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Many thermophiles that are abundant in high-temperature geothermal systems
have never been cultivated and are poorly understood, including deeply
branching members of the archaeal phylum Thermoproteota. Here, we describe
the genome-guided cultivation of one such organism, Calditenuis ramacida-
miniphagus, and show that it has evolved a heterotrophic metabolism focused
on branched-chain amino acids (BCAAs). Initially, fluorescence in situ hybridi-
zation and nanoscale secondary ion mass spectrometry (FISH-nanoSIMS)
showed that Cal. ramacidaminiphagus assimilated amino acids rapidly in
casamino acid-amended enrichment cultures. Metagenome and metaproteome
analyses showed a high abundance and expression of BCAA transporter genes,
suggesting a BCAA-focused metabolism. This inference was supported by the
subsequent enrichment of Cal. ramacidaminiphagus in BCAA-fed cultures,
reaching 2.66x10° cells/mL and 48.7% of the community, whereas it was out-
competed when polar amino acids were included. Metabolic reconstruction and
metaproteomics suggest that BCAAs are channeled into the mevalonate path-
way for lipid biosynthesis and fuel ATP production through the TCA cycle
coupled with aerobic respiration and through production of branched-chain
organic acids by overflow metabolism. Ancestral state reconstructions and
phylogenetic analyses of 62 Caldarchaeales genomes revealed multiple hor-
izontal transfers of BCAA transporters to the ancestor of the genus Calditenuis.
Our study highlights the crucial role of BCAAs in the early evolution and niche of
this genus, and suggests a high degree of resource partitioning even within low-
diversity thermophilic communities.

Geothermal springs offer an exceptional window into the evolution,
adaptation, and survival strategies of microorganisms'>. The unique
physicochemical characteristics of high-temperature geothermal
springs promote the formation of microbial communities that are
often simplified and include thermophiles and polyextremophiles®™.
The vast majority of thermophiles remain uncultivated”®. While sig-
nificant progress has been made to understand these uncultivated
microorganisms through metagenomic studies, a critical gap remains
in linking genomic predictions to physiological characteristics.

Among uncultivated thermophiles is the class Nitrososphaeria_A
in the Genome Taxonomy Database (GTDB)®, which was originally
proposed as the phylum “Aigarchaeota” based on a metagenome-
assembled genome (MAG)™. This class is a monophyletic sister taxon
to Nitrososphaeria sensu stricto, the latter encompassing the globally
widespread ammonia-oxidizing archaea (AOA). Previous evolutionary
analyses indicated that the Nitrososphaeria/Nitrososphaeria_A clade
originated in thermal environments"™* or transiently inhabited them
before AOA diversified into moderate-temperature and cold
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environments®, whereas Nitrososphaeria A remained in geothermal
environments, including terrestrial hot springs and fumaroles®>>",
subsurface geothermal systems'”*, and deep-sea hydrothermal vent
ecosystems'®. A meta-analysis of 16S rRNA genes revealed at least nine
genus-level groups within Nitrososphaeria_A®, and a subsequent study
assigned all Nitrososphaeria_A genomes to three families, Wolframiir-
aptoraceae, “Caldarchaeaceae’, and Calditenuaceae®. The latter study
reported tungsten-dependent growth of one member of the Wol-
[framiiraptoraceae, Wolframiiraptor gerlachensis, on xylose and
showed that tungsten transporters and tungsten-dependent aldehyde
ferredoxin oxidoreductases were acquired during the evolution of the
Wolframiiraptoraceae, but not its two sister families. Wolframiir-
aptoraceae, comprising strict anaerobes, is thought to have originated
approximately 1.48 billion years ago (Ga)", and is the most ancient
family within the Nitrososphaeria_A. In contrast, the Calditenuaceae are
estimated to have diverged around 0.7 Ga, after the Neoproterozoic
Oxygenation Event (NOE)". Consistent with this inference, research
showed that Calditenuis aerorheumatis™ (syn. “Candidatus Calditenuis
aerorheumensis”), a species in the Calditenuaceae from Yellowstone
National Park, is aerobic, as evidenced by genes encoding a heme
copper oxidase complex and a high number of transcripts mapping to
this complex in a metatranscriptome®. Calditenuis is widely
distributed®’ and Calditenuis species from hot springs in Tengchong,
China (JZ_bin_19 in ref. 12.), have been predicted to oxidize CO aero-
bically to obtain energy and fix carbon via the reverse oxidative TCA
(roTCA) pathway®’. While systematic investigation of Wolframiir-
aptoraceae genomes has been conducted”, genomes belonging to the
Calditenuaceae are poorly represented in current databases and our
knowledge about this family is limited.

