




genes that are essential but can function in trans by post-
translational assembly. The shared complement of split genes, as
well as their break points strongly suggests that the process of
genome reduction had started before the divergence of the marine
and terrestrial nanoarchaeal lineages. Specific association with a
nanoarchaeon appears to have impacted the genomes of some of
the host organisms through lateral gene transfer and streamlin-
ing22,46. The host of N. acidilobi, however, is relatively unchanged
compared with other Acidilobus. Considering that Acidilobus sp.
7A is not strongly impacted by its nanoarchaeon, unlike
I. hospitalis, could reflect different levels of adaptive response to
such relationships. As no physiologically detectable benefits for
the host in either system (at least in laboratory cultures) or
genomic-encoded complementation are evident, these ‘intimate
associations’19 may range between commensal and ectoparasitic-
type symbioses. Characterization of additional nanoarchaeal
systems from the global oceanic hydrothermal vent systems and
from distant geothermal sites should reveal the diversity of hosts
that these organisms can utilize, as well as the range of genomic
changes associated with such interspecific associations. In the
quest to identify the mechanisms of interspecies interaction it
could be important to determine whether the type of host
metabolism (for example, autotrophic versus heterotrophic),
repertoire of transporters and cell surface characteristics have
impacted the degree of genome reduction and remaining
physiological potential of their associated Nanoarchaeota. As
identifying the host requires its physical recovery with the
Nanoarchaeota cell, either single-cell genomics or direct
cultivation are essential.

The proteins and/or cellular structures that facilitate the
specific interaction between the nanoarchaeal cells and their host,
as well as the transfer of metabolites, have remained elusive.
Though still enigmatic, it is remarkable that these cells can
apparently achieve the transfer, through areas of a few
nanometres across, not only of a chemically diverse repertoire
of small molecules (lipids, nucleotides, amino acids and ATP) but
also at a rate that sustains cell growth and division. Ultra-
structural studies combined with molecular characterization of
some of the conserved predicted membrane proteins encoded by
the genomes of the Nanoarchaeota should eventually unravel that
mystery. A similar although evolutionarily independent mechan-
ism may be used by parasitic TM7 bacteria that colonize the
surface of human oral Actinomyces47. As more members of
distant bacterial and archaeal taxa are cultivated and
characterized, we will develop a better understanding of the
diversity of cell–cell interaction mechanisms in the microbial
world and how they have evolved across the three domains of life.

Methods
Sample collection and culture enrichments. Sampling was conducted in June
2012 at Cistern Spring pool, in the Norris Geyser basin of YNP (latitude: 44.723;
longitude: � 110.704"), under the research permit YELL-2008-SCI-5714. Water
and sediment slurry samples (82 �C, pH 4.5) were collected in 100-ml sterile bottles
and sealed immediately with butyl rubber stoppers displacing excess water through
syringe needle so that no air remained on top of the liquid. Samples were stored at
4 �C and the archaeal community composition was characterized using 454 pyr-
osequencing of the 16S RNA V4 region as described in ref. 48. The archaeal
diversity in the Cistern Spring environmental sample, based on 16S rRNA (9,657
sequences), encompassed members of the Nanoarchaeota (7%), Thermofilaceae
(3%), Thermoproteaceae (48%), Desulfurococcaceae (2%), Acidilobaceae (11%)
and Sulfolobaceae (29%). We hypothesized that the host of some of the
Yellowstone Nanoarchaeota would be an organism that could withstand pH values
well below those of Obsidian Pool (pH 5.5–6.5) or Cistern Spring (pH 4.5–5), likely
an acidophilic archaeaon from Sulfolobaceae or Acidilobaceae. Therefore we aimed
at cultivation conditions that would select for such organisms and restrict the
growth of neutrophiles.

