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Improvements of high-throughput
culturing yielded novel SAR11 strains and
other abundant marine bacteria from

the Oregon coast and the Bermuda
Atlantic Time Series study site

Ulrich Stingl, Harry James Tripp and Stephen ] Giovannoni
Department of Microbiology, Oregon State University, Corvallis, OR, USA

The introduction of high-throughput dilution-to-extinction culturing (HTC) of marine bacterioplank-
ton using sterilized natural sea water as media yielded isolates of many abundant but previously
uncultured marine bacterial clades. In early experiments, bacteria from the SAR11 cluster (class
Alphaproteobacteria), which are presumed to be the most abundant prokaryotes on earth, were
cultured. Although many additional attempts were made, no further strains of the SAR11 clade were
obtained. Here, we describe improvements to the HTC technique, which led to the isolation of 17 new
SAR11 strains from the Oregon coast and the Sargasso Sea, accounting for 28% and 31% of all
isolates in these experiments. Phylogenetic analysis of the internal transcribed spacer (ITS) region
showed that the isolates from the Oregon coast represent three different subclusters of SAR11,
while isolates from the Sargasso Sea were more uniform and represented a single ITS cluster. A PCR
assay proved the presence of proteorhodopsin (PR) in nearly all SAR11 isolates. Analysis of PR
amino-acid sequences indicated that isolates from the Oregon coast were tuned to either green or
blue light, while PRs from strains obtained from the Sargasso Sea were exclusively tuned to
maximum absorbance in the blue. Interestingly, phylogenies based on PR and ITS did not correlate,
suggesting lateral gene transfer. In addition to the new SAR11 strains, many novel strains belonging
to clusters of previously uncultured or undescribed species of different bacterial phyla, including
the first strain of the highly abundant alphaproteobacterial SAR116 clade, were isolated using the

modified methods.
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Introduction

Marine bacterioplankton play an important role in
marine food chains and global nutrient cycling
(Arrigo, 2005). Phylogenetic analysis based on 16S
rRNA genes indicates that bacterioplankton consist
mainly of about 10-15 abundant clades, which
usually make up about 90% of all prokaryotic gene
clones in libraries prepared from ocean surface
waters (Rappé and Giovannoni, 2003). Progress has
been made in recent years at cultivating members
of the numerically abundant clades; for example,
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the SAR11 clade (Rappé et al., 2002), the marine
group I Crenarchaeota (Konneke et al., 2005) and the
OM43 clade (Connon and Giovannoni, 2002) were
obtained in pure culture. Much of this success can
be attributed to using high-throughput culturing
(‘HTC’; Connon and Giovannoni, 2002), a method
using dilution-to-extinction culturing with pristine
sea water as media, mainly based on the ideas and
findings reported by Button et al. (1993).

With the recent increase in genomic and meta-
genomic data, bacterial speciation and the microbial
species concept are intensively discussed in the
recent literature (see Konstantinidis et al., 2006;
Staley, 2006). The SAR11 clade is one of the most
abundant microorganisms on earth (Morris et al.,
2002) and contains well-defined subclusters. The
SAR11 clade consists of at least four different
subclusters that can be discriminated by their 16S
rRNA sequence (Morris et al., 2005). Abundances
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of these subclusters change spatially with depth
(Field et al., 1997; Morris et al., 2005) and
temporally with season (Morris et al., 2005), thus
implying different adaptations to the environment
for the different subgroups. These attributes make
the SAR11 clade a good model for studying bacterial
speciation.

The 16S rRNA gene is a slowly evolving evolu-
tionary marker that may not resolve recent specia-
tion events. Sequencing and phylogenetic analysis
of the internal transcribed spacer (ITS) region,
the non-coding region between the 16S rRNA and
the 23S rRNA, has indicated a fine-scale micro-
diversity within the SAR11 clade (Garcia-Martinez
and Rodriguez-Valera, 2000; Brown and Fuhrman,
2005). A key question in the debate on bac-
terial speciation is whether the microdiversity in
clusters of environmental 16S rRNA sequences
observed in many environments, including marine
habitats (Thompson et al., 2004; Venter et al., 2004;
Sogin et al., 2005, 2006; Pommier et al., 2007),
coincides with functional divergence. This question
has not been answered adequately for most of
the major marine bacterial clades (Giovannoni,
2005; Martiny et al., 2006). Answering this ques-
tion will require culturing and comparative
genomic and metabolic studies of the representa-
tives of the divergent subclades. Thus far, cultiva-
tion of SAR11 strains by HTC has only been
successful in a single experiment, which resul-
ted in the isolation of strains with identical 16S
rRNA gene sequences (Rappé et al., 2002). No
further cultured strains of this clade have been
reported yet.

