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Bathyal aphotic ocean represents the largest biotope on our planet,which sustains highly diverse but low-density
microbial communities, with yet untapped genomic attributes, potentially useful for discovery of new biomole-
cules, industrial enzymes and pathways. In the last two decades, culture-independent approaches of high-
throughput sequencinghave providednew insights into structure and function ofmarine bakterioplankton, lead-
ing to unprecedented opportunities to accurately characterizemicrobial communities and their interactionswith
the environments. In the present review we focused on the analysis of relatively few deep-sea OMICS studies,
completed thus far, to find the specific genomic patterns determining the lifeway and adaptation mechanisms
of prokaryotes thriving in the dark deep ocean below the depth of 1000 m. Phylogenomic and omic studies pro-
vided clear evidence that the bathyal microbial communities are distinct from the epipelagic counterparts and,
along with generally larger genomes, possess their own habitat-specific genomic attributes. The high abundance
in the deep ocean OMICS of the systems for environmental sensing, signal transduction andmetabolic versatility
as compared to the epipelagic counterparts is thought to enable the deep-sea bacterioplankton to rapidly adapt
to changing environmental conditions associated with resource scarcity and high diversity of energy and carbon
substrates in the bathyal biotopes. Together with a versatile heterotrophy, mixotrophy and anaplerosis are
thought to enable the deep-sea bacterioplankton to cope with these environmental conditions.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The oceans cover more than 70% of the Earth' surface and have
an average depth of 3800 m and pressure of 38 MPa. As generally ac-
cepted, the life forms thriving under pressures higher than 10 MPa
39 090 609007.
kimov).
(corresponding to oceanicwater below1000m) are collectively defined
as deep ocean biosphere (Jannasch andTaylor, 1984). Because of thedif-
ficulty to access the high-pressure biotopes compared to superficial
extreme environments, much less is known about the indigenous
deep-sea microbial communities and their physiological adaptation
mechanisms to withstand the high hydrostatic pressure. Considering
that deep ocean and other high-pressurized biotopes identified thus
far are the most voluminous in nature, the deep biosphere could there-
fore represent a largely “unseen and untappedmajority” of life on Earth,
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perhaps constituting up to 30% of the total living biomass on our Planet,
or even more (Whitman et al., 1998).

Layers bathy (1000–4000 m depth), abyssopelagic (4000–6000 m
depth) and hadal environments (N6000 m depth), form a physically
uniform entity characterized by slightly elevated amount of inorganic
nitrogen, absence of solar radiation, high hydrostatic pressure (up to
110 MPa), extreme oligotrophy and low temperature (2–3 °C), except
for the warm Mediterranean, Red, and Sulu Seas (Bartlett, 1992;
Tamburini et al., 2013). The food web was supposed to be exclusively
dependent on the flux of sinking particulate organic carbon (POC) and
semi-labile dissolved organic carbon (DOC) produced by phytoplankton
and other epipelagic heterotrophic organisms (Reinthaler et al., 2005;
Hansell et al., 2009). Such environmental setting of the deep ocean
sustained a highly diverse but low-density microbial community of
predominantly heterotrophic lifeway (Fuhrman et al., 1992; Witte
et al., 2003; Sogin et al., 2006). However, earlier studies have shown
the unique features of deep-sea organic carbon (Aluwihare et al.,
2002). Besides the POC and DOC fluxes mentioned above, two new ad-
ditional sources of deep-sea Corg were identified. The first one is related
to the discovery of buoyant detrital POC possessing the highly nutritive
values, whereas the second one is related with de novo synthesis
of deep-sea Corg driven by new groups of ammonia-oxidizing
chemolithoautotrophic and bicarbonate-assimilating heterotrophic
prokaryotes (Karner et al., 2001; Francis et al., 2005; Konneke et al.,
2005; Alonso-Sáez et al., 2010; La Cono et al., 2010; Reinthaler et al.,
2010; Yakimov et al., 2011; Buckles et al., 2013).

Our current knowledge about the life at high hydrostatic pressure is
derived from studies of deep-sea microorganisms that possess adapta-
tions for growth at pressures roughly in the 10–130 MPa range
(Bartlett, 2002; Lauro and Bartlett, 2008; Oger and Jebbar, 2010). Unfor-
tunately, despite significant progress in development of new isolation
and cultivation approaches (Rappé et al., 2002; Zengler et al., 2002;
Stingl et al., 2007; Woyke et al., 2009), more than 99% of marine pro-
karyotes still resist cultivation (Fuhrman et al., 1992; Rappé and
Giovannoni, 2003). In ecologically cohesive microbial populations it
relates mostly to occurrence of established network and tight inter-
individual interactions, rather than incomprehension of growth and en-
ergy source requirements (Overbeek et al., 2005; Woyke et al., 2006;
McInerney et al., 2009; Knittel and Boetius, 2009; Klatt et al., 2011).
Thus, bearing in mind that at least 6.5 × 1028 cells are thriving in the
deep biosphere (Whitman et al., 1998), this microbial realm represents
the largest untapped resource of organismswith yet unknown potential
for useful biomolecules and industrial enzymes (Simon and Daniel,
2011).

