An updated view of the microbial diversity in deep hypersaline anoxic basins
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Abstract
Deep Hypersaline Anoxic Basins (DHABs) are marine extreme habitats, firstly discovered at the
seventies of last century, located in several oceanographic regions, including the Mediterranean and
Red Sea and the Gulf of Mexico. These basins are filled with brines that do not mix with the
overlying seawater, due to a density difference. Brine and seawater result separated by a thick
interface acting as a trap for particulate and cells. Some microbiological studies focused on
seawater-brine interfaces of DHABs, showing that microbial populations are differentially
distributed according to the gradient of salinity, oxygen and nutrients occurring in such transition
zones. Moreover, DHAB brines were intensively studied showing that specific bacterial, archaeal
and eukaryotic populations thrive there. In the last few years, cultivation and “omics”-based
approaches have been used with samples collected from DHABs around the world, allowing
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clarifying metabolic processes of paramount ecological importance and pointing out the high
biotechnological potential of the inhabiting extremophiles.

1. Introduction
Deep Hypersaline Anoxic Basins (DHABs) represent one of the most fascinating and extreme
habitats on Earth. The first DHABs were discovered on the seafloor of different oceanographic
areas starting from the end of the seventies of the last century and currently the discovery of new
DHABs is still reported by multidisciplinary researchers’ teams (La Cono et al. 2011; Yakimov et
al. 2013).
Microbiologists demonstrated the occurrence of life in DHABs discovered around the world. The
first studies describing the microbial populations inhabiting DHABs focused on Bacteria and
Archaea, and most of our knowledge about life in DHABs still concerns prokaryotes (Antunes et al.
2008; Borin et al. 2009; Daffonchio et al. 2006; Dickins and Van Vleet 1992). More recently
increasing efforts were devoted to the characterization of microeukaryotic communities (Bernhard
et al. 2014; Edgcomb et al. 2011; Stoeck et al., 2014). DHABs are ecosystems where
microorganisms face multiple extreme conditions spanning from anoxia, to high pressure, salinity
and the absence of light (van der Wielen et al. 2005). Recently, active microbial communities were
described in a newly discovered DHAB in the Mediterranean Sea named Kryos, demonstrating that
life can flourish under environmental conditions previously considered unsuitable and shedding a
new light on the possibility that life, as we know it, occurs elsewhere in the Solar System (Yakimov
et al. 2015).
An interesting aspect of DHABs is the occurrence of a stable interface that separates the overlying
seawater and the brine body, due to the different densities of these two layers. Such interface
generally hosts, in few meters, an oxy-picno-chemocline, representing a natural laboratory that
allows microbial ecologists to study the ability of microbial communities to adapt along a gradient
of changing environmental conditions (Borin et al. 2009; Daffonchio et al. 2006; Ngugi et al. 2015).
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The enhanced power of “omics” approaches, together with the increasing number of studies
exploiting them in the last years (Bougouffa et al. 2013; Ferrer et al. 2012), generated a large
amount of information about DHABs microbial communities, in turn providing better insight on the
metabolic and ecologically relevant processes performed in such extreme ecosystems.
A crucial aspect to unravel microbial processes in DHABs, as well as in other deep sea ecosystems,
is the capacity to analyze samples that have to be maintained at conditions as much as possible
similar to those occurring at the original site. Usually, deep seawater, interface and brines are
sampled from DHABs using Niskin bottles located on a rosette sampler equipped with
conductivity-temperature-depth (CTD) and pressure sensors (Figure 1). As soon as the rosette
sampler is on board of the oceanographic ship scientists collect the samples to immediately process
them, which in case of DNA/RNA-based analyses means to perform a filtration. However, this
widely used approach does not permit to maintain the samples under the in situ conditions
(especially concerning pressure). To overcome this inconvenient, a team of scientists recently
designed a Microbial Sampler-Submersible Incubation Device (MS-SID) that allows directly in
situ) to filter water samples and ii) to add a chemical preservative for the storage of samples before
nucleic acids extraction (Edgcomb et al. 2014). The researchers compared the data obtained by
metatranscriptomics on cells collected from seawater at about 2000 meters depth using both the
traditional Niskin method and the MS-SID sampler. The data showed the influence of the collection
method on certain microbial taxa and gene expression patterns, highlighting the importance of
sampling issues while studying deep-sea ecosystems, including DHABs.
The occurrence in DHABs of physicochemical parameters at the limits for life establishment
implies the existence of a strong selective pressure on the exposed microbes. As a consequence, the
microbial communities inhabiting DHABs are very interesting also for biotechnologists. Indeed,
their putative applications range from the ability to produce an array of products of interest for the
industry (e.g. compatible solutes, extremozymes), to the possible use of specific strains as
biocatalysts operating under harsh conditions that conventional strains are unable to cope with.