Apart from a genome analysis (Giovannoni et al.,
2005b), physiological data on the SAR11 cluster
are scarce, but recent data showed that members of
the SAR11 clade play an important role in the
marine sulfur cycle and can take up and degrade
dimethylsulfoniopropionate (DMSP; Malmstrom
et al., 2004; Howard et al., 2006). To improve
culturing efficiencies of SAR11, we modified the
HTC method by adding DMSP to the media as well
as by using ultra-clean Teflon plates as culture
vessels. For easy, fast and reliable screening of the
cultures, we established a flow cytometry method
using a commercial cell counter designed primarily
for eukaryotic cells.

The goals of this study were to improve existing
methods for culturing marine bacteria to (1) isolate
new SARI11 strains from different environments and
(2) isolate abundant yet uncultured marine bacteria
for further physiological studies.

Two HTC experiments with inoculum from the
ultra-oligotrophic subtropical gyre at the Bermuda
Atlantic Time Series study site (BATS) and from
the nutrient-rich upwelling area at the Oregon
coast were performed. The cultures obtained were
screened by sequencing of 16S rRNA genes, and,
for SAR11 cultures, ITS and proteorhodopsin (PR)
genes were sequenced and analyzed.
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Methods

Sampling and media

Inoculum was sampled with Niskin bottles in May
2006 at station NH-5, 5 miles off the coast along the
Newport, Oregon hydroline, from a depth of 10m,
and in July 2006 at the BATS from 10 and 200m
depth. Samples from BATS were collected in a
rinsed 1-liter Teflon bottle and shipped overnight on
ice to Oregon State University. Samples from the
Oregon coast were collected in the same bottles
and transported on ice to Oregon State University.
Preparation of the media followed the protocol of
low-nutrient heterotrophic media (‘LNHM’; Connon
and Giovannoni, 2002), with sea water collected at
NH-5 in May 2006. The media was amended with
DMSP (100nM), a mix of vitamins (Rappé et al.,
2002), NH,CI1 (10 um), K,HPO, (1 uM) and a mixture
of carbon compounds (‘MC’; 0.001% (w/v); Rappé
et al., 2002).

Preparation of Teflon plates

Custom-made 24-well Teflon plates with a well
volume of 6ml were obtained from Cowie-Tech
(Wilmington, DE, USA). To prevent metal contam-
inations from the autoclave steam, plates were
sterilized using a combination of microwaving and
UV irradiation. The plates were rinsed five times
with nanopure water and soaked overnight in 10%
omnipure HCl. After soaking, plates were rinsed five
times with nanopure, filled up with nanopure,
and put into a seal-a-meal bag and microwaved at
maximum power for 10 min. The boiling water was
discarded, the bags were sealed and UV-irradiated
for at least 60 min on each side.

Inoculation

The cell densities of the inocula were determined by
4',6-diamidino-2-phenylindole (DAPI) counting
as described by Connon and Giovannoni (2002).
Dilutions of the inoculum were performed in media.
Wells were filled with 5ml media including inocu-
lum. Final inoculation densities were calculated
based on the dilution factor of the original inoculum
(Table 1). Incubation of the plates was performed at
16°C in the dark.

Screening of the cultures

Plates were screened after 4, 8 and 12 weeks with a
Guava EasyCyte cell counter (Guava Technologies,
Hayward, CA, USA). Samples of 200ul were
transferred to a 96-well plate and stained with
SYBR Green1l (final dilution 1:2000, Invitrogen,
Eugene, OR, USA) for 60min. The samples were
run for 5 s each with the green photomultiplier set at
700V; the two other photomutlipliers were set to a
low value (400V). The limit of detection of this
method was tested with a pure culture of Candi-
datus Pelagibacter ubique and determined to be
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Location and depth Inoculation density

Number of

Positive wells Pure cultures SAR11 isolates

(cells/ml) inoculated wells
Oregon, NH-5, 10m 1 96 52 43 12
Oregon, NH-5, 10m 3 96 96 ND ND
BATS, 10m 1 168 4 4 2
BATS, 10m 3 168 11 9 3
BATS, 200m 1 168 1 1 0
BATS, 200m 5 168 3 2 0

Abbreviations: BATS, Bermuda Atlantic Time Series study site; ND, not determined, microscopic analysis showed many mixed cultures.

2 x 10°cells/ml. For the HTC experiments, wells
with cell densities of 10*cells/ml and higher were
considered positive. Samples (200 ul) of positive
cultures were fixed with formalin, stained with
DAPI and transferred to a polycarbonate membrane
according to Connon and Giovannoni (2002). Micro-
graphs of cultures were taken with a digital camera
at x 1000 magnification. For all wells that were
called positive based on the results of the cell
counter, cells were visible under the microscope.

