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Abstract

As a group, the halophilic archaea (class Halobacteria) are the most salt-requiring and salt-resistant microorganisms within
the domain Archaea. Halophilic archaea flourish in thalassohaline and athalassohaline environments and require over 100—
150 g/L NaCl for growth and structural stability. Natural hypersaline environments vary in salt concentration, chemical
composition and pH, and occur in climates ranging from tropical to polar and even under-sea. Accordingly, their resident
haloarchaeal species vary enormously, as do their individual population compositions and community structures. These
diverse halophilic archaeal strains are precious resources for theoretical and applied research but assessing their taxonomic
and metabolic novelty and diversity in natural environments has been technically difficult up until recently. Environmental
DNA-based high-throughput sequencing technology has now matured sufficiently to allow inexpensive recovery of massive
amounts of sequence data, revealing the distribution and community composition of halophilic archaea in different hypersa-
line environments. While cultivation of haloarchaea is slow and tedious, and only recovers a fraction of the natural diversity,
it is the conventional means of describing new species, and provides strains for detailed study. As of the end of May 2020,
the class Halobacteria contains 71 genera and 275 species, 49.8% of which were first isolated from the marine salt environ-
ment and 50.2% from the inland salt environment, indicating that both thalassohaline and athalassohaline environments
contain diverse halophilic archaea. However, there remain taxa that have not yet been isolated in pure culture, such as the
nanohaloarchaea, which are widespread in the salt environment and may be one of the hot spots in the field of halophilic
archaea research in the future. In this review, we focus on the cultivation strategies that have been used to isolate extremely
halophilic archaea and point out some of the pitfalls and challenges.
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Methanosarcinales and Methanomicrobiales (Andrei et al.
2012; Abdallah et al. 2018). Several halophilic bacterial spe-
cies can also compete well at the highest salinities, such
as Salinibacter (Antén et al. 2013; Oren 2013). The nano-
haloarchaea (Candidatus Nanohaloarchaeota), so named
because of their small cell size (< 0.8 um), diminutive
genomes (< 1.2 Mb) and halophilic lifestyle (Narasingarao
et al. 2012; Vavourakis et al. 2016), have yet to be cultured
in isolation and their classification has undergone consider-
able change (Aouad et al. 2018). Originally placed within
the phylum Euryarchaeota (Narasingarao et al. 2012) they
were later reclassified in the candidate phylum Nanohalo-
archaeota within the ‘DPANN’ superphylum (Rinke et al.
2013). Some members of Candidatus Nanohaloarchaeota in
hypersaline environments may be free-living, however, two
recent cultivation studies could only maintain them as co-
cultures with haloarchaeal partners (Hamm et al. 2019; La
Cono et al. 2020). As dominant microorganisms inhabiting
hypersaline environments, haloarchaea are major drivers of
various biogeochemical cycles in these extreme ecosystems
(Farias et al. 2017; Oren 2015). With poorly studied metabo-
lisms and high salt concentrations both inside and outside
their cells, haloarchaea have long been considered potential
sources for the discovery of bioactive compounds and novel,
extremophilic enzymes (Litchfield 2011; Waditee-Sirisattha
et al. 2016). It is to be anticipated that large-scale isola-
tion and cultivation of genetically diverse strains of haloar-
chaea will lead to the discovery of new products and pro-
cesses of biotechnological importance (Akolkar et al. 2010;
Amoozegar et al. 2017). The aim of this review is to briefly
explore the cultivation of the halophilic archaea of the class
Halobacteria isolated from thalassohaline and athalassoha-
line environments.

