiarchaeum symbiosum

Metabolic pathways were constructed based on annotation of predicted putative protein-coding genes against different databases. Pathways related to

glycolysis, fermentation, nucleotide and amino acid biosynthesis and salvage, cofactor (e.g., Moco, TPP, FAD, FMN, NAD, and NADP) biosynthesis, and other

significant metabolisms are shown (see Table S1 for full names and copy numbers of the genes). Abbreviations: ADT, ADP-thiazole; AIR, aminoimidazole ribotide;

ArP, 5-Amino-6-(1-D-ribitylamino)uracil; ArPP, 5-Amino-2,6-dioxy-4-(50-phospho-D-ribitylamino)pyrimidine; ARPP, 5-Amino-6-(ribosylamino)-2,4-(1H,3H)-

pyrimidinedione 50-phosphate; cPMP, cyclic pyranopterin monophosphate; DARPP, 2,5-Diamino-6-(1-D-ribosylamino)pyrimidin-4(3H)-one 50-phosphate;
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pathway, including genes for the oxidation of amino acids to

organic acids and their subsequent fermentation, we therefore

propose that P. symbiosum strains likely use exogenous pro-

teins/peptides/amino acids as carbon, nitrogen, and energy

sources to support their growth.

Both the oxidative and non-oxidative pentose phosphate

pathways (PPP) are absent in P. symbiosum due to the lack

of transketolase and transaldolase. Putative 3-hexulose-6-

phosphate synthase and 6-phospho-3-hexuloisomerase en-

coded by the hps and phi genes suggest that the reverse ribulose

monophosphate pathway (rRuMP) may function in the biosyn-

thesis of ribulose 5-phosphate (Ru5P) in place of the conven-

tional PPP.24,25 Instead of forming a fused gene as proposed in

most hyperthermophilic Archaea,25,26 hps and phi form two

separate genes in P. symbiosum that are not adjacent to each

other. Notably, the phi gene encodes two equivalent domains
4 Cell Reports 42, 112158, March 28, 2023
that possibly perform the same function. Phylogenetic analysis

of key sugar isomerase (SIS) domains identified in phi genes re-

veals that this domain structure exclusively occurs within

Archaea (Figure S2A). Phylogenetic rooting based on the mini-

mal ancestor deviation (MAD) method separates Archaea and

Bacteria into two distinct branches,27 suggesting an indepen-

dent evolutionary trajectory. The similar topology between the

two SIS domains in these archaea reveals that an ancient dupli-

cation event may have occurred, leading to the divergence of the

two SIS copies (Figure S2B). Each SIS domain is well conserved

and distinct from the other (Figure S2C), suggesting that the

domains may confer different catalytic activities under different

environmental conditions. All P. symbiosum MAGs contain

genes encoding 5-phosphoribosyl-a-1-pyrophosphate (PRPP)

synthase, which leads to the formation of PRPP from Ru5P,

a key precursor for purine and pyrimidine biosynthesis.



Figure 3. General functional profiles of major archaeal lineages regarding basic metabolism

Pathways including oxidative phosphorylation, carbon/nitrogen/sulfur/hydrogen cycling, and biosynthesis of amino acids, nucleotides, lipids and cofactors are

shown. Each column in the heatmap represents one gene in a specific pathway. Characters in the color-coded boxes on the left represent the taxonomic in-

formation, and numbers in the brackets indicate the number of genomes in that lineage. A total of 408 archaeal genomes were taken into consideration with 398

from the public database and 10 from the present study (see additional resources for the detailed genomic information and gene occurrences in each archaeal

lineage). Each square in the heatmap describes the occurrence frequency of a gene in each phylogenetic cluster, which is calculated as the percentage of

genomes containing the gene across the total number of genomes of the corresponding taxonomic group. ML BS, membrane lipid biosynthesis.
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A complete de novo pyrimidine synthesis pathway was detected

within all Panguiarchaeales MAGs (Figure S3A). However, they

are unable to synthesize purines de novo because they lack

genes to convert PRPP to the key intermediate inosine mono-

phosphate. Consequently, they likely rely on the salvage system

to recycle purines based on the activities of purine nucleoside

phosphorylase, adenosine kinase, and hypoxanthine phosphor-

ibosyltransferase (Figure S3B and Table S1). Furthermore, the

detected nucleoside ABC uptake system encoded by bmpA

and nupABC ensures the transport of all common nucleosides

across the membrane. Collectively, the presence of rRuMP pro-

vides P. symbiosum the precursor to synthesize pyrimidines de

novo, whereas purines have to be salvaged.

Similar to DPANN archaea, most genes encoding enzymes in

the archaeal mevalonate pathway and phospholipid biosyn-

thesis are absent in the P. symbiosumMAGs (Figure 2). In partic-

ular, none of them harbor mevalonate kinase encoded bymvk, a

key gene involved in the isoprenoid biosynthesis pathway.

Despite homologs of mvk being annotated, phylogenetic ana-

lyses place these amino acid sequences distant from all charac-

terizedmvk genes (Figure S4). Further identification of functional

domains demonstrates that they are putative galactokinases,

differing from mvk but belonging to the same superfamily.

Hence, we speculate that P. symbiosum is unable to synthesize

archaeal membranes independently, which is uncharacteristic of
microbes within the TACK superphylum, including their closest

relatives in Korarchaeales and GB-AP2 (Figure 3). Given the

lack of genes involved in lipid transporters, they presumably

rely on partner organisms to provide lipids or intermediates to

assist the biosynthesis of their own membrane lipids.

Based on the presence of proteins containing pectin lyase,

lectin, fibronectin type III, immunoglobulin-like, beta propeller,

WD40 (beta-transducin repeat), PDK (phosphoinositide-depen-

dent protein kinase), adhesion, and von Willebrand factor do-

mains, which are commonly involved in cell-cell interactions in

DPANN,18,28 we predict that 32 dereplicated proteins (average

16 in each MAG) may have a role in cell adhesion (Table S4)

and in turn may contribute to the attachment of P. symbiosum

to partner organisms. We also identified several hypothetical

proteins containing thrombospondin type-3 repeat domains

(IPR028974) in P. symbiosum MAGs, which may participate in

cell-extracellular matrix interactions. Combined with the lack of

most genes related to the biosynthesis of amino acids, purines,

and lipids, the presence of abundant cell-cell and cell-matrix

proteins suggests that P. symbiosummay represent a symbiotic

archaeal lineage that is outside of the DPANN superphylum.

