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Gene expression profiling of microbial activities and
interactions in sediments under haloclines of
E. Mediterranean deep hypersaline anoxic basins
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Deep-sea hypersaline anoxic basins (DHABs) in the Eastern Mediterranean Sea are considered some
of the most polyextreme habitats on Earth. In comparison to microbial activities occurring within the
haloclines and brines of these unusual water column habitats near the Mediterranean seafloor,
relatively little is known about microbial metabolic activities in the underlying sediments. In addition,
it is not known whether activities are shaped by the unique chemistries of the different DHAB brines
and whether evidence exists for active microbial eukaryotes in those sediments. Metatranscriptome
analysis was applied to sediment samples collected using ROV Jason from underneath the haloclines
of Urania, Discovery and L’Atalante DHABs and a control site. We report on expression of genes
associated with sulfur and nitrogen cycling, putative osmolyte biosynthetic pathways and ion
transporters, trace metal detoxification, selected eukaryotic activities (particularly of fungi), microbe–
microbe interactions, and motility in sediments underlying the haloclines of three DHABs. Relative to
our control sediment sample collected outside of Urania Basin, microbial communities (including
eukaryotes) in the Urania and Discovery DHAB sediments showed upregulation of expressed genes
associated with nitrogen transformations, osmolyte biosynthesis, heavy metals resistance and
metabolism, eukaryotic organelle functions, and cell–cell interactions. Sediments underlying DHAB
haloclines that have cumulative physico-chemical stressors within the limits of tolerance for
microoorganisms can therefore be hotspots of activity in the deep Mediterranean Sea.
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Introduction

Hypersaline waters (generally 410% NaCl) have
salinities that exceed those of most oceans (~3.5%
total salt) and are therefore characterized by low
water activity (aw), presenting challenges for organ-
isms living in these habitats (Litchfield, 1998).
To prevent loss of cellular water to the environment,
halotolerant and halophilic organisms require ways
to balance the osmotic pressure created by their
hypersaline habitat. Extensive literature exists
describing the adaptive mechanisms for Bacteria
and Archaea and to a lesser extent Eukarya, includ-
ing high GC content in DNA, high concentrations of

acidic residues on exteriors of proteins, and unique
lipids, cellular architectures, pigments, physiologies
and metabolisms (for example, Litchfield, 1998;
Oren, 2003). There is increasing evidence of extre-
mely halophilic heterotrophic protists in solar salt-
erns and nearly saturated brines (salinity ⩾ 29%) that
are distinct from marine or freshwater forms, and do
not grow at salinities o7.5% (Park et al., 2006, 2007,
2009; Cho et al., 2008).

Deep-sea hypersaline anoxic basins (DHABs)
are considered some of the most extreme environ-
ments on Earth owing to their combination
of nearly saturated salt and corresponding low aw,
high hydrostatic pressure, anoxia and (sometimes)
high sulfide. At least eight DHABs have been
described (and more suspected) on the seafloor
of the Eastern Mediterranean Sea at more than
3000 m water depth (Yakimov et al., 2015). Their
unique chemistries reflect their origins from dis-
solved evaporites or trapped brines associated with
the Miocene Messinian salinity crisis 5.59–5.33
million years ago. Basin ages range from 2000 to
176 000 years (Camerlenghi, 1990; Cita, 2006 and
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references therein). Their dense brines (typically
ranging from 1.13 to 1.35 × 103 kg m− 3 relative to
Mediterranean seawater, 1.03 × 103 kg m − 3) act as
an impediment to mixing with overlying seawater.
The halocline is the interface between normal
salinity deep seawater and the brine, and can
be as thin as ~ 2 m, depending on the basin.
Haloclines have sharp oxyclines and redoxclines,
with salinity increasing to ~ 10 times normal
seawater and undetectable oxygen at the base of
the halocline (Van der Wielen et al., 2005). DHAB
chemistries are distinct. Some brines are thalasso-
haline (dominated by NaCl), while others,
are athalassohaline, formed by the dissolution
of bischofite (MgCl2·6 H2O), with Mg2+ concentra-
tions up to 5000 mM compared with ~ 60 mM in
typical seawater (Van der Wielen et al., 2005).
DHABs have provided exciting new insights into
the environmental factors that define the limits
of life (Eder et al, 1999, 2001; Hallsworth et al,
2007) and novel planktic microbial diversity,
including numerous novel candidate divisions
(for example, Sass et al, 2001; Van der Wielen
et al., 2005; Yakimov et al, 2007; Alexander et al.,
2009; Edgcomb et al, 2009, 2011; Stock et al., 2012;
Pachiadaki et al., 2014a). Less is known regarding
DHAB benthos, especially microbial eukaryotes
(Bernhard et al., 2014).

Here, we investigated the active prokaryotic and
eukaryotic microbiota in sediments of thalassohaline
and sulfidic L’Atalante and Urania DHABs, as well
as the Mg2+ saturated Discovery DHAB based on
metatranscriptomics (for details of brine chemistries,
see Table 1; Van der Wielen et al., 2005). Metatran-
scriptomes provide information on the most abun-
dant gene transcripts (a proxy for active metabolic
processes) within a community at the time of
preservation and is useful for casting a broad net in
unusual habitats such as DHABs where little
is known about in situ activities. As such, metatran-
scriptomic analysis is a useful tool for hypothesis
generation for future follow-up investigations.

Information on taxonomic diversity or on functional
groups can provide insights about a community,
however, information on traits (inferred from mRNA)
allows a better assessment of functional attributes of
communities in different habitats. Mlambo (2014)
points out that ‘large-scale historical and environ-
mental factors determine the species diversity,
whereas, functional diversity is more responsive to
biotic dynamics, which are structured by local
habitat types.’ For this reason, we include discussion
not only of biological traits (for example, motility
and central metabolism) but also regarding func-
tional traits that affect and are affected by the
environment (for example, sulfur and nitrogen
metabolism, cell–cell interactions). To our knowl-
edge, this is the first metatranscriptome study of
sediments underlying DHAB haloclines. Our overall
objective was to determine whether microbial
processes and overall activities appear to be linked
to the distinct chemistry (total salinity, oxygen and
specific concentrations of Mg2+ and Na+, and HS−)
of these three DHABs.