Culture storage, DNA extraction, PCR and RFLP
analysis

For long-term storage of the cultures, two 200-ul
samples were stored in 10% glycerol and frozen in
liquid nitrogen. Usually about 90% of the cultures
can be easily revived using this method. DNA
extractions, PCR of 16S rRNA genes and restriction
fragment length polymorphism (RFLP) analysis
were performed as described previously (Connon
and Giovannoni, 2002). Briefly, positive PCR pro-
ducts were digested with Haelll for 2h at 37°C.
Digests were electrophoretically separated on 3%
agarose gels, stained with SYBR safe (Invitrogen)
and visualized under UV light. If the sum of the
length of the bands was equal to or less than one 16S
rRNA gene (~1500bp), then the culture was
considered pure. RFLPs with the same pattern from
the same environment were grouped together.

Phylogenetic analysis

16S rRNA gene sequences of at least two randomly
chosen strains from each RFLP group (if applicable)
were sequenced with primer 27F on an ABI 111
sequencer (Oregon State University, CSL facility,
Corvallis, OR, USA). ABI traces were manually
checked using DNAStar (GATC, Konstanz, Ger-
many) and yielded high-quality sequences of 520—
1050 bp. Sequence data were analyzed with the ARB
software package (Ludwig et al., 2004). The new
sequences were added to the ARB database and
aligned with the Fast Aligner tool. Alignments were
checked and corrected manually where necessary.
16S rRNA gene sequences from the isolates were
compared to sequences in public databases with
BLASTn (Altschul et al, 1997); 16S rRNA gene

sequences with high similarities to those deter-
mined in this study were retrieved and added to the
alignment. Highly variable regions of the 16S rRNA
gene and sequence positions with possible align-
ment errors were excluded by using only those
positions of the alignment that were identical in at
least 50% of all sequences. Framework trees were
calculated with fastDNAmL, a maximum-likelihood
method implemented in ARB, using only almost-
full-length sequences (>1400bp). Shorter se-
quences (<1400bp) were added to these trees with
the ARB parsimony tool, which allows the addition
of short sequences to existing phylogenetic trees
without changing global tree topologies (Ludwig
et al.,, 1998). The stability of the branching pattern
was tested with the neighbor-joining and maximum-
parsimony (DNAPARS) methods included in the
PHYLIP package as implemented in ARB.

ITS and proteorhodopsin sequences of SAR11 strains
PCR for ITS regions of SAR11 strains was performed
as described previously (Rappé et al., 2002). Phylo-
genetic analysis of ITS sequences followed the
protocol of Brown and Fuhrman (2005) with newly
obtained ITS sequences (390-410bp) added to the
existing alignment that was kindly provided by
Dr Mark Brown, University of Hawaii. Phylogenetic
tree was calculated in ARB using the neighbor-
joining algorithm according to Brown and Fuhrman
(2005).

PCR for PR was performed with a mixture of
previously described and newly developed primers
deduced from SAR11-like PR sequences from the
Sargasso Sea dataset (Venter et al., 2004). As forward
primer, we used either (5-MGNTAYATHGAYTGG
YT-3’; Sabehi et al., 2005) or PR_SAR11_F1 (5'-ATG
AAAAACTTAAACTGTTT-3'), reverse primers were
(5'-GGRTADATNGCCCANCC-3’; Sabehi et al., 2005)
or PR_SAR11_R1 (5-TGCAGCAGCCCAGATTACT-3').
Annealing temperature was determined empirically.
Reactions (100 ul) were performed using 1 ul extrac-
ted DNA as template, 500 nM of each primer, 200 um
dNTPs, 2.5 mM MgCl,, 2 units of Taq polymerase
(MBI Fermentas, Hanover, MD, USA) and x 1 of the
respective buffer provided by the manufacturer.
Routinely, reactions were amplified in a thermo-
cycler (MJ Research PTC 200, MJ, Ramsey, MI, USA)
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with the following protocol: initial denaturing step
of 3min at 94°C, 50 cycles of 30s at 94°C, 45s at
44°C, 1 min at 72°C, which were followed by a final
extension step for 5min at 72°C.

The obtained PR nucleotide sequences were
between 370 and 570bp. Sequences were aligned
with ClustalW as integrated in ARB. The closest
related sequences were retrieved by BLASTn from
Genbank and added to the alignment. Nucleotide
sequences were translated and a phylogenetic tree of
the amino-acid sequences was calculated using the
neighbor-joining algorithm as implemented in ARB.

Accession numbers

The sequences reported in this study are deposited
with GenBank under accession numbers EF616578—
EF616643.

Results

Initial experiments with a pure culture of Candida-
tus Pelagibacter ubique HTCC1002 showed that
cells grow better in Teflon plates than in polystyrene
plates (data not shown). The increased volume per
well of the Teflon plates (5 ml instead of 2ml) also
allows for more sampling of the cultures, which is
valuable because of highly variable lag phases and
growth rates of marine bacteria.

