
SAR11: Pelagibacter ubique, et al.

A genome sequence paper

What is SAR11?

Cultivating the uncultivatable.

What does the genome tell us?

Genome Streamlining in a
Cosmopolitan Oceanic Bacterium

Stephen J. Giovannoni,1* H. James Tripp,1 Scott Givan,2

Mircea Podar,3 Kevin L. Vergin,1 Damon Baptista,3 Lisa Bibbs,3

Jonathan Eads,3 Toby H. Richardson,3 Michiel Noordewier,3
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The SAR11 clade consists of very small, heterotrophic marine a-proteobacteria
that are found throughout the oceans, where they account for about 25% of
all microbial cells.Pelagibacter ubique, the first cultured memberof this clade,
hasthe smallestgenomeand encodesthe smallestnumberof predictedopen
readingframesknown for a free-living microorganism.In contrast to parasitic
bacteria and archaea with small genomes, P. ubique has complete biosynthetic
pathways for all 20 amino acids and all but a few cofactors. P. ubique has no
pseudogenes, introns, transposons, extrachromosomal elements, or inteins; few
paralogs; and the shortest intergenic spacers yet observed for any cell.

Pelagibacter ubique, strain HTCC1062, be-
longs to one of the most successful clades of
organisms on the planet (1), but it has the
smallest genome (1,308,759 base pairs) of any
cell known to replicate independently in nature
(Fig. 1). In situ hybridization studies show
that these organisms occur as unattached cells
suspended in the water column (1). They grow
by assimilating organic compounds from the
ocean_s dissolved organic carbon (DOC) reser-
voir, and can generate metabolic energy either
by a light-driven proteorhodopsin proton pump

(2) or by respiration (3). The marine plank-
tonic environment is poor in nutrients, and the
availability of N, P, and organic carbon typ-
ically limits the productivity of microbial com-
munities. P. ubique is arguably the smallest
free-living cell that has been studied in a lab-
oratory, and even its small genome occupies a
substantial fraction (È30%) of the cell volume.
The small size of the SAR11 clade cells fits a
model proposed by Button (4) for natural selec-
tion acting to optimize surface-to-volume ratios
in oligotrophic cells, such that the capacity of

the cytoplasm to process substrates will be
matched to steady-state membrane transport
rates.

Surprisingly, this genome appears to en-
code nearly all of the basic functions of a-
proteobacterial cells (Table 1). The small
genome size is attributable to the nearly com-
plete absence of nonfunctional or redundant
DNA and the paring down of all but the most
fundamental metabolic and regulatory func-
tions. For example, P. ubique falls at the ex-
treme end of the range for intergenic DNA
regions, with a median spacer size of only three
bases (Fig. 2). Intergenic DNA regions vary
considerably among bacteria and archaea, even
including parasites that have small genomes (5).
No pseudogenes, phage genes, or recent gene
duplications were found in P. ubique.

To further explore this trend, we inves-
tigated paralogous gene families by means of
BLAST clustering with variable threshold
limits. The genome had the smallest number
of paralogous genes observed in any free-
living cell (Fig. 1) (fig. S1). A steep slope in
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Fig. 1. Number of pre-
dicted protein-encoding
genes versus genome
size for 244 complete
published genomes from
bacteria and archaea. P.
ubique has the smallest
number of genes (1354
open reading frames) for
any free-living organism.
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SAR11 was an “environmental” rRNA sequence

Steve Giovannoni, et al., 1990 Genetic diversity in Sargasso Sea bacterioplankton. Nature 345:60

16S rRNA genes amplified by PCR with “universal” primers from DNA extracted from bacterioplankton 
filtered from Sargasso Sea near-surface water. 

12 clones sequenced; 4 cyanobacteria (SAR7 cluster), 8 ! -proteobacteria (SAR11 cluster

Dotblot hybridization suggests that SAR11 makes up
a large fraction of the Sargasso bacterioplankton
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SAR11 is a group of “uncultivatable” ! -proteobacteria
KG Field (Giovannoni) 1997 AEM 63:63

the hybridization to the universal 338R probe providing the
denominator.

We observedthree patterns of distribution with depth: com-
mon at shallowdepthsonly (SAR11-A1 and SAR11-A2), com-
mon in deep water only (SAR11-G4), and evenly distributed
throughout the water column (all others). Figure 6 showsthe
results of hybridizing depth-speciÞcampliÞcation products to
probes SAR11-A1, SAR11-A2, and SAR11-G4. The SAR11
rDNAs that hybridized to SAR11-A1 and SAR11-A2 were at
maximal levels in surface samples. Below the mixed layer,
levels dropped rapidly. The abundanceof the genesthat hy-
bridized to SAR11-G1 was very low at depths of 120 m and
abovebut increasedto a maximum at 200 m.

The accuracywith which ampliÞedrDNAs representthe cell
typespresentin a particular collection, suchasa depth sample,

dependson whether all templatesamplify with equalefÞciency.
We tested the hybridization results independently by hybridiz-
ing the SAR11 probes to environmental RNAs. The RNA
sample set consistedof pairs of consecutivemonthly samples
collected from 0 and 200 m (Table 1). In addition, 10 depth
proÞlesconsistingof sevensamples(some sampleswere lost)
spanningthe region from 0 to 250m were collected during the
sameperiod.

The three depth proÞles in Fig. 7 reßected variation in the
relative abundanceof the A1, D4, and G1 subgroups.These
dataconÞrmedthe previousresultsbasedon ampliÞedrDNAs.
A1 was found to be most abundant at the surface,D4 abun-
dancewasconstantwith depth with the exceptionof one date,
and G1 hybridization wasgreatestat the bottom of the ocean
surface layer (250 m). Time series data provided statistical

TABLE 3. Phylogeneticsubgroupsamong SAR11 cluster 16SrRNA genesa

Name
(reference)

Accession
no.c Origin Depth

(m)
Position

(E. coli numbering)

SAR1 (16) X52280 Atlantic, Hydrostation S Surface 20Ð1191
SAR95(16) M63812 Atlantic, Hydrostation S Surface 49Ð1406
SAR407(16) U75253 Atlantic, BATS 80 8Ð1541
SAR425b U75261 Atlantic, BATS 80 1161Ð1540
BDA1-25 (15) L11942 Atlantic, near Bermuda 10 537Ð815
OM242b U70689 Atlantic, Cape Hatteras 10 56Ð467
OM188b U70687 Atlantic, Cape Hatteras 10 56Ð464
OCS-12b U75252 PaciÞc,Oregon Coast 10 9Ð1005
FL11 (10) L10935 PaciÞc,SantaBarbara Channel 10 14Ð1448
FL1 (10) L10934 PaciÞc,SantaBarbara Channel 10 8Ð1114
ALO21 (41) M64525 PaciÞc,ALOHA Station Surface 307Ð499
ALO38 (41) M64532 PaciÞc,ALOHA Station Surface 307Ð499
ALO39 (41) M64533 PaciÞc,ALOHA Station Surface 307Ð499
NH16-1 (15) L11949 Northeast PaciÞc 100 537Ð761
NH25-10 (15) L11967 Northeast PaciÞc 100 537Ð817

SAR11(16) X52172 Atlantic, Hydrostation S Surface 22Ð1191
SAR193b U75649 Atlantic, BATS 250 54Ð613
BDA1-1 (15) L11934 Atlantic, near Bermuda 250 537Ð815
BDA1-20 (15) L11941 Atlantic, near Bermuda 10 537Ð765
BDA1-15 (15) L11939 Atlantic, near Bermuda 10 537Ð752
NH16-2A (15) L11961 Northeast PaciÞc 10 537Ð817
NH16-11 (15) L11951 Northeast PaciÞc 100 537Ð763
NH25-4 (15) L11974 Northeast PaciÞc 100 537Ð857

SAR211b U75256 Atlantic, BATS 250 8Ð1542
SAR464b U75254 Atlantic, BATS 80 8Ð1541
SAR466b U75263 Atlantic, BATS 80 8Ð357
SAR440b U75262 Atlantic, BATS 80 8Ð357
SAR414b U75259 Atlantic, BATS 80 8Ð355,1161Ð1540
SAR490b U75264 Atlantic, BATS 80 8Ð357,1161Ð1540
SAR418b U75260 Atlantic, BATS 80 8Ð350,1180Ð1540
SAR492b U75265 Atlantic, BATS 80 54Ð516
BDA1-27 (15) L11943 Atlantic, near Bermuda 10 537Ð741
OM239b U70688 Atlantic, Cape Hatteras 10 49Ð319
OM136b U70684 Atlantic, Cape Hatteras 10 49Ð494
OM258b U70691 Atlantic, Cape Hatteras 10 60Ð551
OCS143b U75266 PaciÞc,Oregon Coast 10 106Ð411
NH49-1 (15) L11987 Northeast PaciÞc 500 537Ð756

SAR220b U75257 Atlantic, BATS 250 8Ð1541
SAR241b U75258 Atlantic, BATS 250 8Ð1542
BDA1-17 (15) L11940 Atlantic, near Bermuda 10 537Ð790

SAR203b U75255 Atlantic, BATS 250 537Ð772
NH29-3 (15) L11982 Northeast PaciÞc 100 537Ð756

a Genes in boldface type are also shown in the tree in Fig. 1. Line spacesseparatephylogenetic subgroups.
b This genewasÞrst reported in this paper.
c GenBank.
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neighbor joining (38). We inferred parsimony trees with the heuristic search
option of PAUP (44). The bootstrap (12) with 100 replicates wasused to esti-
mate the robustnessof branchesin both neighbor-joining and parsimony trees.
We edited phylogenetic trees with the program Treetool, provided by Mike
Maciukenas,Ribosomal DatabaseProject (RDP [22, 24]).

IdentiÞcation of chimeric genes.We obtained secondarystructure models for
rDNAs with the program gRNAID, version 1.4 (46a), and examined them for
location and nature of mutations and compensatorybasechangesacrosshelices.
Gene sequenceswere sent to the program CHECK_CHIMERA of the RDP.

Probe design and testing. We designedgroup-speciÞcoligonucleotide probes
(Table 2) by reference to aligned sequencesand phylogenetic trees.The probes
were screenedfor possiblecross-reactionwith unrelated sequencesby sending
them to CHECK_PROBE of the RDP. The 5! terminus of eachof the oligonu-
cleotide probes was 32P labeled with T4 polynucleotide kinase, as described
previously(16). Labeled probeswere testedfor speciÞcityby hybridizing them to
control rDNAs ampliÞedfrom known clones.Using the ampliÞcationconditions
given above, we ampliÞed template DNAs with 1492R and 27F primers (21),
blotted the DNAs, and hybridized them to labeledprobesasdescribedpreviously
(17). Washesat 5" temperature incrementswere usedto empirically establishth,
the stringent wash temperature, for each probe (probes SAR11-A1, -A2, -D4,
and -G1, 37"C; SAR11-B2 and -B3, 45"C).

Depth proÞles. After ampliÞcation with 1492R and 27F primers, we blotted
SargassoSea16SrRNA genesfrom 0, 40,80,120,160,200and 250m (from the
BATS sampleno. 35 water samples[Table 1]) as describedaboveand sequen-
tially hybridized the blots to the SAR11 oligonucleotide probes. Hybridization
was quantiÞed with an Ambis Mark II Radioanalytic System(Automated Mi-
crobiological Systems,San Diego, Calif.). Bulk RNAs prepared from depth
proÞle samples(Table 1) were resuspended,denatured, blotted, and probed as
reported previously (17).

