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Genomes of Sea Microbes
      By Mary ann Moran and E. VirGinia arMBruSt

Genomics is the study of the genetic 

information encoded by all the nucleo-

tides possessed by an organism. For 

oceanographers, genomics provides 

detailed information on the many genes 

that drive biogeochemical activities of 

ocean-dwelling microbes. Carbon fixa-

tion, nitrogen fixation, sulfur gas forma-

tion, CO
2
 production, and many other 

critical processes are underlain by the 

collective action of genes inside indi-

vidual microbial cells in the ocean envi-

ronment. In essence, genomics provides 

access to those genes and serves as an 

important step toward understanding 

their role in the ocean environment.

The study of genes in the ocean had 

its start more than a decade ago when 

the new field of molecular ecology first 

allowed oceanographers to measure the 

diversity and distribution of selected 

protein-encoding genes. Polymerase 

chain reaction (PCR) amplification and 

sequencing of nifH genes led the way, 

providing information on the distribu-

tion of nitrogen-fixing organisms in 

marine environments and investigating 

the factors that limit their activity (Zehr 

and Capone, 1996). Similarly, studies 

of expression patterns of rbcL, the gene 

encoding a subunit of the major enzyme 

for carbon fixation, provided some of 

the first glimpses into cellular-level regu-

lation of a major biogeochemical process 

in the ocean (Paul, 1996). These molecu-

lar oceanography studies were important 

predecessors to genomic oceanography 

studies, but they differ in two signifi-

cant ways. First, the scale of genom-

ics is grander, focusing on all the genes 

harbored by a marine organism simul-

taneously rather than just a few genes 

at a time. Second, genomics includes a 

large measure of discovery and does not 

require that the target genes be identi-

fied beforehand. Thus, it is not actually 

necessary to know what you are look-

ing for in order to find genes that are 

novel or informative.

The difficulty of culturing every 

microbe in the sea and the dilemma of 

maintaining millions of microbial cul-

tures simultaneously means that only 

a small fraction of marine microbial 

diversity can be studied as pure cultures. 

Selected model organisms have therefore 

begun to play an increasingly important 

role in oceanography. Because they can 

be grown in the laboratory and read-

ily incorporated into experiments, eco-

logically relevant, culturable microbes 

provide a window into the ecology and 

physiology of their uncultured relatives. 

Put simply, they allow us to develop 

hypotheses about the uncultured multi-

tude. The recent availability of genome 

sequences has greatly enhanced the value 

of model marine microbes, allowing 

manipulative experiments to be designed 

and interpreted much more specifi-

cally and insightfully. A few examples 

of sequenced marine microbes emerg-

ing as important model organisms 

in oceanography are: Prochlorococcus 

marinus (an abundant marine cya-

nobacterium; Rocap et al., 2003), 

Pelagibacter ubique (a member of the 

SAR11 clade; Giovannoni et al., 2005), 

Silicibacter pomeroyi (a Roseobacter; 

Moran et al., 2004), Rhodopirellula 
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baltica (a representative of the marine 

planctomycetes; Glöckner et al., 2003), 

Thalassiosira pseudonana (a marine 

diatom; Armbrust et al., 2004), and 

Ostreococcus tauri (a marine prasino-

phyte; Derelle et al., 2006). 

“Pure-culture genomics” is distinct 

from but complementary to “metage-

nomics.” In the latter (see Edwards and 

Dinsdale, this issue), organisms are 

sequenced without culturing and in 

the context of the other members of 

the community. In this chapter, we will 

focus on the former, addressing both the 

value of genomes of cultured marine 

microbes for tackling major questions 

in oceanography and the intrinsic syn-

ergism between pure-culture genomics 

and metagenomics. 

Which GEnoMES Should  

BE SEquEncEd?

DNA sequencing is becoming ever more 

rapid and inexpensive, putting marine 

microbial genomes within a few days’ 

reach of a major sequencing center. 