The diversity of the class Halobacteria

The class Halobacteria is currently divided into three
orders: Halobacteriales, Haloferacales and Natrialbales,
based on whole-genome phylogenetic analyses, conserved
signature proteins and conserved signature insertions/dele-
tions (Gupta et al. 2015). More recently, two additional
order-level taxa have been detected but remain to be formally
described (Aouad et al. 2018). The order Halobacteriales
contains three families: Halobacteriaceae, Haloarculaceae
and Halococcaceae; the order Haloferacales contains two
families, Halorubraceae and Haloferacaceae; and the order
Natrialbales contains a single family, Natrialbaceae (Gupta
et al. 2016). As of the end of June 2020, class Halobacte-
ria contained 71 genera (Fig. 1), 51 of which were recently
reviewed by Amoozegar et al. (2017), and the remaining 20
genera are listed and described in Supplementary Table S1.
Among the current 275 species of class Halobacteria, 49.8%
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were first described from type strains isolated from marine
salt environments (thalassohaline), such as coastal solar salt-
erns, while 50.2% were described from type strains isolated
from inland salt environments, many of which are athalas-
sohaline and some, such as highly alkaline soda lakes (Soli-
man and Triiper 1982; Vavourakis et al. 2016), exceedingly
so. While most species are aerobic heterotrophs, Halorhab-
dus tiamatea SARL4BT was the first haloarchaeon isolated
from an anoxic, deep-sea brine, an unusual athalassohaline
environment created by the evaporation, and subsequent
exposure and flooding, of ancient seas (Antunes et al. 2008).
This strain grew best under strictly anaerobic conditions.
It could also grow under microaerophilic conditions but
aerobic growth was poor, revealing a high degree of adapta-
tion to this type of extreme biotope. More recently, genera
of strictly anaerobic acetotrophic (Sorokin et al. 2016) and
lithoheterotrophic (Sorokin et al. 2017) haloarchaea have
been described, Halanaeroarchaeum and Halodesulfurar-
chaeum, respectively. Low-temperature hypersaline environ-
ments also harbor haloarchaea. Halorubrum lacusprofundi
was isolated from Deep Lake, a hypersaline, Antarctic lake
dominated by haloarchaea (Demaere et al. 2013) and with
an average yearly temperature of around — 15 °C (Bow-
man et al. 2000). While the optimum growth temperature
of Hrr. lacusprofundi is in the mesophile range, it shows
considerable adaptation to low (mostly subzero) tempera-
tures (Franzmann et al. 1988; Tschitschko et al. 2016). These
examples demonstrate that both thalassohaline and athalas-
sohaline environments contain abundant and diverse halo-
philic archaea.

Cultivation of halophilic archaea
from thalassohaline environments

Thalassohaline environments are derived from marine origin
and have salt ratios similar to those of marine waters (Ven-
tosa et al. 2015). The pH of thalassohaline environments is
near neutral to slightly alkaline. Marine solar salterns and
coastal hypersaline ponds or lagoons are two common kinds
of thalassohaline environments that have been extensively
studied (Clementino et al. 2008; Fernandez et al. 2014; Oren
2002), resulting in the isolation and detection of numer-
ous and diverse species of haloarchaea. Cell shapes vary
widely, and include rods, cocci, flattened and pleomorphic
forms, with individual species often displaying two or more,
distinct cell shapes in cell populations (Oren 2014b). One
extraordinary example is the square haloarchaea of Walsby,
which was first described in 1980 in a brine sample taken
from a hypersaline pool (sabkha) in a coastal plain at sea
level just south of Nabq, on the Sinai Peninsula (Walsby
1980). These cells grow as extremely thin, flat squares,
and can reach high cell densities in natural waters. Their
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Fig. 1 Maximum-Likelihood phylogenetic tree based on 16S rRNA gene sequences, showing the relationships among current members within

the class Halobacteria. Bar represents expected substitutions per nucleotide position. Gene accession numbers are provided in the brackets
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isolation in pure culture in the laboratory was first reported
only in 2004 (Bolhuis et al. 2004; Burns et al. 2004a), lead-
ing to the taxonomic description of Haloquadratum walsbyi
gen. nov., sp. nov. 3 years later (Burns et al. 2007). Two
different cultivation methods were used to isolate strains of
Haloquadratum walsbyi. Strain C23" (Australia) was recov-
ered using an extinction—dilution culturing technique while
strain HBSQOO1 (Spain) was obtained by serial enrichment
over a 2-year period. Both strains preferred low-nutrient
media containing pyruvate (Burns et al. 2007). The use of
low-nutrient media with greatly reduced levels of complex
organic nutrients (e.g, yeast extract, tryptone or peptone)
has been shown to be important in recovering many signifi-
cant species of environmental bacteria, such as the SAR11
clade member Candidatus Pelagibacter ubique (Rappé et al.
2002). The cell morphology of Haloquadratum is shown
in Fig. 2a, b, along with an example of its growth on solid
medium (Fig. 2¢). This organism requires patience and
skill to isolate and grow in the laboratory and very few new
strains have been reported since 2007. In 2007, the Halo-
quadratum strain Bajool9 (JCM 15065; Fig. 2b) was isolated
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Fig.2 Examples of halophilic archaea that are not easily cultivated. A
Haloquadratum strain Bajool9 (JCM 15065), phase contrast micros-
copy, showing prominent gas vesicles; B Haloquadratum strain
Bajool9 (JCM 15065), fluorescent microscopy after staining with
acridine orange. A partly-folded giant cell is seen in the middle of the
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using the same extinction-dilution method described ear-
lier by Burns et al. (2004a). Briefly, a natural water sample
was diluted in DBCM?2 medium to achieve a cell concen-
tration of about 100 cells/ml, and this was dispensed into
the first row (4 wells) of five plastic tissue-culture grade
cluster trays (6 X 4 format, a total of 24 wells, 3 ml capacity/
well). Five additional 5-fold dilutions were then dispensed
into the remaining five rows of the five trays, making a total
of 20 replicates for each dilution. Trays were incubated for
four weeks at 37 °C at which time growth was visible by eye
as pink-colored turbidity. Samples were taken from wells
of the highest dilution displaying turbidity and screened
by PCR to identify those wells with Haloquadratum. From
these, a second round of extinction dilution cultivation was
performed to achieve a pure culture.

