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Decades of culture-independent analyses have resulted in proposals
of many tentative archaeal phyla with no cultivable representative.
Members of DPANN (an acronym of the names of the first included
phyla Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoha-
loarchaeota, and Nanoarchaeota), an archaeal superphylum com-
posed of at least 10 of these tentative phyla, are generally
considered obligate symbionts dependent on other microorgan-
isms. While many draft/complete genome sequences of DPANN
archaea are available and their biological functions have been con-
siderably predicted, only a few examples of their successful labora-
tory cultivation have been reported, limiting our knowledge of
their symbiotic lifestyles. Here, we investigated physiology, mor-
phology, and host specificity of an archaeon of the phylum
“Candidatus Micrarchaeota” (ARM-1) belonging to the DPANN
superphylum by cultivation. We constructed a stable coculture sys-
tem composed of ARM-1 and its original host Metallosphaera sp.
AS-7 belonging to the order Sulfolobales. Further host-switching
experiments confirmed that ARM-1 grew on five different archaeal
species from three genera—Metallosphaera, Acidianus, and Saccha-
rolobus—originating from geologically distinct hot, acidic environ-
ments. The results suggested the existence of DPANN archaea that
can grow by relying on a range of hosts. Genomic analyses showed
inferred metabolic capabilities, common/unique genetic contents of
ARM-1 among cultivated micrarchaeal representatives, and the pos-
sibility of horizontal gene transfer between ARM-1 and members of
the order Sulfolobales. Our report sheds light on the symbiotic life-
styles of DPANN archaea and will contribute to the elucidation of
their biological/ecological functions.

DPANN j ARMAN j CandidatusMicrarchaeota j symbiotic archaea j
thermoacidophiles

Decades of culture-independent analyses have revealed con-
siderable diversity in the archaea that exist in most natural

environments. As a result, there have been many tentative pro-
posals of archaeal phyla, most of which have not yet been culti-
vated (1). Members of DPANN (an acronym of the names of the
first included phyla Diapherotrites, Parvarchaeota, Aenigmarch-
aeota, Nanohaloarchaeota, and Nanoarchaeota), an archaeal
superphylum composed of at least 10 of these tentative phyla,
inhabit extremely diverse environments (e.g., brackish/freshwater,
ocean sediments, hydrothermal vents, acid mine drainage [AMD]
sites, hypersaline lakes, permafrost, and the human microbiome)
(2). They share small cell and genome sizes and are generally
considered obligate symbionts dependent on other microorgan-
isms (3), whereas some of them are suggested to possess a
free-living lifestyle [i.e., “Candidatus Altiarchaeota” (4) and
“Candidatus Diapherotrites” (5)]. However, while many draft/
complete genome sequences of DPANN archaea are available, in
addition to a considerable number of predictions of biological

functions, only a few examples of their successful laboratory culti-
vation have been reported. For instance, “Candidatus Nanoarch-
aeum equitans” (6), “Candidatus Nanopusillus acidilobi” (7), and
“Candidatus Nanoclepta minutus” from the phylum “Candidatus
Nanoarchaeota”; “Candidatus Mancarchaeum acidiphilum” (8)
and “Candidatus Micrarchaeum sp. A_DKE” (9) from the
phylum “Candidatus Micrarchaeota”; and “Candidatus Nanoha-
loarchaeum antarcticus” from the phylum “Candidatus Nano-
haloarchaeota” (10) were reported as cultivated representatives
of DPANN archaea.

The phylum Ca. Micrarchaeota, one of the DPANN lineages
(2, 11), was first discovered in an AMD site on Iron Mountain in
2006 (12). This phylum, along with “Candidatus Parvarchaeota”
(13), was originally referred to as the archaeal Richmond Mine
acidophilic nanoorganism (ARMAN). Although these two phyla
had been called the same name “ARMAN,” the current phylog-
eny based on genomic information showed that both lineages are
found in association with other archaea (1), indicating their dis-
tant relationship. They are known as some of the smallest organ-
isms, with cell volumes as low as 0.009 μm3, which is close to a
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theoretical size limit for life (0.008 μm3) (14). While Ca. Par-
varchaeota has only been detected in AMD and hot spring envi-
ronments, Ca. Micrarchaeota has been detected in a variety of
natural environments (e.g., AMD sites, hot springs, soil, peat,
hypersaline mats, and freshwater) (15). The successful cultivation
of Ca. Micrarchaeota (with host species) was achieved recently,
when three research groups reported that it was cultivated with
members of the order Thermoplasmatales in the same enrichment
cultures (8, 9, 15). In addition, comprehensive phylogenetic anal-
yses revealed some instances of horizontal gene transfer between
Ca. Micrarchaeota and a member of the order Thermoplasma-
tales (15). These results suggest that Ca. Micrarchaeota depends
on members of the order Thermoplasmatales. However, consider-
ing the detection of Ca. Micrarchaeota in a variety of environ-
ments, it may be possible that different representatives of this
phylum have different host requirements. In addition, the existing
cultivation systems for Ca. Micrarchaeota seem to be difficult
to handle, especially with respect to anoxic conditions and
slow growth rates (8, 9, 15), which would be a major obstacle for
elucidating their symbiotic mechanisms.

Here, we report a coculture system composed of a thermoa-
cidophilic archaeon belonging to the phylum Ca. Micrarchaeota
(designated ARM-1) and Metallosphaera sp. AS-7 belonging to
the order Sulfolobales from an Indonesian acidic hot spring.
Since this coculture system is easy to handle (the system exhib-
its fast growth, can be cryopreserved, and is easy to maintain
under aerobic conditions), we determined the detailed physio-
logical properties of ARM-1 (e.g., temperature/pH ranges,
complex substrate/sugar utilization, energy sources, and host
specificity) and experimental evidence of its symbiotic lifestyle
with Metallosphaera sp. AS-7 as well as with the four other
members of the order Sulfolobales. The results of the coculture
experiments provide insights into the physiology and symbiotic
lifestyle of this DPANN archaeon.