Screening of the plates using the Guava EasyCyte,
a 96-well flow cytometer primarily designed for
counting eukaryotic cells, is both fast and reliable.
Counting of four 24-well plates takes approximately
45min. Limit of detection was determined with
a pure culture of Candidatus Pelagibacter ubique
HTCC1062 and is in the range of 2 x 10° cells/ml.

Overview on isolated strains

HTCC experiments were performed with inoculum
from the Sargasso Sea (10 and 200m depths, 14
plates each) in July 2006 and from the Oregon coast
(10m depth, eight plates) in May 2006 (Table 1).
Culturing efficiencies were highest for the Oregon
inoculum and yielded 52 positive wells. PCR of 16S
rRNA genes and following RFLP analysis resulted
in 43 potential pure cultures and 9 mixed cultures
(Table 1). The pure cultures could be clustered into
12 different RFLP patterns each containing 1 to 12
strains (Table 2). Sequence analysis of the represen-
tatives of the different RFLPs showed that most of
the strains were from the SAR11 cluster (12 strains,
representing 28% of the isolates). Other strains of
abundant environmental groups that previously had
no closely related cultured representatives include
the SAR116 group (HTCCB8037, one strain), the
OCS14 clade (HTCC8023, one strain), two groups
of Verrucomicrobia (HTCC8039 and HTCC8042),
one strain of Bacteroidetes (HTCC8036), and two
strains of a group of Gammaproteobacteria that are
closely related to uncultivated sulfur-oxidizing

The ISME Journal

symbionts (HTCC8012 and HTCC8014). The other
strains mainly clustered among Alphaproteobacteria
and Gammaproteobacteria (Table 2), and were closely
related to groups that have previously isolated and
systematically described, or were present in prior
HTCC experiments.

Dilution-to-extinction culturing using inoculum
from the Sargasso Sea yielded 19 positive wells,
4 from 200m samples and 15 from surface samples.
RFLP analysis indicated that 16 were pure cultures
that could be grouped into 7 RFLP groups with 1 to 5
representatives. Phylogenetic analysis showed that
five SAR11 strains were among the cultures (31% of
isolates). Among the BATS isolates, one strain of
a so far unnamed group of Alphaproteobacteria
clustered together with many environmental se-
quences (HTCC7212) and had no closely related
described species (Table 2).

SAR11 cultures

There were no obvious morphological differences
between novel isolates from the Sargasso Sea and
from the Oregon coast. Morphology of the newly
isolated SAR11 strains is virtually identical to
Candidatus Pelagibacter ubique 1062 (Rappé et al.,
2002). A phylogenetic analysis of the 16S rRNA
genes of the isolated SAR11 strains showed that they
were closely related with sequence identities of
97.6%—99.6%. Sequence similarities to Candidatus
Pelagibacter ubique were between 97.7% and
99.7%. Strains obtained from the Oregon coast were
more diverse (97.6%—99.6% identical) than strains
from the Sargasso Sea (99.9%-100% identical).
Nearly identical sequences were obtained from the
Sargasso strains and some Oregon strains. All of the
obtained strains clustered among 16S rDNA sub-
cluster 1A of the SAR11 clade (Figure 1).

To get a better resolution on the phylogeny of the
isolated SAR11 strains, phylogenetic analysis of
the ITS region was performed (Figure 2). All of the
Sargasso Sea strains and two of the Oregon strains
clustered together with environmental sequences
from the Sargasso Sea, the Mediterranean Sea and
the San Pedro channel in the eastern Pacific in ITS
surface 2 group. The rest of the Oregon strains
clustered together either with previously described
strains of Candidatus Pelagibacter ubique and
clones from surface waters off Antarctica and
Greenland in ITS surface group 1, or with sequences
obtained from the Mediterranean Sea and the San
Pedro channel in ITS surface group 1(a) (Figure 2).

PRs are bacterial light-driven proton pumps that
are homologous to bacteriorhodopsins of halophilic
archaea (Beja et al., 2000). PRs were shown to be
actively expressed in oceanic surface waters (Beja
et al., 2001) and are assumed to play a pivotal role in
the metabolism of marine bacteria (Eiler, 2006;
Gomez-Consarnau et al., 2007). The first reported
isolate of the SAR11 clade, Candidatus Pelagibacter
ubique (Rappé et al., 2002), was shown to possess an
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Table 2 Detailed summary of RFLP analysis results and 16S rRNA gene sequencing of isolates

