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Abstract Gradients of physicochemical factors influ-

ence the growth and survival of life in deep-sea envi-

ronments. Insights into the characteristics of deep

marine prokaryotes has greatly benefited from recent

progress in whole genome and metagenome sequence

analyses. Here we review the current state-of-the-art of

deep-sea microbial genomics. Ongoing and future

genome-enabled studies will allow for a better under-

standing of deep-sea evolution, physiology, biochem-

istry, community structure and nutrient cycling.
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Introduction

The largest fraction of the ocean is at depths >200 m

and is believed to contain 6.5 · 1028 cells ml–1,

accounting for 55% of all the prokaryotes found in

aquatic habitats (Whitman et al. 1998), but very little is

known about the adaptations allowing for growth and

survival of microbes in the deep sea. In general abyssal

(3,000–6,000 m) and hadal (>6,000 m) environments

are characterized by low temperature, high hydrostatic

pressure and the absence of solar radiation (Bartlett

1992). This physically uniform environment is believed

to be populated by a high diversity but low abundance

of organisms (Fuhrman et al. 1992; Sogin et al. 2006)

and is occasionally interrupted by outbursts of activity

in the locations of hydrothermal vents (Prieur et al.

1995), whale falls (Smith and Baco 2003) and cold

seeps (Elvert et al. 2000). Here chemoautotrophic

metabolisms dominate, fuelled by the presence of

sources of reduced inorganic compounds.

Outside of these deep-sea oases, microbial life was,

until recently, believed to be largely heterotrophic and

supported by sporadic influxes of nutrients from the

overlying productive layers of the water column (Witte

et al. 2003). However, recent studies about the unique

nature of deep-sea organic carbon (Aluwihare et al.

2002) and nitrogen (Aluwihare et al. 2005; Dell’Anno

and Danovaro 2005) combined with the fact that the

dominant group of archaea (Karner et al. 2001) in the

deep sea might be chemoautotrophic (Francis et al.

2005; Konneke et al. 2005; Treusch et al. 2005) could

change this view.

In the dark cold abyss, the most unique physical

parameter is hydrostatic pressure. It can be more than

three orders of magnitude higher than on the ocean’s

surface, reaching a maximum at ~110 MPa at the bot-

tom of Challenger Deep in the Mariana Trench. Ver-

tical zonation has often been explained by differential

adaptation of some phylogenetic groups to this physi-

cal parameter. In particular the term ‘‘piezophile’’

[from the greek verb piezo, to press (Yayanos 1995)]
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has been created to describe those microorganisms

with optimal growth at pressures >0.1 MPa.

The field of piezomicrobiology was born more than

100 years ago (for a brief history see Simonato et al.

2006) but has suffered from the requirement for spe-

cialized and expensive collection vehicles such as

ROVs and free vehicles, in addition to high-pressure

culturing equipment. For this reason the number of

scientists and labs involved in high-pressure micro-

biology studies is still limited.

Piezophilic microorganisms have been isolated from

many regions of the world, displaying pressure optima

for growth that span the entire range of pressures

existing in the ocean biosphere (Yayanos et al. 1979;

Nogi et al. 2002). Most of these isolates belong to the

genera Colwellia, Moritella, Photobacterium, Pyschro-

monas, and Shewanella within the gamma proteobac-

teria (Kato et al. 1995; DeLong et al. 1997; Kato et al.

1998; Nogi et al. 1998a, b, c, 2002, 2004; Nogi and Kato

1999; Xu et al. 2003a, b) with the notable exception of

two sulphate reducing isolates of the genus Desulf-

ovibrio (Bale et al. 1997; Alazard et al. 2003) and one

Gram-positive member of genus Carnobacterium

(Lauro et al. 2006). It is believed that these isolates

represent only a small fraction of the phylogenetic and

physiological diversity present in hadal and abyssal

environments. All of these ‘‘confirmed’’ inhabitants of

the cold deep sea form distinct clades within phyla of

microbes from polar regions suggesting common

ancestry and that adaptations to low temperature could

be a pre-requisite for the initial acclimation to the deep

sea (Lauro et al. 2006). However, these isolates prob-

ably only represent the copiothrophic opportunists

(r-strategists) and new culturing approaches (Rappe

et al. 2002; Zengler et al. 2002, 2005) will have to be

developed in order to isolate other members of the

community.

