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Nano-sized archaeota, with their small genomes and limited meta-
bolic capabilities, are known to associate with other microbes,
thereby compensating for their own auxotrophies. These diminutive
and yet ubiquitous organisms thrive in hypersaline habitats that they
sharewith haloarchaea. Here, we reveal the genetic and physiological
nature of a nanohaloarchaeon–haloarchaeon association, with both
microbes obtained from a solar saltern and reproducibly cultivated
together in vitro. The nanohaloarchaeon Candidatus Nanohalobium
constans LC1Nh is an aerotolerant, sugar-fermenting anaerobe, lack-
ing key anabolic machinery and respiratory complexes. The nanoha-
loarchaeon cells are found physically connected to the chitinolytic
haloarchaeon Halomicrobium sp. LC1Hm. Our experiments revealed
that this haloarchaeon can hydrolyze chitin outside the cell (to pro-
duce the monosaccharide N-acetylglucosamine), using this beta-
glucan to obtain carbon and energy for growth. However, LC1Hm
could not metabolize either glycogen or starch (both alpha-glucans)
or other polysaccharides tested. Remarkably, the nanohaloarchaeon’s
ability to hydrolyze glycogen and starch to glucose enabled growth
ofHalomicrobium sp. LC1Hm in the absence of a chitin. These findings
indicated that the nanohaloarchaeon–haloarchaeon association is
both mutualistic and symbiotic; in this case, each microbe relies on
its partner’s ability to degrade different polysaccharides. This sug-
gests, in turn, that other nano-sized archaeota may also be beneficial
for their hosts. Given that availability of carbon substrates can vary
both spatially and temporarily, the susceptibility of Halomicrobium to
colonization by Ca. Nanohalobium can be interpreted as a strategy to
maximize the long-term fitness of the host.
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Hypersaline lakes and solar salterns with salt concentrations
at or close to saturation host distinctive and unique con-

sortia of extremely halophilic organisms. These microbial com-
munities are often biomass-dense and phylogenetically diverse,
including representatives of all domains of life, i.e., extremely
halophilic bacteria and archaea, fungi, unicellular green algae,
protists, and, quite often, arthropods (brine shrimps and in some
cases also brine flies) (1). Such arthropods have chitinous exo-
skeletons and reach considerable biomass (up to 50 g·m−2), so
chitin is one of the most abundant biopolymers in these eco-
systems (2–5). Halophilic fermentative bacteria are known to
play a role in chitin mineralization in hypersaline habitats
worldwide (6–8), and more recently it has been shown that hal-
oarchaea are also involved in the degradation of polymeric or-
ganic matter present in the habitat (8–12). Here, we show the

additional role of chitinotrophic haloarchaea as hosts for nano-
haloarchaea. These extremely halophilic organisms belong to the
DPANN superphylum (named after the first members discov-
ered: Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nano-
archaeota, and Nanohaloarchaeota) (13–17).
Members of phylum Ca. Nanohaloarchaeota were first de-

tected less than a decade ago in 0.22-μm–filtered samples col-
lected from Spanish solar salterns and the Australian hypersaline
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Lake Tirell (17, 18). Recent environmental surveys of 16S ribo-
somal RNA (rRNA) amplicons, metagenomic sequences, and
lineage-specific quantitative fluorescence in situ hybridization
(FISH) of cells from natural samples indicate that nanohaloarchaea
thrive in hypersaline ecosystems on a worldwide scale, including
polyextreme habitats, such as eastern Mediterranean magnesium-
saturated deep-sea brine lakes and Antarctic permanently cold hy-
persaline lakes (17–23). What is more, they often represent a no-
table fraction of the total archaeal community. Difficulties in the
cultivation of DPANN members have prevented precise charac-
terization of their growth requirements, physiology, and morphol-
ogy, and there is a paucity of finished and curated genome
sequences available for representatives of the superphylum. A few
ectosymbiotic and ectoparasitic thermophiles from the candidate
phylum Nanoarchaeota, and acidophiles from the candidate phylum
Micrarchaeota, have been obtained in stable binary cocultures with
their hosts from the phyla Crenarchaeota and Euryachaeota, re-
spectively (24–27). Most recently, Hamm et al. (23) demonstrated
enrichment of Ca. Nanohaloarchaeum antarcticus in nutrient-rich
medium supplemented with peptone and yeast extract, attempted
to purifiy it from other species, and verified the maintenance of
this nanohaloarchaeon, although unstable, in coculture with the
heterotrophic haloarchaeon Halorubrum lacusprofundi. This de-
velopment supports an earlier hypothesis that some haloarchaea
may act as hosts for nanohaloarchaea (20). Given the phylogenetic
diversity of these organisms, we suspect that nanohaloarchaeon–
haloarchaeon interactions may subsist for diverse substrates and
ecophysiological settings.
Here, we report the enrichment, cultivation, and characterization

of a binary association of the nanohaloarchaeon LC1Nh, dubbed Ca.
Nanohalobium constans (Ca. Nanohalobium for short), and its host,
the chitinotrophic euryarchaeon Halomicrobium sp. LC1Hm, from
the hypersaline marine solar saltern Saline della Laguna (Trapani,
Italy). We used the finished ungapped genome sequences in con-
junction with electron microscopy, growth analyses, and proteomic
and metabolomic data to study the euryarchaeon:nanohaloarchaeon
interactions. In this way, we uncovered and dissected the mechanisms
of (what turned out to be) the mutually beneficial relationship be-
tween these archaeal associates, providing evidence in support of the
idea that nanohaloarchaea can be of environmental and ecological
importance.