Location Depth (m) Strains with Phylogenetic group Closest described species Representatives with Accession
identical RFLP (% 16S rDNA identity) sequenced 16S rRNA gene numbers
BATS 10 5 Alphaproteobacteria Candidatus Pelagibacter ubique (98%) HTCC7211, 7214, 7215, EF616578,
7216, 7217 EF616587-90
BATS 10 4 Bacteroidetes Aureimonas pelagi (98%) HTCC7202, 7213 EF616579,
EF616586
BATS 10 2 Gammaproteobacteria ~ Marinobacter lipolyticus (96%) HTCC7208 EF616583
BATS 10 1 Alphaproteobacteria Hyphomonas jannaschiana (95%) HTCC7206 EF616582
BATS 10 1 Alphaproteobacteria Woodsholea maritima (85%) HTCC7212 EF616585
BATS 200 1 Alphaproteobacteria Phycococcus omphalius (96%) HTCC7201 EF616578
BATS 200 1 Alphaproteobacteria Hyphomonas jannaschiana (95%) HTCC7204 EF616580
BATS 200 1 Gammaproteobacteria Oleiphilus messinensis (96%) HTCC7205 EF616581
Oregon coast 10 2 Alphaproteobacteria Candidatus Pelagibacter ubique (98%) HTCCs010, 8022, 8038, EF616599,
8041, 8043, 8045—-8049, EF616605,
8051, 8052 EF616608,
EF616610,
EF616612—18
Oregon coast 10 9 Alphaproteobacteria Loktanella tamlensis (97 %) HTCC8002 EF616592
Oregon coast 10 8 Gammaproteobacteria OMG* HTCC8009, 8011, 8019, EF616593,
8030, 8032, 8044 EF616594,
EF6166597,
EF616601,
EF616602,
EF616612
Oregon coast 10 4 Gammaproteobacteria ~ Pseudomonas putida (91%) HTCC8020 EF616598
Oregon coast 10 2 Gammaproteobacteria ~ Methylobacter luteus (91%) HTCC8012, HTCC8014 EF616595,
EF616596
Oregon coast 10 1 Alphaproteobacteria Telmatospirillum siberiense (89%) HTCC8037 EF616604
Oregon coast 10 1 Verrucomicrobia Rubritalea marina (96%) HTCC8042 EF616609
Oregon coast 10 1 Bacteroidetes Flavosolibacter ginsengiterrae (91%) HTCC8036 EF616603
Oregon coast 10 1 Alphaproteobacteria Ruegeria atlantica (97%) HTCC8001 EF616591
Oregon coast 10 1 Alphaproteobacteria Pedomicrobium fusiforme (90%) HTCC8023 EF616600
Oregon coast 10 1 Betaproteobacteria Methylophilus methylotrophus (94%) HTCC8040 EF616607
Oregon coast 10 1 Verrucomicrobia Fucophilus fucoidanolyticus (94%) HTCC8039 EF616606

Abbreviations: BATS, Bermuda Atlantic Time Series study site; OMG, oligotrophic marine Gammaproteobacteria; RFLP, restriction fragment length polymorphism.
*Multiple RFLP patterns related to different groups of the OMG (Cho and Giovannoni, 2004).
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Figure 1 Dendrogram depicting relationships of 16S rRNA gene sequences of newly isolated strains from the Oregon coast and the
Sargasso Sea (bold) among members of different subgroups of the SAR11 clade. Bar represents 0.10 substitutions per site.

actively expressed PR (Giovannoni et al., 2005a). PR
genes were amplified from 11 newly isolated SAR11
strains (Figure 3). A single amino acid (‘position
105’) was shown to be responsible for wavelength
tuning of PR (Man et al., 2003). Six out of seven
strains isolated from the Oregon coast had a leucine
at position 105, indicating wavelength tuning
towards green light, one strain had a glycine at this
position, indicating a wavelength tuning towards
blue. In contrast, all isolates from the Sargasso Sea
were tuned towards blue light (Table 3 and Figure 3).
A phylogenetic analysis of the sequences showed
that they clustered together with previously pub-
lished PR sequences from Candidatus Pelagibacter
ubique (Giovannoni et al., 2005a,b), bacterial artifi-
cial chromosome (BAC) clones (Sabehi et al., 2005;
McCarren and DeLong, 2007) and sequences from
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PCR surveys (Sabehi et al., 2003). PR sequences
from cultured SAR11 strains and closely related
sequences clustered together according to their
spectral tuning, independent of their origin (Fig-
ure 3). Interestingly, phylogenies of ITS sequences
and PR sequences of the new SAR11 isolates were
not congruent. A summary of the isolated SAR11
strains is presented in Table 3.