Results and Discussion
Establishment of a Stable Coculture System. The initial enrichment
culture, EnAS_65, was obtained from hot, acidic spring water col-
lected at Kawah Domas hot springs in Tangkuban Perahu, Indo-
nesia. A total of 37 clones were derived from EnAS_65. They
were grouped into three operational taxonomic units (OTUs)
(Dataset S1) and classified as Metallosphaera species (7 clones),
Thermoplasma species (27 clones), and an archaeon designated
ARM-1 (3 clones). However,Metallosphaera species and Thermo-
plasma species appeared to be considerably more abundant than
ARM-1 on the basis of the total number of clones. Thus, we
attempted to enrich ARM-1 from glycerol stocks of EnAS_65
and sought the best culture conditions by applying several differ-
ent media and incubation temperatures (SI Appendix,
Supplementary Text and Figs. S1 and S2). Consequently, a cocul-
ture system (referred to as EnM) composed of only ARM-1 and
Metallosphaera species (Metallosphaera sp. AS-7), confirmed by
genome sequencing as described below, was obtained. This cocul-
ture system even showed a significantly higher abundance of
ARM-1 than Metallosphaera sp. AS-7, which was confirmed by
qPCR and microscopy as described below.

Microscopic Observations. In the EnM coculture system, irregular
coccus cells 0.7 to 1.4 μm in diameter (mean 0.9 ± 0.2 μm,
n = 20) and nanosized coccus cells 240 to 440 nm in diameter
(mean 320 ± 40 nm, n = 60) were observed (Figs. 1 and 2).
Fluorescence in situ hybridization (FISH) analysis showed that
nanosized cells were derived from ARM-1 (Fig. 1C). In the expo-
nential phase, a large number of ARM-1 cells attached to AS-7
cells (Fig. 1C) whereas most ARM-1 cells occurred singularly in
the stationary phase (Fig. 1A and Movie S1). This behavior was
similar to that of Ca. N. equitans and its host Ignicoccus hospitalis,

which showed a significantly increased number of free N. equitans
cells toward the end of cocultivation (16, 17). Up to 11 ARM-1
cells attaching to a single AS-7 cell were observed. Unlike previ-
ous reports of the cultivation of Ca. Micrarchaeota A_DKE (9),
cell aggregation was rarely observed. Division of ARM-1 cells was
occasionally observed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) (Figs. 1 E and F
and 2 B and H). Dividing ARM-1 cells were observed to either
attach to a host cell (Fig. 2 B and H) or not attach to any host cell
(Fig. 1E). Since most ARM-1 cells in the exponential phase attach
to AS-7 cells, cell division of ARM-1 most likely starts while
attaching to host cells. Therefore, the latter observation is proba-
bly explained by detachment of dividing ARM-1 cells while in
that stage, although we cannot exclude the possibility that some
ARM-1 cells may undergo cytokinesis away from the host. Under
TEM, the cell-to-cell interaction between ARM-1 and Metallos-
phaera sp. AS-7 in the use of fibrous structures or direct cell-
surface connections was observed (Fig. 2 C–F). Fibrous structures
may contribute to attaching to the cell surface of host organisms
or obtaining nutrients from the host. Direct cytoplasmic connec-
tions, such as those reported in the phylum Ca. Nanoarchaeota
(another taxon of DPANN) (18), have not been observed thus
far. Both inner and outer membranes were observed in ARM-1
(Fig. 2A), which coincides with previous reports for the phylum
Ca. Micrarchaeota (14). On the other hand, an S layer–like struc-
ture, a typical feature of the genus Metallosphaera (19), was
observed in Metallosphaera sp. AS-7 (Fig. 2 C and E). No flagella
were observed for ARM-1 and AS-7 under negative-staining TEM
(Fig. 2 G and H). Extracellular vesicle (EV)–like structures, of
which sizes were ∼100 nm in diameter, were occasionally detected
near AS-7 cells (Fig. 2G). Recently, EVs produced by the ther-
moacidophilic crenarchaeon Sulfolobus islandicus were shown to
carry proteins as well as chromosomal and plasmid DNA. More-
over, EVs supported the heterotrophic growth of S. islandicus in
minimal medium (20), suggesting that EVs can serve as a source
of both carbon and nitrogen. If the EV-like structures observed
under negative-staining TEM also carry proteins, DNA, or carbon/
nitrogen sources, they may possibly provide some nutrients to
ARM-1. The electron density of the cytoplasm in ARM-1 cells
was higher than that observed in AS-7 cells (Fig. 2 A–F), indicating
that metabolites were densely packed in the nanosized cells. The
existence of both inner and outer membranes may contribute to
sustaining the cell structure with densely packed metabolites.