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In this chapter, we present an overview of the microbial diversity associated to DHABs located in
different geographical areas around the world (Figure 2), with a focus on those placed in the Eastern
Mediterranean Sea and the Red Sea. Extended information on the geochemical setting of the
investigated DHABs are also reported and linked to the available biodiversity studies.
2. DHABs of the Red Sea
2.1. Localization and geochemical features of DHABs
With about 25 brine bodies situated between latitudes of 19° to 27° N, the Red Sea is the part of the
world that presents the highest number of DHABs (Figure 2A). They are distributed in range of
depths between 1200 and 2900 m and may present hydrothermal flows (Guan et al. 2015). The high
number of DHABs in the Red Sea is due to an active rift process started 25 million years ago
between the Arabian and African tectonic plates (Schardt 2015). During this time, evaporitic
deposits accumulated during the Late Miocene underwent re-dissolution along the central Red Sea.
In some points, this dissolution increased the deep-water density resulting in distinct stratification
depending on the reached salinity. Furthermore, hydrothermal flows entrapped in this dense layer
started to generate highly mineralized brines (Evgeny G. Gurvich 2006). The geochemical
composition of these flows is directly related to the general physicochemical composition of each
basin (Evgeny G. Gurvich 2006). One of the most studied ones is the Atlantis II Deep, located at a
latitude of 21°N and characterized by a temperature of 68°C and very anoxic conditions in the brine
body (Ngugi et al. 2015) (Figure 2B). This DHAB is also characterized by a high concentration of
metalliferous sediments, enriched especially in copper, zinc, iron and heavy metals (Anschutz et al.
2000). On the contrary, the Kebrit basin, situated at approximately 400 km N orth at a latitude of
24°N has a maximum temperature of 23.4 °C and is characterized by a relatively high concentration
of oxygen (2.3 µM) compared to most of the other DHABs studied in the Red Sea and high
concentrations of hydrogen sulphide (Hartmann et al. 1998; Mapelli et al. 2012; Ngugi et al. 2015).
The differences in accumulation of metals and nutrients, especially in the seawater-brine interfaces
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of the different DHABs (Larock et al. 1979; Eder et al. 2002; Guan et al. 2015) support the presence
of different ecological niches exploited by highly diverse microorganisms with specialized
metabolisms in relation to the specific geochemical composition of the basin.
2.2. Microbial diversity of Red Sea DHABs
Nearly all the DHABs of the Red Sea were discovered 50 years ago with the notable exception of
the Thuwal Cold Seep which were discovered in 2010. This is located not in the central Red Sea but
much closer to the coast, near the city of Thuwal (Kingdom of Saudi Arabia) (Batang et al. 2012;
Figure 2A, paragraph 2.3).
Despite a large effort in their geochemical characterisation, a relatively low number of studies
focused on the microbial diversity of DHABs, using two different approaches. Firstly, researchers
concentrated on the cultivation of microorganisms usually found in the brine-seawater interface, an
environment less harsh than the brine where the majority of phylogenentic and metabolic
biodiversity occurs (Fiala et al. 1990; Huber and Stetter 2001; Antunes et al. 2011). Secondly, with
the advance of “omics” techniques, especially the advent of 16S rRNA high throughput sequencing,
studies started to evaluate the global diversity of DHABs microbiota from different perspectives
e.g. dissecting a basin along depth (e.g., brine body, brine-seawater interface, deep seawater) or
comparing geochemically different DHABs (Siam et al. 2012; Guan et al. 2015; Ngugi et al. 2015).
The majority of these studies concentrated on few brines pools, including Atlantis II Deep,
Discovery, Kebrit, Nereus and Erba.
Atlantis II Deep possesses different transition layers (interfaces) separating four convective layers
where the concentration of salt and minerals is constant. As a consequence, the microbial diversity
is very diverse in these convective/transition zones and the normalized ratio of Bacteria/Archaea
varies from 0.28 in the brine-seawater interface to around 81, 1.67 and 6.4 in the first, second and
the deepest convective layer, respectively (Guan et al. 2015). Interestingly, alpha diversity was
higher in the lower layer, where the temperature (68 °C) and salinity (24.8%) are more extreme than
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in any other part of the different convective/transition layers (Bougouffa et al. 2013). This could be
explained by the extreme conditions that could prevent the dominance of specific taxa, thus
increasing the proportion of the “rare biosphere” (Bougouffa et al. 2013). Another explanation
could be that the main organic matter is trapped in the other convective/transition zones hence
increasing the proportion of dormancy forms like spores that cannot grow in such conditions (Qian
et al. 2011).