Nonetheless, nontrivial postsequenc-

ing investments in genome analysis and 

annotation make organism selection a 

very important task. 

Decisions about which marine 

prokaryotes to sequence began over 

a decade ago, with metabolic nov-

elty serving as a major criterion. The 

hydrothermal-vent-dwelling, methane-

generating Methanocaldococcus jan-

naschii was the first marine prokaryote 

sequenced (Bult et al., 1996), followed 

by the hyperthermophilic, sulfate-reduc-

ing Archaeoglobus fulgidus (Klenk et al., 

1997) (Table 1). These genomes were 

used to gain insights into the novel 

ways marine microbes obtain energy 

table 1. Marine archaea and bacteria with completed genome sequences  
as of april 2007 (14 archaea, 47 bacteria). 

Organism
Genome1  
Size (MB) ORFs2 Replicons3

rRNA  
Operons

archaEa

Aeropyrum pernix K1 1.67 1841 1 1

Archaeoglobus fulgidus dSM 4304 2.18 2420 1 1

Methanocaldococcus jannaschii dSM 2661 1.74 1786 3 2

Methanococcus maripaludis S2 1.66 1722 1 3

Methanopyrus kandleri aV19 1.69 1687 1 1

Methanosarcina acetivorans c2a 5.75 4540 1 3

Nanoarchaeum equitans Kin4-M 0.49 536 1 1

Pyrobaculum aerophilum iM2 2.22 2605 1 1

Pyrococcus abyssi GE5 1.77 1898 2 1

Pyrococcus furiosus dSM3638 1.91 2125 1 1

Pyrococcus horikoshii ot3 1.74 1955 1 1

BactEria

Colwellia psychrerythraea 34h 5.37 4910 1 9

Desulfotalea psychrophila lSv54 3.66 3234 3 7

Erythrobacter litoralis htcc2594 3.05 3011 1 1

Geobacillus kaustophilus hta426 3.59 3540 2 9

Hahella chejuensis Kctc 2396 7.22 6778 1 5

Hyphomonas neptunium atcc 15444 3.71 3505 1 1

Idiomarina Ioihiensis l2tr 2.84 2628 1 4

Jannaschia sp. ccS1 4.40 4283 2 1

Magnetococcus sp. Mc-1 4.70 3716 1 3

Maricaulis maris McS10 3.37 3063 1 2

Oceanobacillus iheyensis htE831 3.63 3500 1 7

Pelagibacter ubique htcc1062 1.30 1354 1 1

Photobacterium profundum SS9 6.40 5491 3 15

Polaromonas sp. JS666 5.90 5453 3 1

Prochlorococcus marinus aS9601 1.70 1921 1 1

Prochlorococcus marinus ccMp1375 (SS120) 1.75 1882 1 1

Prochlorococcus marinus MEd4 1.66 1712 1 1

Prochlorococcus marinus Mit 9301 1.60 1907 1 1
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and sense their environment. Many of 

the next wave of marine prokaryote 

genomes, however, were selected with 

ecological relevance rather than nov-

elty as a primary criterion. Molecular 

taxonomic surveys of 16S rRNA genes 

revealed the identity of the major marine 

prokaryotic taxa (Giovannoni and 

Rappé, 2000; Suzuki and DeLong, 2002), 

and obtaining a genome sequence of 

representatives from as many of these 

groups as possible became a priority. 

This resulted in genome sequences from 

the Cyanobacteria, Roseobacter, SAR11, 

Flavobacteria, and Planctomycetes 

groups (Rocap et al., 2003; Moran et al., 

2004; Giovannoni et al., 2005; Bauer et 

al., 2006; Glöckner et al., 2003) that are 

now being used to explore the genetic 

basis for ecological strategies and bio-

geochemically relevant activities of 

marine prokaryotes (Moran, in press).