To get an access to this untouched resource and to avoid the afore-
mentioned cultivation limitations, direct sequencing of environmental
(metagenomic) DNA has been proposed for assessment of taxonomic
composition and functional characterization of complex microbial com-
munities (von Mering et al., 2007). First used by Handelsman et al.
(1998), the term “metagenomic” literallymeans the study of geneticma-
terials, mainly DNA, directly derived from a microbial community with-
out culturing, whereas metatranscriptomics and metatraproteomics
refer to analysis of either environmental pool of gene transcripts or pro-
teins obtained fromnaturalmicrobial assemblages, respectively (Wilmes
and Bond, 2004; Shi et al., 2011). Since 2004,when a landmarkworkwas
published describing the application of whole metagenome shotgun se-
quencing to study the microbial populations in the Sargasso Sea (Venter
et al., 2004), an ever-increasing number of marine OMICS papers were
published (Fig. 1). Currently, the combination of the complementary
OMICS approaches has been considered being the most efficient meth-
odological tool for understanding of the functioning of complexmicrobi-
al communities (Tringe et al., 2005; DeLong et al., 2006; Biddle et al.,
2008; Simon and Daniel, 2011; Meersman et al., 2013; Picard and
Daniel, 2013).

In the present review we focused on comparative analysis of the rel-
atively few deep-sea OMICS-based studies, completed thus far (Fig. 1) to
elucidate specific genomic attributes determining the lifeway and adap-
tation mechanisms of prokaryotes thriving in the pelagic portion of the
deep, dark biosphere. Peculiar biodiversity hotspots in the deep sea,
such as whale falls, hydrothermal vents, cold seeps and deep hypersaline
anoxic basins were not considered. Discussed accomplishments came
from the analysis of common bathy-, abysso- and hadopelagic environ-
ments performed inNorth Pacific Ocean (ALOHA stationHawaii Subtrop-
ical Gyre, 2000mand4000mdepth) (DeLong et al., 2006; Konstantinidis
et al., 2009; Wu et al., 2013), Central Atlantic Ocean (Puerto Rico Trench,
6000mdepth) (Eloe et al., 2011a), and EasternMediterranean (Marmara
Sea, 1000 m depth; KM3 station 3010 m depth; Matapan–Vavilov Deep
canyon, 4908 m depth) (Martín-Cuadrado et al., 2007; Quaiser et al.,
2011; Smedile et al., 2013).

2. Results and discussion

2.1. Overview of metagenomic resources

As we discussed above, the culture-independent approaches have
provided new insights into the structure and function of complex
microbial communities. The exponentially decreasing costs of data pro-
duction in high-throughput new generation sequencing (NGS) resulted
in broadly available tools for microbial genomic and transcriptional sur-
veys. Here we briefly review the technological and computational
OMICS-based tools, approaches, analysis methods and public data that
are already available to comprehensively and accurately characterize
microbial communities and their interactions with environments. Be-
fore the advent of NGS, metagenomic shotgun sequencing was imple-
mented with the classical Sanger technology, characterized by longer
read length and low error rate, but quite expensive (high cost per bp)
and complex to manage (operator needs to manipulate one sequence
a time). This complexity has been overcome with the introduction on
the market of 454/Roche and, subsequently, Illumina/Solexa platforms
(Mardis, 2008; Metzker, 2009). Both can produce many sequences per
run (actually over 500 Mb for 454 and dozens of Gb for Illumina), ade-
quate for ametagenomic analysis. Several new sequencing technologies
have been developed in recent years (we mention: SOLiD, PacBio,
Helicos, Ion Torrent, and, for completeness, to Oxford Nanopore, Halcy-
on, Polonator, IBM DNA Transistor, ZS Genetics, US Genomics, Complete
Genomics), but Illumina is actually the most popular, probably because
of its relatively low costs per bp of reads, in particular for recent Illumina
MiSeq models, compared to other platforms (Kalorama Information
report, 2013; Barba et al., 2014).

