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Abstract The deep ocean is one of the largest and least studied biomes on Earth.
The microbes inhabiting these locales require physiological adaptations to handle the
associated extreme environmental conditions, including high hydrostatic pressure,
low temperatures, and low organic carbon. Few microbes have been successfully
cultured that are capable of growth under in situ high-pressure conditions, especially
at hadal depths, thanks to the relative inaccessibility of these sites, an inability to
collect samples and maintain them under in situ conditions, and difficulties in cul-
turing methodology. However, genome sequencing and high-throughput community
analyses have provided insight into the prokaryotes which inhabit the deep sea and
their lifestyles. This review discusses our current understanding of microbial
adaptation to the deep-ocean through genomic comparisons of deep-ocean adapted
microbial ecotypes and their shallow-water counterparts, including opportunistic
heterotrophic microbes belonging to the Gammaproteobacteria and the fastidious
taxa SAR11 and Thaumarchaea. These comparisons are addressed in the context of
culture-independent metagenomics and community diversity analyses on deep,
oligotrophic pelagic communities. Both culture-dependent and—independent anal-
yses suggest the presence of bathytypes as both isolates and whole communities are
distinct from those found above them. While these studies show many attributes
indicative of deep-ocean genomes, including genes for particle-association,
heavy-metal resistance, the loss of a UV photolyase, and increased abundances of
mobile elements, they also suggest that high-pressure adaptation seems to arise from
the accumulation of many small changes, such as differences in gene expression or
the accumulation of compatible solutes. Genomic analyses on a larger dataset of
samples and piezophilic isolates are necessary to distinguish attributes specific to
deep-sea adaptation.
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2.1 Introduction

With an average depth of 3800 m the deep ocean is one of the largest biomes on
Earth. Microorganisms dominate these deep-sea pelagic and benthic environments
in terms of biomass, metabolic activity and turnover. The deep sea is characterized
by low temperatures, high hydrostatic pressures, no sunlight, and low abundances
and recalcitrant forms of organic carbon. These conditions lead to total microbial
biomass decreases per milliliter of seawater by approximately three orders of
magnitude from epipelagic to abyssal habitats (Nagata et al. 2010). Still, the pelagic
ocean deeper than 200 m and its underlying subseafloor sediment contain
*6.5 × 1028 and 2.9 × 1029 cells respectively, values similar to those in the entire
soil and terrestrial subsurface environments (Whitman et al. 1998; Kallmeyer et al.
2012). Therefore, a large fraction of the total microbes in the biosphere must be
adapted to deep-ocean conditions. Hydrostatic pressure, which increases by 1 MPa
(megapascal) for every 10 m of depth and can reach *110 MPa (16,000 lbs/in2,
1100 atmospheres) in the deepest trenches, is one important selective parameter in
the deep sea. Piezophiles, microorganisms that show optimal growth at hydrostatic
pressures greater than 0.1 MPa (Yayanos 1995), have been successfully isolated
from the deep ocean. They are closely related to shallow-water species but have
adaptations to their in situ physical conditions mediated in part through changes in
cell membrane composition (Allen et al. 1999; Allen and Bartlett 2000; Bartlett
2002), DNA replication and cell division (Yayanos and Pollard 1969; Welch et al.
1993; Ishii et al. 2002, 2004; El-Hajj et al. 2009, 2010) and protein synthesis
(Kawano et al. 2004; Lauro et al. 2007; Lauro and Bartlett 2008). Advances over
the past decade in cultivation-independent genomics have helped provide a more
complete picture of deep-ocean microbial physiology and function by overcoming
the small sample sizes and culturing challenges typically affiliated with the deep
sea. Metagenomics and deep-sequencing community analysis, which shows com-
munity composition and the functional repertoire of a community, and single-cell
genomics, which shows genomic content from one individual cell, can provide
genomic insight into unculturable or rare members of a community. These studies,
along with culture-dependent analyses, have revealed a number of distinct genomic
and physiological features distinct to deep-ocean ecotypes. Here we briefly review
genomic comparisons between cold, oligotrophic, deep-ocean microbial isolates
and communities with their shallow-water counterparts.

2.2 The Culturable Community

To date at least 41 bacterial and 12 archaeal strains showing maximum growth at
elevated hydrostatic pressure have been isolated (Jebbar et al. 2015). Almost all
psychrotolerant or psychrophilic obligate piezophiles are members of the genera
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Shewanella, Colwellia, Moritella, and Psychromonas within the Gammapro-
teobacteria (Jebbar 2015). In general, the psychrophilic piezophiles display a good
correlation between their isolation depth and growth pressure optimum, a fact that
has been used to infer that high pressure has selected for the evolution and dis-
tribution of distinct groups of microorganisms (Yayanos 1986). However, studies
attempting to isolate microbes capable of growth above or below the pressures
corresponding to their collection depth have not yet been reported. Genomes of
some cultured deep-sea piezophiles, including Shewanella benthica KT99 (Lauro
et al. 2013a), Colwellia sp. MT41 (Kyaw et al.; unpublished data), P. profundum
SS9 (Vezzi et al. 2005), Psychromonas sp. CNPT3 (Lauro et al. 2013b), Moritella
sp. PE36, Marinitoga piezophila KA3 (Lucas et al. 2012), Desulfovibrio piezo-
philus (Pradel et al. 2013), Desulfovibrio hydrothermalis AM13 (Ji et al. 2013),
Carnobacterium sp. AT7 (Stratton 2008), Thermococcus barophilus (Vannier et al.
2011), and Pyrococcus yayanosii (Jun et al. 2011) have been sequenced to date.
16S rRNA gene phylogenies show that piezophiles of the same genera are typically
closely related to one another (Lauro et al. 2007; Miyazaki and Nogi 2014;
Urakawa 2014; Satomi and Fujii 2014). Piezophilic clusters have radiated out from
within multiple genera, separately evolving many times. Piezophiles that show
optimum growth at pressures exceeding 40 MPa are either psychrotolerant/
psychrophilic or thermophilic/hyperthermophilic (DeLong et al. 1997; Lauro
et al. 2007). This likely reflects the habitats sampled as much of the deep ocean is
low temperature and hydrothermal vent sites have been intensively sampled. Some
microbes show better, and sometimes optimum, growth at higher pressures when
grown at higher temperatures (Yayanos 1995; Kaneko et al. 2000; Martini et al.
2013). This may be due to elevated pressure compensating for temperature effects
(Yayanos et al. 1983). Future attempts at isolating more mesophilic piezophilic
microbes, such as from the deep marine subsurface, could yield success.

Despite the major role of elevated pressure in structuring the distribution of
piezophilic deep-sea life, many pressure-sensitive microbes have also been obtained
from the deep sea. Analogous to the enrichments for piezophiles, a select group of
heterotrophic taxa are consistently isolated from the deep-sea when incubated at
atmospheric pressure, including the genera Pseudomonas, Pseudoalteromonas,
Halomonas, Marinobacter, and Psychrobacter and the phyla Actinobacteria and
Firmicutes (Takami et al. 1999; Biddle et al. 2005; Batzke et al. 2007; Kaye et al.
2011; Orcutt et al. 2011). These taxa do not seem to be location or depth-specific as
they have been isolated from many different oceanic basins and depths, including
trenches (Yanagibayashi et al. 1999; Takami et al. 1997; Pathom-aree et al. 2006).
While many of these microbes are likely present in low abundance, some
culture-indepent studies also indicate their presence or even dominance (Kato et al.
1997; Li et al. 1999; Xu et al. 2005; Nunoura et al. 2015; Salazar et al. 2015a, b).
Extreme conditions, food scarcity, or an ability to adapt to broad environmental
conditions may select for these microbes and result in their widespread distribution.
While specific strains of Halomonas (Kaye et al. 2011) and Pseudomonas (Tamegai
et al. 1997; Sikorski et al. 2002) may be adapted to the deep sea, the lack of
culturable members of these taxa at high pressure suggests they may originate in
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more shallow waters but survive in a dormant state at depth. Dormancy, a microbial
strategy to minimize energy requirements for long-term survival (Lennon and Jones
2011), can be accomplished in one manner through the formation of spores.
Sporeformers are abundant in subseafloor sediments based on metagenome studies
(Kawai et al. 2015), and this is even more apparent when spore levels are directly
measured using the endospore-specific compound dipicolinic acid (Langerhuus
et al. 2012; Lomstein et al. 2012).

Because so few distinct high pressure-adapted microbes are known and
piezosensitive isolates are commonly obtained it is unclear what fraction of
deep-ocean communities are adapted to high hydrostatic pressure. Measurements of
microbial activity as a function of pressure, measured by comparing activity rates at
both in situ and atmospheric pressure conditions, suggest that activity is dependent
not only on depth but also collection location and sample type, with sediment, water
column, and benthic boundary layer samples showing different levels of piezophily
(Tamburini et al. 2013). These findings are likely due to the mixing of auto-
chthonous communities with microbes attached to sinking particulate organic
matter (POM) as less stratified and benthic boundary layer communities showed
less in situ pressure adaptation than their counterparts. This issue could be
addressed in future work by determining the taxonomic distribution of deep-sea
microbial communities active at in situ pressures versus atmospheric pressure.