Inspired by the cultivation and isolation of Haloguad-
ratum walsbyi, a defined medium (NOM) with pyruvate
as carbon source was used to recover diverse halophilic
archaea from marine solar salterns and from salted Lami-
naria (a brown alga) (Cui et al. 2010). Since then, cultivation
studies using this medium, as well as those used by other

field; C Haloquadratum walsbyi C23" growing on agarose solidified
DBCM2 medium, showing small colonies after six weeks incubation;
D Antarctic isolate Halohasta litchfieldiae growing as a biofilm on a
glass cover slip. Scale bars of micrographs represent 5 pm.
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laboratories, have resulted in the isolation and description
of 14 new genera: Halobellus, Halogranum, Halohasta,
Halolamina, Halopelagius, Halorientalis, Halorubellus,
Halorussus, Salinarchaeum, Salinibaculum, Salinigra-
num, Salinirubellus, Salinirubrum, and Salinirussus were
described (Amoozegar et al. 2017; Cui et al. 2017; Han and
Cui 2020; Hou et al. 2018). Like Halorubrum lacuspro-
fundi, Halohasta litchfieldiae (strain tADL) was isolated
from the Antarctic hypersaline waters of Deep Lake, but
it was not readily cultivable on standard media, and isola-
tion used the liquid end-point dilution method with DBCM2
medium (Mou et al. 2012). The only change to the method
described above for Hgr. walsbyi Bajool9 was that the incu-
bation temperature was lowered to 30 °C, to accommodate
organisms living in a cold environment. The cell morphol-
ogy of Halohasta litchfieldiae is shown in Fig. 2, where it
has formed a thin biofilm on glass. Recently, a serial dilu-
tion method was used to isolate Halocatena pleomorpha
SPP-AMP-1" from a man-made saltpan in India used for
commercial salt production. The medium used was DSMZ
1184 supplemented with ampicillin (Verma et al. 2020).
In addition to salinity, pH plays an important role in shap-
ing halophilic archaeal community composition in specific
hypersaline environments (Walsh et al. 2005). Halarchaeum
members are moderately acidophilic, can grow at pH 4.0-7.2
(optimum, pH 4.5-5.5), and have been recovered from solar
salt made from seawater in Australia, Indonesia, Japan, and
the Philippines (Minegishi et al. 2010, 2013; Shimane et al.
2015; Yamauchi et al. 2013a, b). To date, there appear to
be no reports of the cultivation of obligately alkaliphilic
haloarchaea from marine solar salterns or lagoons. Almost
without exception, the currently described obligately alka-
liphilic haloarchaea have been isolated from athalassohaline
environments (usually hypersaline soda lakes). Isolation and
cultivation of haloarchaea from ancient, underground halite
deposits has been reported by several independent groups
(Gramain et al. 2011; Mormile et al. 2003; Stan-Lotter et al.
1999). For example, Halosimplex carlsbadense 2-9-17 was
isolated from salt crystals taken from the 250-million-year-
old Salado formation in southeastern New Mexico (Vreeland
et al. 2002) and grew only on defined media supplemented
with either a combination of acetate and glycerol, glycerol
and pyruvate, or pyruvate alone.

Cultivation of halophilic archaea
from athalassohaline environments

Athalassohaline environments have ionic compositions that
differ significantly from that of sea water (Oren 2002). Most
examples are based on inland salt lakes where the chemical
composition has been largely formed or heavily influenced
by leaching from the underlying and surrounding minerals.