Results
Physicochemical Properties and Archaeal Composition of the Crystallizer
Pond.Near-bottom brine and surface sediments were collected from
the artisanal, family-run solar saltwork Saline della Laguna. This
saltern system is located near Trapani (western Sicily: 37°51′48.70′′
N, 12°29′02.74′′E) and is one of the ancient sites of salt production
known since the 7th century BC (SI Appendix, Fig. S1). Sampling
was done from the final crystallizer pond Vasca #27 (265 g·L−1

salinity, pH 7.2, 32 °C) in June 2016. The bottom layer of brine was
microoxiic (0.11 ± 0.04 mg·L−1 dissolved oxygen), and the sedi-
ments were anoxic below 2 cm, containing millimolar concentra-
tions of acid-labile sulfides (HS−/FeS). The ionic composition of the
brine was typical for halite-dominated thalassohaline brines, origi-
nated from evaporation of seawater during solar saltwork (SI Ap-
pendix, Table S1). The major ions, except for calcium, were seven-
fold more concentrated than the mean for Mediterranean seawater,
suggesting an evaporation level of about 86% and that calcium
sulfate and calcium carbonate precipitated during this process. The
brine composition was in accordance with the solubility model (28,
29) developed for chemical evolution of the six-component seawa-
ter system during the evaporation path (30). At the time of sam-
pling, the Vasca #27 brines were a pinkish color, and taxonomic
analysis of the samples revealed that the microbial community was
dominated by haloarchaea from the orders Halobacteriales and
Haloferacales. Haloarchaea from six genera, Halorubrum (18%),
Haloplanus (15%), Halobellus, Halococcus, Haloquadratum (10%

each), and Natronomonas (7%) accounted for 70% of the in situ
archaeal community in total, whereas Halomicrobium, which is
discussed in more detail below, represented 3% of all archaeal se-
quences. Finally, members of Candidatus Nanohaloarchaeota were
detected in the brine sample with a mean relative abundance of 1%.

Bringing Nanohaloarchaeota into the Culture.Guided by hydrochemical
data, the mineral medium Laguna Chitin (LC), pH 7.0 (240 g·L−1,
3.42 M Na+, and 0.37 M Mg2+), supplemented with amorphous
chitin (2 g·L−1, final concentration), was used to enrich for chitino-
trophic haloarchaea (SI Appendix, Fig. S1). After 3 mo of static in-
cubation at 40 °C, the enrichment culture turned ultramicrooxic
(0.08 ± 0.02 mg·L−1 dissolved oxygen). This initial enrichment was
further subcultured by transferring 1 mL of inoculum to 100 mL of
fresh LC broth supplemented with the bacterium-specific antibiotics
vancomycin and streptomycin (100 mg·L−1, final concentration),
followed by incubation in a tightly closed 120-mL serum bottle at
40 °C without shaking. Chitin particles rapidly acquired a pinkish
color, indicative of a haloarchaeal biomass that appeared to be at-
tached to the chitin. After 1 mo of cultivation, the 1:100 passage was
carried out once more, and the amplicon sequencing of 16S rRNA
genes revealed that throughout the course of these steps, the third
enrichment culture became dominated by members of the subphy-
lum Candidatus Nanohaloarchaeota and the haloarchaeal genus
Halomicrobium, accounting for >50% of the total chitinotrophic
community.
In attempts to obtain axenic cultures of both organisms, a

dilution-to-extinction technique was applied, ensuring the isolation
of numerically dominant types. The presence of nanohaloarchaea in
grown dilutions (LC broth) was monitored by taxon-specific PCR,
while growth of the chitinotrophic host was readily discernible due
to a visible reddening of the diluted culture that coincided with the
disappearance of chitin. The dilution-to-extinction procedure was
repeated two more times, and then the last dilution (10−9), positive
only for a chitinotrophic host, was plated onto LC agar supple-
mented with amorphous chitin as a sole carbon source (SI Appendix,
Fig. S1). The developed colonies of the axenic Halomicrobium
culture formed large clearance zones, indicative of the extracellular
production of chitin hydrolases. In parallel, the enrichment,
obtained from the 10−8 dilution, underwent three rounds of filtering
through a 0.45-μm membrane filter to obtain a fraction composed
of unattached nanohaloarchaeal cells, separated from the chitino-
trophic host, as it was determined by taxon-specific PCR analysis (SI
Appendix, Fig. S2). All subsequent attempts to cultivate the nano-
haloarchaeon alone failed, despite using a variety of substrates and
conditions. These attempts included the addition of either the
Halomicrobium biomass lysate or the spent medium (see Materials
and Methods for details). On the other hand, mixing the membrane-
filtered nanohaloarchaeal cell suspension with an axenic culture of
theHalomicrobium gave rise to a reconstructed coculture. Thus, the
presence of a haloarchaeal host appears to be a prerequisite for
successful cultivation of nanohaloarchaea under a defined set of
conditions, but not vice versa. The reconstructed coculture was
used to carry out physiological and biochemical studies of these
organisms, as described below. Remarkably, the presence of
nanohaloarchaeota in the reconstructed (binary) coculture grown
on chitin seemed very stable. As revealed by taxon-specific PCR
analysis, nanohaloarchaeota are able to survive prolonged storage
(since their 16S rDNA gene amplicons were detected in coculture
samples stored at for least 250 d in the dark at a room tempera-
ture of about 25 °C (SI Appendix, Fig. S3).
Sequencing of amplified and cloned 16S rRNA genes revealed

that the haloarchaeon (strain LC1Hm) has two dissimilar 16S
genes, rrnA and rrnB, which differ by 96 nucleotides (i.e., 6.5% of
the total). Phylogenetic analysis of these genes indicated that the
strain LC1Hm was most closely related to Halomicrobium muko-
hataei DSM 12286T, Halomicrobium katesii DSM 19301T, and sev-
eral other Halomicrobium isolates known to possess chitinolytic
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activities (10), with 96.7 to 99.3% of sequence identity (SI Appendix,
Fig. S3). Observed intraspecific polymorphism of 16S rRNA genes
from LC1Hm is common to all known members of the genus
Halomicrobium, with the 9% divergent 16S rRNA genes detected in
the type species of the genus, H. mukohataei (31). A phylogenetic
tree was constructed from the alignment of the 16S rRNA gene of
the putative nanohaloarchaeon (strain LC1Nh) to the master
alignment in SILVA Release 132SSURef NR99 (32) and inferred
using maximum parsimony criteria within the ARB software (33)
(SI Appendix, Fig. S4). This suggested that the nearest neighbor of
the novel nanohaloarchaeon was the partially sequenced Cry7_
clone28 (GenBank GQ374969, 94.3% identity) from the Dry Creek
crystallizer pond (Australia) and other partially sequenced clones
(∼91% identity) from around the world, all belonging to clade III of
the candidate phylum Nanohaloarchaeota. According to the rRNA
phylogeny, the LC1Nh nanohaloarchaeon is distinct from the other
candidate genera in the phylum (86.5 to 91.8% sequence identities)
and falls within the range of recently recommended values (86.5 and
94.5%) for family- and genus-level classifications (34). This was
confirmed by a phylogenomic analysis of a concatenated alignment
of the 122 single-copy archaeal marker genes using the Genome
Taxonomy DataBase framework (35). The Nanohaloarchaeota
phylum appears to be split into three class-level taxa. One class of this
cluster comprises the previously cultivated Ca. Nanohaloarchaeum
antarcticus (23), while the other includes our cultivated representative
of the Nanohaloarchaeota. The third cluster comprises Ca. Nano-
salinarum of uncertain taxonomic rank and currently lacks cultivated
representatives (Fig. 1 and SI Appendix, Fig. S5). Herewith, we pro-
pose a new class, Ca. Nanohalobia, that includes a new order, Ca.
Nanohalobiales, and the novel family, Ca. Nanohalobiaceae, which
accommodates the genus Ca. Nanohalobium.