In recent years, advances in biodiversity, genomic

technology, and the environmental biotechnology of

secondary metabolites (Simonato et al. 2006), has re-

vived the interest in this field of microbiology. This

short review summarizes the state of the art of deep-

sea microbial genomics and metagenomics.

The molecular diversity of deep-sea microbial

communities

When delving into the ecology of any environment, the

first question that comes to mind is invariably ‘‘who is

there’’. Less than 1% of the marine microbes can be

cultured (Fuhrman et al. 1992; Rappe and Giovannoni

2003) and despite the fact that a considerable amount

of effort has been put forth in recent years to ‘‘culture

the unculturable’’ (Rappe et al. 2002; Konneke et al.

2005) most of our knowledge of deep-sea microbial

diversity comes from culture independent studies.

The use of 16S rRNA in microbial ecology is well

established (Olsen et al. 1986) and has been applied to

ocean samples from surface waters for many years

(Giovannoni et al. 1990; Delong 1992; Fuhrman et al.

1992). Similar studies using deep-sea samples were not

initiated until later (DeLong et al. 1997; Kato et al.

1997; Nogi et al. 1998b). These investigations provided

the first clues to the extreme complexity of low-tem-

perature deep-sea microbial communities.

More recently DeLong and colleagues (DeLong

et al. 2006) end-sequenced ~5,000 fosmid clones from

metagenomic libraries generated at 7 different depths

(10, 70, 130, 200, 500, 770, 4,000 m) from station

ALOHA (Karl and Lukas 1996) in the North Pacific

Subtropical Gyre. This study provided the first snap-

shot of the vertical zonation of genes and pathways in

the oligotrophic open ocean.

When the sequences obtained were classified by

their best TBLASTX high scoring sequence pair match

(HSPs), the photic zone (10, 70, 130 m) samples were

enriched in Prochlorococcus-like sequences while the

deepwater (500, 770, 4,000 m) samples were enriched

in d-proteobacteria-like, Actinobacteria-like and

Planctomycete-like sequences.

Sequences of putative a-proteobacterial origin were

highly abundant at all depths, while those of putative

c-proteobacterial origin only constituted a small frac-

tion of the total at all depths. Readers interested in

more detailed analyses of this work are referred to

Worden et al. (2006).

A more comprehensive survey of the vertical zona-

tion of phylogenetic groups of microbes in an oligo-

trophic marine setting was performed by Sogin and

colleagues in the North Atlantic Ocean (Sogin et al.

2006). To avoid PCR-generated biases and increase the

number of samples analyzed only the V6 hypervariable

region of the 16S rRNA was sequenced using 454

technology (Margulies et al. 2005). A previous study

had shown that in most cases the sequence variation

within the V6 region is sufficient to broadly charac-

terize the phylogenetic lineage of an organism (Kysela

et al. 2005).

Here we re-analyzed this dataset (Materials and

methods are provided as supplementary material) to

show the variation of community composition as a

function of depth (Fig. 1) and temperature. Some of

the same trends observed for the ALOHA station

sample were found. In particular a-proteobacterial tags

were highly abundant in samples from all depths and
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temperatures and the deepest low temperature sample

(112R) showed an increase in the relative abundance

of tags classified as d-proteobacteria, Actinobacteria

and Planctomycete.

However, in contrast to the ALOHA station results,

sequence tags of c-proteobacteria were highly abun-

dant in all samples, with percentages increasing at

higher depths in the cold-water samples (Fig. 1b). This

increase with depth in the percentage of d- and c-pro-

teobacteria at the expense of a-proteobacteria was also

observed in a depth comparison of samples from the

Mediterranean and the Greenland seas (Zaballos et al.

2006).

The discrepancy between the Delong et al. (2006)

and Sogin et al. (2006) results may be explained in

three ways: (1) a fundamental differences between the

two sets of samples, (2) technical differences in the

sampling and processing of the samples or (3) a bias in

the V6-tag database.