Nucleotide sequenceaccessionnumbers. Nucleotide sequenceswere Þled in
GenBank under the accessionnumbers listed in Table 3.

RESULTS

To assessgenetic diversity and ecological distribution of
SAR11 cluster rRNA genes,we sequencednew SAR11 cluster
SSUrRNA genesfrom genelibraries preparedby PCR of bulk
nucleic acids collected from several depths at sites in the
coastal and open-oceanNorth Atlantic and PaciÞc.We ana-
lyzed the sequencesphylogenetically, designedphylogenetic-
group-speciÞcprobestargeting 16SrRNAs, and hybridized the
probesto nucleic acid samplesfrom variousdepths to look for
depth-speciÞcdistributions of SAR11 cluster subgroups.We
did not use in situ hybridization ßuorescent probes for this
purpose,becausetheseorganismscannot quantitatively be de-
tected by this approach, possibly becausethey are small or
growing slowly.

To select clones from clone libraries for sequencing,we
examined preliminary phylogenetic trees inferred from se-
quencesobtained from a single primer (M13 forward) (data
not shown) and chose clones to represent the genetic vari-
ability revealed by these analyses. We bidirectionally se-
quenced eight complete SAR11 cluster-cloned genes: SAR193,
SAR203, SAR211, SAR220, and SAR241 from a depth of
250 m in the SargassoSea, Atlantic Ocean; SAR407 and
SAR464from a depth of 80m in the SargassoSea;and OCS12
from a depth of 10 m off the Oregon Coast,PaciÞcOcean.We
also analyzed15 new partial SAR11 cluster sequences.

Parsimony and neighbor-joining analysesrecovered essen-
tially the samephylogenetic branching orders, and trees con-
structed from either full-length sequencesalone or both full-
and nearly full-length sequenceswere also the same(Fig. 1).
We usedthe bootstrap (12) to estimate robustnessof the tree
branchesfor both neighbor-joining and parsimonyanalyses.A

FIG. 1. Phylogenetic relationships among SAR11 cluster 16S rRNA genes,
inferred by neighbor joining (38) from E. coli positions 9 through 1005 (the
sequencepositions found in the shortestgene,OCS12).The genesequencefrom
Agrobacterium tumefaciens wasusedto root the tree. The samebranching order
wasrecoveredby the method of Wagnerparsimony(44). The numbersabovethe
internal segmentsare the percentagesof bootstrap replicates which supported
the branching order for the neighbor-joining tree; bootstrap values for the
parsimonyanalysisare shownbelow the segments.Bootstrap valuesbelow 60%
are not shown.SAR1, -11, and -95, surface;SAR193, -203,-211,-220,and -241,
250m; SAR407and -464,80m. SAR, SargassoSea;OCS12,Oregon coast;FL11,
California coast (10).

FIG. 2. Phylogeneticrelationshipsof SAR11 clustergenefragments(in bold-
face type) from Atlantic and PaciÞcocean clone libraries (15). This is an un-
rooted tree inferred by neighbor joining from positions correspondingto E. coli
537 to 741.The implied root wasset to match that in Fig. 1.
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SAR11 make up 20-50% of oceanic bacterioplankton

RM Morris, et al. (Giovannoni) 2002 Nature 420:806

titative information about the cellular abundanceof speciÞcphy-
logeneticgroupsof marinemicroorganisms.Mostknowledgeabout
bacterioplanktondiversitycomesfrom 16SribosomalRNA gene
(ribosomal DNA) cloning studies,which have identiÞedseveral
groups of marine bacteriathat are thought to be abundant in
seawater1. Although membersof theSAR11cladehaveno ascribed
physiology, they consistentlydominate16SrDNA clonelibraries.
Theyhavebeenpresent in over 50 studiesof marinebacterioplank-
ton microbial diversity from sitesaround the globe (Fig. 1) and
account for 25%of all thegenesrecoveredin thesestudies.Although
geneclone library data strongly support the importanceof the
SAR11cladein the oceans,thesedata are open to considerable
interpretation, owing to the uncertainties associated with the
speciÞcity of polymerasechain reaction(PCR) ampliÞcationpri-
mers,ribosomalRNA genecopy numberandother factors8.

In August2001,seawatersampleswerecollectedalonga meri-
dional transect in the northwestern Sargasso Sea. Additional
samplescollectedfrom the BermudaAtlantic Time-seriesStudy
(BATS) site in February and March 2001were alsoprocessedfor
abundanceduringwinterandspringperiods.Surfacesamples(10m
depth) from the Oregoncoastwerecollectedalong the Newport
Hydrolineat stationNH5 (44839.10 N, 124810.60 W) in September
2001 and February 2002, where average nutrient content and
productivity are markedly higher than in the western Sargasso
Sea. Four Cy3-labelled oligonucleotide probes targeting SAR11
clade 16S rRNA and Þve Cy3-labelled oligonucleotide probes
targetingbacterial16SrRNA wereusedin separatehybridization
reactions.Digital processingof raw imageswasusedto restrict
countingto cellsshowingßuorescencefrom boththeCy3probeand
the nucleicaciddye 40 ,6-diamidino-2-phenylindoledihydrochlor-
ide (DAPI)9. With this approach,therewasvery little ambiguity in
determiningcellcounts.

Unlike genecloning, ßuorescencein situ hybridization(FISH) is
anaccuratemethodfor determiningtheexactabundanceof cellsin
natural samples10Ð12, provided that the probescircumscribetheir
phylogenetictargetandtheßuorescencesignalsfrom cellsarehigh
enough for consistentscoring.Becausesomemicrobialcells,suchas
small,slow-growing bacterioplankton, aredifÞcult to detectby this
method,variousstrategieshavebeenusedto increasesignalinten-
sity and counting accuracy. Someof thesestudieshave focused
primarily on probedesign13,14, whereasothershave exploredstrat-
egiesto amplify theßuorescentsignalpercell15Ð17. Our strategy was
to useseveral probesthat targetdifferentregionsof the16SrRNA to
produce an additive effect on signal intensity, coupled with a
sensitivecooledCCD(charge-coupleddevice)camerafor detecting

low levelsof ßuorescence.Our measurementsofbacterial abundances
wereequivalent to thoseobtained with polynucleotideprobes(poly-
FISH) in coastalNorth Seaand MontereyBay Californian samples18.
The high quantum efÞciency of cooled CCD camerasmakes it
theoretically possible to detect single probe molecules; thus, in
hybridization experiments such asthese the real limitations are the
signal-to-noiseratio achievedandthe speciÞcity of the probes.

Analysesof hybridizationimagesshowedthatcellshybridizingto
the SAR11probeswereabundantcurved rods of lessthan 1mm
(Fig. 2). Theseaccounted for 35% (n ¼ 24) and 18% (n ¼ 7) of
total microbial cell abundancein the euphotic and mesopelagic
zones, respectively. There was no discernible difference in the
morphology of SAR11cells from the different oceans,or from
different depths in the Atlantic. The biovolume of SAR11cells
relative to theaveragefor themarinebacterioplanktoncommunity
wasdeterminedfrom the ratio of the averageareasof SAR11cell
images(n ¼ 175)andbacterialcell images(n ¼ 257)by assuming
that thecellswereprolatespheroids19.Thebiovolumeof SAR11cells
wasinferredto beroughlyhalfof theaveragebiovolumefor cellsin
the bacterioplanktoncommunity.

Depth proÞlesshowedthat membersof the SAR11cladewere
numericallyabundantthroughout thewatercolumnin thewestern
Atlantic, averaging2.0£ 108cellsl2 1 (n ¼ 24) within and 0.2£
108cellsl2 1 (n ¼ 7) below the euphotic zone (. 150m; Fig. 3).
Cell counts determined with DAPI averaged 5.7 £ 108cellsl2 1

(n ¼ 72)within and1.2£ 108cellsl2 1 (n ¼ 21)belowtheeuphotic
zone.To ensurethat cellswerenot beingremovedin thehybridiza-
tion process, direct cell counts determined from hybridization
preparationswere comparedwith independentpreparationsthat
usedstandardDAPIstainingproceduresfor countingcells20. Agree-
ment betweenthe valueswas 99.6% in pair-wise comparisons,
showingthat most cells remained on the Þlters throughout the
hybridizationprocedure.

Figure 2 SAR11 fluorescence insituhybridization image composite. Dual image
overlay of DNA-containing cells stained with DAPI (blue) and the Cy3 probe (red). Cells

emitting a signal for both DAPI and the Cy3 probe are both blue and red, and cells

that did not hybridize to the set of SAR11 probes are blue. The identical fields of view

in the DAPI- and Cy3-stained images show the characteristic size and curved rod

morphology of a magnified SAR11 cell (white box). Scale bar, 1 mm.

Figure 3 SAR11 probe counts, bacterial probe counts and direct cell counts (DAPI-
staining particles) in the northwestern Sargasso Sea. a–d, SAR11 clade (squares),
Bacteria (circles) and DAPI (diamonds) counts at 328N, 648W (CDOM-01; BATS site;

a), 308N, 648W (CDOM-03; b), 288N, 648W (CDOM-05; c) and 268N, 648W
(CDOM-07; d). e, A transect composite shows the mean abundance values by depth

for SAR11 clade and bacterial cell counts as percentages of direct cell counts (DAPI

staining particles); n¼ 4, except for depths below 250m, where n¼ 1. Standard

deviations are given for depths of 1–250m. One sample point was obtained for depths

below 250m at 268N, 648W (CDOM-07).
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SAR11 are mostly very small (<1µm long) curved rods

RM Morris, et al. (Giovannoni) 2002 Nature 420:806

titative information about the cellular abundance of specific phy-
logenetic groups of marine microorganisms. Most knowledge about
bacterioplankton diversity comes from 16S ribosomal RNA gene
(ribosomal DNA) cloning studies, which have identified several
groups of marine bacteria that are thought to be abundant in
seawater1. Although members of the SAR11 clade have no ascribed
physiology, they consistently dominate 16S rDNA clone libraries.
They have been present in over 50 studies of marine bacterioplank-
ton microbial diversity from sites around the globe (Fig. 1) and
account for 25%of all the genes recovered in these studies. Although
gene clone library data strongly support the importance of the
SAR11 clade in the oceans, these data are open to considerable
interpretation, owing to the uncertainties associated with the
specificity of polymerase chain reaction (PCR) amplification pri-
mers, ribosomal RNA gene copy number and other factors8.

In August 2001, seawater samples were collected along a meri-
dional transect in the northwestern Sargasso Sea. Additional
samples collected from the Bermuda Atlantic Time-series Study
(BATS) site in February and March 2001 were also processed for
abundance during winter and spring periods. Surface samples (10m
depth) from the Oregon coast were collected along the Newport
Hydroline at station NH5 (44839.1 0 N, 124810.6 0 W) in September
2001 and February 2002, where average nutrient content and
productivity are markedly higher than in the western Sargasso
Sea. Four Cy3-labelled oligonucleotide probes targeting SAR11
clade 16S rRNA and five Cy3-labelled oligonucleotide probes
targeting bacterial 16S rRNA were used in separate hybridization
reactions. Digital processing of raw images was used to restrict
counting to cells showing fluorescence from both the Cy3 probe and
the nucleic acid dye 4 0 ,6-diamidino-2-phenylindole dihydrochlor-
ide (DAPI)9. With this approach, there was very little ambiguity in
determining cell counts.