Physiological Properties of ARM-1. The growth temperature and
pH range for ARM-1 were 50 to 75 °C and pH 1.5 to 4.5,
respectively (SI Appendix, Figs. S3 and S4). The highest
ARM-1 cell density was observed at 55 °C (∼5.5 × 109 copies of
16S ribosomal RNA [rRNA] gene per milliliter; SI Appendix,
Fig. S3), while the shortest doubling time was observed at 70 °C
(8.4 h; Dataset S2). The qPCR results, showing a significantly
larger abundance of ARM-1, were in good agreement with
microscopic observations (Fig. 1 and Movie S1). The growth
rate of Ca. Micrarchaeota (ARMAN) has been thought to be
very slow since the number of ribosomes in their cells is quite
low (92 per cell on average) (14). In contrast, ARM-1 showed a
relatively fast growth rate, sometimes even faster than that of
the host species (Dataset S2). This result suggests that protein
production occurs highly efficiently because of its nanosized
cells, even with a lower number of ribosomes. However, for
confirmation, we need to examine the actual ribosome number
in ARM-1. Although ARM-1 grew at 75 °C during 4 to 6 d of
incubation, the cell density dramatically decreased after day 6
and did not exceed the initial cell density (SI Appendix, Fig.
S3). The results indicated that ARM-1 is not able to survive at
temperatures of 75 °C or higher. Growth of ARM-1 under
autotrophic conditions occurred on either S0 or FeS2 (SI
Appendix, Fig. S5). Because none of the known carbon fixation
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pathways were found in the ARM-1 genome, as described
below, ARM-1 possibly utilizes organic substances that are
autotrophically synthesized by Metallosphaera sp. AS-7, which
possesses a carbon dioxide assimilation pathway called the
3-hydroxypropionate/4-hydroxybutyrate cycle (21). Growth of
ARM-1 under heterotrophic conditions (in the presence of AS-7)
occurred on yeast extract, casamino acids, peptone, tryptone,
glucose, and sucrose (SI Appendix, Fig. S5). These substrates
also supported the growth of pure cultures of AS-7 (SI
Appendix, Fig. S6). The growth of ARM-1 on complex sub-
strates was remarkably faster than that on the sugars (Dataset
S2). Although faster growth might occur simply due to the bet-
ter growth of the host (which may produce more necessary
nutrients for ARM-1), the results suggested that nucleic acids,
peptides, polypeptides, amino acids, vitamins, or other constitu-
ents in the complex substrates are important factors for the
growth of ARM-1. Similar with that of Ca. N. equitans (16, 17),
in most cases, the growth of ARM-1 stopped when the host
entered the mid- to late-stationary phase (SI Appendix, Figs.
S3–S5), implying that “actively growing” host cells rather than
dead cells are important for the growth of ARM-1. Further-
more, ARM-1 did not grow without the addition of host species
(Fig. 3), indicating that they are not free-living organisms but
rather obligate symbionts. The filtrate of AS-7 culture did not
support the growth of ARM-1.

Growth of ARM-1 on Various Sulfolobales Strains. We found that
the growth of ARM-1 was also supported by the following
members of the order Sulfolobales: Acidianus brierleyi DSM1651T,
Metallosphaera sedula DSM5348T, Metallosphaera hakonensis
DSM7519T, and Saccharolobus solfataricus DSM1616T (Fig. 3). On
the other hand, no growth of ARM-1 was observed on Sulfolobus
acidocaldarius DSM639T, Sulfuracidifex metallicus DSM6482T, Sul-
fodiicoccus acidiphilus HS-1T, Sulfurisphaera ohwakuensis TA-1T, or
Thermoplasma sp. AS-7 (SI Appendix, Fig. S7).

Ca. Micrarchaeota has been thought to depend on cell
wall–deficient archaea of the order Thermoplasmatales since its

discovery (8, 9, 13–15). However, our coculture experiments
showed that ARM-1 grew on at least five different Sulfolobales
species, each of which was isolated from a different acidic hot
spring (22–26). In addition, ARM-1 did not grow on Thermo-
plasma sp. AST-1 isolated from the same acidic hot spring (SI
Appendix, Supplementary Text and Fig. S7). These results suggested
that host specificities in Ca.Micrarchaeota are not limited to a spe-
cific taxon. Given the diverse microorganisms existing in natural
environments, the use of many hosts should confer greater advan-
tages than the use of a single specific host, which might be a sur-
vival strategy of this archaeon. ARM-1 could have the ability to
obtain its essential nutrients from a variety of host organisms in its
habitat. Notably, having a range of hosts is particularly different
from other cultivated DPANN archaea such as Ca. Nanoarchaeota,
which is known to have a specific host (6, 7, 27).

Genome Analyses. A total of 122,606 long reads (1,185,209,857
bp) were obtained from a PacBio RS II sequencer. After filtering
the long reads by Filtlong, a total of 25,155 long reads of high
quality (500,009,373 bp) were obtained. A total of 2,231,542 short
reads (1,087,167,027 bp) were also obtained from an Illumina
MiSeq sequencer. After coassembly of the long and short reads,
two complete circular genomes having 814,439 bp (for ARM-1)
and 2,464,819 bp (for Metallosphaera sp. AS-7), respectively,
were obtained. Each of the genomes contained only a single copy
of 16S rRNA. No contigs possessing other 16S rRNA genes were
detected, indicating that only two species existed in the coculture
system. The genome of ARM-1 has 849 protein coding sequences
(CDSs), 3 rRNAs, and 46 transfer RNAs (tRNAs), with a GC
content of 34.1%, while that of Metallosphaera sp. AS-7 has 2,976
CDSs, 2 rRNAs, and 47 tRNAs, with a GC content of 47.1%
(Dataset S3).

The metabolic capability of ARM-1 was predicted on the
basis of annotation information (Fig. 4 and Dataset S4). ARM-1
has a complete tricarboxylic acid (TCA) cycle (SI Appendix, Fig.
S8) and mevalonate (MVA) pathway. The MVA pathway was the
eukaryote type (SI Appendix, Fig. S9), which is rare in archaea
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Fig. 1. Microscopic observation of a coculture system composed of ARM-1 and Metallosphaera sp. AS-7. (A) Cells examined by phase-contrast microscopy
in the stationary phase. (B) Fluorescence microscopy (stained with SYBR Green I). (C) FISH analysis of ARM-1 (red) and AS-7 (green) cells in the exponential
phase. (D–E) SEM. (D) ARM-1 cells attached to AS-7 cells. (E and F) Dividing ARM-1 cells (yellow arrows). M
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but detected in the order Sulfolobales, to which host organisms of
ARM-1 belong (28). The existence of the TCA cycle, a nearly
complete respiratory chain (complexes I, II, IV, and V), and
genes for oxidative stress (cydA, sod, and ahpC) were in good
agreement with the aerobic lifestyle of ARM-1, which differed
from a previous report that suggested a microaerobic/anaerobic
lifestyle of this taxon (15). Most genes for glycolysis, gluconeo-
genesis, the pentose phosphate pathway, carbon/nitrogen fixation,
sulfur/nitrogen assimilation, and amino acid/nucleotide/cofactor/
vitamin biosynthesis were absent, consistent with the extreme
dependency of ARM-1 on the host organisms. A number of
transporter genes and archaea-type flagellum genes (flaJ, flaI)
(29) may contribute to obtaining metabolites produced from host
organisms. ARM-1 may have the capability of protein and RNA
degradation since genes for protein degradation (cysteine/met-
allo/serine/threonine peptidases) and RNA degradation (rrp41,
rrp42, rrp4, csl4) were found, possibly contributing to the acquisi-
tion of amino acids and nucleotides. Genes for cell division
(minD, ftsZ, sepF), cell-wall construction (S layer–like protein),
and DNA replication (polD, pcn, rpa, etc.) indicate that the
observation of dividing ARM-1 cells under SEM and TEM was
not a methodological artifact (Figs. 1 and 2).