Metabolism of cofactors
Despite their possible symbiotic lifestyle, genes encoding

cofactors are widely detected among the P. symbiosum
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MAGs. Cofactors are necessary to maintain the proper func-

tioning of enzymes and promote the growth of microorganisms.

Almost all P. symbiosum MAGs harbor the key genes

moaABCDE and moeAB, which are essential for molybdenum

or tungstate cofactor biosynthesis (Figure 2).29,30 Consistent

with most thermophilic archaea, mogA is lacking in all

P. symbiosum MAGs. Instead, they possibly adopt moaB, a

mogA-homolog that is commonly detected in thermophiles, to

catalyze the adenylylation of metal-binding pterin.29 Two copies

of MoeA-like proteins in most P. symbiosum MAGs suggest

either metal-selective activities or the potential formation of

two different cofactors.29 These genes, combined with the pres-

ence of TupA (TC# 3.A.1.6.2; Table S3), an ABC-type transporter

with extremely high affinity for tungstate, suggest P. symbiosum

may have the capacity to use tungsten-containing ferredoxin ox-

idoreductases to oxidize various aldehydes derived from amino

acid degradation.31 The absence of the mobA gene in

P. symbiosum indicates the inability to synthesize enzymes

belonging to the DMSO reductase family. Given the presence

of the mobB gene, which is normally co-transcribed with mobA

and facilitates the cofactor transfer to target enzymes, the

possibility that P. symbiosum might use a novel enzyme to

perform the function cannot be ruled out. P. symbiosum is able

to synthesize thiamine de novo based on genes encoding sul-

fide-dependent adenosine diphosphate thiazole synthase

(Thi4), phosphomethylpyrimidine synthase (ThiC), thiamine

monophosphate kinase (ThiL), and hydroxymethylpyrimidine

kinase/phosphomethylpyrimidine kinase/thiamine-phosphate

diphosphorylase (ThiDN) (Figure 2). Similar to some methano-

gens and other hyperthermophiles, P. symbiosum might use

sulfide as the sulfur source for thiamine biosynthesis due to the

presence of a conserved His residue in Thi4.32 Although the

gene coding thiamine phosphate synthase is absent, an anno-

tated ThiN domain with a length of �180 amino acids adjacent

to an annotated ThiD domain within the ThiDN gene possibly

performs the same function.33

Riboflavin (vitamin B2) is the precursor of the coenzymes flavin

adenine dinucleotide (FAD) and flavin mononucleotide (FMN),

which act as coenzymes in numerous redox reactions.34,35 All

P. symbiosumMAGs have an incomplete riboflavin biosynthesis

pathway, lacking the key enzyme GTP cyclohydrolase II, which

hydrolyzes the imidazole ring of GTP. However, P. symbiosum

may be able to transport riboflavin directly via the ECF riboflavin

uptake complex (EcfA1A2T-RibU) and subsequently catalyze the

phosphorylation of riboflavin with the production of FMN per-

formed by archaeal-specific CTP-dependent riboflavin kinase.36

FMN can then be further converted into FAD via an archaeal-

specific FAD synthetase (Figure 2). Nicotinamide adenine

dinucleotide (NAD), another essential cofactor involved in

numerous redox reactions, can likely be synthesized de novo

by P. symbiosum starting from quinolinate.

Energy conservation in P. symbiosum

Two homologs sharing 27% to 43% amino acid identities with

Coenzyme A disulfide reductases (CoADRs) in Thermococcus

kodakarensis, Pyrococcus furiosus, and Pyrococcus horikoshii

(see details in additional resources), were identified in the

P. symbiosum MAGs. CoADRs are a class of single-cysteine-
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containing FAD- and NAD(P)H-dependent enzymes that use a

tightly bound CoA to assist the reduction of elemental sulfur,

di-, per-, and/or polysulfide substrates to hydrogen sulfide.37

Phylogenetic analysis revealed that two copies of CoADRs are

divergent from each other at the amino acid sequence level

(Figures 4A and 4B). Though one copy and their homologs

from archaea form a separate clade, frequent inter-phylum

HGTs occurred since CoADRs from Euryarchaeota and TACK

superphylum are interwoven across the tree (Figure 4A). Both

genes exhibit conservation at coenzyme- and substrate-binding

regions and the catalytic center. In particular, the indispensable

active-site cysteine within the FAD-binding domain is present in

all CoADR homologs with the capacity of S0 reduction and/or

dissimilatory sulfur respiration, as well as all P. symbiosum ho-

mologs (Figure 4C). The predicted crystal structures of two

copies of CoADRs within P. symbiosum are very similar to those

encoded by Pyrococcus horikoshii CoADR (PDB ID: 4FX9), with

RMSD values of 0.35 Å and 1.88 Å, respectively (Figures 4D and

4E), which have been experimentally confirmed to reduce

persulfide or polysulfide substrates.37 In addition, bifunctional

sulfhydrogenases (hydABCD) identified as group 3b [NiFe]-hy-

drogenases may confer P. symbiosum the ability to oxidize

H2 with NAD(P)+ as the electron acceptor (Figure S5A). Alterna-

tively, it may catalyze the production of H2 with NAD(P)H as an

electron donor when sulfur is absent or reduce elemental sulfur

to H2S when S0 is available.38 The predicted four subunits

(hydABDG) have comparable molecular masses to the Thermo-

coccus litoralis homologs, and are organized in an operon, sug-

gesting they may form a single transcriptional unit and work in

concert to perform the function (Figures S5B and S5C). Genes

encoding for all subunits of a heterodisulfide reductase

HdrABC and an F420-non-reducing hydrogenase MvhADG

were detected, revealing the capacity for electron bifurcation.

Unlike the associations with CoM-S-S-CoB or sulfate reduction

in methanogens or sulfate-reducing microorganisms, this com-

plex could reduce ferredoxin and an unknown disulfide reducer

coupling with hydrogen oxidation.39 All P. symbiosum MAGs

encode a gene cluster with nine subunits showing homology to

subunits of the NADH:quinone oxidoreductase (nuoBCD-

HIKLMN) (Figure S5B). The lack of NADH binding module

(nuoEFG) and the phylogenetic placement of the nuoD gene sug-

gest that the Nuo-like complex of the P. symbiosum MAGs is

likely to be a membrane-bound and energy-conserving group

4g [NiFe]-hydrogenase (Figure S5A). This type of hydrogenase

can couple the formation of H2 to the regeneration of oxidized

ferredoxin to conserve free energy, while pumping protons

across the membrane to produce the proton motive force and

ultimately leading to the formation of ATP by archaeal V-type

ATP synthase. Collectively, these observations suggest that

P. symbiosum might have the ability to use hydrogenases and

sulfur-based respiration for energy conservation, which is com-

mon in hyperthermophilic archaea.13

Determinants of thermophily and evasion of viral
infection
P. symbiosum is very likely thermophilic, since all 16S rRNA

genes and genomes belonging to this order derive from environ-

ments with high temperatures (Figure S1A). The high fractions of
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Figure 4. CoA-dependent NAD(P)H sulfur oxidoreductases in Panguiarchaeum symbiosum MAGs

(A and B) Phylogenetic analyses of two copies of CoADRs in Panguiarchaeum symbiosum.