16S-based quantitative assessments of microbial

communities are inherently skewed by differences in

copy number of ribosomal operons among different

phyla (Venter et al. 2004). Members of the phylum

a-proteobacteria, for example, usually contain only one

copy, as opposed to some c-proteobacteria that can

contain as many as 15, leading to an over-estimation of

c-proteobacteria when compared to other genetic

markers.

Another complicating factor in the culture-inde-

pendent studies of deep-sea samples is the problem of

discriminating against surface derived bacteria. Many

microbes will become attached to sinking particles,

making their way to sediments and waters of the deep

sea where they can survive in a metabolically inactive

state for indefinite periods of time. For example, spores

of surface-derived Clostridium sp. have been recovered

from Japan Trench sediments at a depth of 6.3–7.3 km

(Lauro et al. 2004). Upon germination, the vegetative

cells showed no pressure adaptation, but the spores

were extremely pressure resistant. Non-sporeforming

bacteria can also exhibit remarkable pressure tolerance

when starved (Berlin et al. 1999). The role of these

‘‘foreign’’ species in nutrient and energy cycling might

be only passive, because of their contribution to the

pool of organic matter that is removed from photic

layer. Therefore, the understanding of biochemical

cycling in the ocean requires means of distinguishing

between autochthonous and allochthonous members of

the community.

One solution to the problem is to pre-filter the col-

lected water samples in order to remove surface-

derived detritus (Worden et al. 2006), at the risk of

losing those active members of deep-sea communities

that colonize and degrade marine snow. Interestingly,

one of the main differences in sample processing be-

tween the station ALOHA sample and the North

Atlantic sample was that the first one was pre-filtered

while the second one was not (Herndl and Sogin,

personal communication). This difference between the

two samples could have added or subtracted a large

fraction of the population of c-proteobacteria in the

water column which live attached to particles as op-

posed to the predominantly free-living lifestyle of a-

proteobacteria (Delong et al. 1993).

High pressure, DNA damage and cell division

A number of reviews have been published on the

physiological adaptations of microorganisms to the

deep sea (Kato and Bartlett 1997; Bartlett 2002, 2006;

Margesini and Nogi 2004; Bartlett et al. 2006; Simonato

et al. 2006). These studies have traditionally focused on

the effects of high hydrostatic pressure, a physical

parameter whose increase will inhibit any process

resulting in a positive volume change (Gross and

Jaenicke 1994).

Deep-sea bacteria have been shown to possess pie-

zo-specific adaptations in terms of membrane phos-

pholipid fatty acid unsaturation (Delong and Yayanos

1985; Allen et al. 1999; Allen and Bartlett 2000) and

cell division (Jannasch 1987; Yayanos and DeLong

1987; Bidle and Bartlett 1999; Ishii et al. 2004).

Moreover, hydrostatic pressure has been shown in vi-

tro to affect many protein–protein (Silva and Weber

1993) and protein–DNA (Chilukuri et al. 1997; Tang

et al. 1998) interactions, and, in vivo to hinder essential

cellular processes such as replication and translation

(Yayanos and Pollard 1969; Welch et al. 1993; Ishii

et al. 2005).

One interesting observation is that when a micro-

organism is grown above or below its optimal hydro-

static pressure, it tends to become filamentous

(Jannasch 1987; Yayanos and DeLong 1987). In E. coli

a partial explanation for this phenomenon has been

provided: high pressure enhances the activity of the

Mrr cryptic endonuclease (Aertsen and Michiels 2005)

which produces double stranded DNA damage, trig-

gering an SOS response (Aertsen et al. 2004). One

aspect of this signaling pathway is the increase of the

SulA regulatory protein which in turn inhibits FtsZ-

mediated septal ring formation (Aertsen et al. 2004).

This pressure-triggered SOS response can be exacer-

bated by mutation of the gene encoding the Lon pro-

tease, an enzyme which postranslationally limits SulA

abundance. The only caveat in this otherwise elegant
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story is the fact that filamentation still occurs in sulA

mutants (Aertsen et al. 2004; Ishii et al. 2004; Kawarai

et al. 2004), suggesting that an alternative filamentation

pathway must also exist. The second pathway could

arise from high hydrostatic pressure inhibition of the

polymerization of tubulin-like protein FtsZ (Ishii et al.