Unlike gene cloning, fluorescence in situ hybridization (FISH) is
an accurate method for determining the exact abundance of cells in
natural samples10–12, provided that the probes circumscribe their
phylogenetic target and the fluorescence signals from cells are high
enough for consistent scoring. Because somemicrobial cells, such as
small, slow-growing bacterioplankton, are difficult to detect by this
method, various strategies have been used to increase signal inten-
sity and counting accuracy. Some of these studies have focused
primarily on probe design13,14, whereas others have explored strat-
egies to amplify the fluorescent signal per cell15–17. Our strategy was
to use several probes that target different regions of the 16S rRNA to
produce an additive effect on signal intensity, coupled with a
sensitive cooled CCD (charge-coupled device) camera for detecting

low levels of fluorescence. Ourmeasurements of bacterial abundances
were equivalent to those obtained with polynucleotide probes (poly-
FISH) in coastal North Sea and Monterey Bay Californian samples18.
The high quantum efficiency of cooled CCD cameras makes it
theoretically possible to detect single probe molecules; thus, in
hybridization experiments such as these the real limitations are the
signal-to-noise ratio achieved and the specificity of the probes.
Analyses of hybridization images showed that cells hybridizing to

the SAR11 probes were abundant curved rods of less than 1mm
(Fig. 2). These accounted for 35% (n ¼ 24) and 18% (n ¼ 7) of
total microbial cell abundance in the euphotic and mesopelagic
zones, respectively. There was no discernible difference in the
morphology of SAR11 cells from the different oceans, or from
different depths in the Atlantic. The biovolume of SAR11 cells
relative to the average for the marine bacterioplankton community
was determined from the ratio of the average areas of SAR11 cell
images (n ¼ 175) and bacterial cell images (n ¼ 257) by assuming
that the cells were prolate spheroids19. The biovolume of SAR11 cells
was inferred to be roughly half of the average biovolume for cells in
the bacterioplankton community.
Depth profiles showed that members of the SAR11 clade were

numerically abundant throughout the water column in the western
Atlantic, averaging 2.0 £ 108 cells l2 1 (n ¼ 24) within and 0.2 £
108 cells l2 1 (n ¼ 7) below the euphotic zone (. 150m; Fig. 3).
Cell counts determined with DAPI averaged 5.7 £ 108 cells l2 1

(n ¼ 72) within and 1.2 £ 108 cells l2 1 (n ¼ 21) below the euphotic
zone. To ensure that cells were not being removed in the hybridiza-
tion process, direct cell counts determined from hybridization
preparations were compared with independent preparations that
used standard DAPI staining procedures for counting cells20. Agree-
ment between the values was 99.6% in pair-wise comparisons,
showing that most cells remained on the filters throughout the
hybridization procedure.

Figure 2 SAR11 fluorescence insituhybridization image composite. Dual image
overlay of DNA-containing cells stained with DAPI (blue) and the Cy3 probe (red). Cells

emitting a signal for both DAPI and the Cy3 probe are both blue and red, and cells

that did not hybridize to the set of SAR11 probes are blue. The identical fields of view

in the DAPI- and Cy3-stained images show the characteristic size and curved rod

morphology of a magnified SAR11 cell (white box). Scale bar, 1mm.

Figure 3 SAR11 probe counts, bacterial probe counts and direct cell counts (DAPI-
staining particles) in the northwestern Sargasso Sea. a–d, SAR11 clade (squares),
Bacteria (circles) and DAPI (diamonds) counts at 328N, 648W (CDOM-01; BATS site;

a), 308N, 648W (CDOM-03; b), 288N, 648W (CDOM-05; c) and 268N, 648W
(CDOM-07; d). e, A transect composite shows the mean abundance values by depth

for SAR11 clade and bacterial cell counts as percentages of direct cell counts (DAPI

staining particles); n¼ 4, except for depths below 250m, where n¼ 1. Standard

deviations are given for depths of 1–250m. One sample point was obtained for depths

below 250m at 268N, 648W (CDOM-07).
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SAR11: Pelagibacter ubique, et al.

A genome sequence paper

What is SAR11?

Cultivating the uncultivatable.

What does the genome tell us?

Genome Streamlining in a
Cosmopolitan Oceanic Bacterium

Stephen J. Giovannoni,1* H. James Tripp,1 Scott Givan,2

Mircea Podar,3 Kevin L. Vergin,1 Damon Baptista,3 Lisa Bibbs,3

Jonathan Eads,3 Toby H. Richardson,3 Michiel Noordewier,3
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The SAR11 clade consists of very small, heterotrophic marine a-proteobacteria
that are found throughout the oceans, where they account for about 25% of
all microbial cells.Pelagibacter ubique, the first cultured memberof this clade,
hasthe smallestgenomeand encodesthe smallestnumberof predictedopen
readingframesknown for a free-living microorganism.In contrast to parasitic
bacteria and archaea with small genomes, P. ubique has complete biosynthetic
pathways for all 20 amino acids and all but a few cofactors. P. ubique has no
pseudogenes, introns, transposons, extrachromosomal elements, or inteins; few
paralogs; and the shortest intergenic spacers yet observed for any cell.

Pelagibacter ubique, strain HTCC1062, be-
longs to one of the most successful clades of
organisms on the planet (1), but it has the
smallest genome (1,308,759 base pairs) of any
cell known to replicate independently in nature
(Fig. 1). In situ hybridization studies show
that these organisms occur as unattached cells
suspended in the water column (1). They grow
by assimilating organic compounds from the
ocean_s dissolved organic carbon (DOC) reser-
voir, and can generate metabolic energy either
by a light-driven proteorhodopsin proton pump

(2) or by respiration (3). The marine plank-
tonic environment is poor in nutrients, and the
availability of N, P, and organic carbon typ-
ically limits the productivity of microbial com-
munities. P. ubique is arguably the smallest
free-living cell that has been studied in a lab-
oratory, and even its small genome occupies a
substantial fraction (È30%) of the cell volume.
The small size of the SAR11 clade cells fits a
model proposed by Button (4) for natural selec-
tion acting to optimize surface-to-volume ratios
in oligotrophic cells, such that the capacity of

the cytoplasm to process substrates will be
matched to steady-state membrane transport
rates.

Surprisingly, this genome appears to en-
code nearly all of the basic functions of a-
proteobacterial cells (Table 1). The small
genome size is attributable to the nearly com-
plete absence of nonfunctional or redundant
DNA and the paring down of all but the most
fundamental metabolic and regulatory func-
tions. For example, P. ubique falls at the ex-
treme end of the range for intergenic DNA
regions, with a median spacer size of only three
bases (Fig. 2). Intergenic DNA regions vary
considerably among bacteria and archaea, even
including parasites that have small genomes (5).
No pseudogenes, phage genes, or recent gene
duplications were found in P. ubique.

To further explore this trend, we inves-
tigated paralogous gene families by means of
BLAST clustering with variable threshold
limits. The genome had the smallest number
of paralogous genes observed in any free-
living cell (Fig. 1) (fig. S1). A steep slope in
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Fig. 1. Number of pre-
dicted protein-encoding
genes versus genome
size for 244 complete
published genomes from
bacteria and archaea. P.
ubique has the smallest
number of genes (1354
open reading frames) for
any free-living organism.
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Standard methods grow weeds

SA Connon & SJ Giovannoni 2002 AEM 68:3878

Problems with standard methods - and the solutions:

• Slow growers are overwhelmed by “weeds”

Inoculate small cultures with very dilute samples

• Typical media is far too rich for oligotrophs

Use buffered, sterilized seawater for media

• Many organisms grow only to very low densities

Concentrate cultures by filtration for examination

and subsequent identification (Fig. 1). Slight variations of the method were
performed during the development of these HTC techniques over the course of
3 years, but the overall approach remained constant. Microtiter plates were used
to culture cells, and cell arrays were made to allow efficient screening of the
plates for growth. The cultures acquired were designated with HTC collection
(HTCC) numbers.

Preparation of media. Water for media was collected on the south side of the
southern jetty in Newport, Oreg., at high tide with a bucket on 19 March 1998 8
km (44°39.1N, 124°10.6W) offshore from the mouth of Yaquina Bay, Oreg., with
a Niskin bottle deployed at 5 m on 7 June 2000. On the day water was collected,
it was filtered through a 0.2-!m-pore-diameter Supor membrane and immedi-
ately autoclaved. In order to restore the bicarbonate buffer lost during autoclav-
ing, the seawater was sparged with sterile CO2 for at least 6 h, followed by sterile
air for at least 12 h. Acid-washed polycarbonate containers were used for media
and live samples whenever possible. Dissolved organic carbon concentrations of
the seawater media were 107.1 !M (standard deviation [SD], 1.1) for the 19
March 1998 collection, determined with a Shimadzu TOC-500, and 91.6 !M (SD,
1.6) for the 7 June 2000 collection, determined with a Shimadzu TOC-5000A
(Shimadzu Co., Kyoto, Japan). Before each use, the liquid media were checked
for sterility by directly counting cells stained with 4",6-diamidino-2-phenylindole
(DAPI) as described by Turley (36), except that 1% formaldehyde was used.

Inoculum collection, dilution, and incubation. Water samples for inocula were
collected on the south side of the southern jetty in Newport, Oreg., at high tide
with a bucket and at 8 km (44°39.1N, 124°10.6W) and 25 km (44°39.1N,
124°24.7W) offshore from the mouth of Yaquina Bay, Oreg., with a Niskin bottle
deployed at 5 m. The water was held in darkness at ambient sea surface tem-
peratures until the processing of samples began, within 1 to 4 h after collection
from the jetty and within 9 h after collection off the boat to avoid bottle effects
(14). To determine the bacterioplankton cell densities of the inocula, direct cell

counts were done by DAPI staining, where at least 300 cells were counted per
filter on triplicate filters. To determine viable cell counts (i.e., culturability) by
traditional methods, inocula of 50 or 100 !l of seawater were applied to spread
plates of MA2216 (Difco Laboratories, Detroit, Mich.), Marine R2A (R2A)
(34), and a 1/10 dilution of Marine R2A (1/10R2A). Inoculum samples were
diluted into the prepared seawater medium and distributed as 1-ml aliquots into
48-well non-tissue-culture treated Polystyrene plates (Becton Dickinson, Frank-
lin Lakes, N.J.) to a final average inoculum ranging from 1.1 to 5.0 cells per well.
At least one control plate was made for each sample collection by distribution of
1-ml aliquots of uninoculated medium. The 48-well plates and agar plates were
incubated in the dark at 16°C. The extinction cultures were incubated for 3
weeks, and the agar cultures were incubated until colonies were large enough to
count, about 1 week for MA2216 and up to 8 weeks for 1/10R2A.