Phylogenetic analyses of the 16S rRNA genes (SI Appendix,
Figs. S10 and S11) indicated that ARM-1 and Metallosphaera

sp. AS-7 belong to the phylum Ca. Micrarchaeota and the genus
Metallosphaera, respectively. The 16S rRNA gene sequence simi-
larities and average amino acid identity (AAI) values between
ARM-1 and other cultivated representatives of Ca. Micrarchaeota
were 80.3 to 81.5 and 43.6 to 44.1%, respectively (Datasets S5 and
S6), suggesting that ARM-1 represents a novel order of this
phylum (30). The 16S rRNA gene of ARM-1 contained a 522-bp
insertion sequence at position 1052 (Escherichia coli position
1093) encoding a hypothetical protein (SI Appendix, Fig. S12 and
Dataset S4). The amino acid sequence of the protein showed 25.
4% similarity to “hypothetical protein UNLARM2_0643”
(National Center for Biotechnology Information [NCBI] acces-
sion no. EET90204), which also exists in the 16S rRNA gene of
“Ca. Micrarchaeum acidiphilum” ARMAN-2 as an insertion (13).
No significant homology with any other protein sequence was
found. The function of the protein as well as whether it is spliced
out from mature 16S rRNA are currently uncertain. To our
knowledge, the insertion sequence in the 16S rRNA gene has
been reported in the phyla Crenarchaeota (the orders Desulfuro-
coccales and Thermoproteales) (31), “Ca. Aigarchaeota” (32), and
Ca. Micrarchaeota (ARMAN) (12). Coincidentally, an insertion
sequence at E. coli position 1093 was also reported in several
members of the phyla Crenarchaeota and “Ca. Aigarchaeota”
(31), suggesting that this position somehow tends to have inser-
tion sequences in certain archaeal lineages by unknown mecha-
nisms. Although the insertion sequence is uncommon in Bacteria,
several members of the family Beggiatoaceae in the phylum
Proteobacteria have an insertion sequence in the 16S rRNA
gene (33).

The AAI value between Metallosphaera sp. AS-7 and its clos-
est relative, M. sedula, was 87.7%, suggesting that AS-7 repre-
sents a novel species of the genus Metallosphaera. The genome
tree constructed for ARM-1 showed topology similar to that of
the maximum-likelihood (ML) tree of the 16S rRNA gene (Fig.
5 and SI Appendix, Fig. S10), indicating that ARM-1 is the
most deep-branching lineage among cultivated representatives
of Ca. Micrarchaeota [ARM-1, A_DKE, and Mia14 (8, 9)],
although other clades composed of metagenome assembled
genomes (MAGs) derived from groundwater and freshwater
sediments were located more deeply in the genome tree. The
genome tree indicates that ARM-1 retains more ancestral char-
acteristics than A_DKE and Mia14, suggesting the thermophilic
and acidophilic origins of these organisms. The genome size of
ARM-1 was 0.14 to 0.2 Mbp smaller than that of A_DKE and
Mia14, with many fewer CDSs (Dataset S3), suggesting that
gene acquisitions occurred in A_DKE and Mia14 during the
course of evolution. The recently described new member of
the phylum Ca. Micrarchaeota, “Ca. Fermentimicrarchaeum
limneticum” (34), derived from a freshwater lake metagenome,
was distantly placed in other clades composed of MAGs origi-
nating from various environments (Fig. 5).

The results of BLASTP searches among ARM-1 and culti-
vated micrarchaeal representatives (A_DKE and Mia14) (8, 9)
were visualized by the Circos program (Fig. 6). The total
numbers of bidirectional best hits between ARM-1/A_DKE,
ARM-1/Mia14, and Mia14/A_DKE were 491, 459, and 583,
respectively (Datasets S7, S8, and S9), consistent with the
topologies of the phylogenetic trees, in which Mia14 and A_
DKE were more closely clustered (Fig. 5 and SI Appendix, Fig.
S10). A total of 414 genes were determined to be core genes
(Dataset S10), from which 286 were assigned to clusters
of orthologous groups (COG) functional categories (Fig. 7).
The 286 genes were mainly composed of COG functional cate-
gories of J (translation, ribosomal structure, and biogenesis), L
(replication, recombination, and repair), O (posttranslational
modification, protein turnover, and chaperones), C (energy
production and conversion), and K (transcription). On the
other hand, 311 to 324 genes were found to be unique genes in
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each representative, and most of them were not assigned to any
COG functional category (Fig. 7 and Datasets S11, S12, and
S13). The genes for reverse gyrase (rgy), CRISPR-associated
proteins (cas1 to 7 with CRISPR repeats), and succinyl-CoA
synthetase (sucC and sucD) were identified in the unique genes
of ARM-1. The gene rgy is known as a genomic signature for
hyperthermophiles (and extreme thermophiles) (35), which is
in good agreement with the unique thermophilic characteristics
of ARM-1 among cultivated micrarchaeal species. Of note, the
gene rgy has not been reported in other members of the phylum
Ca. Micrarchaeota. The existence of CRISPR-associated genes
with CRISPR repeats indicates that ARM-1 was previously
exposed to a virus attack in its habitat and possesses an antiviral
defense system. Recently, the CRISPR-Cas9 system was discov-
ered in Archaea from a MAG of the phylum Ca. Micrarchaeota
(36). On the other hand, the CRISPR-Cas system found in
ARM-1 was not CRISPR-Cas9 (class 2); it appeared to be class
1 (subtype I-B) based on the organization of the cas genes (37,
38). Since sucC and sucD are essential components of a com-
plete TCA cycle and were not found in other cultivated
micrarchaeal representatives, we conducted phylogenetic analy-
ses of these two genes to investigate where the genes originated
from. In the phylogenetic trees of each gene, they were placed
in the cluster composed of members of the order Sulfolobales
(SI Appendix, Figs. S13 and S14). This finding suggests that
sucC and sucD of ARM-1 were possibly acquired by horizontal
gene transfer from members of the order Sulfolobales. Chen
et al. reported that only 1 MAG out of 29 MAGs of Ca.
Micrarchaeota contained sucC and sucD (15), indicating that
these genes are rare in this taxon. The existence of sucC and
sucD, allowing ARM-1 to have a complete TCA cycle, possibly
contributes to the faster growth of ARM-1 than that of other
cultivated micrarchaeal representatives.