2004).

The DNA damage signal for pressure-induced

double-stranded DNA breaks is not known at this time

but could involve RecD, which together with RecB an

RecC composes exonuclease V, an enzyme with mul-

tiple activities centered on the control of genetic

recombination (Amundsen et al. 1986). recD mutants

in the moderate piezophile Photobacterium profundum

SS9 are pressure sensitive (Chi and Bartlett 1993; Bidle

and Bartlett 1999) and the introduction of the recD

gene from P. profundum into E. coli inhibits cell fila-

mentation at high pressure (Bidle and Bartlett 1999).

Interestingly, the piezo-sensitive recD mutant of P.

profundum SS9 was isolated in a screen performed at

atmospheric pressure for mutants altered in the pro-

duction of the outer membrane protein OmpH (Chi

and Bartlett 1993) and only subsequently was found to

be pressure sensitive. ompH gene expression is induced

at low pressure under carbon and energy starvation

(Bartlett and Welch 1995), a condition that is known to

trigger an SOS response (Janion et al. 2002). Consis-

tent with this possible SOS connection, microarray

studies of P. profundum SS9 indicate the upregulation

of many genes associated with DNA repair (including

uvrA and uvrD) when the cells are grown at atmo-

spheric pressure but not when grown at 28 or 45 MPa

(Campanaro et al. 2005). And, as previously noted by

Aertsen et al. (2004) outer membrane proteins in

E. coli are also known to be controlled by the SOS

response (Garvey et al. 1985). Understanding the

pathway by which this non-traditional SOS response is

pressure-triggered should be a priority for future

studies.

High pressure and protein synthesis

An essential cellular process inhibited by hydrostatic

pressure is protein synthesis. This has been explained

through the dissociation of the ribosomal subunits that

has been detected both in vitro (Schulz et al. 1976;

Gross and Jaenicke 1990; Gross et al. 1993) and in vivo

(Niven et al. 1999; Alpas et al. 2003). Transcriptome

and proteome studies have shown that high hydrostatic

pressure induces the synthesis of a number of ribo-

somal and heat-shock proteins in Lactobacillus san-

franciscensis (Pavlovic et al. 2005; Hormann et al.

2006) and E. coli (Welch et al. 1993; Ishii et al. 2005).

The triggering of a heat-shock response is particularly

interesting as the pressures used in these studies

(<100 MPa) are too low to cause pressure-denatur-

ation of proteins (Silva and Weber 1993). Instead, it is

compatible with the hypothesis of Hormann et al.

(2006) that suggest it is due to a partial loss-of-function

in the ribosomes that produce truncated and misfolded

proteins. As was the case for the SOS response, in the

deep-sea bacterium P. profundum SS9 the opposite

effect is observed with heat-shock genes being over-

expressed at atmospheric pressure (Vezzi et al. 2005).

16S ribosomal RNA comparisons between strains

from different depths has identified structures that

appear to be specific to the piezophiles (Lauro et al.

2006), suggesting functional constraints for ribosomal

function in the deep sea. Additional work will be re-

quired to clarify the extent of ribosomal adaptation to

high pressure.

Genomic adaptations to the deep sea

Recently we have initiated with colleagues the analysis

of the first five genomes of psychropiezophilic (cold-

and pressure-loving) bacterial isolates: P. profundum

SS9 (Vezzi et al. 2005), Shewanella sp. KT99 (Lauro

et al. 2006), Moritella sp. PE36 (DeLong et al. 1997),

Psychromonas sp. CNPT3 (DeLong et al. 1997), Car-

nobacterium sp. AT7 (Lauro et al. 2006). Each of these

strains has a number of phylogentically closely related

species/strains that are adapted to surface water con-

ditions (Table 1).