Microscopy of the LC1Nh+LC1Hm Association. The LC1Nh nano-
haloarchaeon was visualized, by fluorescence microscopy using
conventional DAPI staining and catalyzed reporter deposition-
FISH in the reconstructed coculture, as small coccoid cells ei-
ther separated or associated with host cells that were pleomorphic,
a characteristic of all Halomicrobium species (36) (Fig. 2 and SI
Appendix, Figs. S6 and S7). Transmission electron microscopy

(TEM) and field emission scanning electron microscopy (FESEM)
revealed a regular S-layer–like outer surface of the nano-
haloarchaeal cells. These small cocci formed an association with
almost 20% of the cells within the Halomicrobium population at a
media multiplicity of 4 to 5, but occasionally reaching 17 cells per
host cell. In some cases, a single nanoarchaeon cell bridged two
otherwise individual host cells. When grown on chitin, Hal-
omicrobium sp. LC1Hm cells produced a thick, electron-dense
external layer, which often engulfed the symbiont (Fig. 3). Such
extracellular material was not observed during growth on mono-
saccharides or disaccharides (SI Appendix, Fig. S7), suggesting that
this layer is involved in the interaction of the host cells with the
chitin particles, as was reported for cellulolytic natronoarchaea of
the genus Natronobifoma (37). Another feature was the produc-
tion of numerous intracellular granules, which was observed only
during the growth of Halomicrobium sp. LC1Hm on chitin.
Staining with Nile Blue A combined with fluorescent microscopy
revealed brightly fluorescent orange granules (SI Appendix, Fig.
S8), confirming that the chitinotrophic Halomicrobium LC1Hm
cells accumulated polyhydroxyalkanoate (PHA) as carbon- and
energy-storage material.
Thin-section TEM imaging of the LC1Nh+LC1Hm coculture

revealed various aspects of cell contact between the nano-
haloarchaeon and the host. The surface attachment with a visibly
separated boundary was frequently accompanied by stretching of
the host membrane (see Fig. 3B as an example). In some mi-
crographs, there are clear signs of nanohaloarchaeon penetra-
tion of the host S-layer and even occasional breaching of the
host’s cell membrane (Fig. 2 and SI Appendix, Figs. S6 and S7).
In addition, TEM and FESEM images of nanohaloarchaeal cells
showed archaella-like structures made of thick and long mono-
trichous or ditrichous protein stalks, frequently unwinding to thin
filaments (Fig. 2). It remains to be seen whether these structures
are used for motility of unattached nanohaloarcheal cells or
perform (an) alternative role(s), such as attachment to the
polysaccharide substrate and/or host cells.

Growth Physiology of the LC1Nh+LC1Hm Coculture. In both the axenic
culture of the host, and in the host–ectosymbiont coculture, the

Fig. 1. Phylogenetic placement of Ca. Nanohalobium based on concatenated partial amino acid sequences of the 122 proteins conserved in Archaea (ar-
chaeal marker genes). Bootstrap values are shown at the nodes; the bar indicates 0.20 changes per position. Cultivated and uncultured members of the
candidate phylum Nanohaloarchaeota are highlighted in red and blue, respectively. A detailed list of DPANN genomes and the methods used for the tree
construction are given Materials and Methods.
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externally added chitin was completely degraded after less than 2
wk of incubation in LC broth at 40 °C. High performance anion
exchange chromatography was used to determine absence or
presence and to quantify breakdown products of chitin present in
the broth of these two cultures during the midexponential growth
phase. The monomeric intermediate of chitin degradation,
N-acetylglucosamine (GlcNAc), was found in supernatants of both

culture media at relatively high (and similar) concentrations:
3.71 ± 0.90 and 5.20 ± 1.61 mmol, respectively. In contrast, none
of the low-molecular-weight chitodextrin oligomers, (GlcNAc)2–6,
was detected. The presence of the ectosymbiont in a coculture
slightly prolonged the growth lag phase of the host, a phenomenon
that implies an adaptation period although not necessarily (biotic
or abiotic) stress (38). Indeed, neither the maximum specific

Fig. 2. Scanning and transmission electron micrographs of Halomicrobium sp. LC1Hm and Ca. Nanohalobium constans LC1Nh coculture growing in the LC
medium supplemented with chitin. Images depict tiny coccoidal nanohaloarchaeal cells (285 ± 50 nm in diameter) either detached or adhered to the host
haloarchaeal cells. Up to 17 nanohaloarchaeota cells can closely interact with the single host cell (A–D); nanohaloarchaeal cells express the pilus-like structures
(thick and long protein stalks of the archaella) (A, D, and E), which can unwind to thin filaments at the points indicated by red arrows.
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growth rates (0.028 to 0.035 h−1) nor the yield of the host biomass
were affected (Fig. 4). Further differences in physiology of Hal-
omicrobium cultured in the presence and absence of the nano-
haloarchaeal ectosymbiont are also of interest. Namely, the
growth of host–ectosymbiont association on chitin was accompa-
nied by a three-fold higher accumulation of acetate (6.39 ± 1.55
vs. 2.10 ± 0.33 mmol, P = 0.002), as compared with the axenic
growth of the host. The host–ectosymbiont association also con-
sumed oxygen almost twice as fast as the pure Halomicrobium
culture (P ≤ 0.009), resulting in microoxic conditions at the early
stationary phase of growth (Fig. 4C and SI Appendix, Text). Hal-
omicrobium sp. LC1Hm did not grow anaerobically, consistent
with published reports on other members of the genus Hal-
omicrobium (10, 39), such as H. katesii, H. mukohataei, and

Halomicrobium sp. HArcht3-1 and with our experiments, in which
none grew by fermentation of chitin, N-acetylglucosamine, or
glucose. In a separate experiment, we have established that the
nanohaloarchaeon did not reproduce under the well-oxygenated
regime of cultivation that was optimal for the axenic culture of the
host (>4 mg·L−1 dissolved oxygen). Thus, only microoxic condi-
tions enabled the growth of both organisms in a coculture. In
addition to the requirement for low-oxygen tension, significant
amounts of magnesium were needed for the prosperity of the
host–ectosymbiont coculture; the host–ectosymbiont coculture can
be stably maintained only at ≥75 mM Mg2+ concentrations. Un-
like the LC1Hm host, which is extremely Mg2+-tolerant, 800 mM
Mg2+ appears to be the upper limit for Ca. Nanohalobium growth
(SI Appendix, Fig. S9).