The selection of marine eukaryotes 

for sequencing has generated much more 

heated discussion than selection of pro-

karyotes because of the larger scientific 

investment per genome. Relatively strict 

selection criteria had been developed 

to identify which medically relevant 

eukaryotes should be sequenced. For 

example, only organisms with a long 

history of being easily maintained and 

manipulated in numerous laboratories 

using molecular or genetic techniques 

were considered. But, the marine envi-

ronment is characterized by incredibly 

diverse microbial communities and 

thus relatively few representative model 

marine microbes existed that could be 

easily manipulated in the laboratory. 

Instead, the strongest motivators were to 

identify the most ecologically important 

organisms and then put them in prior-

Organism
Genome1  
Size (MB) ORFs2 Replicons3

rRNA  
Operons

BactEria, continued

Prochlorococcus marinus Mit 9303 2.70 2997 1 2

Prochlorococcus marinus Mit 9515 1.70 1906 1 1

Prochlorococcus marinus Mit 9313 2.41 2265 1 1

Prochlorococcus marinus natl1a 1.90 2193 1 1

Prochlorococcus marinus natl2a 1.84 1892 1 1

Pseudoalteromonas atlantica t6c 5.19 4281 1 5

Pseudoalteromonas haloplanktis tac 125 3.85 3486 2 9

Psychromonas ingrahamii 37 4.60 3545 1 10

Rhodopirellula baltica Sh 1 7.15 7325 1 1

Roseobacter denitrificans 4.30 4129 5 1

Saccharophagus degradans 2-40 5.06 4008 1 2

Shewanella denitrificans oS217 4.55 3754 1 8

Shewanella frigidimarina nciMB 400 4.85 4029 1 9

Shewanella sp. Mr-4 4.71 3924 1 9

Shewanella sp. Mr-7 4.80 4014 2 9

Shewanella sp. pV-4 4.60 3859 1 8

Shewanella sp. W3-18-1 4.70 4044 1 8

Silicibacter pomeroyi dSS-3 4.60 4252 2 3

Silicibacter sp. tM1040 4.15 3864 3 5

Sphingopyxis alaskensis 3.37 3195 2 1

Synechococcus sp. (strain Wh8102) 2.43 2517 1 2

Synechococcus sp. cc9311 2.61 2892 1 2

Synechococcus sp. cc9605 2.51 2645 1 2

Synechococcus sp. cc9902 2.23 2304 1 2

Thermotoga maritima (strain MSB8) 1.86 1858 1 1

Trichodesmium erythraeum iMS101 7.75 4451 1 2

Vibrio fischeri ES114 4.28 3802 3 12

1draft genomes (those for which sequence gaps still remain) are not included. 
2orFs = open reading frames (regions likely to encode genes). 
3replicons = number of independent replicating dna molecules, including chromosomes and plasmids. 



Oceanography  Vol. 20, no. 250

ity order based on genome size (smaller 

genomes of unicellular eukaryotes being 

preferred over larger genomes of multi-

cellular eukaryotes) and ease of mainte-

nance in the laboratory. 

Because much of the early sequenc-

ing work on marine eukaroyotes was 

conducted through the Joint Genome 

Institute of the U.S. Department of 

Energy, the primary consideration for 

ecological importance was an organism’s 

role in the global carbon cycle. Marine 

phytoplankton are responsible for about 

45% of global carbon fixation on a 

yearly basis and, therefore, the common 

bloom-forming phytoplankton quickly 

came to the top of the list for consid-

eration. Diatoms were considered first 

because they are estimated to be respon-

sible for about 40% of marine primary 

productivity, followed by green algae, at 

least in part because of their relatively 

small genome sizes, and haptophytes 

(another group of algae) because of 

their role in precipitating an inorganic 

form of carbon (calcium carbonate). 

An obvious group of organisms miss-

ing from the list was and continues to 

be the dinoflagellates, which are perhaps 

best known as the species that synthesize 

very potent neurotoxins and biolumi-

nescence. In general, dinoflagellates have 

extremely large genome sizes—many 

times larger than the human genome—

and consequently most genomic work 

with dinoflagellates has relied upon 

sequencing only portions of genes that 

are expressed under different conditions, 

a technique that generates expressed 

sequence tags.