Materials and methods

Sample collection
Samples were collected during R/V Atlantis cruise
AT18-14 between 24 November and 6 December
2011 using the ROV Jason. Sediments were collected
with Deep Submergence Lab (www.whoi.edu/
groups/DSL/) Alvin-style pushcores (6.35-cm
diameter) with seals to prevent contamination dur-
ing ascent. Coring targeted sediments below halo-
clines of Urania, Discovery and L’Atalante basins as
well as control samples collected from nearby
(within 10m) aerated sediments, upslope from
Urania (DHAB images Figure 1) and Discovery
basins. Control sediments at both DHABs (which
are within ~10 nm of one another) appeared
homogeneously light brown and fine grained, with
no obvious megafauna. Of available core samples

Table 1 Physicochemical data for sediment cores collected underneath haloclines of Urania, Discovery and L’Atalante Basins and for the
brines of each DHAB

Sediment sample Approximate coordinates Depth (m) Total salinity (PSU) Oxygen
(μM)a

Mg2+

(mM)b
Na+

(mM)b
HS−

(mM)b
Cl−

(mM)b

L’Atalante
Lower Halocline

35°18’N
21°23’E

3501 100a 0 410
(brine)

4674
(brine)

2.9
(brine)

5289
(brine)

Urania control 35°13’N
21°28’E

3460 38b 250–260 60 528 2.6×10–6 616

Urania Middle Halocline 35°13’N
21°28’E

3470 172c 0 316
(brine)

3503
(brine)

16
(brine)

3729
(brine)

Discovery Upper
Halocline

35°19’N
21°41’E

3583 70d 10–75

Discovery Lower
Halocline

35°19’N
21°41’E

3586 90d 0–0.6 4995
(brine)

68
(brine)

0.7
(brine)

9491
(brine)

aData from bottom water above sediment cores (Bernhard et al., 2014). bVan der Wielen et al., 2005. cDatum from a High Range CTD (Neil Brown
Sensors) on a water column sampler deployed prior to sediment collections. dData from halocline water column measurements (Edgcomb et al.,
2011) of same depth. Note: standard conductivity sensors are not reliable for athalassohaline brines enriched in divalent cations.
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that were adequately preserved during recovery
from the Urania control site, one was available
for molecular analysis. Resource limitations prohib-
ited analysis of more than one control sample.
Predictions of microbial activities in sediments
underlying the brines proper cannot be made, as
the buoyancy of ROV Jason prevented us from
sampling deeper than the lower haloclines. Further
details of sampling are provided in Supplementary
Document 1.

Upon ROV Jason recovery onto R/V Atlantis (within
4–6 h of seafloor sampling), sealed cores were taken
quickly (within 5min) to the RV Atlantis environ-
mental room set at 9.5 °C (±0.5 °C), where they were
inspected for adequate sediment content, lack of
disturbance, texture and color. On the basis of these
criteria, and demands for other types of analyses, five
cores of sufficient quality in total were available for
metatransriptome analyses: one from L’Atalante
(under the lower halocline, LLH), two from Urania
(control sediment underlying the normal salinity
water column outside the DHAB, UC and from under
the middle halocline, UMH) and two from Discovery
(one from under the upper halocline, DUH, and one
from under the lower halocline, DLH). Microelectrode
profiling of dissolved oxygen for replicate cores was
performed in an N2-flushed glove bag as described in
Bernhard et al. (2014). Salinities of overlying water
were measured using a refractometer (details in
Supplementary Document 1). Salinity and oxygen
profiles of the water bodies of each DHAB were
conducted using a high-range CTD (Neil Brown Ocean
Sensors, Inc., Falmouth MA, USA) on a separately
deployed water column sampler.

Subsamples of pushcores were taken from the core
center using a sterile 20-ml syringe barrel (inner
diameter of ~ 1.4 cm, length of ~ 10 cm), sectioned in
2-cm increments, and stored immediately at − 80 °C
until RNA extraction. Sediment samples were desig-
nated according to DHAB (L, U, D) and position
under the halocline (depth, refractometer data):
upper halocline (UH), mid-halocline (MH) and lower
halocline (LH).

RNA isolation and cDNA synthesis
RNA from~8 g from each core was extracted from
homogenized sediments from the top 2 cm using an
optimized protocol and the RNA Power Soil kit
(MoBio, Carlsbad, CA, USA) after testing and asses-
sing RNA extraction efficiencies of two other widely
used extraction kits for sediment nucleic acids.
Minor modifications included introduction of three
cycles of freeze–thaw (−80 °C, 5min, 65 °C, 5min),
bead beating with 2 ×5min intervals on a horizontal
vortexer, an overnight nucleic acid precipitation and
a 1-h centrifugation during the precipitation step. In
addition, we introduced two DNAase treatments
using TurboDNAase (Ambion, Foster City, CA,
USA). Removal of DNA was confirmed by PCR using
as the forward primer the oligonucleotide (5′-AY
TGGGYDTAAAGNG-3′) and a mix of reverse primers
(5′-GCCTTGCCAGCCCGCTCAG, TACCRGGGTHTC
TAATCC, TACCAGAGTATCTAATTC, CTACDSR
GGTMTCTAATC and TACNVGGGTATCTAATCC-3′
in a 6:1:2:12 ratio, respectively), designed to cover
most of the Bacteria domain (Cole et al., 2009). The
Ovation Single Cell RNA-seq kit (Nugen, San Carlos,
CA, USA) was used to create barcoded cDNA
libraries. We replaced the First Strand Primer Mix,
A1 version 15 (S01882) with the First Strand Primer
Mix, A1 version 13 (S01858) to avoid biases against
prokaryotic transcripts. Libraries were sequenced at
the DNA Sequencing & Genotyping Center, University
of Delaware using three lanes of 150-bp paired-end
Illumina HiSeq (Illumina, Inc., San Diego, CA, USA).