The United States’ Great Basin, located in the western part of the
country, is characterized by rapid crustal thinning during the Miocene
and increasing aridification, giving rise to widely distributed and
poorly connected geothermal ecosystems”. One such ecosystem is the
Great Boiling Spring (GBS) geothermal system in northwestern
Nevada. This circumneutral Na-Cl spring system has temperatures
reaching 95.5°C (boiling) and is home to diverse thermophiles*,
most of which remain uncultivated. Calditenuis is the most abundant
archaeon in high-temperature GBS sediments based on 16S rRNA gene
surveys* and metagenomic read mapping®. Previous studies have
suggested that members of Calditenuis have the potential to assimilate
fatty acids and amino acids based on genomic and transcriptomic
data™. However, the validity of these predictions has yet to be
experimentally confirmed, and other physiological characteristics of
Calditenuis remain unknown.

In this study, we report the genome-guided enrichment and stable
lab growth of a novel member of Calditenuis, designated Calditenuis
ramacidaminiphagus LZ™, the most abundant archaeal species in high-
temperature GBS sediments. Although initial fluorescence in situ
hybridization coupled with nanoscale secondary ion mass spectro-
metry (FISH-nanoSIMS) experiments in GBS sediments showed very
low assimilatory activity by LZ™ compared to other cells, FISH-
nanoSIMS with stable lab cultures of Cal. ramacidaminiphagus showed
that LZ"™ incorporated a large fraction of their carbon from amino
acids. Analysis of MAGs of Cal. ramacidaminiphagus revealed a high
abundance of branched-chain amino acid (BCAA) transporter genes,
and metaproteomics confirmed the high expression of these genes in
LZ™. Based on these findings, we hypothesized that LZ™ could grow
with BCAAs. To test this, we selectively enriched Cal. ramacidamini-
phagus when BCAAs were supplied as the sole source of carbon.
Metabolic reconstruction and metaproteomics suggested that BCAAs
are utilized for isoprenoid biosynthesis and contribute to ATP pro-
duction via the TCA cycle and aerobic respiration and through over-
flow metabolism, producing branched-chain organic acids. Ancestral
state reconstructions and phylogenetic analyses revealed that BCAA
transporter genes were acquired through several horizontal gene

transfers from multiple sources to an ancestor of Calditenuis, under-
scoring the importance of BCAAs in the ecology and evolution of the
genus. Given the importance of BCAAs, we propose the species epithet
ram.a.cid.a.mi.ni.phagus, meaning “branched-chain amino acid eater”.

Results

Predominance of Cal. ramacidaminiphagus in GBS

Shotgun metagenome sequencing was previously performed on
sediment samples collected from GBS (Fig. 1a) at three sites: site A
(85 °C), site B (70 °C), and site C (60 °C)* (Fig. 1b). The relative abun-
dances of archaea and bacteria based on metagenome read mapping
correlated with temperature, with archaea being more abundant at
higher temperatures (Fig. 1b), consistent with previous studies®**’, A
single species, Cal. ramacidaminiphagus, was the dominant archaeon
in the clay-rich sediments at 70 °C and 85 °C (Fig. 1c and Supplemen-
tary Data 1), comprising 83.7% and 24.5% of archaea at sites A and B,
respectively. Given the high abundance of Cal. ramacidaminiphagusin
the hot spring, we inferred it is ecologically important and that culti-
vating it could provide deeper insights into the ecology of high-
temperature environments.