To aid in comparing related species differing in

adaptation to deep-sea environments we have adopted

the term ‘‘bathytype’’ (from the greek word bathos,

Fig. 1 Classification of the V6-region rRNA tags produced by
Sogin et al. (2006). a Left column: percentage composition the
total bacterial community. Taxa: (1) No significant HSPs (2) only
environmental HSPs (3) Acidobacteria (4) Actinobacteria (5)
Bacteroidetes (6) Chlamydiae (7) Chloroflexi (8) Cyanobacteria
(9) Deferribacteres (10) Deinococcus-Thermus (11) Firmicutes
(12) Fusobacteria (13) Gemmatimonadetes (14) Lentisphaerae
(15) Nitrospira (16) Planctomycetes (17) Proteobacteria (18)
Spirochaetes (19) Thermodesulfobacteria (20) Thermotogae (21)
Verrucomicrobia. b Right column: percentage composition
among the proteobacteria. Taxa: (1) a-proteobacteria (2) b-
proteobacteria (3) c-proteobacteria (4) d-proteobacteria (5) e-
proteobacteria (6) unclassified proteobacteria. Solid black bars
are samples from the North Atlantic Deep Water: 53R and 55R
from 58.300�N to 29.133�W; 112R and 115R from 50.400�N to
25.000�W; 137 and 138 from 60.900�N to 38.516�W. Grey bars
(FS312 and FS396) are samples from hydrothermal vent fluids of
the Axial Seamount in the Juan de Fuca Ridge, 45.916�N-
129.983�W

b
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depth) to identify depth-specific ecotypes, defined as

‘‘a population of a species genetically adapted to a

certain depth in the water column’’. The very existence

of closely related microbes differing in their bathytypes

implies that relatively little genetic change is required

to evolve and adapt to the deep sea. In fact, genomic

comparison between strain SS9 (Nogi et al. 1998c) and

strain 3TCK (Campanaro et al. 2005), the two bathy-

types of P. profundum whose genome are completely

sequenced, has revealed a high degree of synteny.

What are the genomic features that restrict

the depth of each bathytype?

All the deep bathytytpes possess a high ratio of rRNA

operon copies/genome size (Fig. 2) and larger-than-

average intergenic regions (Fig. 3). The number of

ribosomal operons in a genome has been correlated

with the ecological strategy of bacteria (Klappenbach

et al. 2000): the highest numbers of operons are present

in bacteria, which respond most rapidly to environ-

mental changes. Similarly, small intergenic regions

have been correlated with an equilibrium strategy (K-

strategy) (Macarthur 1960) as observed in the cosmo-

politan marine clade SAR-11 (Giovannoni et al. 2005).

Taken together these observations suggest that most of

the deep bathytypes in culture have an opportunistic

(r-strategy) lifestyle with a high degree of gene regu-

lation. Future studies will help clarifying if this strategy

is selected by deep-sea conditions or simply reflects a

bias in piezophile isolation and cultivation. Interest-

ingly, the analysis of two 16S-containing d-proteobac-

terial cosmid clones from a metagenomic library

Table 1 Deep bathytype microbial species and corresponding comparison species from shallow waters

Strain Popt Topt PUFA Source Phylogeny Comparison strain

Photobacterium profundum SS9
(Vezzi et al. 2005)

0.1 16 EPA Sulu Sea Proteobacteria P. profundum 3TCK
Gammaproteobacteria P. sp. SKA34
Vibrionales

Shewanella sp. KT99 ~98 ~2 EPAa Kermadec Trench Proteobacteria Shewanella frigidimarina
NCIMB400Gammaproteobacteria

Alteromonadales Shewanella violacea DSS12
Psychromonas sp. CNPT3 52 12 EPAa Central North Pacific Proteobacteria Psychromonas ingrahamii

Gammaproteobacteria
Alteromonadales

Moritella sp. PE36 41 10 DHA Patton Escarpment Proteobacteria Moritella marina
Gammaproteobacteria
Alteromonadales

Carnobacterium sp. AT7 20 20 ND Aleutian Trench Firmicutes Enterococcus faecalis
Bacilli
Lactobacillales

The analysis of fatty acid methyl esters was performed by gas chromotography-mass spectrometry