Conclusions
Here, we report the detailed physiological, morphological, and
genomic characteristics of an archaeon of the phylum Ca.
Micrarchaeota in the DPANN superphylum (referred to as
ARM-1), expanding our knowledge of the symbiotic lifestyles
of DPANN archaea. At least five different host species were
able to support the growth of ARM-1, suggesting that some
DPANN archaea in natural environments also have a wider
range of host dependency. Genomic analyses showed inferred
metabolic capabilities, common/unique genetic contents of
ARM-1 among cultivated micrarchaeal representatives, and the
possibility of horizontal gene transfer between ARM-1 and
members of the order Sulfolobales.

Based on the experimental data presented above, we surmise
that the general life cycle of ARM-1 is as follows: 1) ARM-1
cells generally occur singularly (after cell division) until they
find appropriate host cells; 2) ARM-1 cells attach to “actively
growing” host cells and obtain necessary nutrients through
unknown mechanisms; 3) after obtaining necessary nutrients,
the cells start cell division on a host cell; and 4) after cell divi-
sion, the daughter cells start to seek other host cells in their
habitat.

We believe that our coculture system is easier to handle than
existing coculture systems reported for Ca. Micrarchaeota (the
system exhibits fast growth, can be cryopreserved/regenerated,
and is easy to maintain under aerobic conditions). This cocul-
ture system, deposited in the Japan Collection of Microorgan-
isms (JCM) and Indonesian Culture Collection (InaCC), will
certainly contribute to a greater understanding of the symbiotic
lifestyles of DPANN archaea. Finally, based on physiological,
morphological, phylogenetic, and genomic analyses, we propose
Microcaldus variisymbioticus (phylum: Microcaldota; class:
Microcaldia; order: Microcaldales; family: Micracardaceae) for
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strain ARM-1 as described below. Following the suggested
emendations of rules 8, 15, and 22 in the International Code
of Nomenclature of Prokaryotes (39, 40), we propose anew
phylum, Microcaldota, rather than the phylum Micrarchaeota,
which was used as the Candidatus status. For strain AS-7, we
tentatively propose “Metallosphaera javensis” to accommodate
it, based on its 16S rRNA gene sequence similarity and AAI
value compared with that of M. sedula.

Proposal of New Taxa.
Description of Microcaldus gen. nov. Microcaldus (Mi.cro.cal’dus
Gr. masc. adj. mikros, small; L. masc. adj. caldus, hot; N.L. masc.
n. Microcaldus, a thermophilic small-size microorganism).

Cells are cocci, 240 to 440 nm in diameter. Obligate symbi-
ont. It grows under aerobic conditions in thermoacidophilic
environments. The type species is Microcaldus variisymbioticus.

Description of Microcaldus variisymbioticus sp. nov. Microcaldus
variisymbioticus (va.ri.i.sym.bi.o.ti’cus L. masc. adj. varius, various;
N.L. masc. adj. symbioticus, living together; N.L. masc. adj. varii-
symbioticus, living symbiotically with various microorganisms).

Grows under aerobic conditions with the following members
of the order Sulfolobales: A. brierleyi, M. sedula, M. hakonensis,
M. javensis, and S. solfataricus. Growth occurs at 50 to 75 °C
and pH 1.5 to 4.5 in the presence of host organisms. Grows on
complex substrates (yeast extract, tryptone, peptone, casamino
acids) and sugars (glucose, sucrose) in the presence of host
organisms. No growth occurs without host organisms. The
DNA GC content is 34.1%. The type strain is ARM-1 (=JCM
33787 =InaCC Co.001). The strain was isolated from a terres-
trial acidic hot spring in Indonesia.

Description of Microcaldaceae fam. nov. Microcaldaceae (Mi.cro.
cal.da.ce’ae N.L. masc. n. Microcaldus, type genus of the family;
suff. -aceae, ending to denote a family; N.L. fem. pl. n. Micro-
caldaceae, the family of the genus Microcaldus).

The description of the family Microcaldaceae is the same as
that of the genus Microcaldus. The type genus is Microcaldus.

Description of Microcaldales ord. nov. Microcaldales (Mi.cro.cal.
da’les N.L. masc. n. Microcaldus, type genus of the order; suff.
-ales, ending to denote an order; N.L. fem. pl. n. Microcaldales,
the order of the genus Microcaldus).
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The description of the family Microcaldales is the same as
that of the genus Microcaldus. The type genus is Microcaldus.
Description of Microcaldia class. nov. Microcaldia (Mi.cro.cal’dia
N.L. masc. n. Microcaldus, type genus of the type order

Microcaldales; suff. -ia, ending to denote a class; N.L. neut. pl.
n. Microcaldia, the class of the order Microcaldales).