2.3 Insights from Deep Ecotypes

Ecotypes, or closely related microbial lineages adapted to specific environmental
conditions, possess genomic adaptations that allow them to exploit different habitats
or ecological roles. For example, different ecotypes of high- and low-light adapted
Prochlorococcus strains show adaptive strategies unique to their respective depths
(Ting et al. 2002; Rocap et al. 2003; Delong and Karl 2005; Martiny et al. 2009).
Hundreds of coexisting subpopulations of Prochlorococcus have been identified,
each with a distinct genomic backbone that provides differential fitness, leading to
changes in relative abundances with varying environmental conditions (Kashtan
et al. 2014). Similar ecotypes have been identified among deep-ocean microbes and
their shallow-water counterparts. Depth-specific ecotypes, termed bathytypes, have
been defined as a population of a species adapted to a certain water column depth
(Lauro and Bartlett 2008). This classification of bathytypes has been expanded to
include not only species but also distinct clades as many putative
deep-ocean-specific microbes are members of groups with poorly defined phylo-
genies. Ubiquitous taxa with important ecological roles, such as the SAR11 clade
(Field et al. 1997; Eloe et al. 2011c; Thrash et al. 2014) and the Thaumarchaea
(Brochier-Armanet et al. 2008; Hu et al. 2011; Luo et al. 2014; Swan et al. 2014)
show deep-specific clades distinct from those at shallower depths. Members of
candidate bacterial phyla have also been suggested to be deep-specific. The
‘Gracilibacteria,’ ‘Microgenomates,’ and ‘Parcubacteria,’ members of the
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“candidate phyla radiation” that show relatively reduced genome size and metabolic
potential (Brown et al. 2015), potentially include piezophiles because of their
identification at depth within the East Pacific Rise (Hedlund et al. 2014). Other
uncultured groups, including SAR406 (Nunoura et al. 2015) and SAR324 (Brown
and Donachie 2007) show depth-dependent distributions and likely have members
that are specifically adapted to the deep-ocean. Here we briefly review the findings
of comparisons between ten sets of sequenced bathytypes.

2.3.1 Bacteria: Alphaproteobacteria: SAR11

The SAR11 clade within the Alphaproteobacteria is one of the most numerically
dominant bacterial lineages in the ocean (Morris et al. 2002). The clade’s success has
been attributed to a number of traits, including minimal cell size, genome stream-
lining (Giovanonni et al. 2005; Grote et al. 2012), and large population sizes to evade
viral attack (Brown and Fuhrman 2005; Zhao et al. 2013). The SAR11 clade has
been separated into subgroups, with some confined to warmer, temperate, or polar
locations while others show a cosmopolitan distribution (Brown and Fuhrman 2005;
Rusch et al. 2007; Brown et al. 2012), and many clades show variable responses to
seasonal changes, suggesting ecological differentiation (Brown and Furhman 2005;
Morris et al. 2005; Carlson et al. 2009; Brown et al. 2012). Deep populations have
also been identified (Field et al. 1997; García-Martínez and Rodríguez-Valera 2000),
including at abyssal and hadal depths (DeLong et al. 2006; Martin-Cuadrado et al.
2007; Konstantindis et al. 2009; Eloe et al. 2011c; Léon-Zayas et al. 2015).
Single-cell amplified genomes (SAGs) of members of subclade Ic, a deep bathytype,
were obtained from 770 m at Station ALOHA and were compared to surface SAR11
genomes, including those from subclade Ia, and metagenomic datasets (Thrash et al.
2014). Subclades Ia and Ic showed a rRNA sequence identity of 95% and an amino
acid identity of 62%, suggesting they may be different genera. Relative abundances
of subclades Ia and Ic estimated by read recruitment from metagenomic datasets
showed that subclade Ia was dominant in the upper surface waters while subclade Ic
represented more than half the reads taken from aphotic depths. The metabolism of
many of the deep genomes suggested a metabolism similar to surface sucblade Ia
strains, focused on the oxidation of organic acids, amino acids, and C1 and
methylated compounds, but with the capacity for nitrogen salvage and sulfite oxi-
dation. COG distribution was conserved except for enrichment in genes for cell
wall/membrane/envelope biogenesis (M) and inorganic ion transport (P) in subclade
Ic. Unique phage related genes were also identified, including a CRISPR region that
showed preferential recruitment to the mesopelagic at Station ALOHA. Adaptations
of this SAR11 bathytype are thought to be reflected in subtle differences, such as
increases in genome size, larger intergenic spacer regions, and preferential amino
acid-substitutions. Populations of Pelagibacter (a major genus within the SAR11
group) identified using metagenomics at 4000 m at Station ALOHA had nonsyn-
onymous to synonymous (Dn/Ds) ratios two times higher when compared to
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shallow-water representatives, suggesting decreased purifying selection
(Konstantinidis et al. 2009). One gene conspicuously missing is that encoding
deoxyribodipyrimidine photolyase (phr) (Vezzi et al. 2005). This gene, which uses
blue-light energy to repair UV-mediated DNA damage (Todo 1999), is expected to
be missing from microbes not exposed to light and may be a diagnostic tool to
identify obligate deep-ocean microbes (Lauro and Bartlett 2008). Despite relatively
good genome sequence coverage for the SAGs, ranging from 55 to 86%, none of the
subclade Ic genomes had a DNA photolyase. However, genes for proteorhodopsins,
which are light-driven proton pumps, were identified in two SAGs. Thrash et al.
suggest that members of subclade Ic may occasionally circulate to the euphotic zone
where proteorhodopsins would provide an energetic advantage. The work by Thrash
et al. (2014) provides a framework for genomic adaptation to the deep ocean in one
of the most-abundant microbes in the ocean.

2.3.2 Gammaproteobacteria: Alteromonadales:
Alteromonas

Members of the genus Alteromonas are heterotrophic r-strategists typically found in
nutrient-rich niches (López-López et al. 2005; Shi et al. 2012). One species, A.
macleodii, is readily cultivable and has surface and deep-specific clades
(López-López et al. 2005; Ivars-Martínez et al. 2008a), with members identified at
high abundance in some deep-ocean samples (López-López et al. 2005; Quaiser
et al. 2011; Smedile et al. 2013). When the genome sequence from a representative
deep isolate, termed A. macleodii AltDE (Ivars-Martínez et al. 2008b), was com-
pared to that of the shallow ecotype A. macleodii ATCC 27126 (Baumann et al.
1972), many similarities with other deep-sea genomic comparisons were found.
65 transposable elements and 63 insertion sequences (IS) were identified in AltDE
while only three and one, respectively, were found in ATCC 27126. Transposases
are abundant in the genomes of particle-attached microbial communities and those
that are associated with surfaces (Burke et al. 2011; Ganesh et al. 2014). Genes
involved in phage interaction, such as integrases and a CRISPR region, were also
overrepresented in AltDE. These findings may be due to a reduced capacity to
selectively purge mobile elements, such as within species of reduced effective
population sizes, greater cell-cell interactions leading to increased mobile element
transmission, or as a result of the adaptive value of greater transposon-mediated
lateral gene transfer occurring in microbes encountering environmental change in
association with sinking particles (Ganesh et al. 2014). AltDE also encodes for a
cytochrome BD complex, which may function as an alternative respiratory chain
during hypoxic conditions, such as those that could exist on POM. The piezophile
Shewanella violacea DSS12 contains a gene for this same cytochrome and upreg-
ulates its expression at high pressure (Chikuma et al. 2007). The deep bathytype is
also enriched in genes for extracellular polysaccharide biosynthesis and export,
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consistent with the increased mucosity of AltDE and other deep Alteromonas iso-
lates (Raguenes et al. 1996). While ATCC 27126 is enriched in genes for signal
transduction and transcriptional regulation, environmental sensing and sugar and
amino acid utilization, which may reflect a capacity for making use of a broader
array of substrates, AltDE contains more dioxygenases and genes involved in urea
use and transport, suggesting it is more adept at using recalcitrant organic matter.

Deep isolates of A. macleodii were experimentally shown to be more resistant to
zinc, mercury and lead than their shallower strains, consistent with the identification
of large numbers of genes for heavy metal resistance and detoxification in its
genome. Heavy metals are thought to be associated with particulate matter (Puig
et al. 1999) and therefore particle-associated microbes may require genes to deal
with high, inhibitory concentrations of these metals. Based on these findings and
the distribution of AltDE and ATCC 27126 relatives it was hypothesized by
Ivars-Martínez et al. (2008b) that niche separation of these ecotypes is achieved by
the preference of AltDE for large, fast-sinking POM present in both the deep sea
and the upper water column, whereas ATCC 27126 associates with smaller, more
slowly sinking POM present in shallow environments.