PUFA polyunsaturated fatty acid, EPA eicosapentaenoic acid (20:5n-3), DHA docosahexaenoic acid (22:6n3)
a Traces of DHA

Fig. 2 Relationship between genome size and rRNA copy
number for 66 bacterial genomes. The open diamonds are the
deep bathytypes

Fig. 3 Average intergenic spacer for 54 bacterial genomes. The
dark bars are the deep bathytypes. Solid line represents the
mean, dashed lines the standard deviation
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constructed from a 500 m deep Antarctic water sample

showed that the average intergenic size varied from

163 to 858 bp (Moreira et al. 2006), suggesting that

both strategies might coexist at intermediate depths.

Other hallmarks of all the current deep bathytype

genomes are the presence of a large number of genes

involved in membrane unsaturation, such as D-9 de-

saturases and polyketide synthase gene clusters (Allen

et al. 1999; Allen and Bartlett 2002) for the synthesis of

polyunsaturated fatty acids (Table 1), and the absence

of photolyase (phr) genes. The phr gene product (Ya-

sui and McCready 1998) uses blue-light energy in order

to repair cyclobutane pyrimidine dimers in UV irra-

diated DNA. It is therefore expected to be absent from

the genomes of any organisms that are never exposed

to light. The previously mentioned metagenomic

analysis of the vertical distribution of genes in the

central Pacific Ocean (DeLong et al. 2006) showed that

phr-like genes are substantially under-represented be-

low the photic zone.

This bias in phr distribution is not universal. In-

deed, photolyase-like genes are present in the ge-

nomes of several bacterial isolates obtained from the

deep sea. These are Idiomarina loihiensis (Hou et al.

2004), Oceanobacillus iheyensis (Takami et al. 2002)

and Alteromonas macleodii (draft sequence). How-

ever, it should be noted that while these organisms

were derived from deep-sea environments, there is no

data available on their pressure adaptation. They

could be allochthonous to the deep-sea environment

or recently evolved piezophiles in which surface de-

rived genes have not yet been purged by natural

selection.

Additional genetic modifications are expected for

coping with long periods of starvation (Rice and Oliver

1992) and for searching for nutrients in patchy oligo-

trophic environments (Witte et al. 2003). In fact,

studies conducted with the moderate piezophile Psy-

chromonas sp. CNPT3 have shown interesting behav-

ioral responses. Upon shifting to low-nutrient

conditions, the cells decreased their biovolume and

membrane unsaturated fatty acid content and in-

creased their ability to attach to a glass substratum,

particularly during incubations at high pressure. This

latter attribute could reflect an adaptation for locali-

zation to nutrient-rich particles (Rice and Oliver 1992).

How long can piezophiles survive with little or no

food? In one long-term experiment, a batch culture of

Psychromonas HS11 (Delong and Yayanos 1986) was

maintained at high pressure for over 20 years (Cha-

stain and Yayanos, personal communication). Upon

decompression and dilution into new media, the cul-

ture displayed exponential growth within 2 weeks.

Motility is another important adaptation for marine

bacteria, in particular to avoid grazing and for the

continuous quest for nutrients (Grossart et al. 2001). In

hadal and abyssal environments, the hunt for dissolved

(Blackburn et al. 1998) and particulate (Azam and

Long 2001; Kiorboe and Jackson 2001) organic matter

might explain the large number of methyl-accepting

chemotaxis (MCP) proteins present in the genomes of

all the deep bathytytpes. MCPs are signal transducing

proteins that respond to gradients of chemicals in the

environment, relaying a signal for directional swim-

ming to the flagellar motor. These sensory systems

must be able to detect miniscule changes in the sur-

rounding chemistry in order to enable the cells to

maximize their productivity and growth in environ-

ments of small amounts of spatially and temporally

distributed food supplies (Wirsen and Molyneaux

1999).