Detection of growth by using cell arrays. A cell array was made from each
48-well plate to examine wells for growth. Two hundred microliters from each
well in the plate was filtered into the corresponding chamber of a 48-array filter
manifold of custom design manufactured by HyTek Plastics, Corvallis, Oreg.
Cells were then DAPI stained and vacuum filtered onto a 48-by-60-mm 0.2-!m-
pore-diameter white polycarbonate membrane (cut from 8-by-10-in. sheets;
Whatman Nuclepore, Newton, Mass.). The membrane was laid on an oiled
75-by-50-mm slide (Corning Glass Works, Corning, N.Y.) and covered with a
48-by-60-mm coverglass (Erie Scientific, Portsmouth, N.H.). The diameter of
each sector of the array was 2 mm, which enabled the detection of a culture with
a cell titer as low as 1.3 # 103 cells/ml when 200 !l of sample was filtered. The
array was then scored for growth by fluorescence microscopy. Cell titers were
estimated by counting five random fields within each positive sector.

Culturability statistics. Percent culturability was determined by the equation
for estimation of culturability, V $ %ln(1 % p)/X, and the theoretical number of
pure cultures was estimated by the equation u $ %n(1 % p) ln(1 % p) described
by Button and colleagues (10), where u is an estimation of the expected number
of pure cultures, n is the number of inoculated wells, V is estimated culturability,
p is the proportion of wells positive for growth (wells positive for growth/total
inoculated wells), and X is the initial inoculum of cells added per well. To
calculate the error, first, the exact lower and upper 95% confidence limits for the
binomial proportion (p) were determined by using the SAS package version 6.12
(SAS Institute Inc.). Next, these exact limits were put into the culturability
equation and pure culture equation in place of the term p to give the exact lower
and upper 95% confidence limits for percent culturability and the theoretical
number of pure cultures.

RFLP analysis and sequencing of HTCC isolates. A subset of 56 HTCC
isolates were identified by restriction fragment length polymorphism (RFLP) and
rRNA gene sequencing methods. One hundred or 200 !l of culture was put
through two cycles of freezing and thawing to promote cell lysis and concentrated
in a 10,000-molecular-weight Vivaspin concentrator (Vivascience, Stonehouse,
United Kingdom). Some samples were also treated with 150 !l of GES lysis
buffer (5 M guanidine thiocyanate, 100 mM EDTA, 0.5% Sarkosyl) while in the
concentrator. The lysates were then rinsed three times with 200 !l of Ultrapure
water (Specialty Media, Phillipsburg, N.J.) to remove medium salts and lysis
buffer. The final volumes of the concentrated samples ranged from 10 to 30 !l.
Two to three negative controls (the same procedure with no added culture) were
run with each set of concentrated samples.

16S rRNA genes were amplified by nested PCR. Two to 5 !l of each concen-
trated sample was added to the first PCR, which had a 20-!l reaction volume,
and 2 to 5 !l of the first PCR was added to the second PCR, which had a 60- to
100-!l reaction volume. Twenty-five to 33 cycles were used for each PCR, for a
total of 50 to 66 cycles of amplification. The PCR cocktail for both reactions
contained 0.025 U of Taq per !l (Promega, Madison, Wis., or MBI Fermentas,
Hanover, Md.), 5% acetamide, 1.5 mM Mg2&, 200 nM each primer, 220 !M
deoxynucleoside triphosphates (dNTP), and 1# PCR buffer (Promega or MBI
Fermentas). The PCR cocktail was treated with UV irradiation to reduce the
contamination levels present in the reagents (6, 24). The length of UV treatment
needed was empirically determined by amplifying a set of negative and positive
controls. The amplification conditions for both PCRs were 94°C denaturation for
30 s, 50 to 55°C (depending on primers used) annealing for 1 min, and 72°C
extension for 2 min. The second PCR primer set had at least one primer that
amplified from a position internal to the set of primers used in the first PCR. The
primers used were 8F (5"-AGR GTT TGA TCM TGG CTC AG-3"), 519F
(5"-CAG CMG CCG CGG TAA TWC-3"), 1395R (5"-ACG GGC GGT GTG
TRC-3"), 1492R (5"-GGT TAC CTT GTT ACG ACT T-3"), and 1522R (5"-
AAG GAG GTG ATC CAN CCR CA-3"), which are variations of commonly
used primers that target bacteria or prokaryotes (21). The nested set of primers
most frequently used was made up of 519F/1492R and 519F/1395R, but other
variations of the listed primers were also used. Three negative controls and

FIG. 1. Flow chart of HTC procedures. DMSO, dimethyl sulfox-
ide.
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  Up to 15% of microbes can be grown using this method

SA Connon & SJ Giovannoni 2002 AEM 68:3878

positive controls with 108, 2,000, 200, and 20 copies of the 16S rRNA gene from
the clone SAR242 were run in each PCR set. All primers used have no mis-
matches to the SAR242 sequence, except for 1492R, which does not match the
first and third bases on the 5! end (nonpriming end). The concentration of the
positive control DNA was measured in a Shimadzu UV160U spectrophotometer
(Shimadzu Co., Kyoto, Japan). The 20-copy-positive control could be routinely
amplified with a total of 50 to 66 cycles of nested PCR.

RFLP of the PCR product was done with the restriction enzymes MboI and
HaeIII (MBI Fermentas) (38). HTCC isolates were determined to be a mix of
more than one species if RFLP bands from each digest added up to two or more
times the length of the expected PCR product. The cultures with fragments that
added up to the expected PCR product length were grouped based on matching
RFLP patterns, and at least one culture from each RFLP group was sequenced
and phylogenetically analyzed.

Before sequencing, the PCR products were purified with the Qiaquick PCR
purification kit (Qiagen, Valencia, Calif.). The concentration of the purified
product was measured in a Shimadzu UV160U or BioSpec-1601 spectrophotom-
eter (Shimadzu Co., Kyoto, Japan). The purified PCR product was then se-
quenced by an ABI 373A or 377 automated sequencer (Applied Biosystems,
Foster City, Calif.).

Phylogenetic analysis. HTCC sequences were aligned and masked in ARB
(32). Phylogenetic analyses were performed with ARB and PAUP! (35). Phylo-
genetic trees were inferred by neighbor joining with the Jukes and Cantor model
to estimate evolutionary distances. Bootstrap values were obtained in PAUP!
from a consensus of 1,000 neighbor-joining trees. Short sequences of HTCC
isolates were added to the tree by using the parsimony insertion tool in ARB.
The percent similarity of sequences was determined with the distance matrix tool
in ARB; ambiguous bases were not included.

Recovery of HTCC isolates from frozen storage. The probability of recovering
HTCC isolates from frozen storage has not been systematically investigated, and
not all cultures were saved for further study. However, isolates from three of the
four significant phylogenetic clades in this study, HTCC202 (OM43 clade),

HTCC230 and HTCC234 (SAR92 clade), and HTCC223 and HTC227 (OM60/
OM241 clade), have been successfully transferred from the initial well, propa-
gated, and stored. Cells were stored in 7% dimethyl sulfoxide and/or 10%
glycerol.

DAPI-stained cell images. Images were obtained with a Hamamatsu
ORCA-ER cooled interline charge-coupled device camera (5 Mz) mounted on a
Leica DMRB microscope. IPLab Spectrum 3.5 image analysis software was used
to acquire images.

Nucleotide sequence accession numbers. The sequences of the HTCC isolates
used in the phylogenetic analyses have been deposited in GenBank under ac-
cession no. AY102012 to AY102033.

RESULTS

HTC. Our general approach to HTC is outlined (Fig. 1).
This method, which allows a large number of culture attempts
to be efficiently screened for growth and identified, was suc-
cessful in bringing four major uncultured or undescribed
groups of bacterioplankton into culture. These four groups
include SAR11 (" subclass) (16), OM43 (# subclass) (27),
SAR92 ($ subclass) (8), and OM60/OM241 ($ subclass) (27).

Culturability statistics. Two hundred fifty-three extinction
culture wells were scored positive for growth out of 2,484 wells
screened for 3 years and 11 sample collections. A culturability
range of 0.4 to 14.3% was calculated for the different sample
collections (Table 1). The average culturability for the six sam-
ples collected between late May and mid-July was 8.8%, and
the average culturability for the five samples collected between
early October and early April was 1.2%. Comparisons of cul-
turability were made between the HTC method and traditional
plating on nutrient-rich agar media; the culturability ranged
from 1.4 to 120 times higher by HTC methods (Table 1). In
addition, MA2216 and R2A agar plates were spotted with the
first 143 cultures grown from water collected during the sum-
mer of 1998 to determine if they had the ability to grow on
these media. Only three grew on MA2216, and a fourth grew
on R2A; none of these four cultures grew on both agar media
(data not shown).

Detection of growth and cell densities. The cell densities of
the HTCC cultures ranged from 1.3 % 103 to 1.6 % 106 cells per

TABLE 1. Extinction culturability statistics compared to traditional culturability counts

Date (mo-day-yr)
and location of

inoculation
samplea

Inoculum sample
(cells/ml)

Avg no. of
cells/well

Total no. of
wells inoculated

No. of
positive wellsb

Culture
designations % Culturabilityc

% Culturability on
nutrient-rich agard

1/10R2A R2A MA2216

5-21-98, J 1.1 % 106 1.1 144 7 HTCC1–7 4.5 (1.8, 9.3) — — —
6-5-98, J 1.5 % 106 1.5 192 37 HTCC8–44 14.3 (10.0, 19.7) — — —
7-6-98, 8 km 3.7 % 106 3.7 192 62 HTCC45–106 10.5 (8.0, 13.5) — — —
7-6-98, 25 km 1.5 % 106 1.5 192 37 HTCC107–143 14.3 (10.0, 19.7) — — —
6-17-99, J 5.6 % 106 3.0 192 21 HTCC144–164 3.9 (2.4, 5.9) — — —
10-29-99, J 1.9 % 106 3.0 192 10 HTCC165–174 1.8 (0.9, 3.3) — — —
12-21-99, J 8.1 % 105 5.0 384 10 HTCC175–184 0.5 (0.3, 1.0) — — —
1-26-00, J 1.1 % 106 5.0 192 11 HTCC185–191,

193–196
1.2 (0.6, 2.1) 0.01 0.01 0.02

4-5-00, J 9.0 % 105 5.0 192 20 HTCC197–216 2.2 (1.3, 3.4) — 0.15 0.12
7-12-00, J 1.9 % 106 3.0 228 33 HTCC217–233,

236–251
5.2 (3.6, 7.3) 0.98 0.15 0.12

10-9-00, 8 km 1.3 % 106 3.0 384 5 HTCC252–256 0.4 (0.1, 1.0) 0.29 0.09 0.02
a Samples were collected on the date indicated from the jetty (J) or 8 or 25 km out from the mouth of Yaquina Bay, Oreg.
b Wells were scored for growth after 3 weeks of incubation at 16°C.
c Ninety-five percent confidence intervals are shown in parentheses.
d Inoculum was the same as that used for the microtiter plates. —, not determined.