2.3.3 Gammaproteobacteria: Alteromonadales:
Pseudoalteromonas

Thanks to versatile metabolic capabilities the genus Pseudoalteromonas shows
widespread oceanic distribution and adaptability to dissimilar ecological habitats
(Ivanova et al. 2014). While no piezophilic Pseudoalteromonas spp. are known,
members of this genus are consistently isolated from the deep ocean, suggesting they
may be important participants in these environments. One deep-sea
Pseudoalteromonas that has been studied is the psychrophile Pseudoalteromonas
sp. SM9913. SM9913 produces exopolysaccharides (Liu et al. 2013), a function
typical of other Pseudoalteromonas spp. (Nichols et al. 2005; Zhou et al. 2009),
which may facilitate colonization of particles and stabilize cold-adapted proteases
for the degradation of POM (Chen et al. 2003; Qin et al. 2007, 2011). To identify the
deep-sea adaptations possessed by Pseudoalteromonas sp. SM9913 its genome was
sequenced (Qin et al. 2011) and compared to Pseudoalteromonas haloplanktis
TAC125, a psychrophilic isolate from Antarctic coastal seawater (Médigue et al.
2005). Like A. macleodii AltDE and other deep-ocean microbes, SM9913 is enri-
ched in transposases and integrases. A large number of SM9913-specific genes
belong to COG categories involved in cell motility (N) and signal transduction (T),
which are suggested to be involved in sensing and movement towards POM. Indeed,
SM9913 has three gene clusters for flagellar biosynthesis, with one encoding a
lateral flagellum similar to that found in P. profundum SS9 (see Sect. 2.3.6; Eloe
et al. 2008). SM9913 also has more genes involved in heavy metal resistance and is
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more resistant to zinc than TAC125. These findings, along with the presence of a
complete glycolysis pathway and TCA cycle, suggest Pseudoalteromonas
sp. SM9913 is adept at colonizing labile particulate organic carbon in the deep
ocean.

2.3.4 Gammaproteobacteria: Alteromonadales: Shewanella

Members of the genus Shewanella are some of the most common deep-sea isolates
under both high and low hydrostatic pressure conditions. The Shewanella genus
forms distinct clades largely based on level of psychrophilicity and Na + depen-
dence (Kato and Nogi 2001; Zhao et al. 2010; Satomi 2014). Genomic comparisons
of 17 Shewanella species and other members of the Gammaproteobacteria indicated
that cold-adapted species have similar amino acid compositions, with enrichments in
isoleucine, lysine, and asparagine, and low alanine, proline, and arginine content, in
part due to differences in GC content (Zhao et al. 2010). Reciprocal best blasts of
cold-adapted strains of Shewanella also showed similarity to the cold-adapted
P. profundum SS9 and C. psychrerythraea 34H (Zhao et al. 2010).

While similar analyses are yet to be performed for all piezophilic and non-
piezophilic Shewanella species, studies comparing individual piezophiles to similar
piezosensitive members have been completed. One study compared the genome of
the psychropiezophilic microbe S. piezotolerans WP3 (Wang et al. 2008), isolated
from sediment at a depth of 1914 m (Wang et al. 2004) and showing optimum
growth at 20 MPa and 15–20 °C (Xiao et al. 2007), to that of the mesophile
Shewanella oneidensis MR-1 (Heidelberg et al. 2002). WP3 showed moderately
higher abundances of genes involved in cell wall/membrane/envelope biogenesis
(M), energy production and conversion (C), intracellular trafficking, secretion, and
vesicular transport (U), and inorganic ion transport and metabolism (P). The WP3
genome had higher numbers of duplicated genes, mostly involved in transport,
secretion, energy metabolism, and transcriptional regulation. Consistent with the
psychrophiles S. halifaxensis and S. sediminis, WP3 also showed higher abun-
dances of cytochrome c oxidases when compared to MR-1 (Zhao et al. 2010). Like
P. profundum SS9, WP3 has genes for both a polar and lateral flagellum (Wang
et al. 2008), which are for swimming and swarming (i.e. movement along surfaces)
respectively. The two sets of WP3 flagella were inversely regulated by low tem-
perature and high pressure; the lateral flagellum was upregulated at low temperature
but slightly repressed by high pressure (20 MPa) while the polar flagellum was
repressed at low temperature but upregulated at high pressure. Further analysis
showed that a mutant lacking a functional lateral flagellum showed no motility at
4 °C, indicating that this flagellum is essential for movement at low temperatures.

The genome sequence of the psychropiezophile S. violacea DSS12, isolated
from sediment at a depth of 5110 m in the Ryukyu Trench and with optimum
temperature and pressure of 8 °C and 30 MPa (Nogi et al. 1998a), has also
been compared against that of the mesophile Shewanella oneidensis MR-1
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(Aono et al. 2010). While most members of the Shewanella are capable of anaer-
obic growth using a number of electron acceptors, DSS12 contains only nitrate and
trimethylamine N-oxide (TMAO) reductases and instead has more terminal oxi-
dases for aerobic respiration. More proteases, polysaccharidases, chitinases, and
cellulose hydrolases were identified in DSS12 than in MR-1, which may be useful
for breaking down sinking POM-containing chitin exoskeletons. DSS12 also has
genes for phosphatidylserine decarboxylase, an enzyme which catalyzes the con-
version of phosphatidylserine to phosphatidylethanolamine (PE) and may play a
role in cell division at low temperatures, and cardiolipin synthetase, which is
thought to be important for maintaining the structural stability of the cytochrome c
oxidase complex under high hydrostatic pressures. Both strain DSS12 and another
Shewanella piezophile, S. benthica strain KT99, lack DNA photolyase genes. KT99
was isolated from amphipods collected at a depth of 9856 m in the Kermadec
Trench and is obligately piezophilic, showing optimal growth at 90 MPa and no
growth at 40 MPa (Lauro et al. 2013a). When COG abundances were compared
against that of Shewanella frigidmarina NCIMB400, KT99 was enriched in genes
for DNA replication, recombination, and repair, and transposases, all attributes of
other deep-sea bacterial genomes.

2.3.5 Gammaproteobacteria: Mixed Orders
(Oceanospirillales and Alteromonadales):
Oceanospirillales and Colwellia

Two microbial taxa that have members adapted to high pressure and show inter-
esting physiological plasticity include the order Oceanospirillales and the genus
Colwellia within the Alteromonadales. Members of the Colwellia are some of the
most common deep-sea isolates under high hydrostatic pressure conditions and have
been isolated from at least four different trenches, including Colwellia sp. MT41
(Yayanos et al. 1981), C. piezophila (Nogi et al. 2004), and C. hadaliensis
(Deming et al. 1988) (Fig. 2.1). Recently the first piezophile of the Oceanospirillales,
Profundimonas piezophila YC-1, was obtained (Cao et al. 2014). YC-1 is a
slow-growing, facultative anaerobic heterotroph most closely related to the uncul-
tured symbiont of the deep-sea whale bone-eating Osedax worms. YC-1 has a
doubling time of 41 h at its optimum pressure of 50 MPa, much slower than most
piezophilic Gammaproteobacteria but similar to the 36 h seen for the piezophilic
Roseobacter PRT1 also isolated from the Puerto Rico Trench (Eloe et al. 2011b),
suggesting it might be adapted to an oligotrophic environment. Like other members
of the Oceanospirillales YC-1 is capable of hydrocarbon utilization. Shortly after the
Deepwater Horizon oil spill the associated microbial community was dominated by
the Oceanospirillales (Mason et al. 2012). Metagenomics, single-cell genomics, and
metatranscriptomics revealed that members of the Oceanospirillales were actively
degrading alkanes (Mason et al. 2012). After the spill was capped, Colwellia

2 Ecogenomics of Deep-Ocean Microbial Bathytypes 15



spp. began to dominate the plume and sediment communities in concomitance with
changes in hydrocarbon composition and abundance, leading to the hypothesis that
non-gaseous n-alkanes and cycloalkanes were degraded by Oceanospirillales fol-
lowed by gaseous and aromatic hydrocarbon degradation by Colwellia (Valentine
et al. 2010; Mason et al. 2014a, b). Stable isotope probing experiments have shown
that Colwellia spp. are capable of incorporating 13C from ethane, propane, and
benzene and are therefore able to use a wide range of hydrocarbons (Redmond and
Valentine 2012). However, a Colwellia SAG recovered from the Deepwater Horizon
plume did not have complete pathways involved in hydrocarbon degradation
(Mason et al. 2014a) and no isolate has been reported that degrades oil as the sole
carbon source, although Colwellia sp. RC25 was shown to degrade hydrocarbons in
the presence of Corexit (Bælum et al. 2012; Chakraborty et al. 2012). Corexit, a
dispersant thought to make oil more bioavailable and which was used in the
Deepwater Horizon oil spill, may allow some organisms to outcompete natural
hydrocarbon degraders. Members of the Colwellia were enriched in dispersant-only
and oil-Corexit mixtures but not in oil-only microcosms, which were dominated by
the genus Marinobacter (Kleindienst et al. 2015). Rates of hydrocarbon oxidation
were highest in oil-only microcosms and therefore Corexit may not support stimu-
lation of oil biodegradation (Kleindienst et al. 2015). However, whether Colwellia
outcompetes other hydrocarbon degraders in the presence of Corexit or if Corexit
inhibits Marinobacter is unknown.