Flagellar assembly and motor function is also worth

studying in greater detail as a model for a high pres-

sure-adapted system. Motility is arguably the most

pressure-sensitive cellular process in surface-water

prokaryotes (Meganathan and Marquis 1973; Bartlett

2002) and gene clusters for motility and chemotaxis are

among the most divergent between bathytypes (Cam-

panaro et al. 2005). In fact, microarray-based genome

comparison between three strains of P. profundum has

shown that the deep bathytypes [SS9 and DSJ4 (Nogi

et al. 1998c)] have an additional gene cluster that is

lacking in the shallow bathytype (3TCK) which

resembles genes for the production of lateral flagella

(Campanaro et al. 2005). The function of this addi-

tional cluster is unknown, but preliminary results have

provided evidence that the deep bathytype SS9 swims

well under high pressure, but very poorly at atmo-

spheric pressure, while the opposite phenotype has

been observed in the shallow bathytype 3TCK (Eloe

et al., unpublished results).

Future directions

Genomic analyses of piezophilic microorganisms is

only starting to crack the codes for deep-sea adapta-

tions. Continued sequencing of key deep-sea bathy-

types within all three domains of life will be essential

along with reinvigorated attempts to culture a more

representative fraction of the deep-sea microbial

community. With advances in computer modeling it

will be possible to detect more subtle global adapta-

tions such as specific protein motifs that allow enzymes

to work under high pressure and low temperature and

to identify novel sensory, regulatory and metabolic
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pathways that allow growth under conditions of low

and shifting nutrient conditions.

Another frontier will be the use of large-scale

community sequencing to more fully understand deep-

sea microbes at the community and ecosystem level

(Azam and Worden 2004). Metagenomics is still in

its infancy because of the amount of sequencing and

cyber-infrastructure required to extensively sample

complex environments (Venter et al. 2004). However it

has been successfully applied to relatively simple sys-

tems such as acid mine drainage (Tyson et al. 2004) and

anaerobic methane oxidizing microbial communities

(Hallam et al. 2004).

With new technologies (Margulies et al. 2005) and

approaches (Goldberg et al. 2006) it is hoped that it

will be possible in the near future to characterize the

bulk of the microbial community even in the case of

environments of high diversity and complexity such as

the deep sea. Certainly the work of DeLong et al.

(2006), Ferrer et al. (2005) and Grzymski et al. (2006)

are ground-breaking steps in this direction. In the

meantime, insights into the function, the metabolic

potential and the role of individual phylotypes in

microbial populations could be gathered by using

environmental microarrays (Zhou 2003). These come

in various flavors: (1) Functional gene arrays (FGA)

have probes designed to detect specific functional

genes. They could be used to search for specific met-

abolic pathways that are expected to be over-repre-

sented in the deep sea (Wu et al. 2001, 2006) and to

analyze changes in the expression of those pathways in

response to spatio-temporal changes in the physico-

chemical parameters (Gao et al. 2006). (2) SSU rRNA-

based phylogenetic oligonucleotide arrays (POAs)

could be used to analyze phylogenetic diversity and

microbial community shifts in response to the same

environmental fluctuations (Loy et al. 2002; Wilson

et al. 2002; El Fantroussi et al. 2003). (3) Arrays based

on the whole complement of open reading frames of a

reference genome could be used to rapidly identify

genomic variations among a large number of closely

related isolates. Understanding the role of strain-spe-

cific genes in deep bathytypes (Campanaro et al. 2005)

and the significance of horizontal gene transfer in

producing genome variation (Murray et al. 2001; Earl

et al. 2006) would provide valuable insights into the

evolution of deep-sea genomes.

However these technologies must proceed in paral-

lel with the development of new genetic tools and

culturing approaches in order to test hypotheses

stemming from the analyses of molecular data.

For example, it will be interesting to physiologically

characterize deep-sea members of the group I Cren-

archaea, whose numbers become dominant with depth

(Karner et al. 2001). Based on the molecular and cul-

turing data of a shallow-water representative from this

group it appears that these microbes are chemoaut-

othrophs which gain energy through the oxidation of

ammonia (Francis et al. 2005; Konneke et al. 2005;

Treusch et al. 2005). If true for the group in general,

current models for carbon and nitrogen cycling in the

deep ocean will need to be revised (Aluwihare et al.

2005; Ingalls et al. 2006).
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