Archaeal enrichments were set up using basal Sulfolobus culture media26

supplemented with combinations of carbon sources and electron acceptors,
containing (per litre): 1.30 g (NH4)2SO4; 0.28 g KH2PO4; 0.25 g MgSO4 � 7H2O;

70 mg CaCl2 � 2H2O; 20 mg FeCl3 � 6H2O; 1.8 mg MnCl2 � 4H2O; 4.5 mg
Na2B4O7 � 10H2O, 0.22 mg ZnSO4 � 7H2O; 0.05 mg CuCl2 � 2H2O; 0.03 mg
Na2M0O4 � 2H2O; 0.03 mg VOSO4 � 2H2O; and 0.01 mg CoSO4, supplemented with
vitamins (DSMZ medium 141), 0.03 g yeast extract and 0.5 g peptone, casamino
acids or 0.5 g sucrose. The pH was varied between 2.5 and 4.5. A volume of 1 ml
environmental sample was inoculated in 20-ml media, in serum bottles capped
with butyl rubber stoppers followed by incubation at 85 �C under non-reduced
(without shaking) or reduced conditions (100 mM cysteine), under an atmosphere
of 80%N2–20%CO2, for 5–7 days. To extract DNA, 3-ml aliquots were retrieved
and filtered through 0.2-mm syringe filters. The cells were washed with phosphate-
buffered saline (PBS) and retrieved by back aspiration of a 1-ml cell-lysis solution
containing 100 mM TrisCl (pH 7.5), 200 mM NaCl, 5 mM EDTA and 1% SDS.
Proteinase K was added to 100 mg ml� 1 and the lysate incubated for 1 h at 50 �C,
followed by addition of SDS to 2% and further incubation for 1 h. The lysate was
extracted with phenol-chloroform and the DNA was precipitated overnight at
� 20 �C following the addition of 50 ml ammonium acetate (5 M), 15 mg GlycoBlue
(Ambion) and one volume of isopropanol. The DNA was recovered by
centrifugation (10 min at 15,000g), washed with cold 70% ethanol, air dried and
dissolved in 20 ml TrisCl 10 mM and EDTA 1 mM (pH 8.0). To monitor the
presence and relative abundance of Nanoarchaeota we performed PCR of the 16S
rRNA gene with the Nanoarchaeota-specific primers 7mcF-1511mcR (ref. 15),
which were confirmed by TOPO-TA cloning (Invitrogen, Carlsbad CA, USA) and
Sanger sequencing. The other Archaea present in the enrichments were identified
following cloning and sequencing of the 16S rRNA gene using the archaeal
universal primers 515AF2-1492R (ref. 48). Fluorescence in situ hybridizations were
performed on 3% paraformaldehyde-fixed cells, as described in ref. 10, using the
50AlexaFluor488-labelled Nanoarchaeota probe 515mcR2 (50-CCCTCTGGCCCAC
TGCT-30) and 50AlexaFluor546-labelled Crenarchaeota probe CREN499R (50-CCA
GWCTTGCCCCCCGCT-30) (Integrated DNA Technologies, Inc., Coralville,
USA). Examination by fluorescence microscopy revealed that nanoarchaeal cells
were present on the surface of disk-shaped Crenarchaeota in the enrichments.

Isolation and characterization of N. acidilobi–Acidilobus sp. To identify the host
organism for the Nanoarchaeota in enrichments we sorted randomly selected
‘single’ cells (the nanoarchaeon attached to its host) in two 96-well plates using a
Cytopeia Influx Model 208S cell sorter (Cytopeia, Seattle, WA). The genomic DNA
was amplified using phi29 DNA polymerase, and the single-amplified genomic
(SAG) products were used for amplification of 16S rRNA genes using Nanoarch-
aeota-specific primers (7mcF-1511mcR). Three positive SAGs were identified and
confirmed to represent Nanoarchaeota by Sanger sequencing. PCR of 16S rRNA
genes using Archaea primers 515AF2-1492R (which do not recognize Nanoarch-
aeota) followed by Sanger sequencing established the presence of Acidilobus in all
Nanoarchaeota-containing SAGs.

Following identification of Acidilobus, a comparison of the Sulfolobus mineral
base medium with the one used for the isolation of A. sulfurireducens28 resulted in
an approximately twofold improved growth rate of the Acidilobus–Nanoarchaeota
population. We therefore switched to using the Acidilobus medium, containing
(per litre): 0.33 g NH4Cl; 0.33 g KH2PO4; 0.33 g MgSO4 � 7H2O; 0.33 g CaCl2; and
0.33 g KCl, supplemented with SL-10 trace metals (1 ml l� 1), a fivefold excess of
Wolfe’s vitamins and 0.3 g yeast extract. A variety of carbon sources were tested
(0.05% peptone, meat extract, glycogen, sucrose, cellobiose, maltose, trehalose,
glucose or fructose), as well as inorganic terminal electron acceptors (elemental
sulfur, sodium thiosulfate and nitrate). We also tested the effect of adding volatile
fatty acids (1 ml l� 1 of a solution of isobutyric acid, 2-methylbutyric acid, isovaleric
acid and valeric acid, 0.5% each) or filter-sterilized bovine rumen fluid (0.01%). The
final pH was adjusted with 2 N H2SO4. The medium was filter-sterilized and
dispensed in sterile vessels followed by degassing using three cycles (20 min each)
of vacuum:sterile 80%N2–20%CO2 fill and reduced with 100 mM cysteine at 80 �C
overnight. The co-culture could be preserved by freezing at � 80 �C in the presence
of 10% dimethylsulfoxide.

