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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-

The SARL1 clade consists of very small, heterotrophic marine a-proteobacteria treme end of the range for intergenic DNA
that are found throughout the oceans, where they account for about 25% of regions, with a median spacer size of only three
all microbial cells.Pelagibacter ubique, the first cultured memberof this clade, bases (Fig. 2). Intergenic DNA regions vary
hasthe smallestgenomeand encodesthe smallestnumber of predicted open considerably among bacteria and archaea, even
readingframesknown for a free-living microorganism.In contrast to parasitic including parasites that have small genomes (5).

bacteria and archaea with small genomes, P. ubique has complete biosynthetic No pseudogenes, phage genes, or recent gene

pathways for all 20 amino acids and all but a few cofactors. P. ubique has no
pseudogenes, introns, transposons, extrachromosomal elemerts, or inteins; few
paralogs; and the shorteg 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 (/), 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 (7). 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-

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

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 (~30%) of the cell volume.
The small size of the SARI1 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
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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
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% SAR11 is a group of “uncultivatable” ! -proteobacteria
KG Field (Giovannoni) 1997 AEM 63:63

TABLE 3. Phylogeneticsubgroupsamong SAR11 cluster 16SrRNA genes$

Name Accession Origin Depth Position
(reference) no- (m) (E. coli numbering)

SAR1(16) X52280 Atlantic, Hydrostation S Surface 20D1191
SAR95(16) M63812 Atlantic, Hydrostation S Surface 49D1406
SAR407(16) U75253 Atlantic, BATS 80 8D1541
SAR42% U75261 Atlantic, BATS 80 1161D1540
BDA1-25 (15) L11942 Atlantic, near Bermuda 10 537b815 FL11
OoM242° U70689 Atlantic, Cape Hatteras 10 56467
om18g? u70687 Atlantic, Cape Hatteras 10 56D464 SART
0CSs-12 U75252 Pacibc,Oregon Coast 10 9D1005
FL11 (10) L10935 Pacibc,SantaBarbara Channel 10 14D1448
FL1 (10) 110934 Pacibc,Santa Barbara Channel 10 8D1114 SARS5
ALO21 (41) M64525 Pacibc,ALOHA Station Surface 307D499
ALO38 (41) M64532 Pacibc,ALOHA Station Surface 307D499 QCs12
ALO39 (41) M64533 Pacibc,ALOHA Station Surface 307499 I:
NH16-1 (15) 111949 Northeast Pacibc 100 537D761 SAR407
NH25-10 (15) L11967 Northeast Pacibc 100 537b817

i | SAR11
SAR11(16) X52172 Atlantic, Hydrostation S Surface 22P1191
SAR193 U75649 Atlantic, BATS 250 54D613 SAR192
BDA1-1 (15) L11934 Atlantic, near Bermuda 250 537b815
BDA1-20 (15) L11941 Atlantic, near Bermuda 10 537D765 100 SAR464
BDA1-15 (15) L11939 Atlantic, near Bermuda 10 537752 100 94
NH16-2A (15) L11961 Northeast Pacibc 10 537b817
NH16-11 (15) L11951 Northeast Pacibc 100 537D763 AR211
NH25-4 (15) L11974 Northeast Pacibc 100 537D857

SAR241

SAR21T U75256 Atlantic, BATS 250 8D1542
SAR464 U75254 Atlantic, BATS 80 801541 69 SAR220
SAR466’ U75263 Atlantic, BATS 80 8D357
SAR44Q° U75262 Atlantic, BATS 80 8D357 SAR203
SAR41§ U75259 Atlantic, BATS 80 8D3551161D1540
SAR49 U75264 Atlantic, BATS 80 8D3571161D1540 i i
SAR418 U75260 Atlantic, BATS 80 8D3501180D1540 Agrobacterium tumefaciens
SAR492 U75265 Atlantic, BATS 80 54D516 10
BDA1-27 (15) L11943 Atlantic, near Bermuda 10 537b741
OoM239? u70688 Atlantic, Cape Hatteras 10 49D319
oM136° U70684 Atlantic, Cape Hatteras 10 49D494
omM258° U70691 Atlantic, Cape Hatteras 10 60D551
0CSs143% U75266 Pacibc,Oregon Coast 10 1060411
NH49-1 (15) 111987 Northeast Pacibc 500 537D756
SAR22¢ U75257 Atlantic, BATS 250 8D1541
SAR24T U75258 Atlantic, BATS 250 8D1542
BDA1-17 (15) L11940 Atlantic, near Bermuda 10 537D790
SAR203 U75255 Atlantic, BATS 250 537Db772
NH29-3 (15) 111982 Northeast Pacibc 100 537D756

“ Genesin boldface type are also shownin the tree in Fig. 1. Line spacesseparatephylogenetic subgroups.
” This gene was Prst reported in this paper.
¢ GenBank.