The cultivation of many archaea has proven to be challenging®®, so
to better understand the physiology of this microorganism, we first
used a FISH-nanoSIMS approach® to investigate the metabolism of
single cells of Cal ramacidaminiphagus within the complex commu-
nity. We supplemented freshly collected GBS sediment with various
13C-labeled substrates (algal amino acid mixture [algal AA], butyrate +
propionate + acetate [BPA], starch, bicarbonate) to track the assim-
ilation of different carbon sources, and with *N-labeled ammonium as
a proxy for overall assimilatory activity (Supplementary Fig. 1 and
Supplementary Data 2). Incubations were conducted under both
aerobic and anaerobic conditions for four hours and 24 hours. Cal.
ramacidaminiphagus cells were identified using catalyzed reporter
deposition-FISH (CARD-FISH) and subsequently subjected to nano-
SIMS analysis (Supplementary Fig. 2). Under aerobic conditions, Cal.
ramacidaminiphagus cells collected after four hours in algal AA-
amended incubations were enriched in ®N compared to unlabeled
controls, suggesting stimulation of Cal. ramacidaminiphagus activity
(two-sided Mann-Whitney U test, p = 0.040; Supplementary Data 3),
yet the assimilation of carbon from amino acids by Cal. ramacidami-
niphagus only became evident after 24 h (two-sided Mann-Whitmey U
test, p = 0.008; Supplementary Data 3). The median *C enrichment of
Cal ramacidaminiphagus cells incubated with labeled algal AA after
4 h or 24 h was less than 0.2 atom percent excess (APE) (Supplemen-
tary Data 4), and there were no significant differences in ®C and N
enrichment between Cal. ramacidaminiphagus cells and other cells
after 4 hours of incubation. After 24 hours of incubation, however,
other cells showed higher *C and N enrichment than Cal ramacida-
miniphagus cells (two-sided Mann-Whitney U test, p =4.63E-11, Sup-
plementary Fig. 2 and Supplementary Data 3). Consequently, we could
not distinguish: (i) slow amino acid assimilation by Cal ramacidami-
niphagus, (ii) catabolic use of amino acids while incorporating only a
small amount of carbon into biomass, or (iii) isotope enrichment from
cross-feeding™ on metabolites derived from amino acids. We did not
detect isotope incorporation by Cal. ramacidaminiphagus cells under
anaerobic conditions, consistent with previous research suggesting
that Calditenuis is aerobic'**.

Amino acids are preferred substrates for Cal. ramacidamini-
phagus in stable lab cultures

Since in situ labeling experiments were not definitive, we aimed to
cultivate Cal ramacidaminiphagus in the lab, which would enable
more incisive experimentation. Samples were taken from 85°C GBS
sediments and inoculated into GBS salts medium® with 22 different
combinations of carbon sources, H, concentrations, and terminal
electron acceptors, including varying O, concentrations®®. The primary
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Fig. 1| Research location and in situ abundance of Cal. ramacidaminiphagus.
a Map showing the location of Great Boiling Spring (GBS) in the northwestem U S.
Great Basin. Map data sourced from Natural Earth (https://www.naturalearthdata.
com/). b Three sampling sites with indicated temperatures and the relative

abundance of archaea and bacteria. ¢ Microbial community composition derived
from sediment metagenomes at site A, site B, and site C (n = 1 persite). Source data
are provided as a Source Data file.

cultures were sampled after 2 weeks and a secondary culture was
sampled after 4 weeks, and community composition was evaluated by
16S rRNA gene sequencing (Supplementary Fig. 3; Supplementary
Data 5). Of the 22 growth conditions tested, only two supported
populations of Cal. ramacidaminiphagus that comprised >10% relative
abundance of the community 16S rRNA genes. The highest relative
abundance of Cal. ramacidaminiphagus was 25.3%, observed in culture
G-10, where 0.02% casamino acids served as the sole carbon source,
10% v/v O, (2 atm pressure) was provided as the sole terminal electron
acceptor, and the incubation temperature was 80°C*. The other
enrichment was culture G-5, which was supplemented with 10% (v/v) of
GBS hot spring mat extract and 2% (v/v) Oz, with 16.1% of the culture
being Cal ramacidaminiphagus®. Cal. ramacidaminiphagus was stably
maintained in the G-10 culture in the lab, with transfers every three
weeks over the course of 8 years.