After weighing the options, the first 

marine eukaryote chosen for whole 

genome sequencing was the diatom 

Thalassiosira pseudonana (Armbrust 

et al., 2004). Since publication of this 

sequence, numerous other eukaryotic 

photosynthetic organisms have made 

their way into sequencing queues, and 

their whole genome sequences have 

either been completed or are well under-

way. The list includes:

•  three additional diatoms—

(1) Phaeodactylum triconutum, for 

which the most advanced tools for 

molecular biology and genetics 

are available, (2) Pseudo-nitzschia 

multiseris, which can produce 

the neurotoxin domoic acid and 

(3) Fragilariopsis cylindrus, which is 

restricted to polar environments.

•  four green algae—(1) Ostreococcus 

tauri (Derelle et al., 2006), 

(2) Ostreococcus lucimarinus, which 

are bacterial-sized (about 1 micron 

in size) and are found in numer-

ous coastal environments, and 

(3) two strains of Micromonas pusilla 

(see http://www.jgi.doe.gov), which 

is another important member of the 

eukaryotic picoplankton that bloom 

in both coastal and open-ocean water.

•  the haptophyte Emiliania huxleyi, 

which plays a critical role in the 

production of calcium carbonate 

(Table 2). 

In the past couple of years, sequenc-

ing technologies have advanced to the 

state where ecological and/or evolution-

ary relevance plays a much greater role 

than genome size in choosing which 

marine eukaryote to sequence next. For 

example, the genome of the choanofla-

gellate Monosiga brevicollis is currently 

being sequenced not only because it is 

among the closest unicellular relatives 

of animals, but also because of its role 

in transferring carbon to higher tro-

phic levels in marine ecosystems (see 

http://www.jgi.doe.gov). 

What will be the important crite-

ria for choosing marine microbes for 

table 2. Marine eukaryotes with genome sequences as of april 2007. 

Organism Group
Genome  
Size (Mb)

Gene  
Number Status

Ostreococcus tauri prasinophyte 12.6 8,166 Finished

Ostreococcus lucimarinus prasinophyte 13.2 7,651 Finished

Micromonas pusilla (rcc299) prasinophyte 15.0 draft

Micromonas pusilla (ccMp 1545) prasinophyte 15.0 draft

Bathycoccus sp. (Ban7) prasinophyte underway

Thalassiosira pseudonana diatom 34.0 11,242 Finished

Phaeodactylum tricornutum diatom 26.5 10,681 Finished

Pseudo-nitzschia multiseries diatom ~250.0 underway

Fragilariopsis cylindrus diatom ~35.0 underway

Aureococcus anophagefferens pelagophyte 32.0 underway

Emiliania huxleyi coccolithophorid ~220.0 draft

Guillardia theta cryptomonad underway

Monosiga brevicollis choanoflagellate 41.6 9,196 draft
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Figure 1. hypothesized nitrogen and phosphorus utilization abilities for marine microbial taxa 
based on genes with sequence similarity to those whose role in n or p uptake and processing 
is known. dashed line indicates utilization pattern may be variable within the group. 

genome sequencing over the next sev-

eral years? Organisms amenable to 

postgenomic studies (including devel-

opment of a genetic system) are likely 

to be given high priority for the next 

wave of marine microbe sequencing, 

as molecular genetic and functional 

genomic methods facilitate improved 

access to gene function and regula-

tion. Almost 50% of the genes encoded 

by many marine microbes do not dis-

play obvious similarity to genes from 

better-studied organisms. Therefore, 

determining the function of the pro-

teins encoded by these “unknown” 