Subsequent cultivation was performed in the Acidilobus-type medium
supplemented with yeast extract (0.03%) and peptone (0.05%) pH 3.6, at 82 �C,
under 80%N2–20%CO2. Dilution to extinction resulted in microscopically
homogeneous co-cultures of Acidilobus sp. 7A and N. acidilobi. A final pure co-
culture of Acidilobus sp. 7A and N. acidilobi was obtained using optical tweezer
selection with a Zeiss PALM MicroTweezers system (Zeiss, Thornwood, NY).
Following growth of the co-culture, an Acidilobus sp. 7A cell not harbouring a
nanoarchaeon was isolated by optical tweezer and used to establish a pure culture
of the host. The effect of temperature and pH was tested using anaerobic Acidilobus
basal salts medium supplemented with vitamins, 0.03% yeast extract, 0.05%
peptone and 0.05% sodium thiosulfate. To determine cell counts we used a qPCR
assay (BioRad iQ SYBR Green Supermix) in a CFX96TM cycler (Bio-Rad,
Hercules, CA), with 16S rRNA primers specific for Nanopusillus (50-GTGGGCC
AGAGGGGTGG-30 and 50-TGGCTTCTTCCGTCCCCTAG-30) or for Acidilobus
(50-GGGGCAAGTCTGGTGT-30 and 50-GCCTTTCCCGCCCCCTAGC-30) and
with full-length 16S rDNA plasmid clones as standards. Cell density values inferred
from qPCR data were validated by direct microscopic counting, using a Petroff
Hausser Counting Chamber slide (EMS, Hatfield, PA).

For electron microscopy analyses, Acidilobus–Nanopusillus cells were collected
by gentle filtration on 0.1-mm filters followed by washing with PBS (pH 7.2) and
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fixation with 3% glutaraldehyde in PBS. Subsequent steps were as we described in
ref. 18. Gold-coated cells were imaged using a Zeiss Auriga Focused Ion Beam
Scanning Electron Microscope.

Analysis of co-cultures using fluorescent cell labelling. A custom antiserum
against Acidilobus–Nanopusillus was raised in rabbits by Covance Inc. (Denver
PA), and the IgG was purified by protein G affinity chromatography. We labelled
IgG aliquots with AlexaFluor488 or with AlexaFluor647 using the ThermoFisher
protein labelling and purification kits. For further fractionation, aliquots of labelled
IgG were incubated for 1 h with a suspension of 5–10 mg of Acidilobus sp.7A or
A. saccharovorans cells in 5% goat serum in PBS. Following removal of the cells by
centrifugation, the specificity of the remaining IgG was enriched for Nanopusillus
or Acidilobus sp.7A, respectively. For immunofluorescence labelling, fixed cells
were incubated on gelatin-coated slides with a blocking solution (5% goat serum in
PBS) for 30 min followed by 1-h staining with fluorescent antibody cocktails
(diluted 1:20–1:100) in 5% goat serum-PBS and washing with PBS. Slides were
mounted in DAPI-containing Citifluor antifade solution (Citifluor Ltd. London)
and visualized using a Zeiss AxioImager fluorescence microscope.

For studying the host specificity of Nanopusillus, actively growing Acidilobus
sp.7A–N. acidilobi co-cultures were mixed at various ratios with cultures of
A. saccharovorans DSM 16705 (ref. 29) and incubated for 2 days at 80 �C. Cells were
collected by filtration on 0.1-mm filters, fixed and analysed by immunofluorescence
labelling with labelled antibodies (Nanopusillus-enriched AlexaFluor488 IgG and
A. saccharovorans-depleted AlexaFluor647 Acidilobus IgG) and with the DNA-binding
dye DAPI.