% SAR11 make up 20-50% of oceanic bacterioplankton

RM Morris, et al. (Giovannoni) 2002 Nature 420:80
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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; ¢) 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); n = 4, except for depths below 250 m, where n= 1. Standard
deviations are given for depths of 1-250 m. One sample point was obtained for depths
below 250 m at 268N, 648W (CDOM-07).




% SAR11 are mostly very small (<1pm long) curved rods

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

Figure 2 SAR11 fluorescence in situhybridization 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 vmm.
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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
e Many organisms grow only to very low densities

Concentrate cultures by filtration for examination

Direct count of the inoculum by
fluorescence microscopy

\

Dilute inoculum into prepared

medium at 1-5 cells per ml and

fill 48-well microtiter plate with
1 ml per well

\

Incubate under the desired time
and conditions

'

Array 200yl aliquots onto a 48
sector filter manifold, stain and
transfer to a microscope slide

\

Screen for positive growth by
fluorescence microscopy

¥ Y X
Identify cultures  Transfer to fresh Store cultures
by PCR, RFLP medium with DMSO
and sequencing and/or glycerol in
liquid N2

FIG. 1. Flow chart of HTC procedures. DMSO, dimethyl sulfox-
ide.




% Up to 15% of microbes can be grown using this method

SA Connon & SJ Giovannoni 2002 AEM 68:3878

TABLE 1. Extinction culturability statistics compared to traditional culturability counts

Date (mo-day-yr) % Culturability on
and location of Inoculum sample  Avg no. of Total no. of No. of Culture % Culturability® nutrient-rich agar?
inoculation (cells/ml) cells/well ~ wells inoculated  positive wells” designations
sample? 1/I0R2ZA'  R2A MA2216
5-21-98,J 1.1 X 10° 1.1 144 7 HTCC1-7 4.5 (1.8,9.3) — — —
6-5-98, J 1.5 X 10° 1.5 192 37 HTCC8-44 14.3 (10.0, 19.7) — — —
7-6-98, 8 km 3.7 X 10° 3.7 192 62 HTCC45-106 10.5 (8.0, 13.5) — — —
7-6-98, 25 km 1.5 X 10° 1.5 192 37 HTCC107-143 14.3 (10.0, 19.7) — — —
6-17-99, J 5.6 X 10° 3.0 192 21 HTCC144-164 3.9(24,5.9) — — —
10-29-99, J 1.9 X 10° 3.0 192 10 HTCC165-174 1.8 (0.9, 3.3) — — —
12-21-99, J 8.1 X 10° 5.0 384 10 HTCC175-184 0.5 (0.3, 1.0) — — —
1-26-00, J 1.1 X 10° 5.0 192 11 HTCC185-191, 1.2 (0.6, 2.1) 0.01 0.01 0.02
193-196
4-5-00, J 9.0 X 10° 5.0 192 20 HTCC197-216 22(1.3,34) — 0.15 0.12
7-12-00, J 1.9 X 10° 3.0 228 33 HTCC217-233, 5.2(3.6,7.3) 0.98 0.15 0.12
236-251
10-9-00, 8 km 1.3 X 10° 3.0 384 5 HTCC252-256 0.4 (0.1, 1.0) 0.29 0.09 0.02

“ 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.

¢ Ninety-five percent confidence intervals are shown in parentheses.

4 Inoculum was the same as that used for the microtiter plates. —, not determined.




% Most grow slowly and only to low density

SA Connon & SJ Giovannoni 2002 AEM 68:3878

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

) No. of No. of inferred
Final no. of cells/ml cultures® doublings?
1.0 X 10°.9 x 10° 66 10.0B13.3
1.0 X 10*.9 x 10* 120 13.3B16.6
1.0 X 10°B0.9 X 10° 62 16.6D19.9
1.0 X 10°9.9 x 10° 5 19.9£23.3

4 Out of 253 cultures.

b This inference is based on the assumption that only one inoculated cell in
each well grew.




% SAR11 isolates are small, curved rods

SA Connon & SJ Giovannoni 2002 AEM 68:3878
DAPI images of HTCC isolates
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FIG. 2. Fluorescence microscopy images of several of the novel
isolates. The cells were stained with DAPI. Size bars, 1 pum.