2.3.6 Gammaproteobacteria: Vibrionales: Photobacterium

The genus Photobacterium, composed of more than 20 species (Amaral et al.
2015), is a member of the Vibrionales order within the Gammaproteobacteria.
Members of the genus Photobacterium are best known for their symbiotic rela-
tionships with marine eukaryotes (Amaral et al. 2015). One of the most studied
piezophilic microbes is P. profundum SS9. SS9 was isolated at a depth of 2551 m
from an amphipod in the Sulu Trough (DeLong 1986) and can grow over broad
pressure (0.1–90 MPa) and temperature (2–20 °C) ranges, with optimum growth at
28 MPa and 15 °C (El-Hajj et al. 2010). At least three other strains of P. profundum
have been isolated, including the piezophile DSJ4 from deep-ocean sediment (Nogi
et al. 1998b) and the piezosensitive strains 3TCK and 1230sf1 (Campanaro et al.
2005; Lauro et al. 2014). Genomic comparisons of P. profundum bathytypes have
revealed a number of attributes for a deep-sea adapted lifestyle (Campanaro et al.
2005; Lauro et al. 2014). SS9 has 15 copies of the rRNA operon that show vari-
ability in specific helices, which may confer ribosome stability under high-pressure
conditions (Lauro et al. 2007). COG comparisons showed higher abundances of
genes for motility and chemotaxis (N) and DNA replication, recombination and
repair (L) but fewer genes involved in energy production (C) when SS9 was
compared to 3TCK (Lauro et al. 2014). The overrepresentation of COG L was due
to large numbers of transposable elements in SS9, which had 206 compared to 3 in
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3TCK, while higher abundances of genes associated with motility were the result of
a second cluster of genes for flagellum biosynthesis. These genes appear to encode
for the production and function of a lateral flagella which also exist in related
microbes, including piezophilic members of the Vibrionaceae (McCarter 2004)
such as P. phosphoreum ANT-2200 (Zhang et al. 2014), Moritella sp. PE36
(Nagata et al. 2010), and S. piezoterolans WP3 as described in section IIID. Genetic
experiments indicate that the SS9 surface motility system is primarily functional at
high pressure, conditions that also favor the expression of the genes present within
the lateral flagella gene cluster (Eloe et al. 2008). SS9 therefore regulates its lateral
flagella genes differently than WP3. Regardless, in the surface ocean genes for
chemotaxis and motility have been observed to be a characteristic of copiotrophic
microbes, which possess the sensory and physiological capabilities to swim along
the concentration plumes of organic matter, utilize it in high concentrations, and
rapidly increase in cell numbers (Yooseph et al. 2010). These types of adaptations
may also be important for deep-ocean microbes colonizing POM descending
through the water column.

Pressure-related changes in regulation have also been found in genes affiliated
with TMAO. SS9 has two torS genes which regulate the response to TMAO (Bordi
et al. 2003). One of these genes, which is absent from 3TCK, is upregulated under
high hydrostatic pressure conditions (Campanaro et al. 2005). SS9 also has multiple
torA genes encoding TMAO reductase, one of which is upregulated at high pressure
(Vezzi et al. 2005). The piezophile P. phosphoreum ANT-2200 has four copies of
torA, including one homologous to the upregulated gene in SS9 (Zhang et al. 2014).
These results suggest that TMAO reduction in deep-sea Photobacterium strains is
an important respiratory adaptation at greater depths (Vezzi et al. 2005), perhaps
within the anaerobic zones of particles or inside animal hosts. This is consistent
with concentration measurements that show TMAO increasing in the tissues of
some marine animals with depth of capture. This is thought to be an adaptation to
high pressure (Yancey et al. 2014).

Unlike shallow Photobacterium spp., SS9 lacks a DNA photolyase (Vezzi et al.
2005; Lauro et al. 2014) and is extremely UV sensitive, a phenotype shared by
many deep-sea microbes (Yayanos 1995). When the phr gene cluster was cloned
from the shallow-water strain 3TCK into SS9 it dramatically enhanced
UV-resistance. Because the phr gene cluster has a distinct codon usage in strain
3TCK it appears likely to have been acquired through horizontal gene transfer.
P. profundum strains may be undergoing adaptive radiation driven by gene
acquisition and loss and the horizontal gene transfer of the phr gene cluster into
3TCK could have been one of the evolutionary changes required for its adaptation
from the deep-sea to shallower, sunlight-exposed waters (Lauro et al. 2014). This
presents the intriguing possibility that the evolutionary path between shallow-water
and deep-sea bacteria is not one-way, and shallow-water derivatives of piezophilic
deep-sea bacteria can arise just as the reverse case. Horizontal gene transfer is also
reflected in the genomes of deep-sea bacteria, with the nar gene cluster in the
deep-sea isolate Pseudomonas sp. MT-1 being one example (Tamegai et al. 2004;
Ikeda et al. 2009; Oikawa et al. 2015).
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2.3.7 Gammaproteobacteria: Vibrionales: Vibrio

Despite being most well known for its pathogenic members, the genus Vibrio is
composed of diverse species with representatives found in the deep sea (Ohwada
et al. 1980; Tabor et al. 1981b; Reen et al. 2006). Recently the genome of Vibrio
antiquarius, which was isolated from the East Pacific Rise hydrothermal vent
system at 2520 m, was compared against other Vibrio spp. (Hasan et al. 2015). The
genome of V. antiquarius suggests a unique ability to scavenge hydrogen peroxide
and the potential for manganese oxidation and heavy metal resistance. V. anti-
quarius also encodes a fatty acid desaturase which may help maintain membrane
fluidity under high pressures and low temperatures. Many psychrophilic and pie-
zophilic bacteria produce unsaturated fatty acids or even polyunsaturated fatty acids
(PUFAs) to help counter the effects of increasing pressure and decreasing tem-
perature on their membranes (DeLong and Yayanos 1985; Allen et al. 1999;
Bartlett 2002). Indeed, the benefits of polyunsatured fatty acid consumption on
human health (Wall et al. 2010; Joffre et al. 2014) have led to interest in piezophile
sources of PUFAs for use by humans or other animals. Hasan et al. note that the
genome contains many homologs of virulence genes found in other Vibrio species,
which they suggest may provide ecological functions outside of virulence, such as
the establishment of host/cell relationships, provide a means of attachment to
surfaces, signaling, or other interactions among aquatic communities. When
recruited against metagenomic data V. antiquarius shows a ubiquitous distribution,
identified in saltern, marine, coral, and human gut metagenomes. This distribution,
along with the presence of a DNA photolyase, suggests that V. antiquarius may not
be obligately adapted to the deep ocean.

2.3.8 Deltaproteobacteria: Desulfovibrio

Sulfate-reducing bacteria (SRB) contribute to the breakdown of organic matter and
in some cases the coupling of anaerobic oxidation of methane to sulfate reduction in
marine sediments (Hu et al. 2010; Stokke et al. 2012; Ruff et al. 2015). Members of
the SRB within the genus Desulfovibrio, including D. profundus (Bale et al. 1997),
D. hydrothermalis (Alazard et al. 2003), and D. piezophilus (Khelaifia et al. 2011),
have been isolated from the deep sea. D. piezophilus C1TLV30, which was isolated
from a wood fall at a depth of 1700 m and shows optimum growth at 30 °C and
10 MPa, was compared against other Desulfovibrio spp. and had its transcriptome
analyzed at 0.1 and 10 MPa (Pradel et al. 2013). D. piezophilus has a cytochrome c
gene that is overexpressed under high hydrostatic pressure conditions and is closely
related to one found in P. profundum SS9. Amino acid composition, transport, and
metabolism may be an important adaptive strategy for D. piezophilus as this
bathytype showed an amino acid composition distinct from other Desulfovibrio
strains and elevated expression of genes involved in alanine, histidine, and arginine
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biosynthesis and glutamine/glutamate metabolism and transport at high pressure.
Similarly, transcriptomes from D. hydrothermalis, which was isolated from an East
Pacific Rise hydrothermal vent at 2600 m, at 0.1, 10, and 26 MPa also showed
differential expression of genes involved in glutamate metabolism (Amrani et al.
2014). Glutamate was shown to accumulate in D. hydrothermalis cells under high
hydrostatic pressure, suggesting it may act as a piezolyte, an osmolyte that accu-
mulates at high pressure (Martin et al. 2002). Genes involved in glutamate meta-
bolism in P. profundum SS9 and S. violacea DSS12 also show differential
expression with pressure (Campanaro et al. 2005; Vezzi et al. 2005; Ikegami et al.
2000). Thus, glutamate could serve an important global role as an extrinsic factor
modulating protein structure or activity as a function of pressure in multiple
piezophiles.