(C) Structure-based sequence alignment of FAD-binding domain segments in selected CoADRs. The active-site cysteine residue is marked with red ‘‘*’’ on the

top. The alignment was performed using MUSCLE40 v3.8.31.

(D) Superposition in stereo of JZ-1 bin_83 CoADR-1 (magenta) and Pyrococcus horikoshii CoADR (4FX9, cyan) with the rmsd value of 0.35 Å.

(E) Superposition in stereo of JZ-1 bin_83 CoADR-2 (orange) and Pyrococcus horikoshiiCoADR (4FX9, cyan) with the RMSD value of 1.88 Å.CoA (yellow) and FAD

(green) in (D) and (E) are represented as sticks. The star in (A) represents CoADR gene (4FX9) from Pyrococcus horikoshii.
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the amino acids IVYWREL (average 45.5%) in the proteome,

which is correlated with optimal growth temperature (OGT),41

further support this notion. By applying the previously fitted for-

mula, the predicted OGT for P. symbiosum can reach up to

92.2�C with 91.2�C on average, which is similar to the measured
temperatures of sediments from which the metagenomes were

derived (75–91�C). Besides, each P. symbiosum MAG encodes

a reverse gyrase, a DNA topoisomerase that introduces positive

supercoils into DNA to maintain genomic stability in thermo-

philes.42 In addition, almost all P. symbiosum MAGs possess
Cell Reports 42, 112158, March 28, 2023 7
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Figure 5. Single-nucleotide polymorphisms (SNPs) in Pan-

guiarchaeum symbiosum MAGs

(A) Identified SNPs in each assembled Panguiarchaeum symbiosum MAG.

JZ-1 bin_83 was selected as the template to show the position of SNPs. Cir-

cles from the outermost to the innermost depict the following: (1) Genome

fragments distinguished by colors. (2) GC content, with green and blue bars

representing values higher and lower than the average GC rate of the genome.

GC was calculated with a window size of 1,000 and a step size of 1,000. (3)

Putative protein-coding regions (see STAR Methods for detailed prediction

procedures), with black bars on the outer and inner sides representing positive

and negative orientations of genes. The width of the bars indicates the gene

length proportionally. The 10 inner circles represent SNPs scanned in JZ-1

bin_83, JZ-1 bin_98, JZ-1 bin_107, JZ-1 bin_103, JZ-2 bin_52, ZZQ bin_139,

BF-2 bin_16, SRBZ-1 bin_73, SRBZ-1 bin_65 and SZTDM-1 bin_1. This plot

was visualized using Circos46 v0.69-9.

(B) Phylogenetic tree based on identified SNPs (see details for SNP detection

and phylogenetic tree reconstruction in STAR Methods).
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the polyamine biosynthesis pathway, which confers the ability to

biosynthesize polyamines, putrescine, and spermidine from

arginine and methionine that may stabilize the cytoplasm

(Figure 2). Moreover, a novel aminopropyltransferase,

branched-chain polyamine synthase A, that is responsible for

the biosynthesis of branched-chain polyamines, such asN4-ami-

nopropylspermidine and N4-bis(aminopropyl)spermidine, was

detected in all P. symbiosum MAGs. These positively charged

polyamines might be synthesized by P. symbiosum to maintain

the stability of DNA and RNA structure under high-temperature

conditions.43 In addition, a previous study revealed that the hy-

perthermophilic archaeon Pyrococcus furiosus relied on protein

refolding (Hsp60-like chaperonin, Hsp20-like small heat shock

protein and two VAT-related chaperones), proteolytic degrada-
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tion (proteasome), and stabilization (di-myo-inositol phosphate)

to cope with thermal stress.44 All related genes without excep-

tion were found in the P. symbiosum MAGs (Table S1). Overall,

these observations reveal that P. symbiosum is likely to be hy-

perthermophilic and may have adopted diverse strategies to

protect itself against thermal stress.

The MAG SRBZ-1 bin_73 harbors a complete type I CRISPR-

Cas system, suggesting the potential capacity to resist phage

infection (Figure S6A). Four of the 10 MAGs contain CRISPR

arrays. By taking a deeper look into the array sequences

possessed by the MAGs, we found that only a minority of the

spacers were shared even between MAGs from the same sam-

pling site. Specifically, two MAGs with the best genome quality,

SRBZ-1 bin_73 and JZ-1 bin_83, possess 31 and 17 spacers,

respectively. By applying BLAST searches, only two of these

spacers shared significant homology (Figure S6B), suggesting

a high diversity of viruses infecting these P. symbiosum popula-

tions and that host and virus populations may vary across tem-

poral and/or spatial scales. Functional annotation by applying

BLAST search against the NCBI-nr database suggests that

four genes in some of the MAGs derived from SRBZ encode pro-

teins involved in either restriction-modification (RM) or bacterio-

phage exclusion (BREX) systems, including brxL, hsdM, pglX,

and Hinp1I, which could also resist infection by viruses (Fig-

ure S6C). Interestingly, the putative BREX system encoded by

brxL and pglX, albeit incomplete, might allow phage adsorption

but prevent DNA replication.45 The entered virus could be further

degraded and recycled as a nucleotide source to support the

growth of P. symbiosum.

Geographic distance contributed more to genetic
differentiation than temporal variation
In addition to differences at the whole-genome level, variations

at the nucleotide level were also observed, enabling analysis of

the population genetics of P. symbiosum. With high accuracy,

we detected single-nucleotide polymorphisms (SNPs) by map-

ping clean reads from different samples to the highest quality

reference genome JZ-1 bin_83. A total of 71,543 SNPs (average

7,154 SNPs per MAG) covering 24,216 loci of the reference

genome were identified among the 10 MAGs (Figure 5A and Ta-

ble 1). With JZ-1 bin_83 as the reference, fewer SNPs were

observed in P. symbiosum MAGs derived from JZ than MAGs

from SRBZ, demonstrating higher similarities between MAGs

from the same location. These SNPs traced the distinct topology

structure as the phylogenomic tree (Figures 1B and 5B). Unlike

the phylogeny reconstructed based on conserved markers (Fig-

ure 1B), a phylogeny based on the SNP alignment formed three

groups roughly according to geographical distance (Figure 5B).