TABLE 2. Cell densities and inferred doublings attained after 3
weeks of incubation

Final no. of cells/ml No. of
culturesa

No. of inferred
doublingsb

1.0 % 103–9.9 % 103 66 10.0–13.3
1.0 % 104–9.9 % 104 120 13.3–16.6
1.0 % 105–9.9 % 105 62 16.6–19.9
1.0 % 106–9.9 % 106 5 19.9–23.3

a Out of 253 cultures.
b This inference is based on the assumption that only one inoculated cell in

each well grew.
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  Most grow slowly and only to low density
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positive controls with 108, 2,000, 200, and 20 copies of the 16S rRNA gene from
the clone SAR242 were run in each PCR set. All primers used have no mis-
matches to the SAR242 sequence, except for 1492R, which does not match the
Þrst and third bases on the 5! end (nonpriming end). The concentration of the
positive control DNA was measured in a Shimadzu UV160U spectrophotometer
(Shimadzu Co., Kyoto, Japan). The 20-copy-positive control could be routinely
ampliÞed with a total of 50 to 66 cycles of nested PCR.

RFLP of the PCR product was done with the restriction enzymes MboI and
HaeIII (MBI Fermentas) (38). HTCC isolates were determined to be a mix of
more than one species if RFLP bands from each digest added up to two or more
times the length of the expected PCR product. The cultures with fragments that
added up to the expected PCR product length were grouped based on matching
RFLP patterns, and at least one culture from each RFLP group was sequenced
and phylogenetically analyzed.

Before sequencing, the PCR products were puriÞed with the Qiaquick PCR
puriÞcation kit (Qiagen, Valencia, Calif.). The concentration of the puriÞed
product was measured in a Shimadzu UV160U or BioSpec-1601 spectrophotom-
eter (Shimadzu Co., Kyoto, Japan). The puriÞed PCR product was then se-
quenced by an ABI 373A or 377 automated sequencer (Applied Biosystems,
Foster City, Calif.).

Phylogenetic analysis. HTCC sequences were aligned and masked in ARB
(32). Phylogenetic analyses were performed with ARB and PAUP! (35). Phylo-
genetic trees were inferred by neighbor joining with the Jukes and Cantor model
to estimate evolutionary distances. Bootstrap values were obtained in PAUP!

from a consensus of 1,000 neighbor-joining trees. Short sequences of HTCC
isolates were added to the tree by using the parsimony insertion tool in ARB.
The percent similarity of sequences was determined with the distance matrix tool
in ARB; ambiguous bases were not included.

Recovery of HTCC isolates from frozen storage. The probability of recovering
HTCC isolates from frozen storage has not been systematically investigated, and
not all cultures were saved for further study. However, isolates from three of the
four signiÞcant phylogenetic clades in this study, HTCC202 (OM43 clade),

HTCC230 and HTCC234 (SAR92 clade), and HTCC223 and HTC227 (OM60/
OM241 clade), have been successfully transferred from the initial well, propa-
gated, and stored. Cells were stored in 7% dimethyl sulfoxide and/or 10%
glycerol.

DAPI-stained cell images. Images were obtained with a Hamamatsu
ORCA-ER cooled interline charge-coupled device camera (5 Mz) mounted on a
Leica DMRB microscope. IPLab Spectrum 3.5 image analysis software was used
to acquire images.

Nucleotide sequence accession numbers. The sequences of the HTCC isolates
used in the phylogenetic analyses have been deposited in GenBank under ac-
cession no. AY102012 to AY102033.

RESULTS

HTC. Our general approach to HTC is outlined (Fig. 1).
This method, which allows a large number of culture attempts
to be efÞciently screened for growth and identiÞed, was suc-
cessful in bringing four major uncultured or undescribed
groups of bacterioplankton into culture. These four groups
include SAR11 (" subclass) (16), OM43 (# subclass) (27),
SAR92 ($ subclass) (8), and OM60/OM241 ($ subclass) (27).

Culturability statistics. Two hundred Þfty-three extinction
culture wells were scored positive for growth out of 2,484 wells
screened for 3 years and 11 sample collections. A culturability
range of 0.4 to 14.3% was calculated for the different sample
collections (Table 1). The average culturability for the six sam-
ples collected between late May and mid-July was 8.8%, and
the average culturability for the Þve samples collected between
early October and early April was 1.2%. Comparisons of cul-
turability were made between the HTC method and traditional
plating on nutrient-rich agar media; the culturability ranged
from 1.4 to 120 times higher by HTC methods (Table 1). In
addition, MA2216 and R2A agar plates were spotted with the
Þrst 143 cultures grown from water collected during the sum-
mer of 1998 to determine if they had the ability to grow on
these media. Only three grew on MA2216, and a fourth grew
on R2A; none of these four cultures grew on both agar media
(data not shown).

Detection of growth and cell densities. The cell densities of
the HTCC cultures ranged from 1.3 % 103 to 1.6 % 106 cells per

TABLE 1. Extinction culturability statistics compared to traditional culturability counts

Date (mo-day-yr)
and location of

inoculation
samplea

Inoculum sample
(cells/ml)

Avg no. of
cells/well

Total no. of
wells inoculated

No. of
positive wellsb

Culture
designations % Culturabilityc

% Culturability on
nutrient-rich agard

1/10R2A R2A MA2216

5-21-98, J 1.1 % 106 1.1 144 7 HTCC1Ð7 4.5 (1.8, 9.3) Ñ Ñ Ñ
6-5-98, J 1.5 % 106 1.5 192 37 HTCC8Ð44 14.3 (10.0, 19.7) Ñ Ñ Ñ
7-6-98, 8 km 3.7 % 106 3.7 192 62 HTCC45Ð106 10.5 (8.0, 13.5) Ñ Ñ Ñ
7-6-98, 25 km 1.5 % 106 1.5 192 37 HTCC107Ð143 14.3 (10.0, 19.7) Ñ Ñ Ñ
6-17-99, J 5.6 % 106 3.0 192 21 HTCC144Ð164 3.9 (2.4, 5.9) Ñ Ñ Ñ
10-29-99, J 1.9 % 106 3.0 192 10 HTCC165Ð174 1.8 (0.9, 3.3) Ñ Ñ Ñ
12-21-99, J 8.1 % 105 5.0 384 10 HTCC175Ð184 0.5 (0.3, 1.0) Ñ Ñ Ñ
1-26-00, J 1.1 % 106 5.0 192 11 HTCC185Ð191,

193Ð196
1.2 (0.6, 2.1) 0.01 0.01 0.02

4-5-00, J 9.0 % 105 5.0 192 20 HTCC197Ð216 2.2 (1.3, 3.4) Ñ 0.15 0.12
7-12-00, J 1.9 % 106 3.0 228 33 HTCC217Ð233,

236Ð251
5.2 (3.6, 7.3) 0.98 0.15 0.12

10-9-00, 8 km 1.3 % 106 3.0 384 5 HTCC252Ð256 0.4 (0.1, 1.0) 0.29 0.09 0.02
a Samples were collected on the date indicated from the jetty (J) or 8 or 25 km out from the mouth of Yaquina Bay, Oreg.
b Wells were scored for growth after 3 weeks of incubation at 16¡C.
c Ninety-Þve percent conÞdence intervals are shown in parentheses.
d Inoculum was the same as that used for the microtiter plates. Ñ , not determined.

TABLE 2. Cell densities and inferred doublings attained after 3
weeks of incubation

Final no. of cells/ml No. of
culturesa

No. of inferred
doublingsb

1.0 % 103Ð9.9 % 103 66 10.0Ð13.3
1.0 % 104Ð9.9 % 104 120 13.3Ð16.6
1.0 % 105Ð9.9 % 105 62 16.6Ð19.9
1.0 % 106Ð9.9 % 106 5 19.9Ð23.3

a Out of 253 cultures.
b This inference is based on the assumption that only one inoculated cell in

each well grew.
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ml, with a mean of 1.1 ! 105 cells per ml and a median of 3.0
! 104 cells per ml. The minimum density for a culture to be
detectable was 1.3 ! 103 cells per ml. This range of cell den-
sities is the result of as few as 10.0 to as many as 23.3 doublings
during the 3-week incubation period, assuming only one cell
from the initial inoculum grew in the well (Table 2). The 253
wells that showed cell growth fall into four categories of cell
density (Table 2). The maximum cell concentration attained
(1.6 ! 106 cells/ml) is similar to the natural bacterial numbers
in seawater, which ranged from 8.1 ! 105 to 5.6 ! 106 cells per
ml for the 11 inoculum samples collected.

Imaging of the DAPI-stained isolates revealed unicellular
organisms that were generally of small size. The SAR11 clade
isolate HTCC150 was a small, curved rod (ca. 1 to 0.8 "m by
0.3 to 0.2 "m). The OM43 clade isolates HTCC163 and

HTCC175 were short rods (ca. 0.8 to 0.5 "m by 0.5 "m). The
SAR92 clade isolates HTCC148, HTCC151, and HTCC154
were short rods (ca. 1 to 0.7 "m by 0.7 to 0.5 "m). OM60/
OM241 clade isolate HTCC160 was an irregularly shaped coc-
cus that occasionally formed doublets and more rarely chains
of three (ca. 0.7 by 0.7 "m). These measurements are subject
to sizeable error, since these small cells are at or approach the
resolution of visible light microscopes. The cells have been
stained with a DNA staining dye and have been fixed with
formaldehyde. The images shown are from the original extinc-
tion dilutions that yielded the four previously uncultured and
undescribed groups (Fig. 2).

Phylogenetic analysis and culture identification. Uncultured
or undescribed groups SAR11, OM43, SAR92, and OM60/
OM241 accounted for the majority of cultures that were iden-
tified out of a subset of 56 cultures (Table 3). All cultured cells
from 13 48-well plates (56 cultures) were chosen to represent
5 different sampling months to minimize biases that might
emerge as a result of seasonal variation in bacterioplankton
abundance. Forty-seven of the 56 cultures were identified; of
the 9 cultures that were not identified, 7 were found to be
unknown mixtures of several cell types based on RFLP analy-
sis, and 2 did not amplify under the conditions used. There
were a total of eight mixed cultures; HTCC149 was found to be
a mix of cells from the SAR11 clade and unknown cells. The
failure of two cultures to amplify is probably attributable to
problems with the DNA extractions and/or low cell densities in
the cultures. A considerable effort was made to ensure that
these lineages did not fail to amplify because of mismatches to
amplification primers. The theoretical statistical estimation for
the number of pure cultures versus mixed cultures that should
be acquired was consistent with the RFLP analysis (Table 3).

Of the 47 identified cultures, 4 were #-Proteobacteria (Fig.
3C). Two belonged to the SAR11 clade, and one each was from
the genus Maricaulis and the Roseobacter clade. Eighteen iso-
lates were identified as $-Proteobacteria (Fig. 3A). These in-
cluded members of two clades, 16 isolates from the OM43
clade, and two related to the genus Variovorax. Nineteen cul-
tures were %-Proteobacteria (Fig. 3B). These included three
subgroups: the SAR92 clade (15 isolates), the OM60/OM241
clade (3 isolates), and one group from the genus Pseudomonas.
Six isolates were members of the phylum Bacteroidetes.

The 16S rRNA sequence for the SAR92 clone (M63811) was

FIG. 2. Fluorescence microscopy images of several of the novel
isolates. The cells were stained with DAPI. Size bars, 1 "m.