2.3.9 Firmicutes: Carnobacterium

Members of the genus Carnobacterium, which belongs to the Lactobacillales
within the Firmicutes, are lactic acid bacteria of wide interest in the food and
aquaculture industries. Carnobacteria have been isolated from processed meat, fish,
and dairy products and can produce antimicrobial peptides to stunt the growth of
other microbes, leading to speculation that members of this genus may cause or
inhibit food spoilage (Hammes and Hertel 2006; Leisner et al. 2007). Similarly,
carnobacteria have been identified within fish and may have both probiotic and
pathogenetic effects on their host (Hammes and Hertel 2006; Leisner et al. 2007,
2012). Isolates have also been obtained from many different environments,
including permafrost (Pikuta et al. 2005), and some strains even show growth under
the low temperature, low pressure, and anoxic conditions similar to those found on
Mars (Nicholson et al. 2013). Two isolates from 2500 m in the Aleutian Trench,
AT7 and AT12, show optimum growth at 15 MPa (Lauro et al. 2007; Yayanos and
DeLong 1987) and are the only gram-positive piezophilic bacteria currently iso-
lated. Comparative genomics of Carnobacterium sp. AT7 with other
Carnobacterium spp. and Enterococcus faecalis have shown this microbe is distinct
(Stratton 2008; Leisner et al. 2012; Voget et al. 2011). While AT7 does not contain
a photolyase, it does contain two endonucleases that may be involved in UV
damage repair (Stratton 2008). When compared to C. maltaromaticum ATCC
35586, a host-associated species, AT7 lacks genes affiliated with host colonization,
invasion, and metabolism (Leisner et al. 2012). A unique characteristic of AT7 is
the presence of two plasmids that contain genes putatively affiliated with cadmium,
tellurium, and copper efflux which are likely to contribute to heavy-metal resistance
(Stratton 2008). The identification of Carnobacterium spp. showing growth under
high pressure may have important repercussions for foods that are sterilized using
pascalization.

2 Ecogenomics of Deep-Ocean Microbial Bathytypes 19



2.3.10 Archaea: Marine Group I Thaumarchaea

Marine Group I Thaumarchaea (MGI) are ammonia-oxidizing archaea recognized
as important drivers of nitrification in marine environments. MGI can be found at
all depths (Nunoura et al. 2015) and in some cases compose the majority of
deep-ocean communities (Karner et al. 2001). The presence of their ammonia
monooxygenase gene (amoA), which helps catalyze a key intermediate step in
nitrification by converting ammonia to nitrite, can be identified throughout the
water column (Sintes et al. 2013). Genes involved in the 3-hydroxypropionate/
4-hydroxybutyrate (3H/4H) pathway for carbon fixation and ammonia oxidation
seem to be conserved among members of the Thaumarchaea (Ngugi et al. 2015),
highlighting the importance of these functions within this lineage. However,
mixotrophy has also been suggested in these archaea based on substrake uptake
(Ouverney and Fuhrman 2000; Teira et al. 2006; Seyler et al. 2014; Qin et al. 2014)
and genomic data (Hallam et al. 2006; Agogué et al. 2008; Swan et al. 2014).
Despite their abundance and important role in the global nitrogen cycle cultivation
and isolation of Thaumarchaea has proven difficult (Könneke et al. 2005; Tourna
et al. 2011; Qin et al. 2014, 2015). Current isolates are physiologically distinct,
displaying different tolerances to light, pH, and salinity, and varying capacities for
the use of certain carbon compounds (Qin et al. 2014). While no deep-ocean
Thaumarchaea are currently in culture, phylogenetic analyses using 16S rRNA,
amoA, and concatenated single-copy marker genes have shown that MGI fall into
shallow- and deep-water clades (Hallam et al. 2006; Beman et al. 2008; Nicol et al.
2011; Ngugi et al. 2015). These clades likely represent distinct ecotypes as niche
separation has been identified according to ammonia concentrations, among other
factors (Sintes et al. 2013; Nunoura et al. 2015). Analysis of single-amplified
genomes have also shown that deep-ocean MGI represent distinct bathytypes.
While thaumarchaeal photolyase genes have been identified in surface waters, they
were absent in mesopelagic SAGs, suggesting they are not exposed to light-induced
damage (Luo et al. 2014). It has been proposed that sensitivity to photoinhibition
may be partially responsible for depth distributions (Mincer et al. 2007; Church
et al. 2010) as some Thaumarchaea are inhibited by light (Merbt et al. 2012; Qin
et al. 2014). Analysis of MGI SAGs collected from mesopelagic depths at
Station ALOHA and the South Atlantic identified nine phylotypes within the deep
clade, with six containing SAGs from both regions, suggesting these members have
a cosmopolitan deep-ocean distribution (Swan et al. 2014). COG distributions
associated with signal transduction and urea utilization were also found to differ
between bathytypes, with the former more abundant in the shallow ecotype and the
latter in the deep one (Luo et al. 2014). A SAG related to Nitrosopumilus from the
Puerto Rico Trench also has genes for urea degradation, along with genes involved
in fatty acid and lipoic acid synthesis and glycine cleavage (Léon-Zayas et al.
2015). This SAG also has an aquaporin, which function in osmotic pressure
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adaptation by effluxing water from cells exposed to hypotonic environments or help
in the retention of small-molecule compatible solutes. This aquaporin may therefore
play a role in high-pressure adaptation.

2.4 What Do These Deep-Sea Microbial Communities
Actually Look like?

Deep-ocean bathytypes can provide insight into adaptations in specific microbial
lineages but are these results ecologically important? While SAR11 and
Thaumarchaea are widespread, dominant members of the deep-ocean community,
many deep bathytypes are present in low abundance in deep ocean samples (Eloe
et al. 2011c; Vandieken et al. 2012; Smedile et al. 2013). Many bathytypes are
opportunistic heterotrophs, capable of rapid growth in nutrient-rich environments,
and show increases in abundance when associated with enrichments, such as
Colwellia and the Oceanospirillales at oil spills (Valentine et al. 2010; Redmond
and Valentine 2012; Mason et al. 2014b) and Pseudoalteromonas, Colwellia, and
Shewanella with polyaromatic hydrocarbons (Dong et al. 2015). Perhaps unsur-
prisingly, therefore, the same species are consistently isolated in rich media under
high hydrostatic pressure conditions. These species have been isolated over long
time scales and geographic distances, suggesting a widespread distribution in the
deep ocean. Even strains within specific bathytypes, like those of S. benthica, can
display distinct pressure optima and roughly cluster based on depth, suggesting they
may colonize distinct depth-zones (Fig. 2.1). Comparisons of these strains may
reveal small but significant differences required for adaptation to increasing depth.
However, no studies thus far have assessed the in situ depth restrictions of
piezophiles.

In contrast to culture-based studies, community analysis using deep 16S rRNA
gene sequencing suggests deep-ocean microbial communities are composed of
abundant, widely distributed species and a number of rare members with a more
limited distribution (Sogin et al. 2006; Salazar et al. 2015a, b). Deep-ocean com-
munities tend to be more similar to one another when compared to shallower
samples as deep-sea datasets cluster together despite disparate environmental
locations (DeLong et al. 2006; Eloe et al. 2011c; Thureborn et al. 2013; Jacob et al.
2013; Nunoura et al. 2015), a finding that also seems to be true with viral com-
munities at depth (Yoshida et al. 2013; Winter et al. 2014; Hurwitz et al. 2015).
Within these deep-sea communities composition has been shown to differ
depending upon their size-fraction (DeLong et al. 1993; Moeseneder et al. 2001;
Simon et al. 2002, 2014; Wilkins et al. 2013; Ganesh et al. 2014; Salazar et al.
2015a, b), which is thought to separate free-living from particle-associated taxa.
Comparisons of bathypelagic communities have shown that free-living communi-
ties are dependent on temperature and depth and are similar between different sites,
whereas particle-attached communities are more basin-specific and dependent on
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dispersal limitation, water age, and mixing (Salazar et al. 2015a). Deep-ocean
particles may be produced at depth and thus lack a surface ocean connection,
leading to their distinctive basin-specific microbial community compositions
(Herndl and Reinthaler 2013; Salazar et al. 2015a). A high proportion of taxa,
including 7 of 15 identified phyla, were consistently found to be associated with
either the free-living or particle-attached size fraction in the bathypelagic. The
archaea, including the Thaumarchaea, SAR86, SAR324, SAR406, and SAR202
clades were all associated with the free-living fraction, while the Bacteroidetes,
Firmicutes, and Planctomycetes were associated with the particle-attached fraction.
These findings suggest that these size-fractions have distinct biogeochemical roles
associated with differing lifestyles and are consistent with our understanding of the
metabolism of many of these taxa (Salazar et al. 2015b). Future studies should
focus on how mesoscale events, seasonal cycles, and decadal shifts may alter
community composition due to the tight coupling between the deep ocean and the
surface by sampling at the same sites over longer time scales.