Metatranscriptome data analysis
Forward and reverse reads were filtered using
Trimmomatic (Bolger et al., 2014), which performed
a ‘sliding window’ trimming, cutting once the
average quality within the window (8-nt) fell below
a threshold score (12). Reads of ⩾50 nucleotides that
were retained were assembled using Trinity
(Grabherr et al., 2011) release r20140717. Metapath-
ways 2.5 (Konwar et al., 2015) was used for
ORF predictions using Prodigal (Hyatt et al., 2010).

Figure 1 Underwater images taken by ROV Jason of (a) Discovery DHAB and (b) Urania DHAB haloclines. Lightest color sediments
delineate the upper boundary of the halocline as it impinges on the seafloor. Note that all sampling for this study was from areas that were
much flatter than that shown in panel b.
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Functional annotation of the contigs used LAST
(Kiełbasa et al., 2011) against the RefSeq non-
redundant database (Pruitt et al., 2005) update
2014-01-18, and visualization of metabolic pathways
used Pathway Tools (Karp et al., 2010). The paired-
end reads were mapped to the assembled transcripts
and normalized using a bwa-based version of the
RPKM (RPKM= [# of fragments]/[length of transcript
in kilobase]/[million mapped reads]) (Li and Durbin,
2010) with default values, as implemented in
Metapathways 2.5 (Konwar et al., 2015).

The RPKM reads were imported into the DEGseq
package v. 1.12.1 (Wang et al., 2010), as implemented in
R version 3.0.2 (http://www.r-project.org) for identifica-
tion of differentially expressed genes in un-replicated
datasets. The DEGexp function applies a MA-plot with
Random Sampling model (Wang et al., 2010).

Results and discussion

Chemistries of the overlying waters and O2 profiles
are reported in Table 1 and Bernhard et al. (2014).
Oxygen was undetectable in UMH, LLH and DLH
sediments, and was 10–75 and 250–260 μM in the top
2 cm in DUH and UC, respectively. The basic
sequencing output metrics for each of our metatran-
scriptome libraries are presented in Supplementary
Table 1. Annotations of our assembled reads for all
libraries produced far superior results than annota-
tions of raw reads, so only annotations of assembled
reads are discussed. Pairwise comparisons of
expressed genes that are present in at least one
of between libraries using DEGseq provide some
general insight into the degree to which expression
of particular genes varies between habitats, although
we interpret these single replicate comparisons
cautiously. The analysis includes a total of 6950
assembled, and annotated transcripts were present in
at least one sample. Results indicate the presence of
transcripts that were differentially (P-valueo0.001)
expressed in all comparisons (Supplementary Table
2 and Supplementary Figure 1). Sequences are
deposited in datasets separated by habitat in
the GenBank Short Reads Archive under study
accession SRP061621.

Our previous study of 16S rRNA diversity in
sediments from the same cores analyzed here
(Kormas et al., 2015) indicated that DHAB environ-
mental factors significantly shaped microbial
communities. In that contribution, archaeal opera-
tional taxonomic units were detected only in few
halocline samples. Archaeal signatures were domi-
nated by taxa associated with methane-rich deep-sea
sediments, but might not be directly involved in
methanogenesis/anaerobic oxidation of methane
because we did not detect transcripts of methyl
coenzyme M-reductase. Kormas et al. (2015) found
each site harbored only a few site-specific dominant
bacterial operational taxonomic units that included
members of α-, β- and γ-Proteobacteria, Firmicutes,

Actinobacteria and the Bacteroidetes/Chlorobi
group, with most operational taxonomic units in
lower haloclines related to halotolerant taxa or
phylotypes described from high-salt habitats. We
interpret taxonomic distributions of rRNA tran-
scripts within our data sets with caution, as library
preps can introduce biases, and preservation of
rRNA of inactive/dead organisms under anoxic
conditions has been reported (for example, Orsi
et al., 2013). Consistent with this is our observation
of recovery of some rRNA sequences affiliated to
chloroplasts in our metatranscriptomes. We there-
fore avoid discussing percentages of particular
taxonomic groups within the rRNA transcript pool
for each sample, and restrict discussion to the groups
that make up 490% of rRNA reads in each dataset.
In our UC sample, rRNA reads came almost
exclusively from Gammaproteobacteria affiliated
with Pseudoalteromonas sp., with contributions
from Deltaproteobacteria affiliated to Desulfobacter-
aceae and Desulfoarculaceae, as well as Firmicutes
affiliated to Clostridiaceae. Pseudoalteromonas sp.
and Deltaproteobacteria were detected in the Kormas
et al. (2015) UC iTAG libraries. Our DUH dataset was
comprised primarily of rRNA sequences of Pseu-
doalteromonas sp., Clostridia and the family Flavo-
bacteraceae. Consistent with this, Kormas et al.
(2015) found a Clostridium-like phylotype to dom-
inate DUH sediments. In the DLH sample, sequences
affiliating to Pseudoalteromonas sp. again were the
most prevalent, along with Clostridium sp. and
Mycoplasma sp., the first two of which dominated
the DLI sample in Kormas et al. (2015). In UMH,
rRNA transcripts affiliating to the genera Pseudomo-
nas, Rhodobacter and Clostridia dominated. In
agreement with Kormas et al. (2015), we speculate
that the rRNA signatures of Pseudomonas sp. may
not be active in the UMH. The LLH sample was
dominated by rRNA signatures affiliated with the
genus Clostridia, various Deltaproteobacteria and the
phylum Chloroflexi. We note that we recovered
some rRNA signatures of previously described novel
groups (MSBL9, MSBL6) associated with DHABs
(Yakimov et al., 2014) from our LLH, DLH and DUH
samples. Given the lack of published data on
sediment chemistry for the DHABs we investigated,
interpretations of links between gene expression and
DHAB sediment chemistry must rely on available
information for the brines of these DHABs.