For identifying the presence of cell surface glycoproteins and/or glycolipds,
fixed Acidilobus sp.7A–N. acidilobi cells were immobilized on poly-lysine-coated
slides and stained with individual, fluorescein-conjugated lectins ConA, SBA,
WGA, DBA, UEA-I, RCA or PNA (20 mg ml� 1) in PBS (Kit1, Vector Laboratories
Inc., Burlingame, CA) for 30 min followed by PBS washing and mounting in
antifade solution containing DNA-binding dyes (DAPI or Syto62). Live cells were
also analysed by staining and visualization on top of 0.2-mm black polycarbonate
filters, with similar results.

Genomic sequencing, annotation and analysis. Genomic DNAs were used to
generate Nextera DNA libraries followed by sequencing on an Illumina MiSeq
instrument, using 2� 300-nucleotide paired-end chemistry kit, according to the
manufacturer’s instructions. Preliminary assembly and composition-based binning
was performed as in ref. 22. To obtain sufficient N. acidilobi genomic DNA for
PacBio sequencing we purified it from the host DNA using ultracentrifugation in a
self-forming gradient of CsCl in the presence of the AþT binding dye
bisbenzimide (Hoechst 33258) as described in ref. 49. Approximately 10 mg purified
genomic DNA was used for generating 8–10 kb insert libraries followed by single-
molecule, real-time sequencing on a PacBio RS II instrument at the Genomics
Resource Center of the University of Maryland Institute for Genome Science.
Hybrid assemblies of the PacBio and MiSeq data were performed as described50.
The closed genomes of Acidilobus sp 7A and N. acidilobi were annotated by the
NCBI Prokaryotic Genome Annotation Pipeline (2013 release). Phylogenetic
analyses, metabolic reconstructions and comparative genomics with other
Nanoarchaeota and publicly available Acidilobus genomic and metagenomic data
sets21,22,25,31,33,46 were performed based on functional annotations and archaeal
COG classification51, as in ref. 22. Genomic alignments were displayed using
Circos52.

Proteomic analysis. Three cell pellets (B10 mg each) of mid-log co-cultures of
Acidilobus sp 7A–N. acidilobi were combined and resuspended in lysis buffer (4%
SDS, 100 mM Tris-HCl (pH 8.0) and 50 mM dithiothreitol) and incubated for
10 min at 100 �C followed by sonic disruption (Branson Sonifier). Extracted pro-
teins were then precipitated with 20% trichloroacetic acid on ice, pelleted, washed
with cold acetone and air-dried. Proteins were re-solubilized in 8 M urea, 5 mM
dithiothreitol, 100 mM Tris-HCl, pH 8.0 and digested with trypsin as described in
ref. 17. Tryptic peptides were analysed using MudPIT LC-MS/MS over multiple
salt-cuts (with subsequent 2 h reversed-phase separation per cut) using a hybrid
LTQ Orbitrap Pro (ThermoFisher) mass spectrometer operating in data-dependent
acquisition as previously described17,18. Resulting MS/MS spectra from four
technical replicate runs were matched to computationally predicted tryptic peptides
gleaned from the supplied proteome FASTA database (Acidilobus sp.7A and
N. acidilobi protein sequences appended with common contaminants and decoy
sequences to assess false-discovery rates) using MyriMatch v. 2.1 (ref. 53). Peptide-
spectral matches were filtered (peptide- and protein-level false-discovery rates
tested down to o1%) and assembled to their respective proteins using IDPicker
v. 3.0 (ref. 54). Both normalized spectral counts17,18 and ion intensities were used
for relative quantification. Peptide ion intensity values were derived from either
MS1/parent ion intensity (area under the curve) via IDPicker or matched-ion
intensity55. Resulting peptide intensity distributions were log2-transformed,
normalized across replicates (LOESS), and standardized by median absolute
deviation and median centring using InfernoRDN56. Protein abundances were
derived using the RRollup method as previously described55. Supplementary Data
1–4 list the predicted proteins of both organisms and provide a comparison of

relative abundance data for individual proteins, with rank levels between the
different analyses.

Data availability. Genomic sequences are available in GenBank under the
accession numbers CP010514 and CP010515. Proteomic data were deposited at the
MassIVE data repository (accession numbers: MSV000079705 (MassIVE) and
PXD004102 (ProteomeXchange)). The authors declare that all other data sup-
porting the findings of this study are available within the article and its
Supplementary Information files, or from the corresponding author on request.
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