As it was also reported for the Mediterranean brine pools (see sub-chapter 3.3), the majority of the
microbial communities in the Red Sea DHABs is dominated by Bacteria rather than Archaea, with
the exception of the Kebrit and Atlantis II Deep brine-seawater interface (Bougouffa et al. 2013;
Guan et al. 2015). In the interface of these two basins, the concentration of dissolved oxygen which
is two to three times higher than in other interfaces could allow the proliferation of Ammonia
Oxydizing Archaea (AOA; Ngugi et al. 2015). 16S rRNA gene pyrosequencing performed on the
samples collected from the interfaces in the different basins of the Red Sea showed that archaea are
mainly dominated by the phylum Thaumarchaeota that covers from 64% (Erba Deep) to 99%
(Atlantis II and Discovery Deeps) of the total archaeal community (Ngugi et al. 2015). Among the
other Archaea present in the brine bodies, members of the candidate division MSBL1
(Mediterranean Sea Brine Lakes 1) are particularly interesting since this uncultured archaeal lineage
is present in nearly all the DHABs that were studied in the Eastern Mediterranean Sea, Red Sea, and
Gulf of Mexico (Antunes et al. 2011; Yakimov et al. 2013), originally considered responsible of
methane production in the brines. Although members of the MSBL1 are found in environments
were the concentration of methane is high, a recent study indicated that they are not methanogens,
but probably sugar-fermenting organisms capable of autotrophic growth (Mwirichia et al. 2016).
Indeed, the fact that MSBL1 seems to be metabolically versatile and able to grow either
heterotrophically or autotrophically by CO2 fixation, could explain why they are particularly
abundant in DHABs and could give insights in new culture methodology (Mwirichia et al. 2016).
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The bacterial communities in the brines of the five characterized Red Sea DHABs are mainly
represented by the phyla Proteobacteria, Bacteroidetes, Deferribacters and Chloroflexi.
Interestingly, the class Deltaproteobacteria is common in Kebrit, Erba and Nereus basins while it is
less abundant in the hot brines of Atlantis II and Discovery Deeps. These two pools are mostly
inhabited by Nitrospirae-like bacteria in the interface and by Gammaproteobacteria in the lower
convective layers (Bougouffa et al. 2013; Guan et al. 2015).
Different species of microorganisms were isolated from the Red Sea DHABs, such as Flexistipes
sinusarabici, a Gram-negative bacterium isolated from Atlantis II Deep. F. sinusarabici is a
moderate halophile and thermophile (growth at 3–18% NaCl and 30–53°C), belonging to the
phylum Deferribacteres and showed a fermentative metabolism (Fiala et al. 1990). Subsequent
isolation experiments from the Kebrit Deep resulted in the isolation of further two anaerobic
fermenting and halophile bacteria, affiliated to the genus Halanaerobium (Eder et al. 2001). Other
isolates were obtained from the Shaban Deep, like Salinisphaera shabanensis and Marinobacter
salsuginis that shared common metabolisms such as the capacity to assimilate aliphatic
hydrocarbons (Antunes et al. 2007). S. shabanensis belongs to the order Salinisphaerales, a deep
branching lineage of Gammaproteobacteria. This bacterium is capable of growing on both a wide
range of salinity and temperature (1–28% NaCl and 5–42°C) with a large substrate spectrum such
as n-alkanes (dodecane) or in the presence of thiosulphate as electron donor (Antunes et al. 2003).
Similarly, M. salsuginis, also belonging to the Gammaproteobacteria class, is a heterotrophic,
facultative anaerobic bacterium capable of fermentation and nitrate reduction (Antunes et al. 2007).
Cultivation-based studies in DHABs showed nevertheless little agreement with the results of
cultivation independent approaches. Indeed, many isolated strains were not found during 16S rRNA
molecular surveys, and conversely most taxonomic groups sequenced from DHAB metagenome
cannot be cultivated, confirming the well-known cultivation paradox (Rappé and Giovannoni,
2003).
2.3. Thuwal Cold Seeps
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How the deep-sea brines were generated by specific tectonic activities is well understood. However,
some other extreme deep-sea environments can be found under different geodynamic situations.
One interesting example is a cold brine seep system on the Saudi Arabian continental margin of the
central Red Sea, discovered in 2010 and named Thuwal Seep (Batang et al., 2012) (Figure 2A).
2.3.1. Localization, origin and geochemical features
The Thuwal Seep system lies close to Saudi Arabian shore (about 20 km). It consists of two cold
seeps, Seep I (22°17.3’ N, 38°53.8’ E) and Seep II (22°16.9’ N, 38°53.9’ E), located about 830 m
apart along the base of a wall rock. The two seeps discharge cold hypersaline fluids and originated,
on an underlying slight depression (within 840–850 m depths), a small brine pool. The hypersaline
waters released by the two seeps, likely originate from evaporitic deposits of submarine geological
formations that flowed from the faulting system at the base of the rocky scarp (Cao et al., 2015).