The description of the class Microcaldia is the same as that
of the genus Microcaldus. The type order is Microcaldales.
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Description of Microcaldota phylum. nov. Microcaldota (Mi.cro.
cal.do’ta N.L. masc. n. Microcaldus, type genus of the class
Microcaldia; suff. -ota, ending to denote a phylum; N.L. neut.
pl. n. Microcaldota, the phylum of the class Microcaldia).

Obligate symbiont. Extremely small cocci. Known host
organisms are members of the order Thermoplasmatales or
the order Sulfolobales. Grows under aerobic, microaerobic, or
anaerobic conditions. A common characteristic of cultivated
representatives is acidophilicity (8, 9). The environmental
DNA of this taxon has been detected in AMD sites, hot
springs, soil, peat, hypersaline mats, and freshwater (15). The
type genus is Microcaldus.

Materials and Methods
Sample Collection and Initial Enrichment Culture. Hot spring water (62 °C, pH
3.3) was collected at Kawah Domas hot springs in Tangkuban Perahu, Indone-
sia (6° 450 410 0 S 107° 370 320 0 E), and transported to the laboratory at ambient
temperature. A 100-μL aliquot of the sample was inoculated into 10 mL of
modified Brock’s basal salt (MBS) medium (41) supplemented with yeast
extract (1 g/L) and elemental sulfur (5 g/L) (MBSYS). The pH was adjusted to
3.0 with 50% H2SO4. Incubation was performed at 65 °C under aerobic condi-
tions. The growth of microorganisms was monitored according to the optical
density at 600 nm (OD600). When growth entered the stationary phase, 100 μL
of the culture was transferred to fresh medium in the same manner as
described above, and subcultivation was repeated four times (this enrichment
culture is referred to as EnAS_65). Subsequently, 1 mL of the enrichment cul-
ture was centrifuged (15,880 × g, 5 min, 25 °C), and the supernatant was
removed. The resulting cell pellet was stored at �25 °C until DNA extraction
was carried out for microbial community analysis. Aliquots of EnAS_65 supple-
mented with 10% glycerol were stored at �80 °C for further cultivation
experiments.

Microbial Community Analysis of the Initial Enrichment Culture. Microbial
DNA was extracted from cell pellets obtained from EnAS_65 using Extrap Soil
DNA Plus Kit version 2 (Nippon Steel and Sumikin Eco-Tech). Microbial
community analysis (16S rRNA gene clone analysis) was conducted using a pre-
viously describedmethod (42) with somemodifications to the PCR cycle, as fol-
lows: initial denaturation step at 94 °C for 3 min, followed by 30 cycles of
denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, extension at 72 °C
for 40 s, and a final extension step at 72 °C for 2 min [primers A340F and
A1000R (43)]. In brief, archaeal 16S rRNA genes amplified by PCR were cloned
into the pT7Blue T-vector (Novagen), transformed into E. coli DH5α cells, and
subjected to blue/white selection to construct clone libraries. Approximately
600 bp of the 50 region of each inserted 16S rRNA gene was sequenced. Clones
with >99% sequence similarity were grouped into OTUs.

Establishment of a Stable Coculture System Composed of ARM-1 and Metal-
losphaera sp. AS-7. The procedure for obtaining the stable coculture system
composed of ARM-1 and Metallosphaera sp. AS-7 is summarized in SI
Appendix, Fig. S1 (for details, see SI Appendix, Supplementary Text). First, the
microbial community of EnAS_65 was regenerated from a glycerol stock using
the same conditions as the initial enrichment culture, and then it was subculti-
vated four times. Second, S0 was removed from the MBSYS medium (MBSY),
followed by subcultivation seven times. Third, the incubation temperature
was decreased from 65 to 55 °C. This enrichment culture is referred to as
EnAS_55. Eventually, a stable coculture system composed of ARM-1 and Met-
allosphaera sp. AS-7 was obtained via the following procedure: 1) EnAS_55
was filtered using a sterilized syringe filter (pore size: 0.45 μm;material: polye-
thersulfone); 2) the filtrate, which was found to still contain many nanosized
cells (106 to∼107 cells permilliliter), was added to theMBSYmedium at a ratio
of 2:8 (F-MBSY); 3) a pure culture of Metallosphaera sp. AS-7 in the stationary
phase was inoculated into F-MBSY at a ratio of 1:200, followed by incubation
at 55 °C (the resulting coculture system is referred to as EnM); and 4) using
EnM instead of EnAS_55 and Metallosphaera sp. AS-7, procedures 1 to 3 were
repeatedly conducted for 2 y (SI Appendix, Fig. S1G).