MAGs reconstructed from Diantan and Rehai form two separate

groups, with BF2 bin_16 representing the third cluster. An

exception is that ZZQ bin_139 was sampled fromRehai but clus-

tered into the Diantan group, suggesting that selection based on

physicochemical or ecological niches, rather than dispersal lim-

itation, drives these geographic clusters. Despite the wide range

of temperatures of the sampling sites from which the

P. symbiosum MAGs were derived, temperature plays a limited

role in the observed genetic variations (Spearman correlation,

rho = 0.28 and p = 0.43). Collectively, the SNP tree indicated
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that geographic distance contributes to the genomic variation of

P. symbiosum, with dispersal contributing little to its evolution.

Positively selected genes contribute to amino acid
degradation and host-symbiont interactions
Todetermine the selectionpressureon lociwith variations among

10 P. symbiosumMAGs, gene families were clustered, and phy-

logenies were inferred, which were further used for the calcula-

tion of ratios of nonsynonymous to synonymous SNPs, dN/dS,

a common feature used to describe the selection pressure (see

details in STAR Methods). A total of 373 of 1,000 gene families

(>5 genes in each) were detected with one or more SNP, with a

median dN/dS of 0.31, indicating a general stabilizing selection

trend rather than adaptive selection. However, positive selection

was detected at 249 loci within 52 gene families (Table S5). This

includes one of the CoADR genes with one locus showing posi-

tive selection, albeit not significant after FDRcorrection, suggest-

ing the importance of sulfur reduction to P. symbiosum. FDR

correction based on chi-square tests resulted in only 36 genes

exhibiting significant levels of positive selection, mostly distrib-

uted across pathways associated with cell-cell interactions and

amino acid or peptide uptake (Table 2). Fourteen and 16 genes

were annotated to contain signal peptides and transmembrane

regions respectively. Most positively selected loci (211 of the

221 sites, 95.5%) were located within either transmembrane or

non-cytoplasmic regions. Interestingly, half of the genes identi-

fiedwith signal peptides encode one ormore domains implicated

in cell-cell attachment, including immunoglobulin-like, invasion,

fibronectin, adhesin, vonWillebrand factor, and intimin domains,

which might be involved in the perception and activation of host-

symbiont interactions.18,47 In addition, five genes involved in the

transport anddegradation of peptidases/proteins, including ABC

transporters (K01990 and K02035), 4-aminobutyrate amino-

transferase, Peptidase_C14B (MER1151619), and formiminoglu-

tamase exhibited positive selection signals, supporting the

inference that P. symbiosum ferments amino acids and peptides

to support its growth (Tables 2 and S5).

To further explore the biology ofP. symbiosum, metatranscrip-

tomic sequencing was conducted to determine which genes are

expressed in situ. Due to the extremely low biomass, sufficient

RNA was only obtained from JZ-2 and JZ-3 collected in January

2021 and July 2022, respectively. After removal of rRNAs, 267

and 2,134 reads were mapped onto 325 genes in the

P. symbiosum genome (Table S6), including 14 of the positively

selected genes predicted to be important for cell-cell interac-

tions and amino acid/peptide metabolism (Table S6). Notably,

four genes with positive selection, including fibronectin-binding

autotransporter adhesin, peptide/nickel transport system sub-

strate-binding protein, peptidase C14B, and one signal pep-

tide-containing hypothetical gene were identified as the top 10

highest expressed genes in both samples. Another positively

selected gene predicted to include a bacterial immunoglobulin

domain and inferred to be involved in cell attachment was also

expressed, albeit only in one sample. These results further

demonstrate the investment of resources in situ to express

proteins that may mediate cell-cell interactions to promote sym-

biosis and amino acid/peptide metabolism, suggesting these

functions are critical for the biology of P. symbiosum.
DISCUSSION

Phylogenomic trees are crucial for a meaningful interpretation of

the biological and evolutionary relationships of all organisms.

Yet, the position of the lineage herein named Panguiarchaeales

has been unstable. For example, an older version of GTDB

(release 202) based on 122 archaeal marker proteins placed

Panguiarchaeales within the TACK superphylum, whereas the

latest version (release 207v2) considering only 53 marker pro-

teins assigned them into the ASGARD superphylum.48 The latter

resulted in a less robust phylogenetic tree with low bootstrap

support for the node connecting P. symbiosum to the ASGARD

superphylum and aberrant long branches within the

P. symbiosumMAGs, contrary to the close relationship between

the P. symbiosum MAGs (>99% average nucleotide identities).

Save for this case, P. symbiosum was consistently placed as a

sister lineage of the Korarchaeales by applying four different

marker sets for phylogenetic reconstruction: 16S rRNA (Fig-

ure S1A), 16 universal ribosomal proteins (Figure S1B), 122

archaeal-specific marker proteins (Figure 1A), and 56 conserved

archaeal-specific marker proteins without horizontal gene trans-

fer (HGT) (Figure S1C). Therefore, there is support for the position

of P. symbiosum diverging deep within the TACK superphylum,

which raises the question of how they diverged from the com-

mon ancestor of the TACK superphylum.