Efforts to isolate Cal ramacidaminiphagus were unsuccessful. Plat-
ing culture G-10 onto Gelrite-solidified medium yielded no colonies, and
single-cell sorting via optical tweezers targeting rod-shaped cells isolated

only a Pyrobaculum species. FISH-nanoSIMS was repeated with culture
G-10 to investigate the metabolism of Cal. ramacidaminiphagus in the
absence of an axenic culture (Supplementary Fig. 1 and Supplementary
Data 6). We initially screened a few cells from the 6-hour treatments and
detected only minor isotope enrichment, so we focused on 24 h incu-
bations. After 24 h of incubation, both Cal ramacidaminiphagus and
other cells were enriched in ®C from a variety of ®C-labeled substrates
and ®N from ®N-labeled ammonium compared to unlabeled controls
(two-sided Mann-Whitney U test, p < 0.01; Fig. 2, Supplementary Data 3,
and Supplementary Data 7), indicating active metabolism. The median
BC enrichment of Cal. ramacidaminiphagus cells incubated with sub-
strates was as follows: 17.0 APE with algal AA, 5.17 APE with propionate,
2.12 APE with acetate, 143 APE with xylose, and 1.0 APE with butyrate
(Fig. 2 and Supplementary Data 7). Enrichment with labeled ribose,
bicarbonate, or formate was less than 1.0 APE. Notably, Cal ramacida-
miniphagus assimilated a high amount of ®C atoms from algal AA,
although labeling was not higher than other cells (Fig. 2). Cal. ramaci-
daminiphagus cells did incorporate more ®C and “N atoms than other
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Fig. 2 | ®C and N incorporation in single cells from GBS cultured with iso-
topically labeled substrates, as measured by nanoSIMS. a Hybrid violin/box
plots showing isotopic enrichments of Cal. ramacidaminiphagus (red) and other
cells (gray). The violin plot shows the density distribution of all data points, whereas
the box plot shows the median (central line) and 25 and 75th percentiles (box
edges). The whiskers extend to the minimum and maximum values that are not
classified as outliers. Outliers were identified using the Tukey method, defined as
values beyond 1.5 * the interquartile range (IQR; the difference between the 25and
75th percentiles). Each point reflects the enrichment of cellular *C or “N in a single
cell. The number of independent cells in each group is denoted by n. Statistical
significance was calculated using the two-sided Mann-Whitney U-test (*, p<0.01).
Asterisks indicate significant differences between unlabeled controls (asterisks
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below violins) and Cal. ramacidaminiphagus or other cells (asterisks above brack-
ets) (red, p<0.01; gray, p<0.05). Cal. ramacidaminiphagus and other cells exhib-
ited significantly higher *C and “N values compared to unlabeled cells in the G-10
culture. Exact p-values are provided in Supplementary Data 3. Isotope labeling and
nanoSIMS experiments were conducted once. b CARD-FISH imaging (upper left) of
Cal ramacidaminiphagus (Cy3, marked with a yellow circle), scanning electron
microscope (SEM) image (lower left), and nanoSIMS ion ratio images reflecting ®C
assimilation (upper right) and N assimilation (lower right) of representative Cal.
ramacidaminiphagus cells and other cells for an amino acid experiment. DAPI, 4,6
diamidino-2-phenylindole. Images are representative of 140 Cal. ramacidamini-
phagus cells that were analyzed by nanoSIMS. Source data are provided as a Source
Data file.

cells in butyrate cultures, suggesting direct utilization of butyrate by Cal.
ramacidaminiphagus (two-sided Mann-Whitney U test, p < 0.01; Fig. 2,
Supplementary Fig. 2, Supplementary Data 3, and Supplementary
Data 7). Cal ramacidaminiphagus also assimilated considerable “C
atoms from propionate, yet without higher labeling relative to other cells
(Fig. 2, Supplementary Fig. 4). Additional interpretations about butyrate
and propionate metabolisms are included in Supplementary Note 1.

Genomic, metaproteomic, and proteomic insights suggest
BCAA specialization

Since Cal. ramacidaminiphagus was maintained in the G-10 culture that
contained casamino acids and assimilated large amounts of 2C atoms
from amino acids, we evaluated metabolic pathways related to amino
acid metabolism, beginning with amino acid transporters. A high-quality
Cal ramacidaminiphagus MAG obtained from the G-10 culture desig-
nated LZ™ (estimated completeness 98.07%, estimated contamination
0%), 18 other high- and medium-quality MAGs, and one single-amplified
genome (SAG) assigned to the genus Calditenuis by GTDB-Tk version
2.3.2” each encoded complete ABC transport systems for BCAAs and
peptides. However, the assembled genomes did not encode transporters
for PAAs and lacked genes encoding substrate-binding and ATP-binding
proteins for neutral amino acids, suggesting specialization in BCAA uti-
lization. To probe this idea further, differential abundance analysis using
DESeq2* was conducted between the Calditenuis MAGs and other MAGs
assigned to Calditenuaceae, revealing that BCAA transporter genes were