The brine pool is characterized by a surface of about 2.2 km2 area, with a temperature of 21.7°C,
comparable to the overlying deep water. With these features, the Thuwal Seep is the coldest and
least saline brine system identified so far in the Red Sea. The recorded depth is about 1.0 m in most
places of the basin (Cao et al., 2015). The conditions in the brine were reported to be almost anoxic
with concentration of oxygen of 0.5% compared to 25% of those typical of seawater (Cao et al.,
2015), while intermediate levels were measured in the seeping water from Seep II (17.7%; Lee et
al., 2014). The salinity of the brine was reported to be 96 psu in 2011 and 77 psu in 2013, while that
of the seeping water at Seep II was reported to be 125 psu in 2011 and 100 psu in 2013 (Yang et al.,
2015; Cao et al., 2015). The chemical composition of the brine water showed the enrichment in the
brine of metals and metalloids like manganese, iron and arsenic, and hydrogen sulphide at more
than tenfold concentrations relative to deep seawater (Batang et al., 2012, Wang et al., 2014).
Compared to the water column and the brine body, the seeping water was characterized by higher
temperature (28.7 °C) and high level of manganese (0.79 mg/l), in contrast with the previously
reported lower levels of Mn2+ in the brine (0.14 ppm; Batang et al., 2012). This could suggest the
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active presence in the seeping water flowing in the brine body of manganese-reducing
microorganisms able to thrive in the anoxic condition of the brine using Mn2+ as electron acceptor.
Other interesting features of the seeping water were the total absence of iron and high
concentrations of sulphate (Lee et al., 2014). Similarly to manganese, the high level of sulphate
detected could correlate with the high concentration of hydrogen sulphide measured in the brine
water (> 200 µM; Wang et al., 2014), suggesting strong sulphate-reducing activity.
2.3.2 Microbial diversity associated to the Thuwal Seeps
Despite the apparently prohibitive conditions, the Thuwal Seeps constitutes a hotspot for life
compared to the typical oligotrophic conditions of the Red Sea. A remarkable feature of the basin is
the extensive presence of white microbial mats on the margins of the brine pool as well as along the
small streams of fluids coming from the seeps (Batang et al., 2012), an evident proof of microbial
life thriving in this extreme environment.
Three studies were focused on the description of the dynamics through time and space of the
microbial assemblages of this ecosystem. Yang and colleagues (2015) compared the microbial
composition of the normal seawater, the brine pool and the seeping water in 2011 and 2013, using
16S rRNA pyrosequencing and correlating these data with the water chemical characterization.
Significant differences in both the structure of the microbial communities and the environmental
milieu were detected between 2011 and 2013. Lower abundance of i) Halobacteriales, ii)
heterotrophic Archaea typical of saline-rich environments, and iii) Desulfobacterales, which
comprises known anaerobic sulphate-reducing bacterium, was reported in the brine pool samples
collected in 2013 compared to those collected in 2011, a data consistent with the observed decrease
in the salinity and sulphate of the brine water between the two years. The recorded weakening of the
seeping water (reduced salinity and sulphate concentration), suggested that the variation of the
composition of the fluids coming from the seeps was the main driving force influencing the changes
of the microbial community.
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Cao and colleagues (2015) described the microbial community changes along the environmental
gradient of the seeps system, collecting samples from the seeping water at Seep II, the microbial
mat along the seeping stream, the sediments at the bottom of the brine pool in comparison with
deep-sea sediments and seawater collected close to the pool margins. As expected, substantial
differences of proportions of microorganisms were detected among the different habitats down to
the genus level. For instance, uncultured Thaumarchaea dominated the deep seawater and the
seeping water (62.5% and 19.27% respectively), while they were less abundant in the marine
sediments and on the microbial mat (0.34% and 1.7% respectively). Ammonia-oxidizing Archaea
(AOA) varied significantly along the environmental gradient. Interestingly, low abundance of AOA
was detected in the brine, even though a high concentration of ammonia was measured, which was
consistent with the absence of oxygen in the brine body (Cao et al., 2015).
The microbial eukaryotic community was investigated in this DHABs by Wang et al. (2014) with a
similar sampling set-up adopted by Cao and coauthors (2015). Evidences of the presence of
potential novel species of annelids and nematodes possibly thriving on the biomass of the microbial
mat were found, as well as of novel Euglenozoa and Alveolata species in the brine-seawater
interface. Fungi, as previously described, mainly populated the oxic marine sediments. These
organisms were also detected in brine pool sediments, closely related to species identified in similar
environments in other locations, suggesting a wider distribution in aquatic environments than
previously imagined.
3. DHABs of the Mediterranean Sea
Till few years ago, few DHABs were known in the Eastern Mediterranean Sea. This area has been
widely explored leading to the discovery of three new DHABs since 2011. The studies performed
on the three novel basins (i.e. Thetis, Medee and Kryos) contributed to extend our understanding of
such unique ecosystems and deepened the knowledge on the ability of microbial communities to
adapt to extreme conditions previously considered inappropriate for life establishment.