TABLE 3. Phylogenetic identification and pure culture statistics for 56 cultures

Inoculation date
(mo-day-yr)

No. of wells
screened

No. of cultures
detected

Theoretical no. of
pure culturesa

No. with culture identification

SAR11 OM43 SAR92 OM60/OM241 Otherc Mixed culture Not
identified

5-21-98 96 7 6.7 (2.8, 12.8) 5 2
6-17-98 96 11 10.3 (5.5, 16.8) 2 1 4 2 3b

10-29-99 96 10 9.5 (4.8, 15.9) 8 1 1
1-26-00 192 11 10.7 (5.5, 18.2) 7 2 1 1
7-12-00 144 17 16.0 (9.8, 23.7) 3 3 8 1 2

Total 624 56 53.4 (41.2, 67.4) 2 16 15 3 11 8 2
a Statistical estimation of the theoretical number of pure cultures acquired with 95% confidence interval. The total 53.4 was determined independently with 624 wells

and 56 cultures in the pure culture equation.
b One SAR11 culture was mixed with an unknown cell type (RFLP analysis) and is also included under the heading “Mixed culture.”
c “Other” indicates cultures that fall into previously cultured groups.
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The a-proteobacterial lineagethat contains SAR11and related
ribosomal RNA gene clones was among the Þrst groups of
organisms to be identiÞed when cult ivation-independent
approachesbasedon rRNA genecloning and sequencingwere
appliedto surveymicrobial diversity in natural ecosystems1. This
group accounts for 26% of all ribosomal RNA genesthat have

beenidentiÞed in seawater and hasbeenfound in nearly every
pelagic marine bacterioplankton community studied by these
methods2. The SAR11clade representsa pervasiveproblem in
microbiology: despite its ubiquity, it has deÞed cultivation
effor ts. Genetic evidence suggests that diverse uncultivated
microbial taxa dominate most natural ecosystems3Ð5, which has
promptedwidespreadefforts to elucidatethegeochemicalactivi-
tiesof theseorganismswithout thebeneÞtof culturesfor study6,7.
Here we report the isolation of representativesof the SAR11
clade.Eighteencultureswereinitially obtainedby meansof high-
throughput proceduresfor isolating cell cultures through the
dilution of natural microbial communities into very low nutr ient
media.Eleven of thesecultures have beensuccessfullypassaged
and cryopreserved for future study. The volume of thesecells,
about 0.01mm3, placesthem amongthe smallestfree-living cells
in culture.

In an effort to isolate some of the ubiquitous uncultivated
Bacteria and Archaea that dominate marine bacterioplankton
communities2, we inoculatedfreshOregoncoastseawatersamples
into microtitredishwellsbydilution, suchthaton averageeachwell
received22microbial cells.Mediaconsistedof sterileOregoncoast
seawatersupplementedwith either phosphate(as KH2PO4) and
ammonium (asNH4Cl), or phosphate, ammonium and a deÞned
mixture of organiccarbon compounds.Thetechniqueof isolating
cellsbydilution into sterilizednaturalwatersor otherdilute media
has beenused previously8,9; it takesadvantage of the fact that

Figure 1 Photomicrographs of a culture of SAR11 clade isolate HTCC1062.

a, b, Fluorescence images of cells in an identical field of view, stained with the
DNA-specific dye DAPI (a) and after hybridization with four Cy3-labelled oligonucleotide
probes targeting SAR11 cells (b). Scale bar (a, b), 1mm. c, d, Transmission electron
micrographs of strain HTCC1062. c, Shadowed cells with the typical SAR11 clade
morphology. d, Negatively stained cell. The latex beads in c and d have a diameter of

0.514mm.
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The a-proteobacterial lineage that contains SAR11 and related
ribosomal RNA gene clones was among the first groups of
organisms to be identified when cultivation-independent
approaches based on rRNA gene cloning and sequencing were
applied to survey microbial diversity in natural ecosystems1. This
group accounts for 26% of all ribosomal RNA genes that have

been identified in sea water and has been found in nearly every
pelagic marine bacterioplankton community studied by these
methods2. The SAR11 clade represents a pervasive problem in
microbiology: despite its ubiquity, it has defied cultivation
efforts. Genetic evidence suggests that diverse uncultivated
microbial taxa dominate most natural ecosystems3–5, which has
prompted widespread efforts to elucidate the geochemical activi-
ties of these organisms without the benefit of cultures for study6,7.
Here we report the isolation of representatives of the SAR11
clade. Eighteen cultures were initially obtained by means of high-
throughput procedures for isolating cell cultures through the
dilution of natural microbial communities into very low nutrient
media. Eleven of these cultures have been successfully passaged
and cryopreserved for future study. The volume of these cells,
about 0.01 mm3, places them among the smallest free-living cells
in culture.

In an effort to isolate some of the ubiquitous uncultivated
Bacteria and Archaea that dominate marine bacterioplankton
communities2, we inoculated fresh Oregon coast seawater samples
into microtitre dish wells by dilution, such that on average each well
received 22 microbial cells. Media consisted of sterile Oregon coast
sea water supplemented with either phosphate (as KH2PO4) and
ammonium (as NH4Cl), or phosphate, ammonium and a defined
mixture of organic carbon compounds. The technique of isolating
cells by dilution into sterilized natural waters or other dilute media
has been used previously8,9; it takes advantage of the fact that

Figure1 Photomicrographs of a culture of SAR11 clade isolate HTCC1062.

a, b, Fluorescence images of cells in an identical field of view, stained with the
DNA-specific dye DAPI (a) and after hybridization with four Cy3-labelled oligonucleotide
probes targeting SAR11 cells (b). Scale bar (a, b), 1mm. c, d, Transmission electron
micrographs of strain HTCC1062. c, Shadowed cells with the typical SAR11 clade
morphology. d, Negatively stained cell. The latex beads in c and d have a diameter of

0.514mm.
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The a-proteobacterial lineage that contains SAR11 and related
ribosomal RNA gene clones was among the first groups of
organisms to be identified when cultivation-independent
approaches based on rRNA gene cloning and sequencing were
applied to survey microbial diversity in natural ecosystems1. This
group accounts for 26% of all ribosomal RNA genes that have

been identified in sea water and has been found in nearly every
pelagic marine bacterioplankton community studied by these
methods2. The SAR11 clade represents a pervasive problem in
microbiology: despite its ubiquity, it has defied cultivation
efforts. Genetic evidence suggests that diverse uncultivated
microbial taxa dominate most natural ecosystems3–5, which has
prompted widespread efforts to elucidate the geochemical activi-
ties of these organisms without the benefit of cultures for study6,7.
Here we report the isolation of representatives of the SAR11
clade. Eighteen cultures were initially obtained by means of high-
throughput procedures for isolating cell cultures through the
dilution of natural microbial communities into very low nutrient
media. Eleven of these cultures have been successfully passaged
and cryopreserved for future study. The volume of these cells,
about 0.01mm3, places them among the smallest free-living cells
in culture.

In an effort to isolate some of the ubiquitous uncultivated
Bacteria and Archaea that dominate marine bacterioplankton
communities2, we inoculated fresh Oregon coast seawater samples
into microtitre dish wells by dilution, such that on average each well
received 22 microbial cells. Media consisted of sterile Oregon coast
sea water supplemented with either phosphate (as KH2PO4) and
ammonium (as NH4Cl), or phosphate, ammonium and a defined
mixture of organic carbon compounds. The technique of isolating
cells by dilution into sterilized natural waters or other dilute media
has been used previously8,9; it takes advantage of the fact that

Figure1 Photomicrographs of a culture of SAR11 clade isolate HTCC1062.

a, b, Fluorescence images of cells in an identical field of view, stained with the
DNA-specific dye DAPI (a) and after hybridization with four Cy3-labelled oligonucleotide
probes targeting SAR11 cells (b). Scale bar (a, b), 1mm. c, d, Transmission electron
micrographs of strain HTCC1062. c, Shadowed cells with the typical SAR11 clade
morphology. d, Negatively stained cell. The latex beads in c and d have a diameter of

0.514mm.
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  Pelagibacter ubique is a robust SAR11

MS Rappé 2002 Cultivation of the ubiquitous SAR11 marine bacterioplankton clade. Nature 418:630

substrateconcentrationsand cell numbersin natural watersare
typically about three orders of magnitudelessthan in common
laboratory media.Theapproachthatweusedto isolatemembersof
the SAR11 clade was similar but involved modiÞcations to a
microtitredishformatandanewlydevelopedprocedurefor making
arraysof cell cultureson microscope slidescoupledwith ßuor-
escence in situ hybridization (FISH)10,11. Theseprocedures were
designedto increasethe rate at which culturescould be obtained
and identiÞed.In this experiment,288extinction culturesof 1ml
wereinoculatedandscreened.

After incubationat 158C for 23d either in the dark or under a
14h/10h light/darkcycle(irradiance< 400mmol m22s21), culture
wells were testedfor replicating cells by arraying small culture
volumes on polycarbonate membranes. The limit of detection
with this method is roughly 2 £ 103cellsper ml, and it requires
only 100ml of culture (, 200cells). Arrays were stainedwith the
DNA-binding dye 40,6-diamidino-2-phenylindole (DAPI)12 and
positive wells were screenedfurther by FISH with a set of four
ßuorescently labelledoligonucleotideprobesspeciÞcfor SAR11
clade16SrRNA (Fig. 1). Ten culturesconsistingof 100%SAR11
cladecellsand eight mixed culturescontainingabout 10Ð90%of
SAR11 clade cells were identiÞed preliminarily. Cultures were
obtained in microtitre platesincubatedin the dark or under a
light/dark cycle,and in both the medium containing only natural
organic carbon and the medium supplemented with a deÞned
mixture of carbon compounds.Elevenisolateswerepropagated
andcryopreservedfor future study.

Phylogeneticrelationshipsof the isolateswere investigatedby a
combination of 16SrRNA gene and 16SÐ23SrDNA intergenic
spacersequenceanalysis.RibosomalRNA nucleotidesequencesof
414Ð608bases,obtainedfrom the30 endof the16SrRNA geneof all
11 isolates,wereidentical. Intergenicspacersequences(415Ð417
bases)indicated,however, that therewerethreegeneticallydistinct

lineagesamongthe strains.StrainsHTCC1002,1016,1025,1056,
1057and1061differedfrom HTCC1004,1013,1040and1062atten
sequencepositionsandbyanindelof two nucleotides.An eleventh
isolate(HTCC1051)differedfrom thelattergroupattwonucleotide
positions.Thetwo principalsequencegroupscontainedstrainsthat
wereoriginally isolatedfrom dark and light/dark incubations,as
wellasfrom both mediatypes.Complete16SrRNA genesequences
obtainedfrom representativesof the two main intergenicspacer
groups (HTCC1002and HTCC1062)were found to differ by a
single baseand weremore than 99%similar to over 30 published
nucleotidesequencesfrom rRNA-gene-containingclonesrecovered
from sea water. These include nearly full-length rDNA clones
obtainedfrom the Arctic Ocean13,14, from the coastof Plymouth,
UK, in the Atlantic Ocean15 (Fig. 2) and from the SantaBarbara
Channel16 (datanot shown).