Fig. 3. Transmission electron micrographs of chitin-growing coculture of Ca. Nanohalobium constans LC1Nh and Halomicrobium sp. LC1Hm. (A) symbiont-
free Halomicrobium sp. LC1Hm cell. (B–F) Images of pronounced interaction (fusion) between Halomicrobium sp. LC1Hm and Ca. Nanohalobium constans
LC1Nh cells. The ectosymbiont causes evident membrane stretching (red arrow) and is often engulfed by extracellular matrix (blue arrows). PHA: granules of
polyhydroxyalkanoate. (Scale bars: 200 nm.)
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None of other polysaccharides tested (cellulose, starch, gly-
cogen, and xylan) supported the growth of Halomicrobium sp.
LC1Hm in pure culture, so it came as a surprise to us that the
host–ectosymbiont coculture grew rapidly on the alpha-glucans,
starch, and glycogen. The growth rates on these two substrates
were comparable to (μmax in the range of 0.043 to 0.066 h−1), or
even exceeded, growth rates of either the pure Halomicrobium
culture or the coculture on chitin (Fig. 4D and SI Appendix, Fig.
S10). As in the case of chitin, degradation of starch was not
accompanied by the release of measurable amounts of oligo-
mers; the only detected hydrolysis product was monomeric glu-
cose (≤4.61 ± 0.81 mmol) (Fig. 4E).
To test whether Ca. Nanohalobium has a specific adaptation

to its host Halomicrobium sp. LC1Hm, we mixed the three-times
0.45-μm–filtered Ca. Nanohalobium cells with pure cultures of
other polysaccharidolytic haloarchaea belonging to all known
orders of the class Halobacteria, such as chitinolytic Natrinema
sp. HArcht2 and Salinarchaeum sp. HArcht-Bsk1, cellulolytic
Halomicrobium zhouii HArcel3 (10), amylolytic Halorhabdus
thiamatea (40), and sugar-utilizing haloarchaeon Haloferax vol-
canii DSM3757. We failed to produce any coculture because the
nanohaloarchaeon could not be detected after 1 mo of incuba-
tion, as assessed by taxon-specific PCR analysis (SI Appendix,
Fig. S11). In contrast, two chitinolytic representatives of the
genus Halomicrobium, H. mukohataei JCM9738T, and Hal-
omicrobium sp. HArcht3-1 (10) were successfully accepted as the
hosts by Ca. Nanohalobium cells, creating the stable (binary)
cocultures while growing on chitin as the sole carbon and energy
source. Based on these findings, we named this nano-
haloarchaeon Candidatus Nanohalobium constans; the nano-
sized salt-loving life form, constant in its specificity to the
particular [chitinotrophic] members of the particular genus.

Genomic and Proteomic Analyses of the Ca. Nanohalobium–Halomicrobium
Association. We succeeded in the assembly and closure of the com-
plete host Halomicrobium sp. LC1Hm genome with the DNA iso-
lated from the coculture and from the axenic host culture, with
identical resulting sequences. In turn, the nanohaloarchaeal meta-
genome assembled genome (MAG) was assembled in its entirety
from both the enrichment and reconstructed host–symbiont coculture
DNA samples, yielding sequences that were identical. For both ge-
nomes, an overview of their characteristics is provided in SI Appendix,
Materials and Methods and Tables S2, S3, and S4). Based on culti-
vation data and the genome analysis,Halomicrobium sp. LC1Hm can
be characterized as a typical heterotrophic haloarchaeon, possessing
prototrophism for all metabolic building blocks essential to life in
axenic culture (SI Appendix, Text).
The genome of Ca. Nanohalobium consists of a single circular

chromosome of 973,463 bp with 43.2% of guanine-cytosine
molar content and contains single copies of 5S, 16S, and 23S
rRNA genes located in three different loci, as well as 39 transfer
RNA (tRNA) genes. Of the 1,162 annotated protein-coding
genes, 392 (33.7%) could be assigned to a functional category
according to the National Center for Biotechnology Information
Clusters of Orthologous Groups (COG) resource, and 732
(63.3%) were assigned to the archaea-specific orthologous
groups (arCOGs). Despite substantial genome completeness,
indicated by a lack of gaps, the presence of tRNAs for all amino
acids, and identification of the complete set of ribosomal pro-
teins, we identified only 177 genes of 219 that constitute the core
set of arCOGs (41), which is a feature of all known DPANN
organisms that have experienced extensive gene loss (15, 16, 42).
More specifically, the genome analysis of Ca. Nanohalobium
predicts the lack of operational genes for de novo synthesis of all
principal metabolic precursors, such as amino acids, nucleotides,
lipids, and enzyme cofactors (SI Appendix, Text), underscoring its
reliance on other extreme halophiles in providing these metabolic