Microorganisms may share genetic resources
through mutual ‘cheating and cooperation’
(Fullmer et al., 2015). Analysis of the metatran-
scriptomes in our core samples therefore provides
insights into overall community metabolism. We
acknowledge that analysis of single cores per
habitat may underestimate the breadth of metabolic
activities, however, the relatively isolated DHAB
sediments may be less heterogeneous than nor-
moxic marine sediments. By normalizing each
sample’s read count by taking into account read
number as a percentage of total reads and read
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length using RPKM values (fragments per kilobase
per million), we can evaluate the relative impor-
tance of specific activities in contrasting habitats.
Of course this must be interpreted with caution
because metatranscriptomes can harbor biases from
preparation steps and because they reflect primar-
ily the most abundant transcripts, particularly for
high biodiversity habitats.

Our working hypothesis was that the unique
chemistry of each basin’s halocline would select
not only for different microbiota in the underlying
sediments, but also different functional traits.
We focus discussion on several categories of biolo-
gical and functional activities, including transcripts
attributed to microbial eukaryotes.

Nitrogen cycling
Aside from supporting normal biosynthetic path-
ways such as amino acid synthesis, assimilatory
nitrogen metabolism may have a role in supporting
the production of nitrogen-hungry osmolytes
(see discussion in Pachiadaki et al. (2014a) for Thetis
DHAB). We note expression of genes for assimilatory
nitrogen metabolism in all samples (for example,
assimilatory nitrate and nitrite reductases, nitrore-
ductases, and ammonium transporters, as well as
all genes in the pathway required for assimilatory
nitrate reduction to ammonium and incorporation
into L-glutamine and L-glutamate). Ammonium
transporter and nitrite reductase genes were
significantly upregulated in the DLH sample

(P-valueo0.001) in comparison with all other sam-
ples. We also note evidence for dissimilatory nitro-
gen metabolism, particularly in UMH and DLH
(Figure 2). Transcripts of nitrite reductase (large
and small subunit), respiratory nitrate reductase,
nitric oxide reductase and nitrous oxide reductase
maturation proteins suggest that denitrification is
active in sediments below Urania and Discovery
haloclines, and to a lesser extent in the control and
LLH sediments. Interestingly, transcripts of ammonia
monooxygenase, a key enzyme associated with
aerobic ammonia oxidation, were detected in anoxic
DLH sediments. Evidence for persistence of aerobic
respiration in anoxic marine subsurface (D’Hondt
et al. 2015) and sapropel (Süß et al., 2004) sediments
has been reported. A possible explanation would be
the presence of a pathway that can produce oxygen,
although transcripts of chlorite dismutase (asso-
ciated with perchlorate-respiring bacteria capable
of producing oxygen; Coates et al., 1999; de Geus
et al., 2009) were not detected in DLH. Ettwig et al.
(2010, 2012) proposed a microbiologically mediated
process that could produce oxygen by converting
two nitric oxide molecules to dinitrogen and oxygen,
although the enzyme catalyzing this reaction is still
not characterized.

There are interesting links between nitrogen
metabolism and production of enzymes associated
with reactive oxygen species. In UMH and DLH
sediments, we observed relatively high expression of
genes associated with reactive oxygen species inac-
tivation, such as glutathione peroxidase and

Figure 2 Relative expression (presented as RPKM values) of genes associated with nitrogen cycling in the Urania Control (UC), Urania
Middle Halocline (UMH), Discovery Upper Halocline (DUH), Discovery Lower Halocline (DLH) and L’Atalante Lower Halocline (LLH)
sediment samples. Numbers following legend label refer to total salinity (PSU), oxygen (μM), and Mg2+ (mM) and Na+ (mM) concentrations
in sediments as explained in Table 1. Unk=not measured.
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reductase, as well as superoxide dismutases and
thioredoxin reductases (Supplementary Figure 2;
Carmel-Harel and Storz, 2000). Production of glu-
tathione peroxidase is highly dependent on nitrogen
for precursor biosynthesis (Fahey and Sundquist,
1991). Expression of reactive oxygen species-
associated enzyme genes appears higher in the same
habitats where assimilatory nitrogen and ammonia
monooxygenase transcripts are highest, suggesting
that UMH and DLH sediments are fairly active
relative to sediments from our control and LLH sites.

Sulfur cycling
As reported previously, the steep interfaces between
normal salinity seawater and DHAB brines result in
rapid biological oxygen depletion and decreases in
redox potential to values near 100 mV in the upper
halocline, and to − 400mV in the lower halocline
(Van der Wielen et al., 2005; Daffonchio et al., 2006;
Yakimov et al., 2007, 2013; Hallsworth et al., 2007;
Borin et al., 2009). The steep density gradients are
known to trap both organic detritus from the over-
lying water column and organics produced de novo
(Yakimov et al., 2007). This pool supports a
spectrum of aerobic and anaerobic metabolisms
along the transition. The brines of DHABs we
examined contain varied sulfide concentrations
(Table 1), most likely produced in each case by
bacterial sulfate reduction (La Cono et al. 2011).
Evidence for active sulfur cycling (oxidation reduc-
tion) has been reported from DHAB halocline water
layers on the basis of 16S rRNA genes, successful
isolations of δ- and ε-Proteobacteria, activity
measurements (for example, Borin et al., 2009),
metagenomes (Ferrer et al., 2012) and metatranscrip-
tomes (Pachiadaki et al., 2014a).