Comparativesequenceanalysisof 16SrRNA genesshowedthat
SAR11and its relativesare a deeplybranchingclusterof the a-
subclassof Proteobacteria.Membersof this group showlessthan
82% sequencesimilarity to cultivatedmembersof the a-Proteo-
bacteria.Sincetheiroriginaldiscovery in theSargassoSea,members
of the SAR11cladehave beenrecoveredin every 16SrRNA gene
clonelibrary that hasbeenconstructedwith universalor bacterial
polymerasechainreaction(PCR)primersfrom marineprokaryotic
planktonsamples,including coastalandnear-shorewaters16,17and
seawatersamplesfrom depthsup to 3,000m (ref. 18).Relativesof
the SAR11cladehaveeven beendetectedin freshwaterlakes19.

Growth ratesfor the11SAR11cladeisolatesreplicating at 158C
in sterileOregoncoastseawatersupplementedwith 0.1mM phos-
phate,1.0mM ammoniumandadeÞnedmixtureof organiccarbon
compoundsrangedfrom 0.40to 0.58d21. Although this rateof cell
divisionislow in comparisonto valuestypicalof cultivatedbacteria,
it is not dissimilar to the measured growth rates of marine
bacterioplanktoncommunitiesin nature,which vary from 0.05to
0.3d21 (ref.20).All of theisolatesproducedalogisticgrowth curve
(Fig. 3). In subsequentexperimentswith strainHTCC1062,which
wasoriginally isolatedin seawatermediasupplementedwith the
deÞnedorganiccarbon compoundandvitamin mixtures,removal
of these amendments did not negatively affect growth rate or
maximumcell abundance(Fig. 3). However, theaddition of dilute
proteosepeptone(0.001%)inhibited growth (Fig. 3).

Figure2Phylogenetic relationships between strain HTCC1062 and representatives of the
SAR11 clade and a-Proteobacteria inferred from 16S rRNA gene sequence comparisons.

The Gram-positive bacteria Bacillussubtilisand Marinococcushalophiluswere used as
outgroups. Bootstrap proportions over 70% that supported the branching order are

shown. Scale bar corresponds to 0.05 substitutions per nucleotide position. Also included

in the analysis were the g-Proteobacteria Alteromonasmacleodiiand Marinobacter
hydrocarbonoclasticus, and the b-Proteobacteria Methylophilusmethylotrophusand
Polynucleobacternecessarius.

Figure3Growth of strain HTCC1062 in Oregon coast seawater media. Media consisted of
sterile sea water supplemented with 1.0mM NH4Cl and 0.1mM KH2PO4 (filled circles),

1.0mM NH4Cl, 0.1mM KH2PO4, and mixed carbon (open circles), 1.0mM NH4Cl, 0.1mM
KH2PO4, and Va vitamins (filled triangles), 1.0mM NH4Cl, 0.1mM KH2PO4, mixed carbon

and Va vitamins (open triangles), 1.0mM NH4Cl, 0.1mM KH2PO4, mixed carbon, Va

vitamins and 0.001% (w/v) proteose peptone (filled squares). For all cultures, cell counts

attempted on days 7 and 12 were below the limit of detection (dotted line, 3,000 cells per

ml), as were counts on day 31 and after day 33 for the culture containing proteose

peptone. The point at day 0 is the inoculum density.
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  Pelagibacter ubique is really, really small

MS Rappé 2002 Cultivation of the ubiquitous SAR11 marine bacterioplankton clade. Nature 418:630

E. coli : 1.3um x 4um average : considered small for a typical bacterium

1.3^2 x 4 = 6.76um^3 (volume)
2(1.3^2)+4(1.3x4) = 24um^2 (surface area)
24/6.76 = 3.6um^2/um^3 (surface/volume ratio)
20,000 ribosomes make up 30% of the cell mass
cell wall & membranes make up 20% of cell mass
DNA makes up 2% of cell mass

P. ubique : 0.15um x 0.6um average

0.15^2 x 0.6 = 0.0135um^3 (1/500th the volume of E. coli)
2(0.15^2)+4(0.15x0.6) = 0.4um^2 (1/100th the SA of E.coli)
0.0135/0.4 = 30um^2/um^3 (8X the SA/V ratio of E.coli)
DNA makes up 30% of the cell volume
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The SAR11 clade consists of very small, heterotrophic marine a-proteobacteria
that are found throughout the oceans, where they account for about 25% of
all microbial cells.Pelagibacter ubique, the first cultured memberof this clade,
hasthe smallestgenomeand encodesthe smallestnumberof predictedopen
readingframesknown for a free-living microorganism.In contrast to parasitic
bacteria and archaea with small genomes, P. ubique has complete biosynthetic
pathways for all 20 amino acids and all but a few cofactors. P. ubique has no
pseudogenes, introns, transposons, extrachromosomal elements, or inteins; few
paralogs; and the shortest intergenic spacers yet observed for any cell.

Pelagibacter ubique, strain HTCC1062, be-
longs to one of the most successful clades of
organisms on the planet (1), but it has the
smallest genome (1,308,759 base pairs) of any
cell known to replicate independently in nature
(Fig. 1). In situ hybridization studies show
that these organisms occur as unattached cells
suspended in the water column (1). They grow
by assimilating organic compounds from the
ocean_s dissolved organic carbon (DOC) reser-
voir, and can generate metabolic energy either
by a light-driven proteorhodopsin proton pump

(2) or by respiration (3). The marine plank-
tonic environment is poor in nutrients, and the
availability of N, P, and organic carbon typ-
ically limits the productivity of microbial com-
munities. P. ubique is arguably the smallest
free-living cell that has been studied in a lab-
oratory, and even its small genome occupies a
substantial fraction (È30%) of the cell volume.
The small size of the SAR11 clade cells fits a
model proposed by Button (4) for natural selec-
tion acting to optimize surface-to-volume ratios
in oligotrophic cells, such that the capacity of

the cytoplasm to process substrates will be
matched to steady-state membrane transport
rates.

Surprisingly, this genome appears to en-
code nearly all of the basic functions of a-
proteobacterial cells (Table 1). The small
genome size is attributable to the nearly com-
plete absence of nonfunctional or redundant
DNA and the paring down of all but the most
fundamental metabolic and regulatory func-
tions. For example, P. ubique falls at the ex-
treme end of the range for intergenic DNA
regions, with a median spacer size of only three
bases (Fig. 2). Intergenic DNA regions vary
considerably among bacteria and archaea, even
including parasites that have small genomes (5).
No pseudogenes, phage genes, or recent gene
duplications were found in P. ubique.

To further explore this trend, we inves-
tigated paralogous gene families by means of
BLAST clustering with variable threshold
limits. The genome had the smallest number
of paralogous genes observed in any free-
living cell (Fig. 1) (fig. S1). A steep slope in
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Fig. 1. Number of pre-
dicted protein-encoding
genes versus genome
size for 244 complete
published genomes from
bacteria and archaea. P.
ubique has the smallest
number of genes (1354
open reading frames) for
any free-living organism.
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P. ubique has the smallest genome, with the fewest genes, 
of any free-living organism

Steve Giovannoni, et al., 2005 Genome streamlining in a cosmopolitan oceanic bacterium. Science 309:1242
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rates.

Surprisingly, this genome appears to en-
code nearly all of the basic functions of a-
proteobacterial cells (Table 1). The small
genome size is attributable to the nearly com-
plete absence of nonfunctional or redundant
DNA and the paring down of all but the most
fundamental metabolic and regulatory func-
tions. For example, P. ubique falls at the ex-
treme end of the range for intergenic DNA
regions, with a median spacer size of only three
bases (Fig. 2). Intergenic DNA regions vary
considerably among bacteria and archaea, even
including parasites that have small genomes (5).
No pseudogenes, phage genes, or recent gene
duplications were found in P. ubique.
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cell known to replicate independently in nature
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rates.

Surprisingly, this genome appears to en-
code nearly all of the basic functions of a-
proteobacterial cells (Table 1). The small
genome size is attributable to the nearly com-
plete absence of nonfunctional or redundant
DNA and the paring down of all but the most
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tions. For example, P. ubique falls at the ex-
treme end of the range for intergenic DNA
regions, with a median spacer size of only three
bases (Fig. 2). Intergenic DNA regions vary
considerably among bacteria and archaea, even
including parasites that have small genomes (5).
No pseudogenes, phage genes, or recent gene
duplications were found in P. ubique.

To further explore this trend, we inves-
tigated paralogous gene families by means of
BLAST clustering with variable threshold
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The P.ubique genome is highly streamlined, but 
hasn’t discarded any basic metabolism

Steve Giovannoni, et al., 2005 Genome streamlining in a cosmopolitan oceanic bacterium. Science 309:1242

The streamlined genome is the result of opposing evolutionary forces - the demand to retain 
the ability to make what it needs to independently live is a sparse environment, and the 
need to minimize the genome size to lower it’s resource cost and physical size

the decline of potential paralogs with increas-
ing gene pairwise similarity threshold, relative
to other organisms, suggested that the few
paralogs present in P. ubique are descended
from relatively old duplication events, and that
steady evolutionary pressure has constrained the
expansion of gene families in this organism (fig.
S2). Furthermore, there was no evidence of
DNA originating from recent horizontal gene
transfer events. The presence of DNA uptake
and competence genes (PilC, PilD, PilE, PilF,
PilG, PilQ, comL, and cinA) in the genome
suggests that P. ubique has the ability to acquire
foreign DNA. These data are consistent with
the hypothesis that cells in some ecosystems
are subject to powerful selection to minimize
the material costs of cellular replication; this
concept is known as streamlining (5).

Several hypotheses have been used to ex-
plain genome reduction in prokaryotes, partic-
ularly in parasites, which have the smallest
cellular genomes known. The relaxation of pos-
itive selection for genes used in the biosynthesis
of compounds that can be imported from the
host, together with a bias favoring deletions
over insertions in most or all bacteria, appear to
account for genome reduction in many parasites
and organelles (5). The streamlining hypothesis
assumes that selection acts to reduce genome
size because of the metabolic burden of repli-
cating DNA with no adaptive value. Under this
hypothesis, it is presumed that repetitive DNA
arises when mechanisms that add DNA to
genomes—for example, recombination and
the propagation of self-replicating DNA (e.g.,
introns, inteins, and transposons)—overwhelm
the simple economics of metabolic costs.
However, evolutionary theory predicts that
the probability that selection will act to
eliminate DNA merely because of the meta-
bolic cost of its synthesis will be greatest in
very large populations of cells that do not ex-
perience drastic periodic declines (6).

The streamlining hypothesis has been used
to explain genome reduction in Prochloro-
coccus, a photoautotroph that reaches popula-
tion sizes in the oceans that are similar to
those of Pelagibacter (7–9). Prochlorococcus
genomes range from 1.66 to 2.41 million base
pairs (Mbp). Many organisms with reduced
genomes, including some pathogens, also have
very low G:C to A:T ratios (10) (fig. S3),
which can be attributed to biases in mutational
frequencies, but alternatively might convey a
selective advantage by lowering the nitrogen
requirement for DNA synthesis, thereby re-
ducing the cellular requirement for fixed forms
of nitrogen (7). N and P are both proportion-
ately important constituents of DNA that are
frequently limiting in seawater. The P. ubique
genome is 29.7% GþC. Of four complete Pro-
chlorococcus genome sequences, the two that
lack the DNA repair enzyme 6-0-methylguanine-
DNA methyltransferase also have very low
G:C to A:T ratios. In the absence of this enzyme,
the extent of accepted G:C to A:T mutations in-
creases; however, theP. ubique genome encodes
this enzyme, which suggests that other factors
are the cause of its low G:C to A:T ratio.