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3.1. Localization and origin of DHABs
DHABs in the Mediterranean Sea are located at depths higher than 3000 meters in the Eastern
basin, along the Mediterranean Ridge that is subjected to tectonic collision between the African,
Eurasian and Anatolian plates (Figure 2A). The origin of Mediterranean DHABs was determined by
the dissolution, followed to tectonic events, of salt evaporites. The originated brines filled-in local
depressions and anoxia developed in these basins (Wallman et al. 2002). Moreover, compositional
changes of brines occurred during time, due to both biochemical and biological processes.
Tyro and Bannock were the first DHABs discovered in the Eastern Mediterranean Sea (Cita et al.,
1985; Jongsma et al., 1983), followed by Urania, Discovery and L’Atalante (Medriff Consortium,
1995) and, more recently, by Medee, Thethis and Kryos (La Cono et al., 2011; Yakimov et al.,
2013; Yakimov et al., 2015).
3.2. Geochemical features of DHABs
As typically observed in all DHABs around the world, brines are well separated from the overlaying
seawater. Such separation is due to the different densities of the two water masses that are
interfaced by a chemo-oxy-halocline. The key aspect of DHABs chemistry is represented by the
high salinity values of the brines. Typically, along the interface that is only few meters thick,
salinity varies from seawater values to those of the hypersaline brines, which is 7-10 times higher.
Moreover, seawater-brine interfaces host a gradient of oxygen, which falls below the detection limit
in the brines, and of several reduced and oxidized chemical species. While salinity variation is
linear with depth, the shifts of ion (e.g. nitrate, ammonium, sulphate) concentration deviate from
linearity, suggesting a role of microbial populations in their production/consumption (Borin et al.
2009; Borin et al. 2013; Daffonchio et al. 2006).
In the Eastern Mediterranean, most of the DHABs’ brines have thalassohaline composition,
although Discovery and Kryos show athalassohaline brines enriched of magnesium. Discovery
basin is filled by a near-saturated MgCl2 brine, which concentration (around 5 M) is the highest
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reported in marine environments (van der Wielen et al. 2005). In this basin, the high magnesium
concentration determines very low water activity value and extremely high caotrophicity,
considered unsuitable for life (Hallsworth et al. 2007). The recent characterization of brine in the
Kryos basin showed that it is similar to that of Discovery, especially in terms of magnesium
concentration (4.38 M), although its sodium and sulphate concentrations are higher and apparently
involved in compensating the effect of the high MgCl2 values, making this environmental niche
habitable by extremophile microorganisms (Yakimov et al. 2015). Comparative studies showed that
brines of different DHABs can be distinguished according to their chemical composition,
highlighting that each DHAB hosts brines with specific chemical features involved in the selection
of adapted microbial communities (van der Wielen et al. 2005). However, similarities can be
observed between different brines, as in the case of the recently characterized Thetis brine that is
similar to those of Bannock and L’Atalante basins (La Cono et al. 2011). The physical separation of
the body brine from the rest of the deep-water column, for thousands of years, makes DHAB
ecosystems particularly intriguing for microbial diversity and adaptation studies, as discussed in the
following subchapter 3.3.
3.3. Microbial communities of the newly discovered DHABs in the Eastern Mediterranean Sea
Most of the microbial surveys performed in Eastern Mediterranean DHABs focused on seawaterbrine interface (Borin et al. 2009; Daffonchio et al. 2006; Yakimov et al. 2007). Such water
transition zones accumulate nutrients and microbial cells due to the different density from the deep
oxic water column, representing a hot spot in terms of microbial abundance and diversity. However,
active microbial communities have been reported also in brines (La Cono et al. 2011; Yakimov et
al. 2015) and in surface sediments below the halocline of Urania, L’Atalante ad Discovery basins
(Kormas et al. 2015; Sorokin et al. 2016). Clone libraries of 16S rRNA gene from the upper and
lower interface and from the brine of the Thetis basin, described the structure of bacterial and
archaeal communities. In the interface samples, Proteobacteria was the more abundant taxonomic
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group within Bacteria, mainly represented by Epsilonproteobacteria (La Cono et al. 2011), although
several other phyla were detected along Thetis interface by metagenomic study (Ferrer et al. 2012).
Deltaproteobacteria and the division KB (Kebrit Deep)-1 were prevalent in the Thetis brine;
Deltaproteobacteria adapted to high salinity values of Thetis brine were similar to those previously
retrieved from the brines of other DHABs (van der Wielen et al. 2005) and a possible role in
sulphate reduction has been hypothesized for them, according to the brine geochemistry (La Cono et
al. 2011). Bacteria and Archaea showed similar abundance in Thetis brine (Ferrer et al. 2012). Also
Archaea composition shifted across the halocline, showing differential distribution of the
populations between upper and lower interface and brine. The latter was mainly composed by the
candidate divisions MSBL (Mediterranean Sea Brine Lake)-1 and HC (Halophilic Cluster) -1.