Fig. 4. Growth of Halomicrobium sp. LC1Hm in pure (axenic) culture and in coculture with Ca. Nanohalobium constans LC1Nh: (A) Growth on chitin. (B)
Growth on starch. (C) The oxygen consumption of axenic LC1Hm and LC1Hm + LC1Nh cultures during growth on chitin. (D and E) The concentration of
acetate and reduced sugars, N-acetylglucosamine, and glucose in the supernatants during the midexponential and stationary phases of growth on chitin and
starch, respectively. The overall significance level P < 0.01 is shown by single asterisks. Plotted values are means, and error bars (SDs) are based on three culture
replicates.
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building blocks. Like most other small bacterial and archaeal ge-
nomes, and including those of other DPANN members, the
nanohaloarchaeon LC1Nh genome has retained complete sets of
the core genes involved in chromosome replication and mainte-
nance as well as transcription machinery, ribosomal proteins, and
translation factors (15, 16).
Acidification of intracellular proteins is a common adaptive

feature of extremely halophilic prokaryotes possessing the salt-in
strategy for maintaining the osmotic balance, i.e., the accumu-
lation of molar-range concentrations of potassium within cells (1,
6). Calculations of the median isoelectric point (pI) for all pro-
teins predicted in Ca. Nanohalobium and Halomicrobium sp.
LC1Hm yielded similar (acidic) values of pI 4.32 and pI 4.70,
respectively. In agreement with the salt-in strategy for osmotic
adjustment, the genome of LC1Nh encodes at least two types of
K+ transporter (Kef and Trk), but lacks transporters for known
organic compatible solutes that can be used as osmolytes (SI
Appendix, Text). We calculated acidic proteomes for all publi-
cally available Nanohaloarchaea (SI Appendix, Tables S5 and
S6), and the salt-in strategy of maintaining osmotic balance is a
trait of the whole taxon, as proposed previously (17–20).
Inspection of the Ca. Nanohalobium genome allowed us to

identify the genes implicated in the energy flow and key reactions
that drive the biomass production. The ectosymbiont lacks genes
for xenorhodopsin biosynthesis, which occurs in some nano-
haloarchaeal MAGs (18). Furthermore, the Ca. Nanohalobium
genome contained no genes coding for known components of
carbon-fixation pathways, but possesses all enzymes of glycolysis
and conversion of pyruvate into lactate, malate, ethanol, and
acetate. The absence of membrane-bound proton-translocating
pyrophosphatases suggests that Ca. Nanohalobium may rely on
the A-type ATPase, the Kef-type potassium-hydrogen antiporter,
and possibly other as-yet-unidentified systems that function as
outward proton-translocating pumps to maintain chemiosmotic
membrane potential (all information on gene IDs is in SI Ap-
pendix, Text). In agreement with the cultivation data and the
absence of genes coding for any known components of the tri-
carboxylic acid cycle and any of respiratory complexes, Ca.
Nanohalobium can be classified as an aerotolerant anaerobe, ca-
pable of sugar fermentation (Fig. 5 and SI Appendix, Table S7).

Cell-Surface Structures of Ca. Nanohalobium. Transmission and
scanning electron microscopy, together with the apparent ab-
sence of many anabolic genes, indicate that Ca. Nanohalobium
likely relies on its physical contact with the chitinolytic host. We
therefore expected that the LC1Nh genome would contain genes
encoding cell-surface structures that enable its interactions with
its host. Such interactions are likely mediated in DPANN rela-
tives by extracellular and/or membrane-associated proteins, in-
cluding archaella, lectins (carbohydrate-binding proteins), and
other proteins that may interact directly with the host cell (15,
16, 23–27). In agreement with the observations of pilli-like
structures, similar in appearance and size to protein stalks of
the archaella (Fig. 2), the LC1Nh genome contains at least 20
genes likely encoding for the archaella assembly machinery and
filament proteins (SI Appendix, Table S7). More than a half of
these genes are organized in one operon harboring the archaeal
flagellar proteins FlaG, FlaI, FlaJ, and FlaJ2 and seven hypo-
thetical proteins and resembling the structure of euryarchaeal
archaellum operons (43). In addition to archaella-related pro-
teins, the LC1Nh genome encodes eight strain-specific secreted
proteins, containing polycystic kidney disease and Con A-like/
lectin LamG domains. Proteins that contain such domains serve a
variety of purposes, often mediating interactions with carbohy-
drates or glycosylated proteins, and are likely involved in surface
interactions in DPANN organisms, including nanohaloarchaeota
(15, 16, 23, 26).

In order to overcome any host resistance to colonization, some
proteins involved in host–symbiont interactions may be expected
to rapidly evolve. Thus, any mechanism that is able of generating
high diversity in specific loci may be of interest as a potential
host–symbiont interaction determinant (44, 45). In agreement
with this, several sequences related to the diversity-generating
retroelements (DGRs) locus were found in the LC1Nh ge-
nome (SI Appendix, Fig. S12 and Text). This versatile tool for
protein diversification that might be involved in mediating the
interaction between ectosymbiont and host seems to be prevalent
in several DPANN lineages, but has not been reported in
Nanohaloarchaeota previously. We found that the DGR variable
proteins of Ca. Nanohalobium belong to the formylglycine-
generating enzyme subclass with a C-type lectin (CLec)-fold.
This finding corroborates with the recent observation of re-
markable conservation in archaea of the ligand-binding CLec-
fold for accommodation of massive sequence variation created
by DGRs (44, 45).

Omics-Inferred Trophic Relations in Halomicrobium–Ca. Nanohalobium
Association. As seen from genome analysis, degradation of chitin
by Halomicrobium sp. LC1Hm is mediated by an extensive enzy-
matic apparatus that is encoded by multiple loci, and is comprised
of seven glycosyl hydrolases (GHs) from class III of the GH18
family of endochitinases (Enzyme Commission [EC 3.2.1.14]) (SI
Appendix, Table S8). Six of the glycosyl hydrolases possess
N-terminal Tat secretion signals and ChtBD3 chitin-binding do-
mains but no transmembrane helices, indicating that they likely
are extracellular; suitably positioned for digestion of environ-
mental chitin. The simultaneous expression of these extracellular
endochitinases (confirmed by their identification among secreted
proteins, using proteomic methods) indicates that they may have
distinct biochemical properties and act synergistically to break
down the chitin microfibrils at internal sites. Terminal degradation
of chito‐oligosaccharides to GlcNAc is expected to occur by the
action of extracellular exochitodextrinase, annotated as β-N-ace-
tylglucosaminidase of the GH20 family (EC 3.2.1.52), which
contains the N-terminal Tat signal peptide, a ChtBD3 chitin-
binding domain, and a polycystic kidney disease (PKD) repeat.
Access to high amounts of exogenous GlcNAc, produced by

the host during chitinolytic growth, appears to be extremely
important for the LC1Nh nanohaloarchaeon. The main path of
its energy gaining likely begins with uptake of exogenous GlcNAc
by one of three uncharacterized ABC-2 type transporters and/or
by a major facilitator superfamily permease (Fig. 5 and SI Ap-
pendix, Text). Ca. Nanohalobium has a full set of enzymes re-
sponsible for transforming this monosaccharide into fructose-6-P
that can then enter central carbohydrate metabolism via the
archaeal version of the dissimilative Embden–Meyerhof–Parnas
pathway of glucose degradation. Oxidation of glucose to pyru-
vate involves the reduction of NAD+ to NADH, and thus, to
avoid stopping glycolysis, the LC1Nh cells may have to reoxidize
the metabolically unused excess of this reduced electron/energy
shuttle. There are multiple indications from the LC1Nh genome
that pyruvate could be also used in the reductive pathway as an
electron acceptor via NADH-dependent reduction by lactate
dehydrogenase, NAD-dependent malic enzyme, or short-chain
alcohol dehydrogenase.
As stated above, the axenic culture of Halomicrobium sp.