In our dataset, sulfur transformations were evident
from transcripts of sulfide-quinone reductases, molyb-
dopterine synthase sulfurylases, rhodanese-related
sulfurtranferases, sulfite reductase hemoprotein beta-
component, phosphoadenosine phosphosulfate reduc-
tases, sulfate adenyltransferases (the last three com-
prise 75% of the enzymes required for assimilatory
sulfate reduction) and other transcripts associated with
general sulfur metabolism (Supplementary Figure 3).
Some highly expressed transcripts in UC, DLH and
UMH samples may be associated with dissimilatory
sulfate reduction (for example, D-lactate dehydrogen-
ase, adenylsulfate reductase, sulfate adenyltransferase)
or sulfur oxidation (sulfite oxidation III and Fe+3-
dependent sulfur oxidation II pathway genes expressed
in DLH). These genes were upregulated (P-
valueo0.001) in DLH and UMH relative to other
samples. However, their participation in assimilatory
metabolic pathways is also possible (Keller et al.,
2014). For example, sulfate reduction is performed by
sulfate adenyltransferase, an enzyme also participating
in purine metabolism, selenoamino acid metabolism
and sulfur metabolism. Overall, sulfur cycling
appeared most active in the UMH and DLH sediments.

Osmolyte biosynthesis and ion transporters
Microorganisms in hypersaline environments use
two general strategies for coping with osmotic
stresses: they can regulate concentrations of inor-
ganic ions such as KCl (‘salt-in’ approach) or they
can produce and accumulate low-molecular-weight
organic compounds that protect enzymes and macro-
molecular structures (‘salt-out’ approach) (Grant,
2004; Stan-Lotter and Fendrihan, 2013). Expression
of genes associated with osmotic stress was higher in
all halocline sediment samples relative to the control
(Figure 3). Expression of putative osmotic protec-
tants and ion transporters in LLH was low, consistent
with overall low recovery of transcripts from that
sample. The highest expression of putative osmo-
lytes, transporters and other putative genes involved
in osmotic stress responses was in sediments from
athalassohaline Discovery, particularly Nha-type
Na+/H+ antiporters, osmosensitive K+ channel histi-
dine kinase (KdpD sensor kinase proteins are
involved in potassium transport and sensing turgor
pressure), glutamate and glutamine synthetases,
choline-glycine betaine transporters, choline dehy-
drogenase (possibly involved in betaine biosynth-
esis) and pyrroline-5-carboxylate reductase, which
can be involved in proline biosynthesis during
osmotic stress (Perez-Arellano et al., 2010). These
genes were all significantly upregulated in the DLH
(P-valueo0.001) relative to our other samples.
Higher expression of these genes in DLH vs DUH
sediments supports their involvement in adaptation
to hypersalinity, particularly to high MgCl2 concen-
trations. For further discussion, see Supplementary
Document 2.

Heavy metals
During formation of the brines and/or evaporites that
became the sources of DHAB brines, different metal-
containing compounds in seawater precipitated onto
the seafloor according to their solubility, concentrat-
ing different metals at different stages in this process
(Cita, 2006 and references therein). Additional
focusing of these deposits can occur by subsurface
brine flows (for example, discussed in Warren,
2000). Unfortunately, little is currently known about
heavy metal concentrations in brines and sediments
of most DHABs; however, the few existing studies
(primarily of Bannock Basin) indicate that DHABs
may be trace metal-rich. Van der Sloot et al. (1990)
reported extremely high concentrations of cobalt
(0.015%), copper (1.35%) and Zn (0.28%) in
suspended matter collected at the seawater/brine
interface of Tyro and Bannock basins (E. Mediterra-
nean). In anoxic waters such as DHAB brines,
concentrations of some dissolved metals may be
low owing to the formation of sulfide precipitates
and/or adsorption to sediment particles (Saager
et al., 1992; Schuf et al., 1995). The composition
and concentration of heavy metals such as cadmium,
mercury, lead, arsenic, cobalt and copper are known
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to shape the structure and composition of microbial
communities because of their toxicity (for example,
Oliveira and Pampulha, 2006; Ravikumar et al.,
2007). They can bind to vital cellular structural
proteins, enzymes and nucleic acids, interfering with
their function (for example, Srivastava and Goyal,
2010; Olaniran et al., 2013). Heavy metal-tolerant
halophiles are known (Nieto et al., 1989; Oren, 2006;
Sowmya et al., 2014), hence it is not surprising we
find expression of genes associated with metal
detoxification in our DHAB metatranscriptomes.

Transcripts associated with mercury (Hg) detox-
ification (Figure 4a) were not detected in the DUH,
LLH or UC samples, but were expressed in the DLH
and UMH samples, suggesting that Urania and
Discovery lower haloclines may be relatively
enriched in mercury. Expression of organomercurial
lyase and mercuric resistance operon genes was
detected in DLH. In UMH, we detected the expres-
sion of mercuric ion reductase (merA), a mercuric
resistance operon co-regulator, a mercuric transport
protein (merT) and transcriptional regulators (MerR)

Figure 4 Relative expression (presented as RPKM values) of genes associated with processing (a) mercury and (b) arsenic in the Urania
Control (UC), Urania Middle Halocline (UMH), Discovery Upper Halocline (DUH), Discovery Lower Halocline (DLH) and L’Atalante
Lower Halocline (LLH) sediment samples. Numbers following legend label refer to total salinity (PSU), oxygen (μM), and Mg2+ (mM) and
Na+ (mM) concentrations in sediments as explained in Table 1. Unk=not measured.

Figure 3 Relative expression (presented as RPKM values) of genes associated with osmotic stress in the Urania Control (UC), Urania
Middle Halocline (UMH), Discovery Upper Halocline (DUH), Discovery Lower Halocline (DLH) and L’Atalante Lower Halocline (LLH)
sediment samples. Numbers following legend label refer to total salinity (PSU), oxygen (μM), and Mg2+ (mM) and Na+ (mM) concentrations
in sediments as explained in Table 1. Unk=not measured.
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that are known to be involved in responses to
environmental stimuli including recognition of
heavy metals (Brown et al., 2003).