In order to perform a correct metagenomic analysis, once output
data from NGS platform are provided, the first step is how to treat
these raw sequences. Bioinformatics helps to solve this problemmainly
in two ways: by online analysis tools (via web servers), as MG-RAST
(Meyer et al., 2008), IMG/M (Markowitz et al., 2012, 2014), CAMERA
(Sun et al., 2011), and APIS (Badger et al., 2006); by offline analysis
tools, generally creating a collection of software programs linked by
script languages to form a pipeline. A typical metagenomic analysis
pipeline can be divided into the following functional blocks: an initial
part, often called “quality check & filtering,” where raw sequences are
trimmed (or removed) from various contaminants, vectors, ambiguous,
unknown or low quality reads. Once this process has completed, a chi-
mera check is applied to remaining sequences. Chimeras are artificial
recombinants between two or more parental sequences that are nor-
mally formed when prematurely terminated fragments re-anneal to
other template DNA during PCR amplification (Bradley and Hillis,
1997). However, detecting chimeras is still challenging, because NGS
platforms generate shorter reads of sequences, making them hard to
differentiate the source of parents with insufficient taxonomic informa-
tion (Kim et al., 2013). After this first common part is completed, the
analysis continues in different ways depending on the type of analysis
sought (taxonomic or functional). In the first case, sequences are passed
to a taxonomic binning tool, by composition-based classification or by



Fig. 1.Overview(timeline vs. depth) of appearance ofmarinemetaomic articles since the pioneeredwork of Venter et al. (2004),made on Sargasso Seametagenome.Metagenomic articles
are in yellow,metatranscriptomic ones are in green, the articles containing the contemporary performedmetagenomic andmetatranscriptomic analyses are in orange. Figure inspired by
Fig. 1 in the review of Hugenholtz and Tyson (2008).
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similarity-based classification. The former includes tools as PhyloPythia
(McHardy et al., 2007), and Naive Bayes Classification (Rosen et al.,
2011). The latter is principally a BLAST-based classification, and includes
tools asMEGAN (Huson et al., 2011),which allows rRNAor protein clas-
sification, depending on the database used for analysis: RDP (Cole et al.,
2014), Greengenes (DeSantis et al., 2006), or Silva (Quast et al., 2013)
for ribosomal RNA; NCBI nr, Pfam (Punta et al., 2012), or SEED
(Overbeek et al., 2005) for proteins. In case of functional analysis, se-
quences are first passed to one of the many assembly programs devel-
oped, such as MetaVelvet (Namiki et al., 2012), Newbler (Margulies
et al., 2005), or SOAPdenovo (Luo et al., 2012), then to gene prediction
tools, such as Glimmer-MG (Kelley et al., 2012), or MetaGene
(Noguchi et al., 2006), and finally, to a functional category analysis facil-
itated by specialized block of tools: the Clusters of Orthologous Groups
of proteins (COGs) database (Tatusov et al., 1997), protein family
(Pfam, TIGRFAMs) (Haft et al., 2003), gene ontology (GO) (Ashburner
et al., 2000), and metabolic pathways and subsystems analysis (KEGG)
(Kanehisa and Goto, 2000; Kanehisa et al., 2014).

To compare themetagenomic results obtained fromdifferent studies
and to attain the statistically acceptable analysis, it is necessary to con-
sider several aspects. The strategy of metagenomic libraries construc-
tion, e.g. sequencing of large fosmid inserts vs. random whole genome
sequencing (WGS), is among the most important issues. In first case,
the total DNA is sheared into large fragments, which further are cloned
using suitable vector and sequenced. Due to the large number of clones
obtained, it is possible to perform an initial PCR screening looking for
particular gene(s) (e.g., 16S rRNA gene) or to randomly sequence the
subsamples of pooled clones/fosmids. In WGS analysis, the total DNA
is physically broken into much smaller fragments (depending of NGS
techniques chosen), directly amplified and then sequenced, typically
providing a much larger number of reads, compared to the fosmid se-
quencing approach. Another aspect to consider is related to the param-
eters chosen during various steps of analysis (trimming, annotation,
etc.), because even small deviations in the values could remarkably
change the results of whole analysis. Additionally, the choice toward
one or another procedure usually depends on main expectations of ob-
tained outcomes. For example, to overcome the problems associated
with miss-assembly, the fosmid sequencing should be used while
looking at complex and large multi-domain enzymes (multi-subunit
proteins encoded by long operons, polyketide and non-ribosomal pep-
tide synthases, etc.),whereas theWGS should be a preferable procedure
to have an overview on the structure and function of complex and high-
ly diverse microbial communities. It should be also noted that, both
mentioned techniques have their own limitations. For example, the
assembly-facilitated fosmid sequencing approach demonstrated clone
library-derived biases compared to direct 454 pyrosequencing of the
same environmental (Ghai et al., 2010). Taking into account all these
circumstances related to comparative analysis of differentially-
produced metadata, many authors and program-developers have
suggested the re-elaboration of raw data by using the same programs,
filters and parameters (Meyer et al., 2008; Quaiser et al., 2011;
Smedile et al., 2013).

2.2. Phylogenomic analysis of prokaryotic communities in the bathyal
ocean

Aswementioned above, recent breakthrough inNGS technology has
significantly improved and promoted studies on microbial biodiversity.
Noteworthy, the taxonomic diversity profiling of 16S rRNA genes found
in deep-sea metagenomes was in general comparable with those ob-
tained via conventional 16S rRNA gene-based clone library approach,
notwithstanding biases that could characterized amplicon approach
(DeLong et al., 2006).