LC1Hm refused to grow on starch and glycogen, but did grow on
these alpha-glucans in association with nanohaloarchaeon
LC1Nh (Fig. 4 and SI Appendix, Fig. S10). The genomic and
proteomic data have helped to unravel this conundrum. The Ca.
Nanohalobium genome encodes a complete set of enzymes for
the archaeal type of gluconeogenesis, glycogen synthesis, and
glycogen catabolism (Fig. 5 and SI Appendix, Table S7 and Text).
Regarding the catabolism of glycogen, three different glycosyl
hydrolases were found in the genome, in the cellular proteome,
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Fig. 5. Reconstruction of central metabolic and homeostatic functions of Ca. Nanohalobium constans LC1Nh based on genomic, proteomic, targeted
metabolomic, and physiological analyses. Enzymes involved in energy production and in reactive oxygen species (ROS) homeostasis/redox regulation are
highlighted in yellow. Chitin degradation enabled by seven extracellularly expressed GH18 endochitinases and one GH20 chitodextrinase of the host, is
indicated by the gray arrow in the lower-right part of the figure. Depolymerization of (1 → 4)- and (1 → 6)-alpha-D-glucans by two experimentally confirmed
extracellularly expressed glucoamylases of Ca. Nanohalobium constans LC1Nh is shown with the green arrow in the upper-left part of the figure. The mu-
tualistic uptake of the formed sugars is indicated by the red arrow. Compounds abbreviations: Asp, aspartate; a-KG, alpha ketoglutarate; 1,3BPG, 1,3-
biphosphoglycerate; CoA, coenzyme A; DHAP, dihydroxyacetone phosphate; F-6P, fructose-6-phosphate; F1,6BP, fructose-1,6-biphosphate; Glc-6P, glucose-6-
phosphate; Glc-1P, glucose-1-phosphate; GlcNAc, N-acetyl-glucosamine; GlcNAc-6P, N-acetyl-glucosamine-6-phosphate; GlcN-6P, N-glucosamine-6-phosphate;
Glu, glutamate; Gln, glutamine; GAP, glyceraldehyde-3-phosphate; OA, oxaloacetate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenol
pyruvate; Prx, peroxiredoxin; Trx, thioredoxin. Genes and systems abbreviations: ACL, acetate-CoA ligase; ADH, alcohol dehydrogenase; AK, adenylate kinase;
AST, aspartate aminotransferase; AVD, diversity-generating retroelement protein; CLec, C-type lectin fold; DGR, diversity-generating retroelements system;
Dsb, disulfide bond formation; GNFAT, glucosamine–fructose-6-phosphate aminotransferase; ENO, enolase; FBPA, fructose-1,6-bisphosphatase; G1P, glucose-
1-phosphatase; GAPD, glyceraldehyde-3-phosphate dehydrogenase; GDE, glycogen debranching enzyme; GH, glycogen hydrolase; GNPAT, bifunctional
UDP-N-acetylglucosamine pyrophosphatase; GPUT, UTP-glucose-1-phosphateuridylyltransferase; GS, glycogen synthase; HK, gluco(hexo)kinase; LamG, lam-
inin G domain; LDH, lactate dehydrogenase; MaE, malic enzyme; MFS, major facilitator superfamily; MSRA, peptide-methionine (S)-S-oxide reductase; MSRB,
peptide-methionine (R)-S-oxide reductase; NOX, pyridine nucleotide-disulphide oxidoreductase; PDH, pyruvate dehydrogenase; PEPS, phosphoenolpyruvate
synthase; PGI, glucose-6-phosphate isomerase; PGM, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase; PGK, phosphoglycerate kinase; PF/GK,
phosphofructokinase/glucokinase; PKD, polycystic kidney disease; ROS, reactive oxygen species; RT, reverse transcriptase; SOD, superoxide dismutase; TIM,
triosephosphate isomerase; TrxR, thioredoxin reductase. Details on genes and systems abbreviations are provided in SI Appendix, Table S7.
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and in the coculture secretome; i.e., the glycogen-debranching
enzyme, the alpha-amylase, and the glucan-1,4-alpha-glucosidase
of GH15 family. In agreement with cultivation data and detec-
tion of monomeric glucose in the spent culture, the extracellular
location of these glycosyl hydrolases suggests that they mediate
the cleavage of both alpha-1,4 and alpha-1,6 glycosidic linkages,
present in exogenous glycogen, thereby producing glucose ex-
tracellularly. This monosaccharide, produced by the combined
activities of the nanohaloarchaeal hydrolases outside the cells,
would ensure the growth of the host, thus enabling the Hal-
omicrobium sp. LC1Hm + Ca. Nanohalobium constans LC1Nh
association to utilize these polysaccharides as an alternative
to chitin.