MSBL-1 and HC-1 were detected also in the lower interface (salinity value: 25-28%), but at
different relative abundance, while they were absent in the upper interface, at lower salinity values
of 4.8-11%. The archaeal community in the upper interface was represented by Halobacteraceae and
Thaumarcheota (La Cono et al. 2011). As previously reported for Urania basin (Borin et al. 2009),
sulphur cycling was the main metabolic process shaping the structure of prokaryotic communities
also in Thetis basin (La Cono et al. 2011) and its importance was further corroborated by
metagenomics-based survey (Ferrer et al. 2012). Besides sulphate reduction, also methanogenesis
was a key process in Thetis ecosystem (La Cono et al. 2011), again showing analogies with the
Urania DHAB. Genetic signature of anaerobic methane oxidation were also reported (La Cono et al.
2011), as previously retrieved in the deepest layers of the Bannock basin (Daffonchio et al. 2006).
Moreover, anaerobic ammonium oxidation (anammox), a metabolic process discovered only in
1999 (Strous et al. 1999), was indicated as possibly relevant for the productivity of Urania interface
(Borin et al. 2009). Indeed, anammox activity was measured at Bannock and L’Atalante basins,
where putative new branches of anammox populations were retrieved by Fluorescent In Situ
Hybridization (FISH) and PCR assays using specific primer sets for anammox 16S rRNA and
hydrazine synthase genes (Borin et al. 2013). Despite the different salinity, thalassohaline vs
13

athalassohaline, the structure of archaeal community along the interface and brine of Kryos basin
was similar to what observed in Thetis. The saltiest layers of the chemocline, approaching Kryos
brine, were dominated by MBSL-1 and HC-1 candidate divisions while the upper interface
displayed a higher abundance of Marine group I Thaumarcheota (Yakimov et al. 2013). However,
Bacteria dominated Kryos interface (Yakimov et al. 2013). The highest diversity within bacterial
communities was measured at interface layers down to those corresponding to the “chaotropicity
window for life” (CHW), while the deeper layer corresponding to the water activity (Aw) limit for
life (AWW) had lowest bacterial diversity, mainly represented by Deltaproteobacteria and members
of KB-1 division. Both the upper interface and the CHW layers were dominated by
Epsilonproteobacteria and sulphate reducing bacteria belonging to Deltaproteobacteria different
from those colonizing the deeper layers of Kryos interface (Yakimov et al. 2013).
Chemoautotrophic Epsilonproteobacteria are generally important members of bacterial communities
in Eastern Mediterranean DHABs, and include taxa considered highly adapted to dynamic
conditions, putatively contributing to the sulphur cycle in the basin. However, molecular studies did
not detect them neither in Bannock nor in Medee DHABs, both showing a wider interface compared
to the rest of DHABs (Daffonchio et al. 2006; Yakimov et al. 2013). Bacteria represent a percentage
of the prokaryotic assemblages varying between 62.5 and 90% respectively in the less salty layer
and in the brine of Medee (Yakimov et al. 2013). Along the interface of this basin,
Gammaproteobacteria outcompeted Epsilonproteobacteria, and also SAR11 division was highly
abundant. Methyl coenzyme M reductase (mcrA), functional marker gene for methanogenesis, was
detected in Medee brine, although methane production rate was very low compared to the other
thalassohaline Eastern Mediterranean DHABs. According to the geochemical characterization and
molecular investigation of interface and brine samples, Yakimov and colleagues (2013) proposed
that methane production in Medee basin could derive from the reductive degradation of the
compatible solute glycine betaine performed by the KB-1 division, generating acetate and
trimethylamine, the latter consumed by putative methanogens belonging to the MBSL-1 division. A
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consortium composed by three microbial partners, able to perform the above described process, has
been recently enriched from Thetis brine, proving the link between anaerobic glycine betaine
degradation and methanogenesis in DHABs (La Cono et al. 2015).
Besides prokaryotes, the viruses have been also studied in the DHABs. Corinaldesi and colleagues
(2014) showed that virus-induced mortality of prokaryotes was lower in oxic sediments compared
anoxic ones collected in the Medee and L’Atalante basins and, accordingly, the concentration of
extracellular DNA as well as DNase activity were higher in DHABs sediments than outside the
basin. Extracellular DNA can represent a source of nitrogen and phosphorous for prokaryotic
communities in DHABs sediments (Corinaldesi et al. 2014), and its role as reservoir of genes
acquirable by horizontal gene transfer events has been proposed in DHAB brines (Borin et al.