As generally accepted, the PCR-based phylogenetic biodiversity
studies can be affected by different sources of errors and lead to a differ-
ent yield of amplification of the original amplicons: primers misalign-
ment, different secondary structure of region to be amplified, initial
dis-equilibrated proportions of target amplicons, etc. (Sogin et al.,
2006). Moreover, many prokaryotic groups hold multiple and, at
times, heterologous 16S gene copies in the genome. We were aware,
that these factors could influence the interpretation of the analysis
and lead to an overestimation of abundant species at the expense of
rare species, greatly complicating results interpretation. As the main
trend detected, members of the Domain Bacteria tend to dominate the
deep-sea microbial metagenomes at the expenses of Archaea (N70% of
the total 16 rRNA genes) (Konstantinidis et al., 2009; Eloe et al.,
2011a; Smedile et al., 2013). This finding corroborated with taxonomic
binning of whole metatranscriptomic data indicating that Bacteria are
absolutely predominant in the prokaryotic communities in the deep-
sea water samples (Wu et al., 2013), whereas Archaea were typically
found at higher levels in either photic layer or superficial marine sedi-
ments rather than in deep pelagic compartments (Quaiser et al., 2011;
Schippers et al., 2012).

By adopting the massively 16S rRNA gene parallel tag sequencing
data and available bathyal metagenomes, the phylogenetic analysis
of the deep-sea microbial communities generally indicated the
overwhelming dominance of reads, related to the Gamma and
Alphaproteobacteria classes (≥40% of the total SSU and LSU ribosomal
genes), although some differences were found between their distribu-
tions with depth in geographically distinct sites. Namely, the
Alphaproteobacteria members were highly abundant in deep-sea sam-
ples collected at ALOHA station (4000 m depth, North Pacific Gyre,
[Delong et al., 2006]) and in fosmid terminal sequence analysis-
deduced biodiversity at KM3 station (3,000 m depth, the Eastern Med-
iterranean Sea, [Martín-Cuadrado et al., 2007]), whereas the predomi-
nance of the Gammaproteobacteria over the Alphaproteobacteria was
observed in deep water masses of the North Atlantic (4100 m depth,
[Sogin et al., 2006; Wu et al., 2013]), the Greenland Sea and the Ionian



4 F. Smedile et al. / Marine Genomics 17 (2014) 1–8
Sea (2000 m and 3000 m depth, respectively [Zaballos et al., 2006]).
The 16S rRNA fragments, recruited from the abyssal water masses
(4908 m depth) at the Matapan–Vavilov Deep station (the Eastern
Mediterranean Sea), were placed almost exclusively within the
Gammaproteobacteria (Smedile et al., 2013). Observed discrepancy
may be explained either by the different environmental settings of the
sampling sites or by the technical distinctions in the sampling and sam-
ple processing. In particular, it might be referred to the sample pre-
filtration, which was applied in some studies to avoid the interference
by DNA from eukaryotic organisms, and which at the same time could
eliminate significant amount of POC and, as a consequence, the
Gammaproteobacteria, which are in perceptible amounts described as
marine particle-associated organisms (DeLong et al., 1993; Lauro and
Bartlett, 2008).

As for the other eubacterial taxa, members of the phyla
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Deferribacteres,
and Planctomycetes generally constituted the remaining groups of
deep-sea bacterioplankton. Actinobacteria and Firmicutes increased
their representation in the deep-sea prokaryotic community compared
to surfacewater, probably due to the adaptive advantage of these organ-
isms to thrive under extreme oligotrophic conditions typically reigning
in the deep ocean (Gärtner et al., 2011; Wu et al., 2013). Together, an-
aerobic members of Bacteroidia, Deferribacteres and Planctomycetes,
generally absent in oxygenated superficial seawater, made up a signifi-
cant portion of deep-sea bacterioplankton. This is consistentwith previ-
ous statement that the preferable lifeway of deep-sea bacterioplankton
is likely associated with large marine snow particles that may contain
anoxic microniches (Karl et al., 1984; Shanks and Reeder, 1993;
Stocker et al., 2008; Swan et al., 2011). However, this finding does not
neglect the role of other factors, such as generally low bioavailability
of oxygen andmalfunction of membrane-based aerobic cytochrome re-
spiratory system under extremely high hydrostatic pressure of the deep
sea (Bartlett, 2002; Lauro et al., 2004). Hence, the presence of anaerobic
organisms in oxygenated deep-sea water is likely the result of a combi-
nation of factors (Wu et al., 2013; Villanueva et al., 2014).