Discussion
Studies of metabolic capacities, nutritional requirements, and
ecological roles of DPANN archaea are still in their infancy.
Members of this superphylum are abundant and globally ubiq-
uitous, and crude and unassembled genome sequences of many
of them indicate partnerships such as exosymbiosis with archaea
of diverse phylogenetic lineages (15, 16, 23–27). Cultivation is
essential for a proper characterization of such interspecies in-
teractions, but only a handful of representatives of the super-
phylum have been grown in the laboratory, mostly in binary
associations or within more biodiverse enrichments (23–27). In
the current study, the nutrient medium enrichment culture from
the brine and sediments of the solar saltwork crystallizer pond
was selected to favor chitinolytic haloarchaea. The culture
eventually became enriched in members from the genus Hal-
omicrobium and, concomitantly, nanohaloarchaea (>30% of to-
tal archaeal population). The dilution-to-extinction approach,
followed by filtration and coculture reconstruction, was recently
successfully applied for isolation of the nanoarchaeon Ca.
Nanoclepta minutus with its host, the thermophilic crenarchaeon
Zestosphaera tikiterensis (27). Here, we applied a similar strategy
and obtained a binary culture of a nanohaloarchaeon, Ca.
Nanohalobium constans LC1Nh, with its haloarchaeal host,
Halomicrobium sp. LC1Hm, and elucidated the ecophysiological
basis of their interaction.
Ca. Nanohalobium has a rudimentary anabolic capability and

is devoid of the minimal enzyme sets required for biosynthesis of
nucleotides, amino acids, lipids, vitamins, and cofactors. Thus,
association with the host is essential for the growth of this
nanohaloarchaeon. Moreover, this association seems be very
specific, since, among tested polysaccharidolytic and sugar-
utilizing haloarchaea, only chitinolytic members of the genus
Halomicrobium were accepted by Ca. Nanohalobium as alter-
native hosts. The basis of this interaction, relying on either
specificity of GlcNAc-releasing chitin degradation or other as-
pects of the host cell biology, remains to be elucidated. In ad-
dition to providing nucleotides, amino acids, lipids, vitamins, and
cofactors, the production of extracellular GlcNAc (via depoly-
merization of chitin) seems an important prerequisite for the
well-being of Ca. Nanohalobium. Complete hydrolysis of insol-
uble chitin to its monomer usually occurs via action of two types
of hydrolytic enzymes: endochitinases, which digest chitin mi-
crofibrils at internal sites to form chitodextrins, and N,N
′-diacetylchitobiose and exochitodextrinases, which further break
down chitodextrin oligomers at their termini to produce the
monosaccharide (8). The second phase of hydrolysis typically
occurs in the periplasm or cytoplasm, and there are only a few
indications that chitinitrophic halo(natrono)archaea are able to
perform this process outside the cell (10).
In our case, the experimentally proven availability of external

GlcNAc for Ca. Nanohalobium is indeed an important factor for
its growth. Based on cultivation-derived and omic data, it seems
that exogenous GlcNAc promotes the vitality of the LC1Nh
nanohaloarchaeon via a dual action. We propose that this amino

sugar can serve not only as the main source of energy conser-
vation, but also as an anabolic precursor for protein and lipid
glycosylation in Ca. Nanohalobium. Many organisms, including
the geothermal DPANN nanoarchaeon Nanopusilis acidilobi
(25), use N-acetylglucosamine in their surface glycosylation. The
LC1Nh genome encodes 11 different glycosyl transferases be-
longing to the families GT1, GT2, and GT8, the majority of
which are expressed judging from the proteomics data (Extended
Dataset S2 A and B). Among 283 predicted surface proteins,
nearly two-thirds possess putative glycosylation sites, indicating
that posttranscriptional modifications may play an important
role in Ca. Nanohalobium (Extended Dataset S1E). Considering
that glycosylation processes and synthesis of activated sugars
require substantial amounts of ATP, direct usage of exogenous
GlcNAc has an obvious energetic advantage.
The genome of Ca. Nanohalobium harbors all key enzymes for

gluconeogenesis and glycogen synthesis. This type of carbon and
energy storage is considered to be a hallmark of DPANN organ-
isms, including the nanohaloarchaea (15, 16), but is absent in all
known members of extremely halophilic archaea. Glycogen-storing
organisms obviously have enzymatic capabilities to mobilize/catab-
olize this compound. Indeed, in addition to the glycogen-
debranching enzyme and alpha-amylase, the Ca. Nanohalobium
genome encodes the glucan-1,4-alpha-glucosidase. The extracellular
location of these three proteins likely enables the nanohaloarchaeal
ectosymbiont to utilize exogenous alpha-glucans as carbon sources
(as an alternative to exogenous GlcNAc). This (omics-inferred)
nanohaloarchaeon capability for extracellular hydrolysis was tested
and validated experimentally, and the growth of the LC1Hm
+LC1Nh association on starch and glycogen was demonstrated.
From these experiments, we conclude that interspecies cross-
feeding occurs in the nanohaloarchaeon–Halomicrobium cocul-
ture: Ca. Nanohalobium is obligately dependent on Halomicrobium
during growth in all conditions, while Halomicrobium benefits from
the nanohaloarchaeon during growth on glycogen and starch which
would otherwise be inaccessible. The experimental evidence that a
DPANN ectosymbiont can increase the vigor of its host is, as far as
we know, unprecedented and offers a perspective on the host–
ectosymbiont interaction in hypersaline ecosystems. Indeed, under
the in situ conditions of natural ecosystems at or approaching salt
saturation, such alpha-glucans may be provided by halophilic green
algae in the form of alpha-glucans, an extracellular linear (1 → 4)-
α-D-glucan polysaccharide (46). Keeping in mind that chitinous
arthropods of the genus Artemia are less tolerant to extreme sa-
linities (> 4 M NaCl) than some halophilic green algae such as
Dunaliella (5, 6), the association between the nanohaloarchaeon
and haloarchaea may benefit the host under salt-saturated condi-
tions when arthropod chitin is less available than algal-derived
alpha-glucans. We believe, therefore, that changes that can occur
during evapo-concentration cycles can produce temporal oscilla-
tions in the availability of different substrates, thereby helping to
maintain the symbiotic dependency between nanohaloarchaeon
and host.
A recent report (23) on the short-term maintenance (<100 d)

of Antarctic nanohaloarchaeon Nha-C (Ca. Nanohaloarchaeum
antarcticus) in a reconstructed coculture with the heterotrophic
generalist, haloarchaeon Halorubrum lacusprofundi, shows some
parallels with the present work. Like Ca. Nanohalobium, the
Antarctic nanohaloarchaea required the presence of a specific
haloarchaeon for growth and were not able to propagate when
unattached to the host. Although specific trophic and genetic
interactions within the Ca. Nanohaloarchaeum antarcticus–
H. lacusprofundi partnership remain to be experimentally proven,
our genomic and proteomic data point to the former nano-
haloarchaeon as having a similar type of metabolism, deciphered
in Ca. Nanohalobium. Apparently, geographically and phyloge-
netically diverse members of the Ca. Nanohaloarchaeota have
evolved specific symbiotic interactions with their hosts and may
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have recruited distinct systems for recognizing hosts and con-
ferring host specificity. Not surprisingly, considering the rela-
tively large phylogenetic distance (Fig. 1), the levels of syntheny
and sequence similarity of Ca. Nanohalobium to Ca. Nano-
haloarchaeum and to other nanohaloarchaea are modest. To
start with, Ca. Nanohaloarchaeum antarcticus possesses unusu-
ally large SPEARE proteins which are likely involved in at-
tachment to a host. Although homologs of these genes are found
in many nanohaloarchaeal genomes, they are absent in Ca.
Nanohalobium. Conversely, Ca. Nanohalobium does possess its
diversity-generating retroelements locus, which is not seen in
other nanohaloarchaeal genomes.
Using all publicly available nanohaloarchaeal MAGs, we