Transcripts associated with arsenic detoxification
appear to be more highly expressed (Figure 4b) than
for mercury detoxification, particularly in the DLH
sample, suggesting that Discovery brine may be rich
in both mercury and arsenic. Significantly higher
expression (Po0.001) of the gene for arsenical
resistance protein (ACR3) was observed in DLH
relative to other samples. Microorganisms in anoxic
sediments are known to be capable of respiring
through the coupled reduction of iron or sulfur and
toxic metals such as arsenic (Reyes et al., 2008), and
to use chaperone proteins to counter heavy metal-
induced protein aggregation (Tamas et al., 2014).
We found evidence for expression of genes that may
facilitate the binding and movement of arsenate or
arsenite ions across the cell membrane, and there-
fore, may support the ability of DHAB microorgan-
isms to cope with in situmetal concentrations. These
included the phosphate transport system (Pst) com-
plex (pstA, pstB, pstC) responsible for phosphate-
specific transport, and the glycerol uptake facilitator
(GlpF) aquaglyceroporin protein responsible for
osmoregulation and potentially, movement of
arsenite (Gomes et al., 2009). The phosphate trans-
port system complex genes were significantly upre-
gulated (P-valueo0.001) in the DLH relative to other
samples. The pattern of expression of these genes in
terms of habitat mirrored the expression of As
detoxification genes noted above. For discussion of
transcripts associated with additional heavy metals,
see Supplementary Document 2.

Eukaryotic activities
The extent of diversity of microbial eukaryotes in
extremely hypersaline (over 30%) environments has
been debated (Edgcomb and Bernhard, 2013 and
references therein). Evidence for active eukaryotes in
DHABs came initially from ribosomal DNA- and
RNA-based studies (Alexander et al., 2009; Edgcomb
et al., 2009). Microscopic images of intact and
presumably living (based on intact nuclei) plank-
tonic microbial eukaryotes provides an important
second line of evidence (Edgcomb et al., 2011;
Edgcomb and Bernhard, 2013; Edgcomb and Orsi,
2013; Edgcomb and Pachiadaki, 2014) (Figure 5).
Actin and tubulin transcripts in the Thetis DHAB
upper halocline waters were 44 times as abundant
than in the normal salinity deep water column
(~2200m depth) (Pachiadaki et al., 2014a). Higher
numbers of particular unicellular eukaryotes have
been reported in the upper haloclines relative to
control waters (Edgcomb et al., 2011).

Similar to our discussion of bacterial and archaeal
rRNA transcripts above, we refrain from interpreta-
tion of the relative abundances of eukaryotic rRNA
transcripts, but we compare the composition of the
most abundant rRNA reads (490% of each library)

broadly to the results of Bernhard et al. (2014) who
report on eukaryotic iTAG diversity from the same
core samples. Consistent with Bernhard et al. (2014),
our UC sample was dominated by rRNA signatures of
fungi related to Malasseziomycetes within Basidio-
mycota. In contrast, we also observed abundant
signatures of Ascomycota affiliated with the genera
Penicillium and Aspergillus. In DUH, and consistent
with Bernhard et al. (2014), our library was also
comprised primarily of similar rRNA signatures.
In our DLH sample, the most abundant rRNA
sequences came from the marine protist rhizarian
genus Acantharia, and the fungal genera Penicillium
and Aspergillus. This habitat was not sampled by
Bernhard et al. (2014), so a comparison with that
study cannot be made. Our UMH sample contained
rRNA signatures primarily of the fungal genus
Aspergillus, as well as sequences of Acantharia,
Penicillium and the protist amoebozoan genus
Acanthamoeba, the first three of which were also
detected by Bernhard et al. (2014). The LLH sample
was comprised primarily of sequences affiliated with
the genus Aspergillus, along with various other
ascomycetes and basidiomycetes. The Bernhard
et al. (2014) study found this sample to be dominated
by the Basidiomycota related to Malasseziomycetes.
Overall, these results suggest that the taxonomic
composition of the eukaryotic fraction of our
metatranscriptomes is roughly consistent with pre-
viously published iTAG diversity profiles.

Searching metatranscriptomes for mRNA tran-
scripts that can be unambiguously annotated to
eukaryotes is challenging, even with current binning
approaches, owing to the relative paucity of public
genomic data for marine protists, common evolu-
tionary origins of some genes with prokaryotes and
lateral gene transfer events. We used BLAST (NCBI
RefSeq-NR database 2014-01-18) to sort transcripts
within categories that could be assigned to eukar-
yotes with less ambiguity; including eukaryotic
central metabolism, organelle functions, intra-
organelle trafficking and structural proteins. The
greatest activity identified within these categories
was recorded from UMH sediments, followed by the
DLH, with most transcripts affiliating with Fungi
(Figure 6 and Supplementary Figures 4 and 5).
This is consistent with Bernhard et al. (2014) who
found microscopic and rRNA pyrotag evidence for
protists and fungi in these same core samples, with
most pyrotags affiliating with fungal classes, parti-
cularly Malasseziomycetes, Dothideomycetes and
Microbotryomycetes.