For example, the Dead Sea is a hypersaline terminal lake
with high levels of Mg** (about 1.9 mol/L), severely lim-
iting the growth of microorganisms (Oren and Gurevich
1995). The pH of these hypersaline environments can vary
widely, with the Dead Sea being around 6.0 while those of
alkaline soda lakes in Africa, China, India, and elsewhere
reaching up to 11 or higher (Oren 2002; Sorokin et al. 2015;
Vavourakis et al. 2016). Using traditional cultivation media,
diverse halophilic archaea have been isolated from the Dead
Sea, including Haloarcula marismortui (Oren et al. 1990),
Halorubrum sodomense (Oren 1983), Halobaculum gomor-
rense (Oren et al. 1995), Haloferax volcanii (Mullakhanbhai
and Larsen 1975) and Haloplanus natans (Bardavid et al.
2007). The haloalkaliphilic archaea make up a distinct physi-
ological group within the class Halobacteria in that they are
confined to hypersaline soda lakes and are obligately alka-
liphilic (Mwatha and Grant 1993). Early described exam-
ples include Natronobacterium gen. nov. and Natronococcus
gen. nov. (Tindall et al. 1984). Species of Natronobacte-
rium were isolated on peptone-containing media adjusted
to pH 9.5 while species belonging to Natronococcus were
isolated using an enrichment method based on lake water
supplemented with yeast extract (1%, w/v) and KNO; (0.1%
w/v). In 1999, the genus Natronorubrum was established to
accommodate two novel species, Natronorubrum bangense
and Natronorubrum tibetense, isolated from the Bange soda
lake in Tibet, China, using a complex medium containing
the following ingredients (g/L): casamino acids 7.5, yeast
extract 10, trisodium citrate 3.0, MgSO,-7H,0 0.3, KCl1 2.0,
NacCl 200, Na,COj; 8.0, and trace amounts of Fe?* and Mn**
(Xu et al. 1999). For convenience, haloalkaliphiles isolated
from sediments or near-bottom brines (e.g., Natronolimno-
bius and Natrarchaeobius) have been included in the next
section along with soil haloarchaea.

Saline soils also carry haloarchaea and are athalas-
sohaline due to the mixture of salts with various mineral
components of the soil. The variety of soil compositions
and structures provide enormous spatial heterogeneity for
diverse halophilic archaea. Natribaculum breve and Natri-
baculum longum were isolated from saline soil of the Lop
Nur region in Xinjiang, northwest China using modified
S-G medium (pH 7.5) (Liu et al. 2015). Over the same
period, Halovarius luteus, a close relative of Natribaculum
(showing 98.44-99.08% nucleotide sequence identity of
their 16S rRNA genes), was recovered on a standard pep-
tone/YE plate (MGM; 23% salts) from a brine sample of
Urmia lake, a hypersaline lake in north-west Iran (Dyall-
Smith 2009; Mehrshad et al. 2015). While this is an inland
lake, the predominance of Na*™ and Cl~ ions makes it close
to thalassohaline in character. Using the same cultivation
and isolation procedure, Halosiccatus urmianus was iso-
lated from the same environment (Mehrshad et al. 2016).
Haloparvum sedimenti was isolated from rock salt from the
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Jiangcheng Salt Mine, Yunnan province, China (Chen et al.
2016). Recovery of this species used conventional plating on
MGM (18% salts) agar. Halanaeroarchaeum sulfurireducens
was the first obligately anaerobic sulfur-respiring haloar-
chaeon and was isolated from mixed anaerobic sediments
of the hypersaline chloride-sulfate lakes of Kulunda Steppe,
Russia (Sorokin et al. 2016). It was recovered using anaero-
bic enrichment with acetate and elemental sulfur at 4 mol/L.
NaCl. Enrichment strategies (anaerobic or aerobic) were also
applied to the isolation of the following halophilic archaea:
Halalkaliarchaeum desulfuricum, which was isolated from
anaerobic sediment sampled at the hypersaline alkaline Sear-
les Lake in California (USA) (Sorokin et al. 2019b); Halo-
coccoides cellulosivorans, recovered from the surface brines
and sediments of hypersaline athalassic lakes in the Kulunda
Steppe (Altai region, Russia) using amorphous cellulose
as the growth substrate (Sorokin et al. 2019c); Halodesul-
furarchaeum formicicum, isolated from mixed anaerobic
sediments of hypersaline chloride—sulfate lakes in Kulunda
Steppe (Altai, Russia) (Sorokin et al. 2017); Natrarchaeob-
aculum sulfurireducens, isolated from various soda lakes in
Central Asia, Africa and USA (Sorokin et al. 2020); Natrar-
chaeobius chitinivorans and Natrarchaeobius haloalkaliphi-
lus, both enriched and isolated from hypersaline alkaline
lakes with chitin as their growth substrate (Sorokin et al.
2019a), and Natronobiforma cellulositropha enriched and
isolated in pure culture from surface brines and sediments
of hypersaline alkaline lakes in various geographical loca-
tions with various forms of insoluble cellulose as growth
substrate (Sorokin et al. 2018). Halegenticoccus soli was
isolated from a shore soil sample of Ebi lake in the Xinjiang
region of China. The authors used a modified Gause medium
containing starch as carbon source (Liu et al. 2019). Haloal-
kaliphiles that can grow by dissimilatory sulfur reduction
(Natronolimnobius and Halalkaliarchaeum) have recently
been reported (Sorokin et al. 2019b), as has the proposed
transfer of species within the genus Natronolimnobius to two
new genera, Natronolimnohabitans and Natrarchaeobacu-
lum (Sorokin et al. 2020). Supplementary Table S2 shows
the compound composition of each medium for culturing
Halobacteria.