2008). Interestingly, according to the taxonomic affiliation, the pool of 16S rRNA genes detected in
extracellular DNA was different from that retrieved from microbial cells in terms of phylogenetic
diversity, even though 85% of the extracellular DNA was derived by virus-induced mortality of
prokaryotes (Corinaldesi et al. 2014). On the other side, the fate of prokaryotic populations in
DHABs can be regulated by eukaryotic grazers. Several studies were performed on the Eastern
Mediterranean DHABs, unraveling the distribution of eukaryotic populations in DHAB brines,
interfaces and the underlying sediments (Bernhard et al. 2014; Filker et al. 2013). Overall, the
prevalent protists retrieved in DHAB brines were alveolates, mainly dinoflagellates and ciliates,
although molecular investigations also showed the presence of several other groups, namely
chlorophytes, jakobids, cryptophytes, haptophytes, radiolaria, and euglenozoans (Stoeck et al.
2014). Dinoflagellates and ciliates were the most abundant eukaryotes in the Discovery basin,
followed by fungi. RNA-based studies showed that fungi are the most diverse eukaryotes in Thetis,
where also ciliates and stramenopiles showed high taxonomic diversity (Edgcomb and Bernhard,
2013). Protist diversity in seawater-brine interface and brine was investigated in the Discovery,
Urania, Thetis, Tyro, and Medee DHABs by Terminal Restriction Lenght Polymorphism (T-RFLP).
Protist communities in the brines and interfaces clustered differently and those of the Thetis and
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Discovery DHABs were separated from the others (Filker et al. 2013). According to the analysis
performed by the authors, the composition of protist communities was not significantly correlated
to distance, while it was to the environmental setting occurring in the analyzed samples (Filker et al.
2013). Specifically, the concentration of sulphate, magnesium, and oxygen, besides salinity resulted
involved in shaping the protists assemblages. In a different study, the pyrosequencing of the
hypervariable V4 fragment of the small subunit ribosomal RNA gene was then applied to samples
collected at the interfaces and brines of Tyro, Thetis, Urania and Medee (Stock et al. 2013),
confirming the sharp separation of DHAB brines and interfaces. Moreover, the authors showed that,
while the protist communities present in brines of the four basins are distinct, in the interfaces they
are quite similar, except in the Tyro basin (Stock et al. 2013). Pyrosequencing allowed the detection
of about one hundred ciliate genera and showed that (i) several taxa were present exclusively in one
or more brines, (ii) no taxa were common between all samples and, as also observed for
prokaryotes, (iii) amplicons affiliated to different taxonomic groups were differentially distributed
in the studied brines and interfaces (Stock et al. 2013).
4. Microbial diversity of hypersaline brines in the Gulf of Mexico
Since the first description of a DHAB in 1977 (Shokes et al., 1977), other similar extreme
ecosystems have been discovered in the deep-sea of different oceanic regions all over the world.
However, DHABs situated in enclosed sea basins, such as the Mediterranean and the Red Sea (van
der Wielen et al., 2005; Daffonchio et al., 2006; Borin et al., 2009; Antunes et al., 2011; Ngugi et
al., 2015; Guan et al., 2015), have historically been studied more extensively, compared to the ones
identified and described in other locations.
Another geographic area characterized by a high density of hypersaline bodies (such as brine pools,
mud volcanos and cold seeps) is the continental slope of the Gulf of Mexico (GoM) (Figure 2C). In
this area, the origin of many hypersaline basins was due to geological processes known as “salt
tectonics”. For a description of the events and mechanisms originating this extensive seepages area
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and of the mega-fauna associated to different hypersaline bodies, refer to Cordes et al. (2009) and
references therein.
Despite such high concentration of extreme deep-sea ecosystems identified so far on the seafloor of
the continental slope of the GoM, still little information are available about structure, dynamics and
functionality of the microbial communities inhabiting such environments. The main studies
published so far, and previously already discussed (Mapelli et al., 2012), were focused on the
microbial and molecular ecology of resident manganese- and iron-reducers and on the metabolic
processes related to methane, specifically anaerobic oxidation of methane (AOM) and
methanogenesis. The studies focused on few hypersaline habitats, such as the Orca Basin (Shokes et
al., 1977; van Cappellen et al., 1998) and two brine bodies associated to either quiescent or active
mud volcano systems, namely NR1/GC233 and GB425 (MacDonald et al., 2000; Joye et al., 2005;
Joye et al., 2009).