All transcripts within the category of intracellular
transport came from the UMH sample with the
exception of a mitochondrial lysyl-tRNA synthetase
(class II) identified from the DLH sample. The most
abundant transcripts were mitochondrial carrier
proteins and Golgi transport proteins (Figure 6)
affiliated with relatives of the fungal genera Asper-
gillus and Penicillium. Transcripts for other mito-
chondrial proteins were detected in the UMH
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sample, including mitochondrial F1-ATPase assem-
bly proteins, mitochondrial/plastidial beta-ketoacyl-
ACP reductases and CLU1 proteins involved
in mitochondrial morphology and distribution,
mostly affiliating with genes described from various
yeasts (Fields et al., 1998; Venkatesan et al., 2014).
Expression of a clathrin coat-binding protein of
Aspergillus involved in clathrin-mediated endocyto-
sis (Carter et al., 1993) was detected in the UMH
sample, suggesting that saprophytic fungi are active
in UMH. Fungal transcripts for Golgi function were
detected in the same sample, including a Golgi
transport complex, a subunit of the Golgi mannosyl-
transferase complex and membrane Rab GTPase that
contains a filamin domain and a KDEL motif
(Hutagalung and Novick, 2011). Expression of genes
associated with endoplasmic reticulum was detected
in the UMH sample; including membrane-associated
oxidoreductin and the protein EP58 (involved in
disulfide bond formation, Kimata et al., 2000;
Kettner et al., 2004). Other transcripts included the

vacuolar sorting proteins VPS1, VPS36, dynamin
and related proteins, and phosphoproteins involved
in cytoplasm to vacuole targeting and autophagy
(Klionsky et al., 1990). These were affiliated mostly
to sequences of fungal relatives of Aspergillus and
Penicillium and a few protist taxa (Acanthamoeba
and unidentified protists). Stress proteins (heat
shock protein 60 and 90, as well as chaperonin
complex component TCP-1 subunits) putatively
affiliated with eukaryotes were detected in all
halocline sediment samples. Future culture-based
studies of DHAB isolates may be able to shed light on
the role of these proteins.

Expression of several structural proteins of eukar-
yotes was detected in all our sediment samples,
including our control sample (Supplementary
Figure 5). Because of their low amino acid similarity
compared with prokaryotic structural proteins and
unique posttranslational modifications, actin and
tubulin transcripts can be used to detect evidence
for eukaryotic activity. These included expression of

Figure 5 Light micrographs of protists from DHAB haloclines. (a, b) Paired DIC (a) and epifluorescence (b; DAPI labeling) micrographs of
unknown protist from Urania halocline (core 607-608 cE). (c, d) Paired phase contrast (c) and epifluorescence (d; DAPI labeling)
micrographs of ciliate from Urania upper halocline (core 607 c10). (e) DIC image of ciliate from L’Atalante mid-halocline (core 611 c10).
(f) Phase contrast image of ciliate from L’Atalante mid-halocline (core 611 c10). e and f are specimens also illustrated in Bernhard et al.,
2014. a=20 μm, c=10 μm, e=50 μm; f=25 μm.
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α-actinin, a Ca2+-regulatory actin-binding and bund-
ling protein (Sjöblom et al., 2008), and actin-related
proteins in UMH and DLH sediments. The regulatory
protein transcript was annotated to Aspergillus,
codes for a protein that interacts with microtubules
and is in some cases associated with phagocytosis
(Alberts et al., 2002). In our UMH, DUH and DLH
samples, transcripts of arginyltransferase, involved
in tRNA-dependent posttranslational addition of
arginine in the N-terminus of various eukaryotic
substrates including actin (Karakozova et al., 2006),
were detected.

Alpha tubulin transcripts were detected in DUH,
DLH and LLH sediment samples. According to the
‘tubulin code,’ tubulin can undergo unique post-
translational modifications in the carboxy-terminal
tail (Sirajuddin et al., 2014), including tyrosination/
detyrosination, polyglutamination and polyglycyla-
tion processes. Polyglutamination and tyrosination
are performed by tubulin-tyrosin ligase domain
proteins (Janke et al., 2005). Polyglutamination is
required for the stability and motility of cilia/flagella,
and controlling the length of flagella (Kubo et al.,
2015). Expression of predicted and putative tubulin-
tyrosin ligase was detected in our UC, UMH and DLH
samples, and were taxonomically annotated to diverse
fungi as well as a few amoebae, ciliates and flagellates.
Expression of eukaryotic structural proteins was not
significantly upregulated in the lower salinity DUH
sample relative to the DLH sample.

Eukaryotic transcripts associated with central
metabolism were also detected in all samples
except for our control and LLH samples
(Supplementary Figure 4). This is consistent

with more abundant recovery of microbial eukaryote
cells and SSU rRNA signatures in sediments under
DHAB haloclines relative to normal saline deep
Mediterranean Sea sediments (Bernhard et al.,
2014). This is likely made possible by prokaryotic
abundances and activities that are higher in
halocline waters than in control deep-sea waters
above DHABs (for example, Sass et al., 2001;
Pachiadaki et al., 2014b). We interpret the lack of
detection of eukaryotic transcripts associated with
intracellular transport and organelle trafficking in
our UC and LLH sediment samples as indicating
extremely low eukaryotic activities in those sedi-
ments. Sodium concentrations in the LLH may
exceed the tolerance of many eukaryotes. For
details of central metabolism transcripts, see
Supplementary Document 2.

Collectively, these results suggest active eukaryo-
tic populations in sediments underlying the halo-
clines of Discovery and Urania DHABs relative to
control sediments outside the influence of the
haloclines, and that communities are likely domi-
nated by Fungi. The chemistry (high NaCl) of LLH
may present a barrier to all but the most halotolerant
eukaryotes. Recovery of transcripts for only a low
number of genes in the categories discussed suggests
a greater sequencing depth is needed to gain a more
comprehensive indication of DHAB sediment eukar-
yotic metabolic activities.

Microbe–microbe interactions and motility
As discussed by Klein (2015), modern molecular
ecology approaches relying on bulk extraction of

 UC 38,250,410,4674
 UMH 172,0,316,3503
 DUH 70,10-75,unk,unk
 DLH 90,0-0.6,4995,68
 LLH 100,0,410,4674

Figure 6 Relative expression (presented as RPKM values) of genes associated with eukaryotic intracellular transport in the Urania
Control (UC), Urania Middle Halocline (UMH), Discovery Upper Halocline (DUH), Discovery Lower Halocline (DLH) and L’Atalante
Lower Halocline (LLH) sediment samples. Numbers following legend label refer to total salinity (PSU), oxygen (μM), and Mg2+ (mM) and
Na+ (mM) concentrations in sediments as explained in Table 1. Unk=not measured.
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nucleic acids risk capturing not only the molecules
of microorganisms that were active in situ, but the
molecules of inactive and dormant organisms, and
extracellular nucleic acids. By examining mRNA, we
minimize contributions from these confounding
pools. As defined by Pielou (1975), a community is
defined as ‘any assemblage of plants and animals
living together in one place and to a greater or lesser
degree, interacting with one another—in a word, an
ecological community.’ The community of interact-
ing microorganisms is what is relevant to the ecology
of DHAB habitats. We found evidence of transcripts
associated with activities that indirectly imply
cell–cell interactions in these polyextreme habitats.