Conspicuous numbers of taxonomically significant reads related to
the phylum Cyanobacteria, generally dominating the superficial photic
layer, was detected in dark deep-sea metagenomes. Simultaneous
metagenomic and metatranscriptomic analysis, performed with
bakterioplankton of meso- and bathypelagic realms of North Pacific
Ocean, demonstrated the occurrence of ribosome-containing photosyn-
thetic bacteria belonging to the genera Cyanobium, Cyanothece,
Synechococcus, Anabaena, Cylindrospermopsis, Nodularia, Nostoc,
Arthrospira, Lyngbya, Microcoleus and Oscillatoria (Wu et al., 2013). Al-
though metatranscriptomic analysis revealed that only few of them
were metabolically active in the deep (Wu et al., 2013). Due to the
fact, that cell aggregation phenomenon is frequently observed in
many Cyanobacteria species (Koblížek et al., 2001), metabolically active
Cyanobacteria could be dragged down by marine particles (Amacher
et al., 2013), although further study is necessary to provide more infor-
mation about the presence ofmetabolically activeCyanobacteria in dark,
deep-sea environments (Wu et al., 2013).

As we mentioned above, bacteria are absolutely predominant
(N70%) over archaea in all available deep-sea OMICS datasets. Given
that unlike eubacteria, the marine archaeal cells harbor in their ge-
nomes only one 16S rRNA gene copy in average, the reduced number
of organisms taken together with the overabundance of 16S rRNA
genes of bacterial origin, may explain the low number of archaeal 16S
rRNA gene in the deep-sea metagenomes (Konstantinidis et al., 2009;
Eloe et al., 2011a; Smedile et al., 2013). Noteworthy, this trend seems
more evident in the abyssal and hadal samples, where only 1.5% of ar-
chaeal ribosomal genes were found in Puerto Rico Trench at 6000 m
depth (Eloe et al., 2011a) and none of archaeal 16S rRNA signatures
were detected in Matapan–Vavilov Deep abyssal metagenome (4908
m depth, Smedile et al., 2013). Based on taxonomic binning, whole ge-
nomic content of these two deepmost metagenomes, the archaeal
fraction was mainly represented by members of the Euryarchaeota
(Halobacteria, Methanomicrobia and Thermococci), rather than by
Thaumarchaeota phylotypes. Recent studies on meso- and bathypelagic
Atlantic metagenomes suggested that archaeal abundances were corre-
latedwith the particularwatermasses and that in the deepNorth Atlan-
tic the Thaumarchaeota display a latitudinal decline in abundances
toward the equator (Varela et al., 2008; Galand et al., 2009a, 2009b).
At a first sight, these findings are opposed to the previous surveys, ob-
tained via conventional 16S rRNA gene-based clone library approach.
Majority of these reports, dealing with shallower compartments
(b4000 m depth), have demonstrated the absolute dominance of the
Thaumarchaeota over the Euryarchaeota (La Cono et al., 2009; Eloe
et al., 2011a;). Moreover, compared with the superficial photic layer of
water column, the members of Marine Group I of the Thaumarchaeota
in the dark ocean were typically increasing in abundance with depth
(Karner et al., 2001; Herndl et al., 2005; Wuchter et al., 2006). Same
trend was reported in the PCR-derived 16S rRNA diversity studies per-
formed in the meso- and bathypleagic Mediterranean Sea (La Cono
et al., 2009, 2010; Martín-Cuadrado et al., 2009; Eloe et al., 2011b;
Yakimov et al., 2011). These reports indicated an almost exclusively
prevalence of Group I Marine Thaumarchaeota in pelagic archaeal com-
munities inhabiting aphotic water column to a depth of 3500 m. Given
the differences observed between these results, it is clear that neither
metagenome-based, nor PCR-derived 16S rRNA-based analysis is suffi-
cient to fully characterize deep-sea archaeal communities and to gain
the information on their in situ metabolic activities. For this aim, con-
temporaneous more comprehensive OMICS approaches, including
metatranscriptomics and metaproteomics, must be applied (Wu et al.,
2013).