Microscopic Observations. The morphology of microbial cells in the coculture
system EnM was examined by phase-contrast microscopy (BX53; Olympus),
fluorescence microscopy (BX51; Olympus), epifluorescence microscopy (BX63;
Olympus), SEM (JSM-7500F; JEOL), and TEM (JEM-1400Plus; JEOL). For stan-
dard fluorescence microscopy, cells fixed with 1% glutaraldehyde were
washed with Tris�HCl (pH 8), mixed with a 100-fold dilution of SYBR Green I at
a ratio of 7:3, and examined. FISH was performed as previously described (44)
with some modifications. The FISH probes used for ARM-1 and AS-7 were
designed manually (Dataset S16). The probes were labeled with either Texas
red or 6-carboxyfluorescein at their 50 end. Cells were fixed with 2% parafor-
maldehyde for 1 h, washed in phosphate-buffered saline (PBS), and resus-
pended in PBS before spotting 15 μL onto a silane-coated glass slide. The
spotted sample was dried, incubated in 100 μL of 0.25 N HCl solution for
30 min at room temperature, rinsed in distilled water, and dehydrated with
ethanol. Hybridization was carried out with the probes (final concentration
1 pmol/μL each) in buffer (0.9 M NaCl, 20 mM Tris�HCl, pH 7.5) at 46 °C over-
night. After hybridization, the slide was washed in buffer (0.9 M NaCl, 20 mM
Tris�HCl, pH 7.5) at 48 °C for 20 min, lightly rinsed in distilled water, and
enclosed with mounting medium (SlowFade Gold Antifade Reagent; Life
Technologies). The fluorescence signals were detected with an epifluores-
cence microscope (BX63; Olympus) fitted with filter sets specific for Texas red
and fluorescein. For SEM, cells from EnM were fixed with 1% glutaraldehyde
for 30 min at room temperature. A total of 200 μL of the fixed culture was fil-
tered through a 0.1-μm pore size filter (Isopore, GTTP; Merck Millipore). Cells
trapped on the filter were washed by soaking in 300 mL of sterilized Milli-Q
water for 3 min. This washing step was repeated. After washing, the filter was
flash-frozen by pressing a small copper block precooled to �100 °C using a
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Fig. 7. Core and unique genes of cultivated representatives of Ca. Micrarchaeota and its COG assignment.
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cooling unit (FDC10; SUN Technologies). The cells on the filter were immedi-
ately dehydrated by freeze drying using a freeze dryer (FD-6510; SUN Technol-
ogies). The filter was then attached to carbon double-sided tape and pasted
on a carbon stub. Sputter coating with osmium (5 s) was carried out using an
osmium coater (HPC-1SW; Vacuum Device). The sputter-coated sample was
analyzed at an accelerating voltage of 5 kV. TEM was performed by Tokai-
EMA based on rapid freezing and freeze fixation methods as follows: Cells
were sandwiched with the copper disk and rapidly frozen in liquid propane at
�175 °C; the sample was freeze-substituted with 2% glutaraldehyde, 1% tan-
nic acid, and 2% distilled water in ethanol at �80 °C for 2 d; three dehydra-
tions (30 min each) were performed with ethanol; the sample was washed with
propylene oxide twice (30 min each), then incubated in a 70:30 mixture of pro-
pylene oxide and resin (Quetol-812; Nissin EM) for 1 h; overnight volatilization
of propylene oxide was conducted; the sample was transferred to fresh 100%
resin and polymerized at 60 °C for 48 h; the polymerized resins were ultrathin-
sectioned at 70 nm with a diamond knife using an ultramicrotome (Ultracut
UCT; Leica) and sections were mounted on copper grids; the grids were stained
with 2% uranyl acetate at room temperature for 15 min and washed with dis-
tilled water; secondary staining was performed with lead stain solution (Sigma-
Aldrich) at room temperature for 3 min; the grids were imaged by a transmis-
sion electron microscope (JEM-1400Plus; JEOL) at an acceleration voltage of 100
kV; and digital images were taken with a charge-coupled device camera (EM-
14830RUBY2; JEOL). Negative-staining TEM was also performed by a Tokai-
EMA as follows: The coculture sample was adsorbed to formvar film–coated
copper grids and stained with 2% phosphor tungstic acid solution (pH 7.0) for a
few seconds, and the grids were imaged under a transmission electron micro-
scope (JEM-1400Plus; JEOL) at an acceleration voltage of 100 kV.

Physiological Characterization of ARM-1. Unless otherwise stated, cultivation
experiments were conducted at 60 °C and pH 3.0 under aerobic conditions.
To determine the growth temperature/pH range, ARM-1 withMetallosphaera
sp. AS-7 was cultivated using MBSY medium with the following temperature/
pH ranges: 40 to 80 °C at intervals of 5 °C, and pH 1.0 to 4.5 at intervals of 0.5.
The growth of ARM-1 under autotrophic conditions was examined using
MBSs (41) supplemented with either S0 or FeS2 (both at 5 g/L). Growth on the
following complex substrates and sugars as a sole carbon source was exam-
ined as follows at a final concentration of 0.1% (weight/volume): yeast
extract, casamino acids, peptone, tryptone, glucose, sucrose, lactose, andmalt-
ose. A 50-μL aliquot of EnM in stationary phase was inoculated into 10 mL of
each medium, followed by incubation for up to 50 d. Two hundred microliters
of each culture was regularly sampled for qPCR analysis to evaluate the
growth of ARM-1 andMetallosphaera sp. AS-7.

Cocultivation Experiments of ARM-1 with Various Thermoacidophilic Species.
In addition toMetallosphaera sp. AS-7 and Thermoplasma sp. AST-1 (methods
for isolation are described in SI Appendix, Text), the following thermoacido-
philic type strains belonging to different genera were cocultivated with ARM-
1: A. brierleyi DSM1651T, M. sedula DSM5348T, M. hakonensis DSM7519T,
S. solfataricus DSM1616T, S. acidocaldarius DSM639T, S. metallicus DSM6482T,
Sd. acidiphilus HS-1T, and Sp. ohwakuensis TA-1T. All strains were obtained
from the German Collection of Microorganisms and Cell Cultures (DSMZ)
except for Sd. acidiphilus HS-1T and Sp. ohwakuensis TA-1T, which were
originally isolated in our laboratory.

Before cocultivation, a pure culture of each strain was precultivated in
MBSY medium (pH 3.0), with the exception of S. metallicus DSM6482T, which
was precultivated in MBSYS medium (pH 3.0). All strains were subcultivated at
least three times before performing the cocultivation tests. Pure ARM-1 cells
were collected from EnM by filtration two times using a sterilized syringe filter
(pore size: 0.45 μm; material: polyethersulfone). An aliquot of each pure cul-
ture (50 to 200 μL) and 2 mL of the filtrate containing ARM-1 cells were inocu-
lated into 8 mL of cultivation medium. As a negative control, 2 mL of the
filtrate was inoculated into 8 mL of MBSY medium (pH 3.0) without the inocu-
lation of any of the strains. All incubations were conducted at 60 °C under aer-
obic conditions. When growth entered the stationary phase, subcultivation
was conducted using 50 μL of each culture as the inoculum in 10 mL of fresh
medium. Aliquots of 200 μL of each coculture were regularly sampled for qPCR
analysis.