Cell–cell connections and motility. In the UMH,
DUH and DLH sediments, we detected expression of
genes associated with pili formation, including
Gram-negative pili assembly chaperones, prepilin
peptidases, mannose-sensitive haemagglutinin pilin
proteins, pilin-like competence factors and type IV
pilin (Supplementary Table 3). The genes for pili
assembly chaperones, competence factors and type
IV pilin were significantly upregulated (P-
valueo0.001) in the DLH vs DUH samples. Absence
of these transcripts in the UC and LLH datasets
implies they are either absent or expressed at levels
below detection. While the hair-like pili can be the
attachment site of bacteriophages, some can generate
motile forces, and some can be used for bacterial
conjugation. We also detected the expression of
flagellar proteins, including basal-body
rod proteins, flagellar biosynthesis proteins, hook
proteins, motor rotation proteins, motor switch
proteins, P-ring proteins and flagellin, primarily
in UMH, DUH and DLH sediments. Adhesin
proteins, which are found on bacterial cell surfaces
or appendages, facilitate attachment to other cells
or surfaces and are, therefore, another sign of
interactions between cells and their environment.
In DHAB sediments, adhesins possibly have a role
in colonization of organic and inorganic surfaces.
Adhesion-related transcripts were also primarily
detected in the three DHAB environments where
flagellar- and pili-related transcripts were detected
(Supplementary Table 3).

Cell–cell competition. We found evidence for
active competition between members of the micro-
bial community in the form of toxin and antibiotic
production. Toxin transcripts were almost exclu-
sively detected in UMH, DUH and DLH sediments.
These included transcripts for toxin-antitoxin, HigA
and HigB toxins, K1 killer toxin, zeta toxins, RTX
toxins (produced by Gram-negative bacteria)
and YoeB toxin (Supplementary Table 1), the latter
two of which were significantly upregulated
(P-valueo0.001) in DLH relative to the DUH sample.
Cell–cell competition was even more evident when
looking at transcripts associated with antibiotic and
antimicrobials production (Figure 7). In DUH, DLH

and UMH samples, expression of antibiotic produc-
tion or resistance genes was the greatest, including
tetracycline efflux proteins, and resistance proteins
to polymyxin (produced by Gram-positive bacteria),
fusaric acid (produced by fungal species, such as
Fusarium), and fosmidomycin, methylenomycin and
bleomycin produced by bacteria affiliated to Strep-
tomyces (Mahajan and Balachandran, 2015). In
addition, we detected the expression of genes for
bacteriocins, which bacteria use to inhibit the growth
of closely related strains (Cotter et al., 2013), as well
as bacterial acriflavine resistance proteins and
ethidium bromide-methyl viologen resistance pro-
teins (Bay et al., 2008). All these antibiotic and
antimicrobial production or resistance genes were
significantly upregulated (P-valueo0.001) in the
DLH relative to the DUH sample. Active fungal-
bacterial competition for resources is suggested by
detection of transcripts associated with mechanisms
to resist these antimicrobials in all samples, includ-
ing drug resistance transporters, efflux pumps
and multidrug resistance proteins (Supplementary
Table 1). Transcripts associated with polyketide
synthase and, specifically, mitomycin antibiotics
typically produced by Streptomyces were
detected in all samples except LLH sediments
(Supplementary Table 1). Polyketide synthases are
involved in secondary metabolite synthesis, and are
important sources of common antibiotics (Koehn and
Carter, 2005).

Evidence of phage activity. An active phage popu-
lation implies an active target host population.
Our datasets revealed phage transcripts associated
with glycoproteins typically involved in capsid
formation (Sae-Ueng et al., 2014), including head-
tail pre-connector proteins, bacteriophage glycopro-
teins and glycoprotein baseplate subunit and tail
lysozyme. Interestingly, these glycoprotein tran-
scripts were not detected in the control sample. This
is consistent with a recent study of extracellular
DNA in sediments of two DHABs that indicates
DHABs are hotspots of viral infections, releasing
high amounts of extracellular DNA that may be an
important trophic resource for benthic prokaryotes
(Corinaldesi et al., 2014).

Conclusion

Relative to our control sediment sample collected
outside of Urania Basin and to the LLH sediments,
microbial communities in the UMH, DUH and DLH
sediments appeared more active. This is consistent
with previous halocline water column studies and
the Bernhard et al. (2014) benthos study that showed
DHAB habitats can be microbial hotspots in the deep
ocean. The almost saturated NaCl concentrations of
L’Atalante brine appear to suppress the activities of
most prokaryotic and eukaryotic microorganisms
based on analysis of our LLH sample. Eukaryotic
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transcripts, particularly under Urania and Discovery
haloclines appear to be predominantly, but not
exclusively, fungal. In Urania and Discovery DHAB
samples, we found evidence of active nitrogen and
sulfur cycling, trace metal detoxification, cell moti-
lity and numerous forms of cell–cell interactions
(for example, antibiotic and antimicrobial produc-
tion and defense as well as cell-to-cell connections).
Diverse transcripts associated with production of
potential osmolytes were expressed in greater num-
bers in samples from DLH than DUH, strong
evidence for their role in adaptation to the athalas-
sohaline Discovery DHAB.
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