highly enriched in Calditenuis (Fig. 3a). Specifically, the Cal. ramacida-
miniphagus MAG, LZ"™, contains nine copies of livK (encoding the
substrate-binding protein (SBP)), 12 copies of livM (encoding the per-
mease protein), ten copies of livH (encoding another permease protein),
8 copies of livF (encoding the ATP-binding protein), and 11 copies of livG
(encoding another ATP-binding protein). These BCAA transporter genes
are clustered in the Cal ramacidaminiphagus genome, and each gene
encodes key features required for proper function: signal peptides and
substrate binding domains for the SBPs (LivK-K01999), transmembrane
helices for the permeases (LivM-K01999, LivH-K01997), and AAA domain
and P-loop domains for the ATP-binding proteins (LivF-K01996, LivG-
K01995) (Fig. 3b, Supplementary Data 8, and Supplementary Data 9).
Several collocated genes likely involved in BCAA metabolism were also
observed, including genes encoding acyl-CoA dehydrogenase (acadM-
K00249), as well as genes involved in isoprenoid biosynthesis, such as
geranylgeranyl  diphosphate  synthase  (idsA-K01799)  and
hydroxymethylglutaryl-CoA reductase (hmgcR-KO0021) (Fig. 3b). Nota-
bly, two long-chain acyl-CoA synthetase genes (acsL-K01897) were
located beside BCAA transporters, suggesting that AcsL may activate
BCAA-derived acyl intermediates or indicate a connection between
BCAA metabolism and lipid biosynthesis.

To further probe the specificity of amino acid metabolism in the
G-10 culture, we examined the expression of BCAA transporter genes
in a G-10 soluble fraction metaproteome. The BCAA transporter SBP
(LivK) and ATP-binding proteins (LivF and LivG) were detected, but the
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Fig. 3 | BCAA transporter gene enrichment, phylogeny, genomic contigs, and
metabolism in Calditenuaceae. a Volcano plot illustrating differentially abundant
genes between Calditenuis and other genera in Calditenuaceae, determined by
DEseq2 based on gene copy numbers. The horizontal dash-line corresponds to
-1oglO0 (adjusted p=0.05). Significantly enriched genes are color-coded: BCAA
transporter genes in orange and other genes in blue. b BCAA transporter gene
clusters in Cal. ramacidaminiphagus. For BCAA transporter proteins, signal pep-
tides, transmembrane domains, and enzyme localizations were predicted using
DeepTMHMM. Other protein domains within the BCAA transporter proteins were
identified using HMMscan against the entire protein family (Pfam) database, setting
a full-sequence E-value reporting threshold of 10* and a per-domain independent

E-value threshold of 0.1. The Greek letters correspond to those in Fig. 7a. Abbre-
viations: acsL: long-chain acyl-CoA synthetase (K01897); acadM: acyl-CoA dehy-
drogenase (K00249); alA: alanine dehydrogenase (K19244); idsA: geranylgeranyl
diphosphate synthase (K13787); maiA: maleate isomerase (K01799); hmgcR:
hydroxymethylglutaryl-CoA reductase (KO0021). ¢ Violin box plot showing the
total number of peptidases in Calditenuis high-quality genomes (n=9) and other
genera in Calditenuaceae (n = 31). The violin outlines the distribution of values, the
box bounds indicate the interquartile range (25-75th percentiles), and the whiskers
extend to the minimum and maximum values that are not classified as outliers.
Statistical significance was calculated using the two-sided Mann-Whitney U-test
(p <4.6E-06). Source data are provided as a Source Data file.

permeases were not observed (Supplementary Fig. 5 and Supple-
mentary Data 10). Permeases are challenging to detect in proteomes
due to their poor solubility as integral membrane proteins. The
enrichment of ABC transport systems for BCAAs, their expression in
the G-10 culture, and the absence of ABC transporters for other types
of amino acids suggest that Cal. ramacidaminiphagus is adapted to
specialize in BCAA metabolism. Thus, we reasoned that BCAAs are
critical for the physiology of Cal ramacidaminiphagus.