Annotation revealed a spare metabolic
network encoding a variant of the Entner-
Duodoroff pathway, a tricarboxylic acid (TCA)
cycle, a glyoxylate bypass, and a typical elec-
tron transport chain (Table 1). Anapleurotic
pathways for cellular constituents, other than
five vitamins, appeared to be complete, but
genes that would confer alternate metabolic
lifestyles, motility, or other complexities of
structure and function were nearly absent. Con-
spicuous exceptions were genes for carotenoid
synthesis, retinal synthesis, and proteorhodop-
sin. P. ubique constitutively expresses a light-
dependent retinylidine proton pump and is the
first cultured bacterium to exhibit the gene
that encodes it (2). The genome also contained

genes for type II secretion (including adhe-
sion) and type IV pilin biogenesis. Examina-
tion of gene distributions among metabolic
categories (fig. S4) supported the conclusion
that genome reduction in P. ubique has spared
genes for core proteobacterial functions while
reducing the proportion of the genome devoted
to noncoding DNA. Relative to other a-
proteobacterial genomes, the proportions of
P. ubique genes encoding transport functions,
biosynthesis of amino acids, and energy me-
tabolism were high (table S3).

The sheer size of Pelagibacter populations
indicates that they consume a large proportion
of the labile DOC in the oceans. The global
DOC pool is estimated to be 6.85 " 1017 g C
(11), roughly equaling the mass of inorganic
C in the atmosphere (12). Examination of the
P. ubique genome revealed that about half
of all transporters, and nearly all nutrient-
uptake transporters, are members of the
ATP-binding cassette (ABC) family (table
S1). ABC transporters typically have high
substrate affinities and therefore provide an
advantage at the cost of ATP hydrolysis. In-
ferred transport functions included the uptake
of a variety of nitrogenous compounds: ammo-
nia, urea, basic amino acids, spermidine, and
putrescine. Broad-specificity transporters for
sugars, branched amino acids, dicarboxylic and
tricarboxylic acids, and a number of common
osmolytes (including glycine betaine, proline,
mannitol, and 3-dimethylsulfoniopropionate)
were found in the genome. Autoradiography
with native populations of SAR11 has dem-
onstrated high uptake activity for amino acids
and 3-dimethylsulfoniopropionate (13). Hence,
efficiency is achieved in a low-nutrient system
by reliance on transporters with broad sub-
strate ranges (14) and a number of specialized
substrate targets, in particular, nitrogenous
compounds and osmolytes.

Table 1. Metabolic pathways in Pelagibacter.

Pathway Prediction

Glycolysis Uncertain
TCA cycle Present
Glyoxylate shunt Present
Respiration Present
Pentose phosphate cycle Present
Fatty acid biosynthesis Present
Cell wall biosynthesis Present
Biosynthesis of all 20 amino acids Present
Heme biosynthesis Present
Ubiquinone Present
Nicotinate and nicotinamide Present
Folate Present
Riboflavin Present
Pantothenate Absent
B6 Absent
Thiamine Absent
Biotin Absent
B12 Absent
Retinal Present

Fig. 2. Median size of
intergenic spacers for
bacterial and archaeal
genomes. Inset shows
expanded view of range
for organisms with
the smallest intergenic
spacers.
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• Entner-Deuteroff pathway / gluconeogenesis
• Carbon from organics - no C fixation
• Energy from respiration or proteorhodopsin-based phototrophy
• No duplications, pseudogenes, or prophages genes
• No recent lateral transfers - genes for DNA uptake for N & P?
• No motility genes
• 30% G+C - lower N requirement
• Transporters are mostly ABC - low Km, high ATP cost
• Only 2 sigma factors - vegetative & heat-shock
• Few regulatory networks - only 3 2-component regulators

Do not respond to pulses of nutrients
• 1 rrn operon - cannot modulate growth rate over a wide range
• No quorum sensing genes - why does it stop growing at 10^6?



P.ubique has the smallest intergenic spacers of any 
organism known - only 3bp on average!

Steve Giovannoni, et al., 2005 Genome streamlining in a cosmopolitan oceanic bacterium. Science 309:1242

the decline of potential paralogs with increas-
ing gene pairwise similarity threshold, relative
to other organisms, suggested that the few
paralogs present in P. ubique are descended
from relatively old duplication events, and that
steady evolutionary pressure has constrained the
expansion of gene families in this organism (fig.
S2). Furthermore, there was no evidence of
DNA originating from recent horizontal gene
transfer events. The presence of DNA uptake
and competence genes (PilC, PilD, PilE, PilF,
PilG, PilQ, comL, and cinA) in the genome
suggests that P. ubiquehas the ability to acquire
foreign DNA. These data are consistent with
the hypothesis that cells in some ecosystems
are subject to powerful selection to minimize
the material costs of cellular replication; this
concept is known as streamlining (5).

Several hypotheses have been used to ex-
plain genome reduction in prokaryotes, partic-
ularly in parasites, which have the smallest
cellular genomes known. The relaxation of pos-
itive selection for genes used in the biosynthesis
of compounds that can be imported from the
host, together with a bias favoring deletions
over insertions in most or all bacteria, appear to
account for genome reduction in many parasites
and organelles (5). The streamlining hypothesis
assumes that selection acts to reduce genome
size because of the metabolic burden of repli-
cating DNA with no adaptive value. Under this
hypothesis, it is presumed that repetitive DNA
arises when mechanisms that add DNA to
genomes—for example, recombination and
the propagation of self-replicating DNA (e.g.,
introns, inteins, and transposons)—overwhelm
the simple economics of metabolic costs.
However, evolutionary theory predicts that
the probability that selection will act to
eliminate DNA merely because of the meta-
bolic cost of its synthesis will be greatest in
very large populations of cells that do not ex-
perience drastic periodic declines (6).

The streamlining hypothesis has been used
to explain genome reduction in Prochloro-
coccus, a photoautotroph that reaches popula-
tion sizes in the oceans that are similar to
those of Pelagibacter (7Ð9). Prochlorococcus
genomes range from 1.66 to 2.41 million base
pairs (Mbp). Many organisms with reduced
genomes, including some pathogens, also have
very low G:C to A:T ratios (10) (fig. S3),
which can be attributed to biases in mutational
frequencies, but alternatively might convey a
selective advantage by lowering the nitrogen
requirement for DNA synthesis, thereby re-
ducing the cellular requirement for fixed forms
of nitrogen (7). N and P are both proportion-
ately important constituents of DNA that are
frequently limiting in seawater. The P. ubique
genome is 29.7% GþC. Of four complete Pro-
chlorococcus genome sequences, the two that
lack the DNA repair enzyme 6-0-methylguanine-
DNA methyltransferase also have very low
G:C to A:T ratios. In the absence of this enzyme,
the extent of accepted G:C to A:T mutations in-
creases; however, theP. ubiquegenome encodes
this enzyme, which suggests that other factors
are the cause of its low G:C to A:T ratio.

Annotation revealed a spare metabolic
network encoding a variant of the Entner-
Duodoroff pathway, a tricarboxylic acid (TCA)
cycle, a glyoxylate bypass, and a typical elec-
tron transport chain (Table 1). Anapleurotic
pathways for cellular constituents, other than
five vitamins, appeared to be complete, but
genes that would confer alternate metabolic
lifestyles, motility, or other complexities of
structure and function were nearly absent. Con-
spicuous exceptions were genes for carotenoid
synthesis, retinal synthesis, and proteorhodop-
sin. P. ubique constitutively expresses a light-
dependent retinylidine proton pump and is the
first cultured bacterium to exhibit the gene
that encodes it (2). The genome also contained

genes for type II secretion (including adhe-
sion) and type IV pilin biogenesis. Examina-
tion of gene distributions among metabolic
categories (fig. S4) supported the conclusion
that genome reduction in P. ubique has spared
genes for core proteobacterial functions while
reducing the proportion of the genome devoted
to noncoding DNA. Relative to other a-
proteobacterial genomes, the proportions of
P. ubique genes encoding transport functions,
biosynthesis of amino acids, and energy me-
tabolism were high (table S3).

The sheer size of Pelagibacter populations
indicates that they consume a large proportion
of the labile DOC in the oceans. The global
DOC pool is estimated to be 6.85 " 1017 g C
(11), roughly equaling the mass of inorganic
C in the atmosphere (12). Examination of the
P. ubique genome revealed that about half
of all transporters, and nearly all nutrient-
uptake transporters, are members of the
ATP-binding cassette (ABC) family (table
S1). ABC transporters typically have high
substrate affinities and therefore provide an
advantage at the cost of ATP hydrolysis. In-
ferred transport functions included the uptake
of a variety of nitrogenous compounds: ammo-
nia, urea, basic amino acids, spermidine, and
putrescine. Broad-specificity transporters for
sugars, branched amino acids, dicarboxylic and
tricarboxylic acids, and a number of common
osmolytes (including glycine betaine, proline,
mannitol, and 3-dimethylsulfoniopropionate)
were found in the genome. Autoradiography
with native populations of SAR11 has dem-
onstrated high uptake activity for amino acids
and 3-dimethylsulfoniopropionate (13). Hence,
efficiency is achieved in a low-nutrient system
by reliance on transporters with broad sub-
strate ranges (14) and a number of specialized
substrate targets, in particular, nitrogenous
compounds and osmolytes.

Table 1. Metabolic pathways in Pelagibacter.

Pathway Prediction

Glycolysis Uncertain
TCA cycle Present
Glyoxylate shunt Present
Respiration Present
Pentose phosphate cycle Present
Fatty acid biosynthesis Present
Cell wall biosynthesis Present
Biosynthesis of all 20 amino acids Present
Heme biosynthesis Present
Ubiquinone Present
Nicotinate and nicotinamide Present
Folate Present
Riboflavin Present
Pantothenate Absent
B6 Absent
Thiamine Absent
Biotin Absent
B12 Absent
Retinal Present

Fig. 2. Median size of
intergenic spacers for
bacterial and archaeal
genomes. Inset shows
expanded view of range
for organisms with
the smallest intergenic
spacers.
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P.ubique has an RNase P RNA gene (rnpB) in one of it’s largest 
“intergenic spacers” (not annotated, of course). 
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Pelagibacter ubique is a member of the SAR11 “unculturable” group 
of alpha-proteobacteria that predominate the oceanic pelagic 
ecosystem. This organism, like most SAR11 species, is a free-living, 
planktonic oligotrophic facultative photochemotroph. It is very 
small, 0.15 x 0.6um, 1/500th the volume of E.coli, providing a large 
surface/volume ratio for absorbing trace nutrients and light.

SAR11: Pelagibacter ubique, et al.

The 1.3Mbp genome of Pelagibacter 
ubique is extremely streamlined, with no 
repeated sequences, prophage, &c, and 
has the smallest known intergenic spacers. 
However, the genome retains all of the 
usual metabolic capabilities of alpha-
proteobacteria, and is specialized for slow 
growth, extracting trace dissolved 
organics, nitrogen, and phosphorous from 
the open ocean water.