SAR116 culture

The SAR116 clade of Alphaproteobacteria is one of
the most abundant groups of marine bacterioplank-
ton (Rappé et al., 2000; Suzuki et al., 2001; Rappé
and Giovannoni, 2003; Giovannoni and Stingl,
2005). The closest described species are among the
Rickettsiales, but none of these species shares more
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Figure 2 Phylogenetic diversity of ITS sequences of cultivated and uncultivated members of the SAR11 clade based on the alignment of
Brown and Fuhrman (2005). Newly isolated strains from the Oregon coast (‘OC-’, bold) and the Sargasso Sea (‘SS-’, bold italics) were
added to the alignment and a new phylogeny was calculated using neighbor-joining. Names of environmental sequences were omitted for
clarity. Accession numbers for new ITS sequences are EF616619-EF616632. Bar represents 0.10 substitutions per site. ITS, internal

transcribed spacer.

than 90% sequence similarity in the 16S rRNA
gene. HTCC8037, isolated from the Oregon coast,
is the first cultured representative of this clade
(Figure 4).

Discussion and conclusion

Thus far, cultivation of SAR11 strains has only been
reported in a single experiment (Rappé et al., 2002),
and, although recently many representatives of
hitherto uncultivated groups have been isolated
with the HTC method (see Cho and Giovannoni,
2004; Cho et al., 2004), some abundant groups of
marine bacteria, like the SAR86 clade of Gamma-

proteobacteria or the SAR202 clade, have not yet
been cultured (Rappé and Giovannoni, 2003; Gio-
vannoni and Stingl, 2005). Why these groups remain
recalcitrant to cultivation is unknown, but several
hypotheses exist. The most crucial point in cultiva-
tion is meeting the media requirements of an
organism. Use of pristine sea water as the basis for
the media, according to the ideas of Button (1993),
significantly increased culturing efficiencies. To
isolate bacteria with pristine sea water as media,
living cells are first removed or inactivated, usually
by autoclaving, resulting in changes of the chemical
composition and the necessity of amending the
media with nutrients that other cells would provide
in the natural environment. Metal impurities in
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Oregon, HTCC8038, EF616637
Oregon, HTCC8051, EF616643
Oregon, HTCC8047, EF616641
Oregon, HTCC8046, EF616640
Oregon, HTCC8043, EF616638
HB10041, ABJ98218

Oregon, HTCC8045, EF616639
HB10042, ABJ98219

HB10005, ABJ98206
MedHO1-0-2-A7, ABA90541
MedHO1-0-2-A2, ABA90536
MedHO1-20-2-E12, ABA90731
A1S0012, ABJ98176

A1S0103, ABJ98190

A1S0035, ABJ98186

A1S0033, ABJ98185

HB10003, ABJ98205

HB10016, ABJ98210

Candidatus Pelagibacter ubique, YP_266049

Med-0m-d2, ABD84475
Med-tb04-20m-c12, ABD84945
A1S0006, ABJ98174
A1S0014, ABJ98178
MedHO1-20-C1, ABA90793
Med-tb04-50m-h12, ABD84819,
MEDeBAC42A11_1, AAY82701
eBACmed86H08, AAY82724
MedHO1-0-F10, ABA90662
AT06026, ABJ98279
EB80_69G07, ABL97421
AT06017, ABJ98270
A150118, ABJ98203
AT06011, ABJ98265
A1S0111, ABJ98196
AT06004, ABJ98260
A150104, ABJ98191
med-0m-b8, ABD84457
_[E PF91136, ABJ98255
A1S0005, ABJ98173
MedeBAC18B2, AAY68047
Med-0m-h9, ABD84527
Med-tb04-20m-h8, ABD85011
Med-tb04-50m-e7, ABD84789
Med-Om-a1, ABD84436
Med-tb04-50m-c3, ABD84761
Med-tb04-20m-g4, ABD84996
A1S0046, ABJ98188
HF10_45G01, ABL97357
Med-tb04-Om-c11, ABD84853
S-S114a-80-A6, ABA90494
— MedHO1-0-2-C5, ABA90560
HB10090, ABJ98226
Sargasso, HTCC7214, EF616634
Sargasso, HTCC7211, EF616633
HB10010, ABJ98208
Sargasso, HTCC7216, EF616635
Sargasso, HTCC7217, EF616636
Oregon, HTCC8049, EF616642

Green-tuned

Blue-tuned

0.10

Med-20m-d9, ABD84583
S-S114a-0-E7, ABA90963
Med-tb04-50m-g12, ABD84807
Med-tb04-20m-a6, ABD84926

A1S0008, ABJ98175
A1S0116, ABJ98201
A1S0119, ABJ98204

PF91130, ABJ98250

PF91129, ABJ98249
| — PF91110, ABJ98238

[~ Photobacterium sp. SKA34, ZP_01161099
— Vibrio angustum S14, ZP_01236264

A1S0115, ABJ98200

Figure 3 Neighbor-joining tree showing the relationships of proteorhodopsin (PR) amino-acid sequences of newly isolated SAR11
strains (bold) to environmental sequences retrieved from PCR assays and BAC clones. Bar represents 0.10 substitutions per site. BAC,

bacterial artificial chromosome.