The most abundant deep-ocean prokaryotic groups are the Gammaproteobacteria
(López-García et al. 2001; Delong et al. 2006; Konstantinidis et al. 2009; Smedile
et al. 2013; Wilkins et al. 2013; Nunoura et al. 2015; Salazar et al. 2015a, b),
Alphaprotebacteria (Martin-Cuadrado et al. 2007; Eloe et al. 2011c),
Deltaproteobacteria, (Salazar et al. 2015a, b), Actinobacteria (Salazar et al.
2015a, b), and Thaumarchaea (Martin-Cuadrado et al. 2009; Eloe et al. 2011c;
Yakimov et al. 2011). Archaeal abundances have been seen to range from 2%

Fig. 2.1 Phylogenetic tree of piezophilic bacterial strains and their isolation location, depth, and
date. Many piezophiles have been isolated from many different oceanic basins, suggesting they
have a widespread and relatively consistent distribution, over time, in the ocean. Samples without a
species name (-) are recent, unpublished isolates. PR Puerto Rico Trench, JT Japan Trench, TT
Tonga Trench, KT Kermadec Trench, MT Mariana Trench, PO Pacific Ocean, AO Atlantic Ocean,
RT Ryukyu Trench, ST Sulu Trough, PE Patton Escarpment, JK Japan/Kurile-Kamchatcka Trench,
PT Phillipine Trench, IB Izu-Bonin Trench, SB Suruga Bay
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(Salazar et al. 2015a, b) to 39% (Karner et al. 2001) of deep-sea communities. In a
variety of bathypelagic settings Salazar and colleagues found that the only abundant
and cosmopolitan OTUs belonged to Alteromonas, MGI Thamaurchaea, and
SAR324, despite the presence of similar microbial community compositions when
assessed at broader phylogenetic classifications (Salazar et al. 2015a, b). The
Deltaproteobacteria SAR324 clade can be divided into distinct clusters (Brown and
Donachie 2007) and is specifically enriched within oxygen minimum zones (Wright
et al. 2012) and in meso- and bathy-pelagic dark-ocean locales (Wright et al. 1997;
Treusch et al. 2009; Wright et al. 2012; Nunoura et al. 2015). Other groups have
been seen to increase with depth along depth profiles, including the Planctomycetes,
Gemmatimonadetes, Acidobacteria, Alteromonadaceae, Nitrospina, SAR11
(Delong et al. 2006; Konstantinidis et al. 2009), SAR406 (Nunoura et al. 2015), and
SAR202 of the Chloroflexi (Morris et al. 2004; Varela et al. 2008). The candidate
phylum SAR406 (known as the ‘Marinimicrobia’ or Marine Group A) is one of the
most consistent groups of microbes found preferentially at depth (Nunoura et al.
2015; Salazar et al. 2015a, b). More than 10 subgroups have been identified (Allers
et al. 2013; Wright et al. 2014) and many members are prevalent in low oxygen
environments. This is consistent with fosmid library gene studies suggesting that
Marinimicrobia have adaptations to O2 deficient conditions and may be capable of
sulfur-based energy metabolism (Wright et al. 2014). Single-amplified genomes
have been published (Rinke et al. 2013) but while SAR406 is consistently identified
in deep-ocean samples (López-García et al. 2001; Wilkins et al. 2013; Salazar et al.
2015a, b), including trenches (Eloe et al. 2011c; Nunoura et al. 2015), little is
known about the physiological properties of its deeper dwelling members.

Much more is known about community composition at bathyal and abyssal
depths than of the hadal zone. Recently a community depth profile down to
10,257 m in the Challenger Deep portion of the Mariana Trench identified
microbial assemblage stratification through the water column (Nunoura et al. 2015).
An increase in heterotrophic microbial groups was present at depths exceeding
7000 m at the expense of chemoautotrophs, potentially as a result of higher
availability of POC. Communities deeper than 9000 m were dominated by
Pseudomonas spp. In addition, ammonia oxidizers and nitrifiers also showed dis-
tinct depth trends, with ammonia oxidizing bacteria (AOB) of the genus Nitrospira
abundant in the surface and upper water column and in the hadal zone, while
ammonia oxidizing archaea (AOA) and Nitrospina were abundant in the interme-
diate depths. These results are consistent with niche separation due to the increased
availability of ammonia and nitrite resulting from the decomposition of organic
matter in the upper water column and within the trench, as AOB prefers higher
ammonia concentrations than AOA. These results add to a growing body of evi-
dence that the hadal ocean may display increased rates of heterotrophy because of
increased carbon deposition due to the funneling and concentration of POC into the
deeper trench regions (Glud et al. 2013; Ichino et al. 2015; Nunoura et al. 2015).
Interestingly, in contrast to the Challenger Deep pelagic waters most bacterial
sequences obtained from the water column at 6000 m in the Puerto Rico Trench
were members of the SAR11 clade (Eloe et al. 2011c). The difference in community
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composition between these two hadal settings, even when considering depth and
distance from the seafloor, suggests that trench communities can differ markedly
from one another.

2.5 What Is the Effect of Decompression?

Sample handling is an especially important consideration when working with
deep-ocean samples. One normal consequence following the collection of materials
from within the deep ocean is sample decompression during recovery. Because
sample collection can take upwards of four hours to return to the surface from the
hadal zone, followed by time for sample processing, it is likely that community
composition changes occur as a result of physiological stress. All piezophiles
currently in culture are able to withstand moderate periods of decompression. This
is evident by the decompression that is routinely employed during most sample
recoveries, as well as during the preparation of piezophile subcultures and frozen
stocks. While incubation at 0.1 MPa for <10 h did not lead to large decreases in
CFUs for the obligate piezophile Colwellia sp. MT41 or the moderate piezophile
Psychromonas sp. CNPT3, decompression of MT41 for 50 h led to CFU decreases
by over five orders of magnitude and cell ultrastructural alterations (Yayanos and
Dietz 1983; Chastain and Yayanos 1991). This suggests that given enough time at
atmospheric pressure many obligately piezophilic deep-ocean microbes will lose
viability.

While isolate viability may be maintained during short-term decompression the
effects of decompression or decompression-recompression cycles on community
composition and their activity is relatively unexplored. Some research groups have
developed pressure-retaining samplers or equipment for in situ filtration and
preservation (Yayanos 1977, Tabor et al. 1981a; Jannasch and Wirsen 1982; Bianchi
et al. 1999; Kato 2006; Tamburini et al. 2009). One study developed and deployed a
sampler to *2200 m water depth and compared transcriptomes of seawater filtered
in situ and after collection at the surface (Edgcomb et al. 2014). Almost two times
more total and classifiable reads were recovered from the in situ filtered and fixed
samples as compared with those filtered post-recovery, and changes in gene
expression were also noted between the two sample collection methods. Members of
the Thaumarchaea may be some of the microbes most affected by sampling methods
that include decompression (La Cono et al. 2015). La Cono and colleagues collected
samples from 500 m and 2222 m in the Mediterranean Sea and filtered immediately
after collection or after incubation for 24 or 72 h at in situ temperatures. In samples
left for three days archaeal populations decreased three-fold while their bacterial
populations doubled. Thaumarchaea composition shifted over time, perhaps
reflecting the existence of autochthonous and allochthonous ecotypes. Regardless of
how communities and activities shift as a function of pressure, maintaining in situ
pressure conditions should be an important consideration when sampling the deep
ocean to obtain ecologically relevant results.
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2.6 How Do Bathytype Features Compare with Results
from Culture-Independent Metagenome Analyses?

Comparisons of deep-ocean bathytypes with shallow-water ecotypes have indicated
the presence of a variety of characteristics that correlate with growth and survival at
depth. These include larger genome sizes, increased abundances of transposable
elements, the ability to colonize POM and break down recalcitrant DOC, heavy
metal resistance, and the absence of genes for repairing UV-induced DNA damage
(Table 2.1). A valuable complement to the genome comparisons of cultured deep
and shallow ecotypes is the comparison of deep and shallow metagenomic sequence
data. Metagenomic data can provide insight into broad community genetic and
physiological characteristics, and when compared with specific bathytypes, can shed
light on genomic changes required for deep-ocean lifestyles. Below these two
approaches are compared with regard to (1) particle attachment, (2) mobile elements
and genome size, (3) heavy metal resistance, (4) recalcitrant organic carbon uti-
lization and (5) autotrophy and lithotrophy.