genes is a major priority. Among the 

marine microbial groups already 

represented by genome sequences, 

Prochlorococcus, Synechococcus, Vibrio, 

the Roseobacter group, diatoms, green 

algae, and haptophyes are good candi-

dates for model organisms in support 

of marine functional genomics. For 

example, Roseobacter group mem-

ber S. pomeroyi has been the focus of 

genomics-supported studies of novel 

voltage-dependent sodium ion channels 

(Koishi et al., 2004), sulfonate degrada-

tion (Cook et al., 2006), oxidation of 

lignin-related compounds (Buchan et 

al., 2004), and hydroxylamine oxidore-

ductases (Bergmann et al., 2005), among 

others. About 20 other Roseobacter 

genomes (completed or in progress) will 

soon be available for future compara-

tive and functional genomic studies. The 

total number of sequenced eukaryotic 

microbes will continue to lag behind 

the number of sequenced prokaryotic 

microbes, but select groups of closely 

related species of marine phytoplankton 

are now being sequenced and will also be 

available for comparative studies.

diScoVErinG thE unExpEctEd

The availability of whole genome 

sequences is particularly exciting because 

they serve as hypotheses-generating 

“machines.” The piecing together of 

metabolic pathways or potential signal-

ing pathways, for example, via computer-

based analyses of genome sequences, can 

provide entirely new insights into how 

a particular group of organisms inter-

acts with its environment (Figure 1). 

For example, analysis of the first diatom 

genome provided the first inklings that 

these organisms metabolized nitrogen in 

completely unexpected ways (Armbrust 

et al., 2004). These early analyses indi-

cated that diatoms possessed a urea 

cycle, previously associated only with 

heterotrophic eukaryotes that use the 

pathway to excrete nitrogen waste result-

ing from consumption and breakdown 

of complex organic nitrogen com-

pounds. The discovery of this pathway 

in a diatom, which requires inorganic 

nitrogen for growth, was entirely unan-

ticipated despite years of intense focus 
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to transfer DNA or protein to other 

plankton? A number of Roseobacter 

strains have been cultured in association 

with marine dinoflagellates (Alavi et al., 

2001; Strompl et al., 2003), suggesting 

bacterial-dinoflagellate interactions as a 

possible role for these Type IV secretion 

systems (Worden et al., 2006). 

EnrichinG thE dEtailS

Along with the discovery of the unex-

pected, genome sequences of cultured 

marine microbes also provide new 

details about well-recognized processes. 

In a recent example, discovery of the 

genes mediating two critical steps in the 

sulfur cycle was made possible largely by 

pure-culture genomics. In these steps, 

an organic sulfur compound produced 

by marine phytoplankton (dimethyl-

sulfoniopropionate, or DMSP) is con-

verted by marine bacteria via one of two 

competing pathways (Kiene et al., 2000; 

Sievert et al., this issue). The first path-

way leads to dimethylsulfide (DMS), a 

volatile sulfur compound that is read-

ily transferred from the ocean to the 

atmosphere; the second leads to less-

volatile compounds that are assimilated 

by bacteria (Figure 2). Which pathway 

dominates in marine surface waters has 

major implications for global tempera-

ture regulation because DMS exchanged 

across the ocean-atmosphere boundary 

affects cloud formation and global tem-

perature, while non-DMS degradation 

products provide both sulfur and car-

bon to the marine microbial food web. 

Although the biochemical basis for the 

two competing pathways has hereto-

fore been unknown, genome sequences 

of two cultured marine bacteria have 

recently led to identification of the 

   pure-culture genomics has indeed 

    begun to fundamentally change our 

  understanding of who is doing what 

   in the ocean, and how they are doing it .

on nitrogen metabolism in marine phy-

toplankton. A second example comes 

from analysis of genomes of the green 

algae Ostreococcus tauri (Derelle et al., 

2006) and Ostreococcus lucimarinus 

(Palenik et al., 2007). Computer-based 

analyses indicate that both organisms 

possess a chromosome with sequence 

features completely unlike those of other 

chromosomes, suggesting possible trans-

fer of genes to both species from dif-

ferent organisms. This stunning result 

suggests that DNA may be more readily 

exchanged between eukaryotic organ-

isms than previously suspected. A last 

example for marine eukaryotes has to 

do with the manner by which photo-

synthetic microorganisms convert car-

bon dioxide (CO
2
) into organic carbon. 