Similar to DPANN MAGs, P. symbiosum lacks key pathways

involved in purine, amino acid, andmembrane lipid biosynthesis,

suggesting that they may have a symbiotic lifestyle. Such

reduced metabolic capacities are seldom detected in archaea,

except in DPANN lineages. Although Candidatus Cenarchaeum

symbiosum and several methanogens are reported to be

involved in archaea-eukarya symbiotic associations, most of

them encode near-complete amino acid, nucleotide, and cell

membrane biosynthesis pathways.16,49 This suggests a greater

degree of host dependency of P. symbiosum compared with

these other examples. It could alternatively be argued that

P. symbiosummay instead be free-living auxotrophs that are un-

able to synthesize many essential metabolites. We think this is

unlikely because P. symbiosum lacks genes involved in cell

membrane biosynthesis and would depend on other organisms

to assist the assembly of their cell envelope. We treat this as

the strongest indicator that they rely on close interactions with

other organisms, as has been argued by others for both

DPANN archaea and Patescibacteria.18 Direct evidence for

sharing lipids between Candidatus Nanoarchaeum equitans

and its host Ignicoccus hospitalis has been demonstrated by

nearly identical lipid content and lipid 13C stable isotope anal-

ysis.50 We further examined the co-occurrence between

P. symbiosum and microbes from hot spring communities and

identified recent HGT events to assist the inference of the poten-

tial host.51 Interestingly, we observed that P. symbiosum is posi-

tively correlated with one MAG from Aigarchaeota (Spearman

correlation, rho = 0.64 and p = 5.4E-6, Figure S7). By conducting

BLAST searches against 10 MAGs reconstructed from the same

community where JZ-1 bin_83 derived, we identified 11 genes

that exhibited high sequence identities to genes in other

MAGs, suggesting recent HGTs (Table S7). Four of them

were from one Wolframiiraptor MAG in Aigarchaeota.52 Thus,
Cell Reports 42, 112158, March 28, 2023 9



Table 2. Genes in Panguiarchaeum symbiosum JZ-1 bin_83T exhibiting signatures of positive selection

Category Index dN/dS PM1 vs M2 PM7 vs M8 dN PS Functional annotation Location of PSa

S T C N

A
m

in
o 

ac
id

/
pe

pt
id

e 
up

ta
ke

an
d 

tra
ns

po
rt

1 13 0.043 0.043 7 4 ABC-2 type transport system ATP-binding protein 4
2 4.1 0.033 0.032 18 1 Peptide transport system substrate-binding protein 1
3 19 0.012 0.015 15 4 Peptidase_C14B 4
4 46 0.001 0.002 12 3 Type I phosphodiesterase 3
5 145 0 0 5 3 Calcineurin-like phosphoesterase superfamily domain 3
6 56 0 0 14 5 Formimidoylglutamase 5
7 54 0 0 7 5 4-aminobutyrate aminotransferase 5

C
el

l-c
el

l 
at

ta
ch

m
en

t

8 3.4 0.088 0.036 23 2 Bacterial Ig domain 1 1
9 3.3 0.012 0.011 47 1 Invasin/intimin cell-adhesion fragments 1
10 1.9 0.012 0.009 170 3 MSCRAMM family adhesin SdrC 3
11 9.0 0.006 0.005 54 6 Bacterial Ig domain 6
12 4.8 0 0 30 5 Ig-like domain 5
13 22 0 0 95 32 Invasin: a bacterial integrin-binding protein 32
14 58 0 0 77 14 Serine-rich adhesin, immunoglobulin-like receptor B 14
15 548 0 0 34 8 Fibronectin-binding autotransporter adhesin ShdA 8

O
th

er
s

16 11 0.051 0.040 4 1 2-oxoacid ferredoxin oxidoreductase subunit beta 1
17 94 0.019 0.020 7 1 GTPase 1
18 999 0.024 0.019 2 1 Hypothetical protein 1
19 2.6 0.017 0.008 72 1 Hypothetical protein 1
20 387 0.011 0.005 4 1 Hypothetical protein 1
21 999 0.005 0.005 5 2 Magnesium chelatase subunit D 2
22 35 0.005 0.005 11 3 HAD superfamily (subfamily IA) hydrolase 3
23 48 0.006 0.004 5 2 Archaeosine tRNA-ribosyltransferase 2
24 7.7 0.003 0.004 29 8 Mutual gliding-motility protein MglA 8
25 50 0.001 0.001 4 3 Daunorubicin resistance ABC transporter ATPase 3
26 28 0 0 15 5 Hypothetical protein 5
27 204 0 0 6 3 Hypothetical protein 3
28 17 0 0 27 8 Hypothetical protein 1 1 6
29 14 0 0 22 12 Chromosome segregation ATPase 12
30 25 0 0 33 7 Plasma-membrane choline transporter 7
31 20 0 0 36 10 Chromosome segregation ATPase 10
32 3.0 0 0 127 16 Exported calcium-binding glycoprotein-related 16
33 17 0 0 16 7 Malate dehydrogenase 7
34 122 0 0 13 5 CoA-transferase family III 5
35 24 0 0 34 12 DEAD/DEAH box helicase domain-containing protein 12
36 22 0 0 46 17 N-6 DNA Methylase 17

aNumbers denote positive selections in different regions of the gene, including signal peptide (S), transmembrane (T), cytoplasmic (C) and non-cyto-

plasmic (N) region. Items shaded with black represent the presence of S and T in the corresponding gene. The prediction of locations was conducted

by applying Phobius (see STAR Methods).

Abbreviations: PS, positive selection.
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both co-occurrence and possible HGT suggest that Aigarch-

aeota may act as the potential hosts, although other possibilities

cannot be ruled out. Collectively, we suggest that P. symbiosum

may possess a symbolic lifestyle rather than a free-living auxo-

troph with the reliance on metabolites that they cannot produce,

most importantly lipids.

It is unclear whether gaps in the core metabolism of these

MAGs represent an ancient feature or are due to genome reduc-

tion. Concordant with most DPANN genomes, the P. symbiosum

MAGs contain genes encoding homologous recombination (e.g.,

RadAB, SbcCD, HerA, NurA and HelS) and DNAmismatch repair

proteins (e.g., ERCC-2, ERCC-3, ERCC-4, PCNA, Nth, Nfo, and

Lig1).18,53 Thus, no direct evidence supports that P. symbiosum

is currently undergoing genome reduction owing to unrepaired

DNA damage, and homologous recombination may promote

the incorporation of external genetic material to better adapt to

harsh conditions. Although the potential hosts are currently un-

known, we speculate that P. symbiosum may form a mutualistic
10 Cell Reports 42, 112158, March 28, 2023
relationship with its hosts. Similar to Wolbachia, an endosym-

biont of the nematode Brugia malayi, P. symbiosum genomes

encode biosynthetic pathways for vitamins and cofactors,

such as NAD, FAD, FMN, thiamin, and molybdenum cofactor,

which could be shared with host cells. In contrast, they require

amino acids, purines, and perhaps other nutrients that may be

supplied by hosts.54 In contrast, genes relevant to de novo

biosynthesis of vitamins and cofactors are rarely identified in

DPANN archaea and the closest P. symbiosum neighbors in

the Korarchaeales.8,18 This contributes to the larger genome

sizes of P. symbiosum compared with DPANN and reflects

that they may adopt different strategies to coexist with hosts

and/or survive independent of their hosts temporarily. Another

mechanism to form the mutual beneficial interaction is that

P. symbiosummay be able to attract viruses because they would

necessarily share membrane components with their host cells.55

If so, that could diminish the host viral load and protect the host

against viral infection. The presence of several virus defense
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systems, such as the type I CRISPR-Cas, RM, and the putative

BREX system, would provide a strong defense mechanism by

thePanguiarchaeales to the host partner. Notably, the aforemen-

tioned DNA methylase encoded by hsdM involved in the Type I

RM system is positively selected in the Panguiarchaeales,

indicating the rapid evolution of antiviral systems (Table 2).