Particle attachment.Deep-ocean microbes are thought to be largely dependent on
particulate organic matter (POM) sinking from the surface. Sinking POM are
microbial “hot spots,” harboring dense aggregations of bacteria that can be orders of
magnitude higher than the surrounding seawater thanks to higher nutrient levels
(Azam and Long 2001; Simon et al. 2002; Lyons and Dobbs 2012; Turner 2015).
Despite the notion that the deep ocean is carbon-limited, large fluxes of organic
matter into the deep ocean have been seen, showing that there are pulses of detritus
to the deep-sea floor (Billett et al. 1983; Rice et al. 1986; Lochte and Turley 1988;
Thiel et al. 1989; Danovaro et al. 2002; Wu et al. 2013; Agusti et al. 2014), and
trenches may be enriched in organic matter when compared to shallower sites thanks
to topography (Boetius et al. 1996; Danovaro et al. 2003; Gooday et al. 2010; Glud
et al. 2013; Ichino et al. 2015). It is likely that deep-ocean communities are adapted
to generally low and sporadic fluxes of organic matter and have methods to cope
with resource scarcity, such as increased numbers of signal transduction pathways in
the Puerto Rico Trench (Eloe et al. 2011a). They may also require movement for
quick colonization when POM becomes available. Deep bathytypes are typically
enriched in methyl-accepting chemotaxis proteins which may be involved in finding
POM and DOM (Lauro and Bartlett 2008). For example, the piezophilic bathytype
Psychromonas sp. CNPT3 and a Psychromonas SAG from the Puerto Rico Trench
have genes involved in motility and chemotaxis not present in the psychrophile
Psychromonas ingrahamii (Stratton 2008; Léon-Zayas et al. 2015). Genes for pilus
synthesis, type II secretion systems, polysaccharide synthesis, and antibiotic syn-
thesis, which are associated with microbes who live particle-attached lifestyles or are
part of a biofilm, were enriched at 4000 m (DeLong et al. 2006), consistent with
other deep-sea sites (Tringe et al. 2005; Martin-Cuadrado et al. 2007). In contrast,
flagellar biosynthesis and bacterial chemotaxis proteins were more highly repre-
sented in photic zone samples than those in the deep water at Station ALOHA
(Delong et al. 2006). Deep-ocean microbes may also colonize particles, reach high
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densities, and produce bioluminescence in order to be engulfed by larger predators
and colonize their gastrointestinal tracts (Zarubin et al. 2012; Martini et al. 2013).
The moderate piezophile Photobacterium phosphoreum ANT-2200 showed three
times more bioluminescence when grown at 22 MPa than at 0.1 MPa, forming
aggregates under these high pressure conditions (Martini et al. 2013). Threefold
more luciferase oxygenase homologs for bioluminescence production were found at
4000 m than in surface datasets (Konstantinidis et al. 2009). However, release of
these microbes from larger organisms as fecal pellets in shallower waters, which then
sink into the deep ocean, may also be responsible for increased numbers of genes
involved in bioluminescence present at depth.

Genome size and mobile elements. Genome size estimates in both cultured
deep-ocean microbes and metagenomic analyses show increases versus their
shallow-water counterparts. Estimates of genome size at Station ALOHA showed a
*1.35 fold increase in the bathypelagic versus the surface ocean (Konstantinidis
et al. 2009; Beszteri et al. 2010). One potential reason for increased genome size is
an enrichment of transposases within deep-ocean microbes, such as in bathytypes of
Photobacterium, Shewanella, and Pseudoalteromonas. A Marinosulfonomonas
SAG from the Puerto Rico Trench also has a large number of transposases
(Léon-Zayas et al. 2015). One of the most striking findings in the Station ALOHA
metagenomes was increased abundances of transposases, integrases, and ratios 2–3
times higher of nonsynonymous to synonymous (Dn/Ds) mutations at depth
(Delong et al. 2006; Konstantinidis et al. 2009). Transposase sequences were from
different families and present in diverse microbial taxa suggesting this is not
attributable to one specific group in high abundance. Similar abundances have been
noted in the deep Mediterranean at 4908 m where transposases, phage integrases,
and plasmids were *10 fold more abundant than in the surface ocean (Smedile
et al. 2013). Furthermore, deep-ocean bathytypes and metagenomes are enriched in
genes involved in phage interaction, such as CRISPR regions (Ivars-Martínez et al.
2008b; Smedile et al. 2013; Thrash et al. 2014; Mason et al. 2014a). The ratio of
viruses to prokaryotes typically increases with depth within the water column
(Parada et al. 2007; De Corte et al. 2010; Nunoura et al. 2015) but not in the
sediment (Corinaldesi 2015). Still, in one study almost half of deep-ocean sediment
isolates harbored prophages (Engelhardt et al. 2011) and viral lysis may be
responsible for most prokaryotic mortality in deep-sea sediments (Danovaro et al.
2008), highlighting the importance of viruses in these ecosystems. Protein clusters
found exclusively in viruses in the aphotic deep Pacific paralleled those that
function in adaptation to high hydrostatic pressure, including those involved in
DNA replication, DNA repair, and motility, potentially boosting their hosts’ fitness
(Hurwitz et al. 2015). Taken together with increases in intergenic spacer regions,
these findings suggest more relaxed purifying selection in deep-ocean microbes.
Microbes with large genomes may also be more successful in environments with
low and diverse resources and where there is no drawback for slow growth
(Konstantinidis and Tiedje 2004), such as in SAR11 (Thrash et al. 2014). Both the
ability to quickly colonize energy sources when available or grow slowly in an
oligotrophic environment are niches found in the deep-ocean.
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Heavy-metal toxicity. Another adaptation that may reflect particle attachment is
the abundance of genes involved in heavy-metal efflux. Like other bathytypes the
deep-ocean isolate Halomonas zincidurans contains heavy-metal resistance genes
involved in copper homeostasis and tolerance, cobalt–zinc–cadmium resistance,
mercuric reduction, and arsenic resistance, and was experimentally shown to tol-
erate elevated levels of zinc (Xu et al. 2013). Similarly, metagenomic data has
shown enrichment in heavy-metal resistance genes at depth. Both the deep Puerto
Rico Trench and Mediterranean metagenomes were enriched in genes for heavy
metal efflux and detoxification (Eloe et al. 2011a; Smedile et al. 2013). Live sed-
iment trap communities collected from 500 m at Station ALOHA, which were
essentially enrichments of actively growing microbes associated with sinking par-
ticulate matter, had higher abundances of genes for heavy-metal resistance
(czcABCD), copper efflux (cusAB) and copper two-component sensory systems
(cusRS), and mercury resistance (merABR) and transport (merTP) (Fontanez et al.
2015). These genes were affiliated with Alteromonas, Marinobacter, and
Glaciecola, genera typically associated with POM and which have been isolated
from deep-sea sites. Further analysis of size-fractionated metagenomes, coupled
with culture-based studies, will provide insight into the microbial groups and their
underlying physiology that are responsible for enrichments in heavy-metal efflux
genes and mobile elements at depth.

Recalcitrant organic carbon utilization. DOC export into the mesopelagic and
bathypelagic is thought to represent between 10 and 20% of total primary pro-
ductivity at the surface (Carlson et al. 2010, Giering et al. 2014), leading to con-
centrations of approximately 40 umol L−1 in the deep ocean (Arrieta et al. 2015).
Refractory DOC is the dominant form of DOC present in the deep ocean because of
its resistance to rapid microbial degradation and subsequent accumulation (Hansell
2013). However, a recent study showed that deep bathypelagic communities are
capable of using in situ DOC but low concentrations make its use not energetically
feasible (Arrieta et al. 2015), a finding that has been previously suggested
(Kujawinski 2011; Hansell 2013). Surface water communities amended with high
molecular weight DOM showed that Alteromonas spp. and Idiomarina spp. were
the most highly represented taxa soon after addition (McCarren et al. 2010), con-
sistent with the hypothesis that A. macleodii AltDE is capable of breaking down
DOM (Ivars-Martínez et al. 2008b). The class Dehalococcoidia of the Chloroflexi,
another microbial group identified in marine sediment communities at depth, may
also be able to perform oxidation of complex organic compounds (Wilms et al.
2006; Fry et al. 2008) or carbon fixation via the Wood-Ljungdahl pathway
(Wasmund et al. 2014). Metabolic genes related to the degradation of refractory
DOC have also been identified in deep-ocean metagenomes. Genes for glyoxylate
and dicarboxylate metabolism for degradation of oxidized and degraded DOM have
been identified in deep samples (Delong et al. 2006; Eloe et al. 2011a) and the
3010 m Mediterranean metagenome was enriched in pathways for the breakdown
of a number of recalcitrant forms of carbon (Martin-Cuadrado et al. 2007).
Interestingly, whole-body extracts of the hadal amphipod Hirondellea gigas
showed the ability to degrade plant-derived polysaccharides using amylase,
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cellulose, mannanase, xylanase, and α-glucosidase (Kobayashi et al. 2012).
Bacteria were not able to be isolated from these samples and bacterial or archaeal
DNA was unable to be amplified, leading the authors to believe this activity is
performed by the amphipod itself. However, dockerin type I repeats, which are
involved in cellulose degradation, were more abundant in deep Station ALOHA
samples (Konstantinidis et al. 2009) and P. profundum SS9 upregulates pathways to
degrade chitin and cellulose under high pressure (Vezzi et al. 2005). Furthermore,
piezophilic bacteria have been isolated from H. gigas previously (Yayanos et al.
1981), so microbes may be responsible for the breakdown of these hard-to-process
recalcitrant materials in amphipods.