In the ocean, most inorganic carbon is 

present as bicarbonate rather than CO
2
. 

Because the enzyme that catalyzes the 

first step in the generation of organic 

carbon is specific for CO
2
, most phyto-

plankton must somehow concentrate 

CO
2
 intracellularly (Giordano et al., 

2005). Careful analyses of multiple phy-

toplankton genomes now suggest that 

the C4 pathway, an alternative pathway 

for carbon fixation present in some land 

plants, may provide a mechanism for 

concentrating CO
2
 (Derelle et al., 2006). 

This pathway is unexpected in marine 

phytoplankton, but may enhance their 

ability to fix carbon; thus, it has impli-

cations for understanding the global 

carbon cycle. This last example acts as 

a reminder that new discoveries about 

how marine microbes work can be 

found even in the most familiar places. 

Although these examples came from 

single eukaryotic organisms maintained 

in culture, they provide new avenues to 

explore in natural communities.

The value of genome sequences for 

revealing unexpected traits of micro-

organisms in the ocean has been dem-

onstrated for prokaryotes as well. 

Rhodopsin genes in surface-water bac-

terioplankton (Béjà et al., 2000) and 

ammonia oxidation by marine archaea 

(Könneke et al., 2005) are two of the 

most dramatic examples of unantici-

pated discoveries of significant biogeo-

chemical importance, although many 

others can be found. For example, 

discovering Type IV secretion systems 

in marine bacterial genomes was sur-

prising (Moran et al., in press) because 

these systems are known to encode DNA 

export to eukaryotic cells (Dolowy et 

al., 2005), such as for the initiation of 

gall formation in the plant pathogen 

Agrobacterium tumefaciens (Christie 

et al., 2005). Because about half of the 

Roseobacter genomes contain Type IV 

secretion homologs, could these systems 

indicate widespread ability in this taxon 
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DMSP demethylase gene (dmdA) that 

mediates DMSP degradation to non-

DMS fates (Howard et al., 2006) and the 

DMSP cleavage gene (dddD) that medi-

ates DMSP degradation to DMS (Todd 

et al., 2007) (Figure 2). With these two 

gene sequences in hand, understanding 

the regulation of this critical step in the 

marine sulfur cycle is on the horizon. 

The silicon cycle is another important 

biogeochemical cycle, but the biology 

underlying silicon utilization remains 

poorly understood. Diatoms require 

silicon to produce elaborately patterned 

cell walls composed primarily of silicon, 

and they process about 7 billion metric 

tons of silicon on a yearly basis in doing 

so. Early insights into how diatoms use 

silicon to create their cell walls relied on 

painstaking biochemical analyses that by 

necessity were conducted with just one 

diatom, Cylindrotheca fusiformis. This 

work led to discovery of a novel class of 

lysine- and serine-rich phosphorylated 

proteins known as silaffins, which are 

involved in the precipitation of silica to 

create the diatom cell wall (Kröger et 

al., 1999). Analysis of the T. pseudonana 

genome not only identified additional 

silaffin genes (Poulsen and Kröger, 

2004) but comparative analyses also 

highlighted important features of the 

encoded proteins. All the genes identi-

fied thus far that play a role in silicon 

utilization in diatoms are unique to 

these organisms, and identification of 

additional silicon-related genes will rely 

increasingly on the use of postgenomic 

techniques. These two examples, one 

from a prokaryote and another from a 

eukaryote, illustrate how pure-culture 

genomics opens windows into under-

standing the critical details of global-

scale processes such as the sulfur and 

silicon cycles. Pure-culture genomics has 

indeed begun to fundamentally change 

our understanding of who is doing what 

in the ocean, and how they are doing it.

linK aGES to MEtaGEnoMicS

As the value of genomics to biological 

oceanography is becoming apparent, the 

next goal is to blend pure-culture genom-

ics with metagenomics. The potential 

synergism of these two approaches is 

evident in the work of Coleman et al. 