Given the predicted specialization of Cal. ramacidaminiphagus
in BCAA metabolism, we investigated whether this specialization was
reflected in the number and catalytic types of peptidases encoded in
the Calditenuaceae genomes and proteomes. This analysis revealed
that Calditenuis has a higher number of peptidases than other genera
of Calditenuaceae (two-sided Mann-Whitney U test, p=4.61E-6;
Fig. 3c and Supplementary Data 11). Closer inspection showed that
peptidase families M103, M20X, and TO1X predominate in Caldite-
nuis (Supplementary Data 12), suggesting a potential role in digesting
proteins and peptides to release BCAAs. For instance, the TIldD
peptidase (M103.001) preferentially cleaves peptides near valines
(https://www.ebi.ac.uk/merops/cgi-bin/pepsum?id=M103.001), and
Calditenuis proteomes are enriched in valine relative to other amino
acids (two-sided Mann-Whitney U test, p=7.31E-9; Supplementary
Fig. 5 and Supplementary Data 13). However, none of the identified
Cal. ramacidaminiphagus peptidases possess classical signal pep-
tides (Supplementary Data 14) and nearly all are globular (soluble),
except for one M28B peptidase, which is a transmembrane protein
with an extracellular peptidase domain. Given the predicted oligo-
peptide ABC transporter in Calditenuis (Supplementary Data 15),
Calditenuis may supplement transported BCAAs with BCAAs from
transported oligopeptides liberated by cytoplasmic peptidases. The
near-absence of extracellular proteases could reflect the instability of
extracellular proteins at high temperatures or a reliance on other
microbes for extracellular proteolysis. Additional interpretations
about peptidases and amino acid stoichiometry are included in
Supplementary Note 2.

BCAAs channel into lipid synthesis, anabolism, and ATP
production

The likely metabolism of all three BCAAs was reconstructed based on
the Cal ramacidaminiphagus LZ™ genome and from the G-10 meta-
proteome (Fig. 4). Complete anabolic and catabolic pathways for leu-
cine, isoleucine, and valine were present in our model. The first step of
the common pathway is catalyzed by branched-chain amino acid
aminotransferase (lIvE), which transfers the amino group from BCAAs
to a-ketoglutarate, forming branched-chain o-keto acids (syn. 2-
oxoacids). The second step is catalyzed by 2-oxoisovalerate dehy-
drogenase (BCKDHA, BCKDHB, DBT), which decarboxylates the
branched-chain a-keto acids to their corresponding acyl-CoA deriva-
tives. The subsequent steps vary for leucine, isoleucine, and valine,
although they share some common enzymes (Fig. 4). The metabolic
products of leucine could be integrated into lipids since the key
enzymes to channel leucine into mevalonate are present in Calditenuis
and most of these enzymes were expressed in Cal. ramacidamini-
phagus (Fig. 4 and Supplementary Data 10). A direct precursor to
mevalonate, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), is a crucial
intermediate in the biosynthesis of isoprenoids. Cal. ramacidamini-
phagus likely utilizes the alternative mevalonate pathway for iso-
prenoid biosynthesis found in archaea®*, because it lacks the
phosphomevalonate kinase (EC 2.7.4.2) used in the classical mevalo-
nate pathway. Instead, it encodes phosphomevalonate decarboxylase
(Pmd) and isopentenyl phosphate kinase (Ipk) to form isopentenyl
diphosphate (Supplementary Fig. 7). Additionally, Cal. ramacidamini-
phagus has the complete C10-C20 isoprenoid biosynthesis pathway,
suggesting its capability to synthesize isoprenoids with carbon chain
lengths ranging from Cl10 to C20 (Supplementary Fig. 7). Conse-
quently, Cal. ramacidaminiphagus likely contributes to the in-situ
production of isoprenoidal glycerol dialkyl glycerol tetraethers
(GDGTs), which are abundant in GBS*. Indeed, three radical SAM
proteins involved in the synthesis of GDGTs—tetraether synthase
(Tes)”, GDGT ring synthase A (GrsA), and GDGT ring synthase B
(GrsB)*—were identified (Supplementary Data 16). All three BCAAs can
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