2.3. Habitat-specific genomic attributes of bathyal microbial communities

Since the relatively fewOMICS studies have been carried out so far in
deep pelagic ocean below 1000 m depth, we do not possess a sufficient
knowledge for proper understanding of the selective pressures and
metabolic pathways prevailing there as yet. It is well known, that
more than a half of all deduced protein sequences in the deep-sea
metagenomes were annotated as hypothetical or conserved hypotheti-
cal proteins (Xu and Ma, 2007; Lauro and Bartlett, 2008; Wang et al.,
2008; Konstantinidis et al., 2009; Ferrer et al., 2012). Nevertheless, the
comparative analyses of epi- and bathypelagic metagenomes revealed
striking similarity in general outcomes, suggesting that, regardless to
geographic location of the studied sites, the differences between the
dark deep-sea and photic epipelagic biotopes are consistent and reflect
the distinct lifestyle of organisms living there (Konstantinidis et al.,
2009). So far as the deep ocean microbial communities are distinct
from those thriving in epipelagic water column, their genomic attri-
butes should be also biotope-specific (Eloe et al., 2011a; Colwell and
D'Hondt, 2013; Meersman et al., 2013). As a generic finding observed
in bathyal genomic data, many deep-seamicroorganisms, having a sim-
ilarmetabolism to their surface counterparts, generally possessed larger
coding regions among clade orthologs, larger intergenic regions and
larger estimated average genome size (Konstantinidis et al., 2009;
Meersman et al., 2013; Thrash et al., 2014). Using the method for ge-
nome size estimation (Raes et al., 2007), Konstantinidis et al. (2009)
predicted a substantial increase of 1.35 ± 0.25-fold in genome size in
bathy- versus epipelagic, shallow-water-based microbial genomes.
Analysis of deep-sea genomic attributes highlighted remarkably higher
proportions of genetic loci for regulatory and signal transduction, tran-
scriptional regulation, diverse transport and metabolic pathways, and
mobile and transposable elements.

Analyses of deepmost abyssal and hadal metagenomes led to very
similar observations, i.e. a high abundance of genes for functional cate-
gories of environmental sensing, signal transduction, transcription,
transport and use various carbon sources including recalcitrant organic
compound and biopolymers (Eloe et al., 2011a; Smedile et al., 2013).



5F. Smedile et al. / Marine Genomics 17 (2014) 1–8
More specifically, the COGs overrepresented in deepmostmetagenomes
fell within the category T (signal transduction mechanisms): FOG: PAS/
PAC domain proteins (COG2202), FOG: CheY-like receiver protein
(COG0784), signal transduction histidine kinases (COG0642), and
FOG: GGDEF, EAL, and GAF domain proteins (COG2199, COG5001,
COG2200, and COG2203). The PAS/PAC domain-containing proteins
may serve as examples of the expanded signal transduction capabilities.
They are located in the cytosol and functioned as internal sensors of
redox potential and oxygen availability (Taylor and Zhulin, 1999). The
genes encoding histidine kinase are important for chemotaxis and quo-
rum sensing (Wolanin et al., 2002). The category K (transcription and
transcriptional regulation) is also overrepresented in very deep
metagenomes. Example of this category is an increased occurrence of
the DNA-directed RNA polymerase specialized sigma subunit 24. As it
was shown for the moderate piezophile Photobacterium profundum
SS9 andpiezotolerant Shewanella piezotoleransWP3, this enzyme serves
as an alternative RNA polymerase sigma factor, which plays a significant
role in outer membrane protein synthesis, heavy metal resistance
and growth at low-temperature and high pressure (Chi and Bartlett,
1995; Vezzi et al., 2005). These trends are in agreement with the state-
ment that an adaptation to increased pressure implies a remarkable
ability to control the transcriptional or post-transcriptional activity
(Konstantinidis et al., 2009). DNA repair capacity and cell wall/
membrane/envelope biogenesis (Heusipp et al., 2007; Shi et al., 2012)
seem to be two other characteristics required for survival in the deep
ocean, likely due to the elevated requirements under high pressure for
cell wall maintenance and DNA integrity (Nakai et al., 2011; Wu et al.,
2013). The subsequent system includes genes or gene clusters encoding
for nutrient acquisition, energy production and polyunsaturated fatty
acid (PUFA) synthesis (Eloe et al., 2008; Campanaro et al., 2008; Wang
et al., 2008). Due to energetic constraints occurring in the oligotrophic
and generally iron-depleted deep ocean, the deep-sea bacterioplankton
apparently prefer to own the sophisticated iron acquisition systems,
rather than the energetically expensive de novo siderophore biosynthesis
systems (Cordero et al., 2012). In fact, a comparison of epipelagic and
deep-sea metagenomes showed an emergence at higher depths of
Fe3+-siderophores transport/acquisition systems (COG1120) at the ex-
penses of siderophore synthases (Smedile et al., 2013; Li et al., 2014).

Along with the consideration of the over-represented genes, at least
two categories of genes should be discussed due to their dramatic
under-representation in the deep-sea (meta)genomes. We mean the
genes associated with light-driven processes and with repair of light-
induced damages, including photosynthesis, rhodopsin photoproteins,
DNA photolyase and catalase genes. All of themwere found inmembers
of epipelagic bacterioplankton and largely absent from dark deep-
oceanic environments (Swan et al., 2011; Meersman et al., 2013; Luo
et al., 2014).