\ Cultivation of SAR11 Pelagibacter ubique

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

Figurel 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), 1 pm. ¢, d, Transmission electron
micrographs of strain HTCC1062. ¢, Shadowed cells with the typical SAR11 clade
morphology. d, Negatively stained cell. The latex beads in ¢ and d have a diameter of
0.514 um.
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Figure2 Phylogenetic relationships between strain HTCC1062 and representatives of the
SAR11 clade and a-Proteobacteria inferred from 16S rRNA gene sequence comparisons.
The Gram-positive bacteria Bacillusubtiligand Marinococchslophilusere 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 Alteromonasacleodind Marinobacter
hydrocarborasticusand the b-Proteobacteria Methylopbgmethylotrophars
Polynucleohbamecessarius

\ Pelagibacter ubique is a robust SAR11

MS Rappé 2002 Cultivation of the ubiquitous SAR11 marine bacterioplankton clade. Nature 418:630
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Figure3 Growth of strain HTCC1062 in Oregon coast seawater media. Media consisted of
sterile sea water supplemented with 1.0Vl NH,CI and 0.1 wiM KH,PO, (filled circles),
1.0Vl NH4CI, 0.1 vVl KH,PQ4, and mixed carbon (open circles), 1.0 veVl NH4CI, 0.1 v
KH,POy4, and Va vitamins (filled triangles), 1.0 veM NH4CI, 0.1 veM KH,PQ,4, mixed carbon
and Va vitamins (open triangles), 1.0l NH4CI, 0.1 v\l KH,PO,4, 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.




\ 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 x4 =6.76um"3 (volume)
2(1.372)+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




SAR11: Pelagibacter ubique, et al.

A genome sequence paper
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Genome Streamlining in a
Cosmopolitan Oceanic Bacterium

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-
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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-

The SARL1 clade consists of very small, heterotrophic marine a-proteobacteria treme end of the range for intergenic DNA
that are found throughout the oceans, where they account for about 25% of regions, with a median spacer size of only three
all microbial cells.Pelagibacter ubique, the first cultured memberof this clade, bases (Fig. 2). Intergenic DNA regions vary
hasthe smallestgenomeand encodesthe smallestnumber of predicted open considerably among bacteria and archaea, even
readingframesknown for a free-living microorganism.In contrast to parasitic including parasites that have small genomes (5).

bacteria and archaea with small genomes, P. ubique has complete biosynthetic No pseudogenes, phage genes, or recent gene

% What are SAR11 & P.ubique?
& Cultivating the uncultivatable. ==

What does the genome tell us?

pathways for all 20 amino acids and all but a few cofactors. P. ubique has no
pseudogenes, introns, transposons, extrachromosomal elemerts, or inteins; few
paralogs; and the shorteg 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 (/), 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 (7). 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-

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

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 (~30%) of the cell volume.
The small size of the SARI1 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
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Fig. 1. Number of pre- 10.0
dicted protein-encoding

genes versus genome

size for 244 complete

published genomes from 504
bacteria and archaea. P. .
ubique has the smallest
number of genes (1354
open reading frames) for
any free-living organism.
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S\ 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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% The Pubique 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

Table 1. Metabolic pathways in Pelagibacter.

Pathway Prediction
Glycolysis Uncertain
TCA cycle Present » Entner-Deuteroff pathway / gluconeogenesis
Glyoxylate shunt Present « Carbon from organics - no C fixation
Respiration Present « Energy from respiration or proteorhodopsin-based phototrophy
Pentose phosphate cycle Present « No duplications, pseudogenes, or prophages genes
Fatty acid biosynthesis Present « No recent lateral transfers - genes for DNA uptake for N & P?
Cell wall biosynthesis Present N s
Biosynthesis of all 20 amino acids Present » No motility genes
y o .
Heme biosynthesis Present * 30% G+C - lower N requirement )
Ubiquinone Present  Transporters are mostly ABC - low Km, high ATP cost
Nicotinate and nicotinamide Present « Only 2 sigma factors - vegetative & heat-shock
Folate Present » Few regulatory networks - only 3 2-component regulators
Riboflavin Present Do not respond to pulses of nutrients
Pantothenate Absent « 1 rrn operon - cannot modulate growth rate over a wide range
Be Absent « No quorum sensing genes - why does it stop growing at 10%6?
Thiamine Absent
Biotin Absent
B, Absent
Retinal Present

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




\ P.ubigue 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

Fig. 2. Median size of
T Y. pestis (15) intergenic spacers for
P. profundum {137) bacterial and archaeal
genomes. Inset shows
expanded view of range
V. cholerae (83) for organisms with
the smallest intergenic
spacers.
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% Pubigue has an RNase P RNA gene (rnpB) in one of it’s largest
“intergenic spacers” (not annotated, of course).
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SAR11: Pelagibacter ubique, et al.

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.

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.