Recently, two new studies (Lloyd et al., 2006; Yan et al., 2006) focused on few sites of the
continental slope of the GoM. These studies investigated the role and functionality of anaerobic
methane oxidizers (ANMEs) and of aerobic methanotrophs in the cycling of methane in this
hypersaline hydrocarbon- and methane-seepages-rich area. Lloyd and colleagues (2006) studied the
involvement in the anaerobic oxidation of methane of the resident microbial community in the top
sediments of the seafloor near a mud volcano in Green Canyon lease block 205 (GC205,
27.71672778° N, 90.5334627° W). The significance of this study consists in the attempt to shed
light for the first time on the interaction between archaeal ANME and sulphate-reducing bacteria
(SRB) populations within the peculiar geochemical gradients characteristic of different seeping sites
along the continental slope of the GoM. It is known that in this region sediments cover salt diapirs
and fractures along such sediment layers allow the upward migration of hypersaline fluids rich in
petroleum and methane. The dynamics of the two groups investigated was evaluated through the
analysis of functional genes involved in AOM and sulphate reduction: respectively the genes mcrA,
coding for the α-subunit of the enzyme methyl coenzyme M reductase, and dsrAB, coding for the α17

and β- subunits of the dissimilatory (bi)sulphite reductase. The authors described for the first time a
seafloor sediment microbial community where the archaeal ANME population was strongly
dominated by representatives belonging to the group ANME-1b, whereas previous studies typically
described the co-occurrence of representatives of groups ANME-1a, ANME-1b and ANME-2. The
authors hypothesized that the presence of only the ANME-1b subpopulation could be due to the
high salinity that characterizes site GC205, roughly four times higher than that of seawater and
sediments nearby (2200 mM of Cl- against 550 mM of Cl-). Indeed, previous studies on ANME
populations in the Black Sea by Nauhaus and colleagues (2005) showed that at normal seawater
salinity (470 mM of Cl-) the ANME population was co-dominated by ANME-1 and ANME-2,
while at increasing values of salinity (up to 945 mM of Cl-) the two groups showed a sharp decline.
Moreover, 16S rRNA gene analysis showed that the whole community was strongly affected by
high salinity, since all the sequences retrieved belonged to the uncultured groups KB-1, HS-I, and
HS-II, usually identified only in hypersaline environments like DHABs.
A comparison of the methanotrophs in different locations of the continental slope of the GoM was
carried out by Yan and colleagues (2006). Four sites were investigated: two gas hydrates (GC185
and GC234), one hydrocarbons seep at a brine pool (GC233) and one normal seawater location
(NBP). Four clone libraries were constructed amplifying the functional gene pmoA, encoding the
particulate methane monooxygenase marker for methanotrophs. The phylogenetic analysis carried
out on the clone libraries showed the detection of a majority of novel methanotrophs in the GoM
(84.8% of total OTUs) unrelated to those of other deep-sea environments, suggesting that the
methanotrophs community of this environment may significantly differ from the ones of other
environments previously studied. A strong spatial variation was observed in particular between the
normal seawater site NBP and the other three hydrocarbons and hydrate sites (GC185, GC234 and
GC233), with six of the OTUs unique to the hydrates and hydrocarbon-seep. Moreover, the
methanotrophic communities detected at GC185, GC234 and GC233 were characterized by
dominant OTUs which differed among sites. The authors speculated that such variation in the
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chemical compositions detected in all these locations could strongly contribute to the spatial
variations observed in functional bacterial groups. For instance, sulphate was completely depleted
below 2 cm in the sediments at G234, whereas it was more abundant (18-25 mM) in sediments
below 5 cm at GC233 and NBP. Conversely, sulphide concentrations were higher, with values of 3
to 5 mM, at GC234, intermediate, between 1.4–2.1 mM, at GC233 and below 0.01 mM at NBP.
5. Concluding remarks
The advance of knowledge about microbial diversity in DHABs, occurred in the last decade, was
mainly enabled by the advent of high-throughput methods through DNA and RNA-based studies.
Although Archaea and Bacteria are still the most investigated microbes in DHABs around the
world, recent studies have enlarge our perspective focusing on eukaryotes and viruses inhabiting
these fascinating ecosystems. A number of studies enlarged the overall knowledge about the
metabolic processes occurring at DHABs, sometimes contributing to understand processes of
pivotal ecological impact in salty anoxic environments. Furthermore, the studies performed by
multidisciplinary research teams on the microbial communities inhabiting DHABs could be a huge
source of information potentially useful for boosting “blue biotechnologies”, although still few
extremophiles have been brought into culture until now and efforts are required in this direction.
Indeed, besides ecological studies, some authors already focused on the biotechnological potential
of microbes isolated from DHABs (De Vitis et al., 2015; Ferrer et al., 2005). Finally, the recent
discovery and characterization of novel DHABs, including the Eastern Mediterranean Sea Kryos
changed our knowledge about environmental limits for life establishment, shedding a new light on
the opportunities provided by seafloor exploration, including speculations about life in the Early
Earth and in extraterrestrial bodies.
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FIGURE CAPTIONS
Figure 1. The picture shows the equipment generally used for sampling of brine and interface from
DHABs during oceanographic cruises.Niskin bottles of 10 liters capacity are located on a rosette
sampler equipped with conductivity-temperature-depth (CTD) and pressure sensors.
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Figure 2. Localization of DHABs in the (A) Eastern Mediterranean Sea, (B) Red Sea and (C) Gulf
of Mexico. The position of Thuwal Cold Seep is also shown in panel B.
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