Given the absence of enzymes required for de novo biosyn-

thesis of purines, this may serve as one approach to salvage

nucleotides.

Few population metagenomics studies have been applied to

reveal intraspecies differences and to understand the evolution

of natural populations.56–58 Comprehensive analysis of hetero-

geneity within the 10 P. symbiosum MAGs reveals fairly large

genetic diversity within the species. The topology structure be-

tween the SNP tree and the phylogenomic tree differs markedly

and reflects the different evolutionary trajectories between the

core gene sets and landscapes of the whole genome. In com-

parison, the SNP tree exhibits better resolution than the latter

and might be applicable to resolve the recent diversification at

a shallower evolutionary time scale.59 Several recent studies

have explored how landscape genomics can provide greater

power and resolution for examining spatial patterns and

adaptive variation.60–62 The overall clustering pattern in the pre-

sent study reveals that geographical separation and environ-

mental heterogeneity may govern the population structure

of P. symbiosum and have a profound influence on the

observed population genetic differentiation, although the effect

of dispersal cannot be ruled out on longer time scales. Consis-

tent with a previous study, such extensive strain variations were

maintained by an overall genomic pattern of purifying selection

rather than positive selection.58 The few positive selection

events target very few functions in P. symbiosum, mostly

involved in nutrient acquisition and cell attachment. Notably,

most residues under positive selection occurred in the extracel-

lular regions known to be targets of viruses but also cell-cell in-

teractions.63,64 Besides the adaptive selection, these genes

were also highly expressed. Therefore, both adaptive evolution

and regulation of gene expression are effective strategies to in-

crease the fitness of P. symbiosum, suggesting a remarkable

flexibility to survive under extreme conditions. Previous studies

reported that short-term disturbances are prone to induce phys-

iological responses, while a longer duration of changes allows

the adaptive evolution by accumulating mutations that increase

fitness.65 To unravel this, time-series genome and transcrip-

tome records are needed. Our study contributes to the under-

standing of how microbes with functional defects survive under

harsh environments and opens an avenue for revealing how mi-

crobes evolve on a shorter time scale by applying population

metagenomics and technology.

Limitations of the study
There are several limitations of the study. To date, no studies

have reported the cultivation of P. symbiosum. This precludes

the accurate genome reconstruction and functional annotation

of P. symbiosum. Genomes reconstructed from metagenomic

analyses may inevitably introduce noises during the sequence

assembly and genome binning steps. With the absence of addi-

tional experimental verification, it is often insufficient to assign
function unambiguously based on sequence similarity searches.

Moreover, co-occurrence analyses and identified recent HGT

events suggest that P. symbiosum and Aigarchaeota, may

form symbionts; however, further direct experimental evidence

is needed to support this inference.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Circos v0.69-9 Krzywinski et al.46 http://circos.ca/

Other

arCOG database Makarova et al.94 ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/arCOG/

Merops database (Release 12.1) Rawlings et al.23 https://www.ebi.ac.uk/merops/download_list.shtml

Transporter Classification Database Saier et al.95 https://www.tcdb.org/download.php

Hydrogenase database Søndergaard et al.96 https://services.birc.au.dk/hyddb/browser/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zheng-

Shuang Hua (hzhengsh@ustc.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Data have been deposited at NCBI GenBank and are publicly available as of the data of publication. Accession numbers are list in the

key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Protologues
Description of Panguiarchaeum gen. Nov

Panguiarchaeum (Pan.gu.ar.chae’um N.L. n. Pangu, creation figure in Chinese mythology who separated heaven from Earth; N.L.

neut. n. archaeum [from Gr. adj. archaios, -e, -on] ancient archaeon; N.L. neut. n. Panguiarchaeum an archaeon created by Pangu).

The genus description is the same as that of the nomenclatural type Panguiarchaeum symbiosum.

Description of Panguiarchaeum symbiosum sp. nov

Panguiarchaeum symbiosum [sym.bi.o’sum. Gr. masc./fem. adj. symbios, companion; N.L. neut. adj. symbiosum, living together

with, symbiotic (referring to the proposed symbiotic lifestyle)]

Archaea that inhabit circumneutral, terrestrial geothermal systems and are likely hyperthermophiles. Genomes belonging to this

species are predicted to range between 1.25 Mb and 1.43 Mb. The GC content for the species range between 40.06 and

40.45%. Genomes of this species lack annotated pathways for synthesis of membrane lipids, many amino acids, and purines, sug-

gesting they are likely to be symbiotic. Predicted to be obligately anaerobic and fermentative. Genomic assemblies for this species

originated from sediments from geothermal springs in both the Rehai and Dientan geothermal areas in Tengchong, Yunnan Province,

China. The nomenclatural type for the species is the genomic assembly JZ-1.bin_83T (GCA_024720975.1).

Description of Panguiarchaeaceae fam. Nov

Panguiarchaeaceae (Pan.gu.ar.chae.a.ce0ae. N.L. neut. n. Panguiarchaeum the type genus of the family; -aceae ending to denote a

family; N.L. fem. pl. n. Panguiarchaeaceae the Panguiarchaeum family).

The family description is the same as that of the only species assigned to the family, Panguiarchaeum symbiosum.

Description of Panguiarchaeales ord. Nov

Panguiarchaeales (Pan.gu.ar.chae.a0les. N.L. neut. n. Panguiarchaeum the type genus of the order; -ales ending to denote an order;

N.L. fem. pl. n. Panguiarchaeales the Panguiarchaeum order).

The order description is the same as that of the only species assigned to the order, Panguiarchaeum symbiosum.