2.4. Particle-associated lifestyle and oxygen availability in the dark ocean

The cultivation of deep-sea bacteria (moderate piezophile
P. profundum SS9 and piezotolerant S. piezotolerans WP3) under high
hydrostatic pressure significantly increased the expression of genes in-
volved in chemotaxis and flagellar motility systems, which are consid-
ered as a manifestation of bacterial adaptation to the deep-sea
extreme oligotrophy (Eloe et al., 2008; Wang et al., 2008; Campanaro
et al., 2005). The ability to perceive the trails left by the POC and the
power to swim actively toward this nutrient-richmarine snow particles
should be an attractive way to overcome both organic and nutrient
poorness of deep pelagic water masses (Azam and Long, 2001;
Kiørboe and Jackson, 2001). Thus, the POC-associated lifestyle seems a
preferable behavior for the deep ocean bacterioplankton to maintain a
reasonable metabolic activity under these extreme conditions (Eloe
et al., 2011a; Meersman et al., 2013; Smedile et al., 2013). This state-
ment could explain the high quantity of subsystems and categories in-
volved in heavy metal resistance and detoxification, such as mercuric
reductase, Co/Zn/Cd efflux system components typical for deep-sea ge-
nomes and metagenomes. The elevated presence of mercury resistance
genes in the genome of bathypelagic isolate Alteromonas macleodii
AltDE, as opposed to its shallow counterpart, ecotype ATCC 27126, is
thought to help the bacterium to withstand high concentration of
heavy metals and trace elements, generally adsorbed on the surface of
marine particles (Ivars-Martinez et al., 2008; Smedile et al., 2013). Ac-
cordingly to the nature of marine particles and to the POC-associated
lifestyle, the deep-sea metagenomes are generally enriched in genes
encoding diverse sets of enzymes involved in degradation of biopoly-
mers and recalcitrant compounds (Eloe et al., 2011a; Meersman et al.,
2013; Smedile et al., 2013). Enzymes such as alpha(beta)-glucosidases,
leucine aminopeptidases, arylsulfatases, alkaline phosphatases general-
ly required to initiate the re-mineralization of various high molecular
weight organic compounds like glycoproteins, hetero- and lipopolysac-
charides that are principal components of POM(Arnosti, 2002; Aristegui
et al., 2009). Recently it was demonstrated that both oxygen-depleted
and anaerobic microniches could be found within large organic marine
particle aggregates (Ivars-Martinez et al., 2008) and that active sulphur
cycle, involving sulfate reduction and sulphide oxidation, could occur
even in well-oxygenated dark water columns (Swan et al., 2011).
Taking into consideration also the fact, that compared to atmospheric
pressure, some redox reactions (e.g., nitrate and nitrite reduction)
yield more energy under low-temperature/high-pressure conditions
(Fang et al., 2010), it is logical to hypothesize that the deep ocean
bacterioplankton may contain an appreciable amount of both
microaerophilic and strict anaerobic organisms. Consistently with this
assumption, the phylogenomic analysis of the deep-sea metagenomic
data, mentioned above, has demonstrated the presence of several taxa
of obligate anaerobes. Moreover, the genomic signatures of metabolic
pathways, such as anaerobic ammonium oxidation, sulfate and nitrate
reduction, autotrophic CO2 fixation, coupled to the oxidation of reduced
sulfur compounds, were detected in this database (Swan et al., 2011;
Smedile et al., 2013; Wu et al., 2013).

2.5. Bicarbonate assimilation in the dark ocean

As it well established, the metabolic activities of microbial popula-
tions rely on resources availability and their variability. Understanding
carbon and nutrient cycling in the deep ocean is central to understand
the functioning of whole ecosystem. In addition to heterotrophicmicro-
bial activity, postulated as predominant metabolism in the dark deep
ocean (Witte et al., 2003), different evidences of chemolithoautotrophy
(e.g., inorganic carbon assimilation) have been identified in deep-sea
metagenomic studies. This process, termed the dark ocean primary pro-
duction, is very significant as de novo synthesis of deep-sea Corg and
may be of the same order of magnitude as the dark ocean's hetero-
trophic production (Reinthaler et al., 2010; Yakimov et al., 2011). The
predominant type of chemolithoautotrophy in the dark ocean is
generally assumed be conducted by ammonia-oxidizing members
of Marine Group I of Thaumarchaeota via 3-hydroxypropionate/4-
hydroxybutyrate cycle (Venter et al., 2004; Herndl et al., 2005; Hallam
et al., 2006a, 2006b; Ingalls et al., 2006; Wuchter et al., 2006; Berg
et al., 2007; Yakimov et al., 2007). However, in some ammonia-
depleted deep-sea regions archaeal nitrification may be insufficient to
support the measured inorganic carbon fixation rates (Herndl et al.,
2005; Reinthaler et al., 2010). Moreover, there are recent evidences of
active bicarbonate assimilation in archaea-impoverished bathyal envi-
ronments (Smedile et al., 2013). Thus, as yet unidentified microbial lin-
eages and energy sourcesmay be responsible for a significant fraction of
carbon fixation in the dark ocean. As we mentioned above, several
phylogenomic studies revealed a slight increase of Planctomycetes in
deep-sea. These organisms are capable of anaerobic ammonium oxida-
tion coupled with assimilation of inorganic carbon, which may be an-
other metabolic pathway supporting primary production in dark
bathyal environment (Kuypers et al., 2005; Wu et al., 2013; Villanueva
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et al., 2014). The analysis of 502 mesopelagic single amplified genomes
demonstrated that certain lineages of indigenous and abundant in the
dark ocean Proteobacteria have the potential for autotrophic fixation of
bicarbonate, fuelled by the oxidation of reduced sulphur compounds
(Swan et al., 2011). Additionally, some of the dark ocean prokaryotes
may be methano- and methylotrophs, using reduced C1-compounds
as energy and carbon sources for growth (Tavormina et al., 2010).