either media amendments or culturing vessels, as
well as attachment of cells to the walls of the culture
vessel may reflect additional reasons for cells not to
divide. To circumvent some of these problems, and
mainly to get more SAR11 strains into culture, we
used custom-made Teflon plates that were cleaned
with trace metal-free HCI, and avoided autoclaving
during sterilization of the plates. Additionally, we
added DMSP to the medium. DMSP is excreted
by certain algae and may provide a source of
carbon and sulfur that was shown to be taken up
and degraded by members of the SAR11 clade
(Malmstrom et al., 2004; Howard et al., 2006). These
modifications not only led to the isolation of 17

The ISME Journal

new strains of SAR11, but also to the isolation of
several, previously uncultured abundant groups
of marine bacteria. These isolates will be important
for a better understanding of carbon fluxes and
ecology of marine environments as well as for
studies on evolution and speciation in the highly
diverse SAR11 clade.

The noncohesive naming of SAR11 16S rRNA
subclusters (Field et al., 1997; Morris et al., 2002,
2005) and ITS subgroups (Garcia-Martinez and
Rodriguez-Valera, 2000; Brown and Fuhrman,
2005) led to some confusion. Here, we resolve some
of the existing confusion by showing that three of
the ITS clusters (surfaces 1, 1(a) and 2) represent



Table 3 Summary on SAR11 strains isolated in this study

New isolates of the SAR11 clade
U Stingl et al

369

Location HTCC number 16S rDNA cluster” ITS cluster” Spectral tuning of PR°
Oregon coast 8010 ND Surface 1 ND
Oregon coast 8022 1A Surface 1 ND
Oregon coast 8038 1A Surface 1(a) Green
Oregon coast 8041 1A Surface 1(a) ND
Oregon coast 8043 1A ND Green
Oregon coast 8045 1A Surface 1(a) Green
Oregon coast 8046 1A Surface 1(a) Green
Oregon coast 8047 1A Surface 2 Green
Oregon coast 8048 1A Surface 1 ND
Oregon coast 8049 1A Surface 1(a) Blue
Oregon coast 8051 1A Surface 2 Green
Oregon coast 8052 1A ND ND
Sargasso Sea 7211 1A Surface 2 Blue
Sargasso Sea 7214 1A ND Blue
Sargasso Sea 7215 1A Surface 2 ND
Sargasso Sea 7216 1A Surface 2 Blue
Sargasso Sea 7217 1A Surface 2 Blue

Abbreviations: ITS, internal transcribed spacer; ND, not determined, no PCR product obtained; PR, proteorhodopsin.

*According to Morris et al. (2005).
®According to Brown and Fuhrman (2005).
¢According to Man et al. (2003).

HOC14, AB054148
HOC19, AB054153

HOC4, AB054138
HOC23, AB054157

MB12F11, AY033316
MB13G10, AY033319
EBAC39D12, AF268216

EBAC46D07, AF268221
0CS28, AF001636
ZA3414c, AF382138

MB12D10, AY033315
Sargasso sea, AACY01222716
0OCS24, AF001637
EBAC37G09, AF268236
OM25, U70678
HTCC8037, EF616604
CHAB-I1I-8,AJ240913
PLY-P1-97, AY354816
MB11B03, AY033298
0CS126, AF001638
ZA3446c, AF382141
ZD0209, AJ400342
NAC11-16, AF245641
Arctic96A-18, AF353233
OM38, U70679
Sargasso sea, AACY01043736
— ZA3808c, AF382129

SAR116, L35463

Anaplasma marginale, AF311303

Neorickettsia risticii, AY005439
Candidatus Odyssella, AF069496

Candidatus Captivus, AF533507
r— Holospora elegans

g p—
L

UncB7382, AJ347030

iy

0.10

Holospora obtusa, X58198

Caedibacter caryophila, AJ238683

Azospirillum lipoferum, Z29619

Figure 4 Dendrogram depicting relationships of 16S rRNA gene sequences of HTCC8037, environmental clones in the SAR116 clade
and related sequences of validly described species of Rickettsiales. Bar represents 0.10 substitutions per site.

SAR11 bacteria from the 16S rRNA cluster 1A,
which is the most abundant subgroup in the SAR11
clade. Most of the different ITS clusters do not seem
to correlate with geographical location as environ-
mental sequences and, as presented in this study,
isolates with very similar sequence (in the SAR11

surface 2 cluster) were retrieved from completely
different environments.