(2006), who used the genome sequence 

of cultured Prochlorococcus strain 

MIT9312 to align sequence fragments 

from wild Prochlorococcus popula-

tions from the Sargasso Sea metage-

nome (Figure 3). Although most of the 

MIT9312 genome was well represented 

in the Sargasso Sea sequences, obvious 

gaps were found at “genomic islands.” 

These may represent our first glimpse 

at the genetic basis for niche differen-

tiation among Prochlorococcus species 

because the islands can provide a reser-

voir of interchangeable genes encoding 

ecologically important functions such 

as photoinhibition, nutrient uptake 

(amino acids, manganese/iron), nutri-

Figure 2. The availability of 
genome sequences of two 
cultured marine bacteria 
(Silicibacter pomeroyi and 
Marinomonas sp. MWyl1) 
led to the discovery of 
two key genes mediating 
dimethylsulfoniopropio-
nate (dMSp) degradation. 
The genes encode the first 
enzyme in two compet-
ing pathways with vastly 
different ecological fates. 
The dmdA routes carbon 
and sulfur from dMSp to 
the marine microbial food 
web. The dddD degrades 
dMSp to a volatile sulfur 
compound that plays a criti-
cal role in the atmospheric 
sulfur pool.
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Figure 3. Synergism between pure-culture genomics and metagenomics is evident in genomic scaffolding analyses, in 
which metagenomic fragments are aligned against the genome sequence of a cultured marine microbe. cultured organ-
isms provide complete genome sequences and access to physiology, while metagenomic sequences show the abun-
dance and distribution of genes and genome fragments from organisms that have not been cultured. top: Metagenomic 
sequences from the Sargasso Sea were aligned to the genome sequence of cultured Prochlorococcus strain Mit9312 to 
show regions of shared genes typical of most Prochlorococcus as well as regions of variable genes (genomic islands indi-
cated by shading) that may be important in defining the ecological niche of strains (redrawn from Coleman et al., 2006). 
Bottom: Metagenomic sequences from the Global ocean Sampling expedition are aligned to the genome sequence of 
Pelagibacter ubique htcc1062 to show population differences in coastal north american samples (yellow colors at left) 
versus Sargasso Sea samples (red colors at right) (redrawn from Rusch et al., 2007). 

ent stress response, and phage resis-

tance, among others (Coleman et al., 

2006). A similar fragment recruitment 

approach was carried out with sequences 

from the larger Global Ocean Sampling 

expedition metagenome against several 

hundred available genomes of cultured 

prokaryotes. This research revealed 

closely related populations or “sub-

types” of abundant marine prokaryotes, 

including Pelagibacter, Prochlorococcus, 

and Synechococcus (Rusch et al., 2007) 

(Figure 3). Some sequence differences 

among subtypes resulted in amino acid 

sequence changes in the encoded pro-

teins, which might represent ecologically 

important differences in enzyme activity 

under varying environmental conditions. 

The marriage between pure-culture 

genomics and metagenomics may ulti-

mately be accomplished through the 

technology of single-cell genomics, in 

which individual cells are subjected to 

whole-genome sequencing. The genome 

of a single Prochlorococcus MIT9312 

cell was recently obtained using “mul-

tiple displacement amplification,” or 

MDA (Zhang et al., 2006). Although 

Procholorococcus MIT9312 is readily 

cultured in the laboratory, the leap to 

single-cell sequencing of uncultured cells 

plucked directly from the environment 

is obvious. Single-cell approaches have 

some of the advantages of pure-culture 

genomics, such as maintaining the 

packaging and regulation of ecological 

functions within individual cells, as well 

as some advantages of metagenomics, 

such as avoiding the significant biases 

imposed by a cultivation requirement. 

Functional genomic techniques appro-

priate for single cells are now clearly 

needed; these would allow access to 

physiology, biochemistry, and regulation 

of a single uncultured marine microbe. 
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