METHOD DETAILS

Sample collection and metagenomic sequencing
A total of ten samples were obtained in five thermal spring sediments (JZ (JinZe) from Diantan Town, BF (BianFu), SRBZ

(ShuiReBaoZhaQu), SZTDM (ShiZiTouDuiMian) and ZZQ (ZhenZhuQuan) from Rehai Town located at Tengchong County, Yunnan,

China.97 The same procedures for sample collection, DNA extraction and metagenomic sequencing were conducted as previously
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described.15 The sampling date, geographic locations (latitude and longitude) and in situ physiochemical parameters are recorded in

additional resources.

Metagenome assembly and genome binning
Raw sequencing data generated from each sediment sample were processed to filter out poor quality reads as described in a pre-

vious study.98 The remaining high-quality reads from each samples were assembled separately using SPAdes66 v3.9.0 with the

following parameters: –meta -k 21,33,55,77,99,127. Genomic binning of the individual assemblies was performed with the consid-

eration of both tetranucleotide frequency and sequence depth. First, high-quality reads were mapped to metagenomic assemblies

using BBmap v35.85 (http://sourceforge.net/projects/bbmap/). Then, the generated bam files were sorted using SAMtools67 v1.3.1.

Sequence depth was calculated using the ‘‘jgi_summarize_bam_contig_depths’’ program in MetaBAT68 v2.12.1. Preliminary bins

were generated using the ‘‘metabat’’ program in MetaBAT. Genome quality including completeness, contamination and heteroge-

neity was evaluated using CheckM21 v1.0.12. Scaffolds with abnormal coverage information were manually eliminated. To improve

MAG quality, the high-quality reads mapped to each optimized MAG were reassembled using SPAdes with the same K-mers as

above and allowing read correction (careful mode). The taxonomy of assembled MAGs were obtained using GTDB-Tk48,99 v1.6.0

and those MAGs identified as members of the Panguiarchaeales were further analyzed.

Phylogenetic tree reconstruction
Phylogenomic trees

A total of 464 archaeal reference genomes were downloaded from NCBI database (https://www.ncbi.nlm.nih.gov/) and utilized to

build phylogenomic trees (see details in additional resources). We applied different marker sets including a set of 122 archaeal-spe-

cific marker proteins,100 16 universal ribosomal proteins101 and 56 conserved archaeal-specific marker proteins28 to determine the

phylogenetic placement of PanguiarchaealesMAGs. Marker proteins for each genome were identified using ‘hmmsearch’ command

in HMMER78 v3.1b2 (settings: -E 1e-5). Sequences from individual marker sets were aligned using MUSCLE40 v3.8.31 with 100 iter-

ations. Poorly aligned regions were filtered using TrimAL79 v1.4.rev22 with the parameters -gt 0.9 -cons 50. Phylogenomic trees were

constructed from the concatenated alignments using IQ-TREE22 v1.6.10 with LG + F + R10 as the best model.

16S rRNA gene tree

To discover the distribution pattern of Panguiarchaeales, all 16S rRNA gene sequences publicly available in the NCBI-nt database

related to this lineage were downloaded for phylogenetic inference. Specifically, only sequences with similarity >75% and covering

>90% of the whole region were considered. 16S rRNA sequences from MAGs in the present study were called using RNAmmer80

v1.2. Representatives from Euryarchaeota were utilized as outgroups. Sequences from TACK superphylum were also included to

better describe the phylogenetic placement of Panguiarchaeales. All collected sequences were aligned using the online tool

SINA.81 Poorly aligned regions where columns exclusively constituted by gaps were eliminated using TrimAL v1.4.rev22 (-auto-

mated1). Phylogeny was inferred using IQ-TREE v1.6.10 with GTR + F + R6 as the best model.

Phi gene tree

Reference datasets of the phi genewere derived from theNCBI RefSeq database downloaded onMay 21st, 2019. Briefly, the genome

quality was evaluated via CheckM v1.0.12 for all publicly available complete and draft genomes. Genomes with completeness <80%

or contamination <5%were discarded. Then, high quality genomeswere dereplicated using dRep82 v2.3.2. Representative genomes

were selected from genome groups that had an average nucleotide identity >90%. The phi gene sequences from this study were

used to construct a local database using the ‘‘hmmbuild’’ program in HMMER v3.1b2. Subsequently, a set of phi geneswas identified

from dereplicated genomes using AMPHORA2.83 The predicted genes were further searched against the KEGG database using

DIAMOND (E-values < 1e�5). Only hits matching K08094 (hxlB) and K13831 (hps-phi) were kept for further analysis. To reduce the

complexity of the phylogenetic tree, all genes verified to be phi homologues were clustered using CD-HIT at a sequence identity

of 0.9. Finally, 1464 genes that satisfied these criteria were retained and used for further analyses. Among them, 24 were identified

as genes containing two sugar isomerase (SIS) domains. Individual domains from those genes were selected and combined with the

remaining gene sequences to construct a phylogenetic tree and resulted in a collection of 1488 gene fragments. Sequences were

aligned and trimmed using MUSCLE v3.8.31 and TrimAL v1.4.rev22 (-gt 0.05 -cons 50). Phylogeny was generated using IQ-TREE

v1.6.10 with LG + R10 as the best model.

Hydrogenase gene tree

Reference sequences of Groups I, II, III, and IV NiFe hydrogenases were downloaded from the Hydrogenase database.96 The ob-

tained protein sequences belonging to different groups were aligned using MUSCLE v3.8.31 separately, and individual alignments

were merged using ClustalW84 v1.2.4. The phylogeny was generated using IQ-TREE v1.6.10 with the best parameters determined by

internal model selection (LG + R10).

Mvk gene tree

Mevalonate kinase protein sequences encoded by mvk were extracted from the 408 selected archaeal genomes using hmmsearch

v3.1b2 (settings: -E 1e-5). Bacterial mevalonate kinase sequences were downloaded from NCBI database according to the

accession number extracted from a previous study.102 The sequences were aligned using MUSCLE and trimmed using TrimAL

(-gt 0.9 -cons 50). A phylogenetic tree was generated with IQ-TREE (-m LG + R10 -bb 1000).
18 Cell Reports 42, 112158, March 28, 2023

http://sourceforge.net/projects/bbmap/
https://www.ncbi.nlm.nih.gov/


Article
ll

OPEN ACCESS
All generated trees in Newick format were visualized and decorated using iTOL85 v3 and FigTree v1.4.4 (https://github.com/

rambaut/figtree).