predicted the general metabolic hallmarks of diverse members of
the Ca. Nanohaloarchaeota (Fig. 6). It is very likely that all of
them are aerotolerant heterotrophic anaerobes possessing glycol-
ysis, pyruvate fermentation, gluconeogenesis, and glycogen syn-
thesis/depolymerization as the main pathways of energy gaining
and conservation. With only one exception, they all lack the

pentose phosphate pathway. Our cultivation experiments indi-
cated the strong magnesium dependence for growth of Ca.
Nanohalobium, which seems in agreement with the physiological
requirements of Ca. Nanohaloarchaeum antarcticus, maintained
in DBSM2 medium (285 mM Mg2+) (23). Nonetheless, there are
recent indications of nanohaloarchaea thriving in soda lakes with
trace amounts of dissolved Mg2+ (< 1 mM) (47). Another feature
common to all nanohaloarchaea with reconstructed genomes is
the presence of organism-specific lectin-like proteins containing
one or more of the laminin globular- or Con A-like domains.
These large proteins possess many N-glycosylation sites and are
predicted to be part of a complex, host-specific cell attachment
system. These metabolic predictions raise an important question
about the evolution of the Nanohaloarchaeota lifestyle and pro-
vide the opportunity to study whether the phenomenon of inter-
species cross-feeding is common, such as that found between Ca.
Nanohalobium and the Halomicrobium sp. LC1Hm host.
It is tempting to speculate that the susceptibility of at least

some individuals within Halomicrobium populations to colonization

Fig. 6. Comparative metabolic analysis of the 19 nanohaloarchaeal genomes thus far sequenced. Proteins of Ca. Nanohalobium constans LC1Nh proteins are
shown in magenta. The A-type H+ translocating ATPase complex (nine subunits) is intact in 13 nanohaloarchaeal genomes, whereas incomplete complexes are
shown in gray with the numbers of subunits found. The list is not mutually exclusive, as a given protein can have more than one function or domain and was
counted in each appropriate category.
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by the Ca. Nanohalobium cells might be a kind of survival
strategy, resembling a so-called “bet-hedging trait” (48, 49),
which would have negligible impact on the host fitness under
one condition—in this case, an abundance of chitin—but can
increase the host fitness under another condition, i.e., abundance
of alpha-glucans (starch and glycogen). The experimental tracta-
bility of the host–symbiont system described in the current study
may enable future studies to identify ecological determinants of
the symbiosis based on, for example, fitness measurements, pro-
viding definitive evidence of such mutual interdependence in
Archaea.
The current study also reveals a mechanism by which to cul-

ture a hitherto uncultured microbe. There is an astonishing di-
versity and quantity of polysaccharides present in natural
ecosystems, so it may be that similar approaches can bring other
unculturable taxa into the culture. The findings reported here
also give rise to a number of as-yet-unresolved questions. Many
types of brine that host microbial life are neither NaCl-
dominated nor thalassohaline in origin (50). Given that
DPANN archaea have been reported in several chaotropic,
MgCl2-dominated deep-sea ecosystems and in magnesium-
depleted soda lakes that likely contain various polysaccharides
of phyto- and zooplankton origin (22, 38, 51, 52), does metabolic
mutualism of a similar kind as reported here also occur in those
habitats? We were impressed by the subtlety and complexity of
metabolic interactions between Ca. Nanohalobium constans
LC1Nh and Halomicrobium sp. LC1Hm. We have yet to learn
whether cells of these partners communicate prior to contact
and, upon physical contact, which of these partners takes the first
metabolic step to initiate a more-intimate interaction? We noted
the apparent host specificity of Ca. Nanohalobium in favor of
Halomicrobium (see above). This said, we are left wondering
whether an individual nanohaloarchaeon cell can ever detach
from its host and, if so, can it go on to attach to that of a different
Halomicrobium? We may yet find that this apparently loyal
partner is in fact rather promiscuous.

Materials and Methods
Sediment cores (the top 5 cm), composed mainly of salt crystals and brine,
were sampled in June 2016 from the final crystallizer pond Vasca #27 of the
solar saltern system Saline della Laguna (Sicily, Italy). Chemical analysis of
environmental samples, cultivation conditions, microbial community analysis,
genome sequencing and assembly, phylogenomic studies, proteome analysis,
analysis of polymer hydrolysis metabolites, quantitative PCR, field emission
scanning and transmission electronmicroscopies and fluorescencemicroscopy
are detailed in SI Appendix, Materials and Methods.

Data Availability. Genomes for Halomicrobium sp. LC1Hm are available under
GenBank BioProject PRJNA565665, BioSample SAMN12757031, accession
numbers CP044129 (chromosome) and CP044130 (plasmid) and for Ca.
Nanohalobium constans LC1Nh, BioProject PRJNA531595, Biosample
SAMN11370769, accession number CP040089. The mass spectrometry pro-
teomics data have been deposited in the ProteomeXchange Consortium via
the PRIDE (53) partner repository with the dataset identifier PXD016346, and
can be directly accessed using following link: ftp://ftp.pride.ebi.ac.uk/pride/
data/archive/2020/07/PXD016346. To make data related to the metabolic
potential of Halomicrobium sp. LC1Hm and Ca. Nanohalobum constans
LC1Nh available, we have uploaded their genomes to Rapid Annotation
using Subsystem Technology (RAST) (54) (https://rast.nmpdr.org/rast.cgi). It is
possible to access these data by logging in to RAST using the guest feature
(login: guest; password: guest). The ID numbers are 2565781.4, 2610902.4,
and 2610902.5.
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