Autotrophy and lithotrophy. Because of the assumed reliance of deep-ocean
communities on POC, estimates of POC flux should theoretically be balanced with
community metabolism. However, the metabolic activity of deep-sea microbial
communities can be up to 2 orders of magnitude higher than that which is sus-
tainable through measured estimates of sinking POC (Reinthaler et al. 2006; Baltar
et al. 2009; Giering et al. 2014). This mismatch highlights potential problems
estimating microbial activity or POC flux or could reflect the presence of as yet
unidentified sources of organic carbon, such as neutrally buoyant macroscopic
particles (Bochdansky et al. 2010) or virus decomposition (Dell’Anno et al. 2015).

One alternative source of organic carbon could be the fixation of dissolved
inorganic carbon in the dark ocean. The abundance of genes involved in autotrophy
were comparable at 4000 m to those at the surface at Station ALOHA
(Konstantinidis et al. 2009) and genes for autotrophy in the 6000 m Puerto Rico
Trench metagenome showed comparable abundances to those at the surface,
although some key enzymes were missing (Eloe et al. 2011a). These findings are
consistent with activity measurements that have shown that carbon fixation in the
deep sea is an important source of organic carbon, with estimates of dark primary
production being similar to rates of heterotrophic production and equal to 15–53%
of the carbon that is exported from the surface (Reinthaler et al. 2010). It is thought
that Thaumarchaea may be predominantly responsible for autotrophy in many
deep-sea settings (Herndl et al. 2005; Hallam et al. 2006; Ingalls et al. 2006;
Wuchter et al. 2006; Yakimov et al. 2011; Smedile et al. 2013; Swan et al. 2014).
However, bacteria may also perform DIC fixation in the dark ocean and in some
situations could incorporate DIC at higher rates than archaea (Varela et al. 2011).
Screening of 502 bacterial single-amplified genomes from 770 and 800 m showed
that 12% were positive for RuBisCO, with 25% of the Gammaproteobacteria and
47% of SAR324 encoding the RuBisCO large subunit (Swan et al. 2014). In the
case of the deep-sea clade SAR324, the consistent co-occurrence of RuBisCO and
sulfur oxidation genes may mean that dissimilatory sulfur oxidation is used for
energetic support of autotrophic carbon fixation, although other studies have con-
cluded that members of SAR324 could also be heterotrophic (Chitsaz et al. 2011;
Sheik et al. 2014). Sulfur oxidation and autotrophy have also been identified in the
SUP05 clade, a subgroup within the Gammaproteobacteria that predominates at
suboxic and anoxic sites (Walsh et al. 2009; Wright et al. 2012; Anantharaman et al.
2013). Interestingly, genomes of viruses associated with SUP05 contained genes for
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subunits of reverse dissimilatory sulfite reductase and may represent a genetic
reservoir responsible for conferring this ability to SUP05 (Anantharaman et al.
2014; Roux et al. 2014).

In addition to chemoautotrophy it has been noted that heterotrophic microbes
could be responsible for some of the measured dark primary productivity by
incorporating CO2 during anaplerotic reactions, which provide no net gain of
carbon. Heterotrophs, including Alteromonas macleodii AltDE, may actively take
up CO2 in nutrient replete conditions to replace necessary metabolic precursors or
intermediates (Alonso-Sáez et al. 2010; Yakimov et al. 2014). Deep-ocean
microbial communities are important drivers of carbon remineralization and
sequestration and a greater understanding of their function, both in using and fixing
organic carbon, will be fundamental to evaluating the role of the deep ocean as a
carbon sink.

Electron donors in the deep ocean are scarce (Reinthaler et al. 2010) and some
deep-ocean microbes may use unique sources. One such example is the prevalence
of genes for aerobic carbon monoxide oxidation in the deep sea. The coxL, coxM,
and coxS genes, which encode for carbon monoxide dehydrogenase, have been
identified in many deep-ocean metagenomes (Martin-Cuadrado et al. 2007, 2009;
Eloe et al. 2011b; Quaiser et al. 2011; Smedile et al. 2013). Carbon monoxide
oxidation may provide an alternative or supplementary energy source
(Martin-Cuadrado et al. 2007) and while the possible role of CO in the deep ocean
has been questioned because the source is unclear (Quaiser et al. 2011), it is
possible that it is produced during organic matter degradation (Eloe et al. 2011b).
Most Thaumarchaea in the deep ocean are thought to be capable of oxidizing
ammonia based on abundances of amoA genes (Konstantinidis et al. 2009;
Yakimov et al. 2011) and their recovery from the majority of mesopelagic SAGs
from the South Atlantic (60%) and North Pacific (81%) (Swan et al. 2014).
However, low ammonia levels in the deep ocean may result in archaeal nitrification
that is too low to support the measured rates of carbon fixation (Herndl et al. 2005;
Reinthaler et al. 2010). The identification of urease genes within MG1 SAGs
suggests they may also oxidize urea, providing an alternative energy production
pathway (Alonso-Sáez et al. 2012; Swan et al. 2014).

2.7 Conclusions and Future Directions

Deep-ocean communities contain genotypic and phenotypic properties that confer
adaptation to the deep ocean. Many attributes associated with deep-ocean bathy-
types, such as genes for particle-association, heavy-metal resistance, and increased
numbers of mobile elements are also found in metagenomes, suggesting they are
relatively conserved across major groups of deep-sea taxa. Most of the bathytypes
discussed here show growth at atmospheric as well as high pressure and more
extreme comparisons with obligate piezophiles may allow for a better under-
standing of the adaptations to the deep ocean. One of the major challenges moving
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forward will be to determine the taxonomic and functional traits that distinguish not
just “deep” versus “shallow” pelagic prokaryotes, but “ultra-deep” or hadal
prokaryotes from everything else, and to uncover the environmental conditions that
lead to these differences. To accomplish these tasks it will be important to apply
genomics technologies to a far larger number of piezophiles and hadal locations
than the handful examined thus far, along with the collection of robust suites of
associated biological, chemical, and physical data. Large sampling expeditions
comparable to the Global Ocean Sampling Expedition or the TARA Expedition
(Rusch et al. 2007; Karsenti et al. 2011) should be considered for global analyses of
microbial communities and their genomic adaptations within hadal environments.

Another major emphasis must be to distinguish autochthonous from allochtho-
nous microorganisms present at great depths. Because pressure is clearly a major
driver of the vertical distribution of marine life, one way to address this question
will be to determine the impact of retaining or changing the in situ pressure on the
identities and activities of the microbes present. This objective becomes progres-
sively more complicated, technically challenging and expensive with increasing
depth and pressure. Another approach is to consider ways in which the microbi-
ology to be performed can be accomplished in the deep sea prior to sample
retrieval. This could involve the fixation of samples at depth for later processing
topside or through analyses done remotely like that conducted with the
Environmental Sample Processor (Scholin et al. 2009).

Another major research direction must include more mechanistic studies of the
basis of life at great depth. In most cases this will involve pure cultures, but
innovative interrogations of microbial communities present in microcosms might
also yield new insights. These efforts would benefit from the collection of a much
more diverse and representative collection of piezophiles than now exist.
Enrichments with more complex organic sources over longer time scales may
provide new species of microbes for study, and transitioning from batch to recir-
culating culturing approaches to maintain carbon sources, electron donors, and
electron acceptors (notably dissolved oxygen) at constant concentrations under
high-hydrostatic pressure should be pursued (Parkes et al. 2009; Deusner et al.
2010; Zhang et al. 2011; Sauer et al. 2012; Ohtomo et al. 2013; Foustoukos and
Perez-Rodriquez 2015).

Important information already exists on the cellular changes needed for life at
elevated pressure, most clearly in the case of the requirement for elevated unsat-
urated fatty acids in the membranes of psychrophilic or psychrotolerant piezophiles.
However, despite the close phylogenetic relationship that exists between piezo-
philic and nonpiezophilic microbes, fundamental gaps remain in the understanding
of the basis of high-pressure life. Thus, high-pressure growth appears to arise from
a modest number of subtle changes. The application of systems biology approaches
(transcriptomics, proteomics, lipidomics, metabolomics) in concert with metabolic
flux analyses, osmolyte measurements, directed evolution, genetics, biochemistry,
and modeling will all be needed for further progress. Genetic studies are currently
possible for only a small number of piezophiles (Chen et al. 2011; El-Hajj et al.
2010; Thiel et al. 2014; Li et al. 2015).
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There are many reasons to study deep-sea life in general and ultra-deep microbes
in particular. Deep-sea microbes are considered important targets for the search for
bioactive secondary metabolites and drugs (Hopwood 2007) or as sources of
enzymes and metabolic pathways for the breakdown of complex hydrocarbons,
plastics or other organics (Sekiguchi et al. 2011). The study of deep-sea microbes
also makes it possible to examine life under different boundaries of pressure and
temperature than is the case for virtually all other habitats, excluding the deep
subsurface. In this regard they are useful as proxies for possible life forms existing
in extraterrestrial habitats (Schrenk and Brazelton 2013). But, they should primarily
be appreciated as the members of a major portion of the biosphere, responsible for
much of the carbon mineralization and sequestration that takes place on Earth.
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