Quantification of Growth. To quantify the growth of each archaeal species in
the cocultures, qPCR was performed using an Mx3000P qPCR System (Agilent
Technologies). Microbial DNA from the cocultures was extracted using a DNA
extraction machine (magLEAD 6gC; Precision System Science) with DNA extrac-
tion reagent (MagDEA Dx SV; Precision System Science). The PCR mixture con-
tained 12.5 μL of TB Green Premix Ex Taq II (Takara Bio), 0.75 μL of forward
and reverse primers (10 μM), and 2 to 11 μL of DNA template. The final volume

was adjusted to 25 μL with sterilized Milli-Q water. The PCR cycling conditions
were as follows: initial denaturation at 95 °C for 30 s, followed by 35 cycles of
95 °C for 5 s, 60 °C for 30 s, and 72 °C for 30 s. Fluorescence data were collected
at the end of each 60 °C plateau. At the end of the PCR program, dissociation
curve analysis was performed from 60 to 95 °C. Standard curves for quantifying
the growth of each strain were developed as follows: The target sequence
(123 to 155 bp of 16S rRNA gene) derived from each strain by standard PCR
was ligated to a pMD20 T-vector (Takara Bio), which was then transformed
into E. coli DH5α; plasmid DNA containing each target sequence was extracted
from E. coli DH5α cells using a NucleoSpin Plasmid QuickPure Kit (Macherey-
Nagel); plasmid DNA was treated with the restriction enzyme PstI (Takara Bio);
and qPCR for the standard curve was conducted using serially diluted plasmid
DNA as a template. The copy number of plasmid DNA was calculated on
the basis of DNA quantity (ng), DNA size (bp), and Avogadro’s number
(1 mol = 6.022 × 1023 molecules). Primers for qPCR (Datasets S16 and S17) were
designed using NCBI/Primer-BLAST (45) or Primer3 software (46).

Genome Analyses. Microbial cells of ARM-1 andMetallosphaera sp. AS-7 were
collected by centrifugation (15,880 × g, 10 min, 4 °C) from the coculture sys-
tem EnM. Genomic DNA was extracted from the cells using Genomic-Tip 500/
G (QIAGEN). To obtain long reads, the genomic DNA was sent to Macrogen
and sequenced by a PacBio RS II sequencer. The obtained long reads were fil-
tered using Filtlong version 0.2.0 (https://github.com/rrwick/Filtlong). To
obtain short reads, shotgun sequencing was conducted by an Illumina MiSeq
sequencer with a QIAseq FX DNA Library Kit (QIAGEN) and MiSeq Reagent Kit
version 3 (600 cycles, 300-bp paired-end reads; Illumina). The short and long
reads were coassembled using Unicycler version 0.4.8 (47). Annotation of
genome sequences was carried out using Prokka (ver. 1.13) (48), RAST server
(ver. 2.0) (49), DFAST (ver. 1.1.0) (50), Kyoto Encyclopedia of Genes and
Genomes pathway tools (51), eggNOG (ver. 4.5.1) (52), hmmscan against Pfam
(53), andMEROPS (54). The annotated data obtained by these programs were
manually curated. Subcellular localization of each protein encoded in the
genome sequences was predicted using PSORTb 3.0 (55).

A phylogenetic tree of the 16S rRNA gene was constructed as follows.
Related sequences with ARM-1 and Metallosphaera sp. AS-7 were collected
from the NCBI GenBank and Joint Genomics Institute's Integrated Microbial
Genomes (JGI-IMG) databases (only sequences >1,300 bp were included in the
final dataset). Alignment of these sequences was performed using MUSCLE
(56). Poorly aligned regions of the alignment were removed by trimAl with
the automated1 option (57) and manually checked. An MLtree was con-
structed using RAxML (21) with the GTRGAMMA model. Bootstrap support
values were calculated with 1,000 replicates. For a genome tree, amino acid
sequences of 122 archaeal marker genes were obtained using GTDB-Tk ver-
sion 0.3.3 (58, 59). In the same manner as described above, the obtained
sequences were aligned and trimmed, and then an ML tree was constructed
with the PROTGAMMALG model. The tree data were visualized in the ARB
software package (60). Secondary structures of 16S rRNA of ARM-1 and an
insertion sequence found in the 16S rRNA were predicted by R2DT (61) and
RANfold (62), respectively.

Genomic comparison of ARM-1 and cultivated representatives in the phy-
lum Ca. Micrarchaeota [A_DKE and Mia14 (8, 9)] was conducted by BLASTP
(E value cutoff: 10�10; coverage cutoff: 70%). The BLASTP results (bidirectional
best hits) were visualized using the Circos program (63). Based on the BLASTP
results, we determined core and unique genes among the cultivated represen-
tatives of Ca.Micrarchaeota, and these genes were classified into COG catego-
ries using eggNOG version 4.5.1 (34). Phylogenetic analyses of some unique
genes of ARM-1 were conducted with the top 100 related sequences collected
from the NCBI GenBank database by BLASTP with the Nucleotide database in
the samemanner as described above. The AAI was calculated using the Kostas
laboratory server (enve-omics.ce.gatech.edu/ani/). Genomic comparison of
ARM-1 andMetallosphaera sp. AS-7 was investigated in the sameway.

Culture Deposition. The coculture composed of strains ARM-1 and AS-7 was
deposited in the Japan Collection of Microorganisms as JCM33787 and Indo-
nesian Culture Collection as Co.001.

Data Availability. Sequence data of 16S rRNA genes supporting the findings
of this study have been deposited in GenBank under accession nos.
LC490573–LC490578. Genomic sequences of ARM-1 and Metallosphaera sp.
AS-7 with raw read data have been deposited under the following accession
nos.: AP024486 (ARM-1 genome), AP024487 (AS-7 genome), DRR248897 (Pac-
Bio RS II long reads), and DRR248898 (Illumina MiSeq short reads). All study
data are included in the article and/or supporting information.
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