Media, problems and solutions
regarding cultivation of halophilic archaea

In the early cultivation studies, enriched media containing
casamino acids, yeast extract or peptone as carbon, nitrogen
or energy sources were used for both neutrophilic (Sehgal
and Gibbons 1960) and alkali-halophilic haloarchaea (Tin-
dall et al. 1980). Later, an acidic enrichment medium was
devised to enrich the moderately acidophilic members of the
genus Halarchaeum (Minegishi et al. 2010). In addition to
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using these nutrient-rich media to isolate halophilic archaea
from diverse hypersaline environments, low-nutrient media
have been used to cultivate species unable to grow on the
traditional enriched media (Vreeland et al. 2002). Compared
with the nutrient-rich media, some halophilic archaea seem
to grow better on low-nutrient media (Burns et al. 2004a,
2007). The formation of colonies of eutrophic halophilic
archaea can be slowed down, while that of colonies of halo-
philic archaea that prefer low concentration and simple
nutrition may be stimulated.

In addition to providing the correct nutrient concentration
and the inclusion of utilizable substrates, the agar used for
growth on solid media must be of high quality (e.g., aga-
rose, Difco Bacto Agar) or washed to remove any residual
growth inhibitors, as haloarchaea are particularly sensitive
to contaminants (Dyall-Smith 2009). Most haloarchaea are
sensitive to detergents, so laboratory glassware should be
rinsed with distilled water after washing. The contamination
of a commercial peptone preparation with bile acids has also
been reported to lyse cultures of haloarchaea and should be
avoided (Kamekura et al. 1988).

For cultivation studies of environmental samples, a vari-
ety of media and conditions should be used. Incubation time
is an important factor, with some species able to form colo-
nies on plates within a week while others can take at least
eight weeks (Burns et al. 2004b). Haloquadratum walsbyi
does not grow well at all on solid media (Fig. 2) and is best
grown in liquid media (Burns et al. 2007).

Neutral-halophilic (pH7) and alkali-halophilic (pH9)
media can be simultaneously prepared to cultivate neutral
and alkaliphilic halophilic archaea that may exist in the same
environmental sample (Tao et al. 2020). After one month
or even half a year of long-term cultivation, the groups that
prefer nutrient-rich and those like low-concentration or
simple nutrition can have the opportunity to grow and form
colonies.

Future perspectives

The past 10 years have witnessed a rapid expansion in culti-
vated members of the class Halobacteria, with 43 new gen-
era added over that time, demonstrating the great diversity
of this group. Environmental DNA-based high-throughput
sequencing can now rapidly and comprehensively describe
the diversity of halophilic archaea present in different
hypersaline environments, and this has revealed a plethora
of taxa yet to be cultivated (He et al. 2019). Strategies to
culture these strains will need to be developed, including
the formulation of novel media and testing a range of con-
ditions. Some halophilic archaea prefer low-nutrient media
containing acetate, pyruvate or similar compounds for
growth, and the formulation of optimum cultivation media
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and conditions will maximize the recovery of diverse halo-
philic archaea from different hypersaline environments. The
use of high-quality medium components such as washed or
purified agar, detergent-free culture vessels, long incuba-
tion times and reduced nutrient concentration should all be
considered when devising strategies for cultivation of halo-
archaea. The recent successes with cultivating Candidatus
Nanohaloarchaeota as co-cultures with Halobacteria opens
up an exciting new hot spot in the field of halophilic archaea
research. It is anticipated that improvements in cultivation
technology (also termed ‘culturomics’ (Duran-Viseras et al.
2020; Greub 2012), such as the use of robotics and high-
throughput microchambers (Nichols et al. 2010) will greatly
increase the ability to cultivate diverse halophilic archaea
from different hypersaline environments, so that many thou-
sands of isolates can be recovered and analyzed simultane-
ously (Berdy et al. 2017).
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