Functional annotation of genomes
For metabolic function analyses, both genomes from the present study and public databases were used for functional annotation. A

total of 398 genomes publicly available in the NCBI database were manually selected and downloaded that cover the current

archaeal diversity at the phylum level (see details in additional resources). The protein-coding genes (CDSs) were predicted using

Prodigal69 v2.6.3 and functional annotations were conducted by searching against several public databases. All CDSswere assigned

to KOs using KAAS70 v2.1 with default settings. ArCOGs were searched against the arCOG database94 using DIAMOND71 v0.8.22

with E-values < 1e-5. PFAMs and TIGRFAMs for all CDS were determined using InterProScan72 v5.36–75.0 package with the

following parameters: -dp -f tsv -goterms -pa. Peptidases/aminotransferases and transporters inPanguiarchaealesMAGswere iden-

tified by searching against the Merops database23 (Release 12.1) and Transporter Classification Database95 using the DIAMOND

program with an E-value < 1e-5. Phobius,73 PRED-SIGNAL74 and PSORTb75 v3.0.2 software were used to predict the locations

of peptidases.

Candidate proteins potentially involved in cell-cell interactions were filtered according to IPR descriptions and amino acid length as

previously described.28 The selected proteins were clustered using CD-HIT76 v4.6 at a sequence identity of 90%. Then, the resulting

representative sequences were searched using Phyre277 web version (http://www.sbg.bio.ic.ac.uk/phyre2), and results are re-

corded in Table S4.

Metatranscriptomic analysis
Hot spring sediment samples collected in Jan 2021 and Jul 2022 were conducted for metatranscriptomic sequencing. All samples

were failed to obtain sufficient total RNA except JZ-2 and JZ-3 collected in Jan 2021 and Jul 2022 respectively. Total RNA was ex-

tracted using an RNeasy PowerSoil Total RNA kit (QIAGEN) and sent for metatranscriptomic sequencing without removal of rRNA.

The generated paired-end reads (�16 Gbp) were quality-controlled using Sickle v1.33 (https://github.com/najoshi/sickle) with the

following parameters: -t sanger –quiet -l 50. Trimmed reads were mapped to the representative Panguiarchaeales MAG JZ-1

bin_83 using BBmap v35.85 with the same parameters as above and RPKM values were also generated in this program.

CoADR sequences and structure analysis
Two copies of CoADR genes that are divergent from each other at the sequence level were detected in PanguiarchaealesMAGs. To

determine their putative functions, phylogenetic trees of CoADR homologs were built, and their 3-D structures were examined. The

CoADR homologs in Panguiarchaeales were searched against the NCBI-nr database and the top 500 BLAST hits of each were

collected. Redundant sequences were eliminated using CD-hit with the following parameters: -c 0.9 -aS 1. Sequence alignments

were performed usingMUSCLE and visualized using Jalview86 v2. Poorly aligned regions were discarded, and phylogeny was gener-

ated with the same procedures as described above (see phi gene tree). The 3-D structures of the two genes were predicted using the

online tool SWISS-MODEL,87 and further used for 3-D structure visualization, manipulation and comparison with experimentally veri-

fied CoADRs using PyMOL88 v2 software.

SNP calling and selection pressure calculation
SNP calling was conducted by mapping sequenced reads to the reference genome. The MAG JZ-1 bin_83 with the highest genome

quality was selected as the reference. The quality reads were mapped to the reference genome using BBMap v35.85 with the same

parameters as above. The generated bam files were sorted using samtools v1.3.1. SNPs and indels were identified and split into in-

dividual files using the ‘‘HaplotypeCaller’’ algorithm inGATK89 v4.1.4.1 package and the ‘‘SplitVcfs’’ program in Picard v2.21.4 (http://

broadinstitute.github.io/picard/). Only loci with Phred quality R20 were counted as effective variants.

All-vs-all BLAST searches were conducted to obtain orthologues among the ten Panguiarchaeales MAGs. Only BLAST hits with

identity R90% and aligned length R100 bp were kept for later analyses. Genes with gaps were excluded due to the high AAIs be-

tween pairwise Panguiarchaeales MAGs. All MAGs except BF2 bin_16 were detected to contain at most one gene with gaps. This

results in the elimination of 32 (0.25%) gene sequences with gaps and therefore, the low proportion of discarded genes will not affect

the general pattern of later analysis. All BLAST hits were clustered into gene families using MCL90 v14-137 with the following param-

eters: -I 1.4. Gene families with individuals <5 were discarded. This resulted in the detection of 1,000 gene families covering a total of

9,371 genes (74.3%). Among them, 230 gene families with identical sequences were eliminated from later analyses. The remaining

gene families were aligned using MAFFT91 v7.487. The codon-based alignments were constructed using the PAL2NAL92 script with

nucleotide sequences and the aligned amino acid sequences as inputs. The amino acid-based phylogenies were built for each gene

family using the IQ-TREE v1.6.10.

Natural selection was detected among the identified gene families using the ‘‘codeml’’ program in the PAML93 v4.9 application

suite. Nssites = 0 was performed to determine the fixed dN/dS, though a single u for all sites is probably wrong in every functional

protein. Positive selection on codons was examined by applying random-site models M1a (neutral evolution), M2a (positive

selection), M7 (neutral with beta distribution) and M8 (positive selection with beta distribution) which allow the calculation of

dN/dS (u, nonsynonymous/synonymous ratio) with varied values among sites (model = 0, Nssites = 1, 2, 7, 8). Bayes Empirical Bayes
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estimates from themodel M8 giving a posterior probability >0.95were used to identify sites under positive selection. A likelihood ratio

test was conducted for each candidate family to fit the positive selection model over the neutral and negative selection model (M1a

vs. M2a and M7 vs. M8) if the chi-square p value <0.05. We applied the Benjamini-Hochberg approach to correct p values with the

‘‘p.adjust’’ function in the ‘‘states’’ package in R 4.0.3. One gene was considered as evidence for positive selection if the FDR-

corrected p-value from either nested model (M1a vs. M2 or M7 vs. M8) < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

In Figure S7, the Spearman correlation test was performed in R 4.0.3. The figure legend states the sample size (n = 43). Positively

selected genes were determined using Chi-square test performed by ‘‘chi2’’ program in PAML v4.9 and p values were adjusted using

‘‘p.adjust’’ function in the ‘‘states’’ package in R 4.0.3. All p values <0.05 were considered statistically significant.

ADDITIONAL RESOURCES

Additional supplementary files including physicochemical characteristics of sampling sites, archaeal reference genomes used for

phylogenetic inference and comparative genomic analyses, metabolic comparisons of archaeal reference genomes are available

in FigShare repository at: 10.6084/m9.figshare.21782240.
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