Besides the true autotrophy, recent studies suggested that other
metabolic processes could contribute to the total assimilation of inor-
ganic carbon in the dark ocean (Martín-Cuadrado et al., 2009;
Alonso-Sáez et al., 2010; Swan et al., 2011; Yakimov et al., in press
(accepted)). For example, Cox genes encoding different subunits of
the carbon monoxide dehydrogenase (CoxL/CoxM/CoxS) involved in
aerobic CO oxidationwere detected in remarkable concentration in sev-
eral deep-sea metagenomes all over the world (Martín-Cuadrado et al.,
2007; DeLong and Béjà, 2010; Quaiser et al., 2011; Smedile et al., 2013).
Oxidation of carbon monoxide, initially thought to be exclusive
of carboxydotrophic autotrophs, is now discovered in a plethora of ma-
rine bacteria and is likely involved in the heterotrophic fixation of inor-
ganic carbon as an alternative or supplementary energy source
(Martín-Cuadrado et al., 2007, 2009). Additionally, the heterotrophic
bacteria can contribute to assimilation of CO2 via carboxylation reac-
tions (known as anaplerotic pathways) performed by various carboxyl-
ases (Romanenko, 1964). In some marine ecosystems these anaplerotic
reactions are likely responsible for about 1%–8% of the total heterotro-
phic bacterioplankton biomass production (Alonso-Sáez et al., 2010;
Reinthaler et al., 2010). These previously unrecognized metabolic
types of dark ocean bacterioplankton may play an important role in
global biogeochemical cycles, and their activities may in part reconcile
current discrepancies in the dark ocean's carbon budget.

2.6. Conclusions and future perspectives

Since the first publication on deep-sea marine metagenomics-based
studies, OMICS approaches have strikingly increased our knowledge of
abundance, diversity and gene content of marine microbes promoting
our understanding on the functioning of the dark ocean ecosystems
(Ferrer et al., 2012). In order to unveil veritable metabolic activities
of the microorganisms and to monitor how those activities are
changing in response to environmental forces or biotic interactions,
metatranscriptomics was juxtaposed to metagenomics (Mitra et al.,
2011; Shi et al., 2012). Despite that it was proved to be efficacious in
deciphering of metabolic potential and operative pathways of deep-
sea microbial communities, these OMICS tools can do little against the
insufficient functional characterization and non-validated annotations
of proteins in databases and obviously against the paucity of suitable
reference genomes (Ferrer et al., 2008; Woyke et al., 2009). Recent
breakthrough in metaproteomics techniques (reviewed in this special
issue by Hartmann et al.), applied to marine biotopes and dealt directly
with the pool of environmental proteins, gave amajor boost to the iden-
tification and annotationof novel proteins of unknown functions (Wang
et al., 2014). Thanks to the new NGS techniques, such as Illumina and
single molecule real time sequencing applied for the analyses of pro-
karyotic single amplified genomes, the deficiency of suitable reference
genomes was almost resolved (Woyke et al., 2009; Schadt et al., 2010;
Shin et al., 2013; Thrash et al., 2014). Although not without its own
drawbacks, this approach has expanded our knowledge on physiology
of uncultured deep-sea microbes and became a good alternative to
solve the problems related with elevated costs of large insert libraries
analysis and with WGS assembling of complex microbial communities
(Lasken, 2012; Blainey, 2013; Lloyd et al., 2013). It is worth also to no-
tice the alternative approach to deal with untapped genomic resources
related to construction of (meta)genomic expression libraries and their
further screening for targeted activity. Thus, the application of this ap-
proach could generally help to overcome the relying exclusively on se-
quence homology searches for enzyme detection. Combining of OMICS
techniques together with this approach, is obviously the method of
choice to capture the greatest untapped enzyme diversity present in
the dark ocean, allowing the functional attribution of protein domains
of unknown function, the discovery of new functionalities of known en-
zymes, new sequence classes and sometimes new activities (Ferrer
et al., 2008; Wang et al., 2014).
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