Interestingly, our data suggest that SAR11 micro-
diversity is more pronounced in nutrient-rich coastal
environments like the Oregon coast compared to the
nutrient-deficient Sargasso Sea. A similar conclusion
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was reached by Brown and Fuhrman (2005), who
analyzed all available ITS sequences from the
SAR11 clade. We speculate that higher nutrient
concentrations in coastal areas may provide addi-
tional metabolic niches for members of the SAR11
clade, thereby facilitating ecotype speciation. Ana-
logous to a higher diversity based on ITS analysis,
spectral tuning of PR in the SAR11 clade also seems
to be more complex in nutrient-rich habitats like
the Mediterranean Sea (Sabehi et al., 2007) and the
Oregon coast (this study) compared to the oligo-
trophic Sargasso Sea (Venter et al., 2004; Sabehi
et al., 2007). In nutrient-replete environments,
SAR11 populations with both green and blue-tuned
PRs are present; however, the oligotrophic Sargasso
Sea only contains SAR11 populations with blue-
tuned PR. Although several hypotheses have been
proposed for the exclusive existence of blue-tuned
PRs in the Sargasso Sea (Sabehi et al., 2007), the
underlying metabolic basis is not yet understood.
Physiological experiments on the newly obtained
strains as well as a detailed analysis of the SAR11
clade in the GOS data (Rusch et al., 2007) will
provide further insights on the importance of PR
spectral tuning in the SAR11 clade in relation to
their environment.

The phylogenies of PR and ITS sequences of
newly isolated SAR11 strains were incongruent,
which is most likely due to a high degree of lateral
gene transfer among members of the SAR11 clade
(Vergin et al., 2007) and among PR (Frigaard et al.,
2006; McCarren and DeLong, 2007).

Time series based on sequencing of ribosomal
genes and ITS demonstrated that different groups or
subclusters of marine bacteria vary in abundance on
a temporal scale (Morris et al., 2005; Fuhrman et al.,
2006; Johnson et al., 2006). This temporal variation
should be taken into account in future culturing
experiments. Therefore, as is done with gene-based
time series studies, cultivation efforts should be
performed in time series to match abundances of the
target organisms with composition of important
nutrients in the water used for media.

Acknowledgements

This study was supported by a foundation investigator
award of the Gordon and Betty Moore Foundation’s
Marine Microbiology Initiative (GMBF) and by the
National Science Foundation’s Microbial Observatory
Grant MCB-0237713 to SJG. US was supported by a
postdoctoral fellowship of the Deutsche Forschungsge-
meinschaft (DFG). We thank Rachel Parsons and Kevin
Vergin for technical assistance and helpful discussions.

References

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,
Miller W et al. (1997). Gapped BLAST and PSI-BLAST:

The ISME Journal

a new generation of protein database search programs.
Nucleic Acids Res 25: 3389-3402.

Arrigo KR. (2005). Marine microorganisms and global
nutrient cycles. Nature 437: 349-355.

Beja O, Aravind L, Koonin EV, Suzuki MT, Hadd A,
Nguyen LP et al. (2000). Bacterial rhodopsin: evidence
for a new type of phototrophy in the sea. Science 289:
1902-1906.

Beja O, Spudich EN, Spudich JL, Leclerc M, DeLong EF.
(2001). Proteorhodopsin phototrophy in the ocean.
Nature 411: 786-789.

Brown MV, Fuhrman JA. (2005). Marine bacterial micro-
diversity as revealed by internal transcribed spacer
analysis. Aquat Microb Ecol 41: 15-23.

Button DK. (1993). Nutrient-limited microbial growth
kinetics: overview and recent advances. Antonie Van
Leeuwenhoek 63: 225-235.

Button DK, Schut F, Quang P, Martin R, Robertson BR.
(1993). Viability and isolation of marine bacteria
by dilution culture: theory, procedures, and initial
results. Appl Environ Microbiol 59: 881-891.

Cho JC, Giovannoni SJ. (2004). Cultivation and growth
characteristics of a diverse group of oligotrophic
marine Gammaproteobacteria. Appl Environ Microbiol
70: 432—-440.

Cho JC, Vergin KL, Morris RM, Giovannoni SJ. (2004).
Lentisphaera araneosa gen. nov., sp nov, a transparent
exopolymer producing marine bacterium, and the
description of a novel bacterial phylum, Lentis-
phaerae. Environ Microbiol 6: 611-621.

Connon SA, Giovannoni SJ. (2002). High-throughput
methods for culturing microorganisms in very-low-
nutrient media yield diverse new marine isolates.
Appl Environ Microbiol 68: 3878—3885.

Eiler A. (2006). Evidence for the ubiquity of mixo-
trophic bacteria in the upper ocean: implications
and consequences. Appl Environ Microbiol 72:
7431-7437.

Field KG, Gordon D, Wright T, Rappé M, Urbach E,
Vergin K et al. (1997). Diversity and depth-specific
distribution of SAR11 cluster rRNA genes from marine
planktonic bacteria. Appl Environ Microbiol 63:
63-70.

Frigaard NU, Martinez A, Mincer TJ, DeLong EF. (2006).
Proteorhodopsin lateral gene transfer between marine
planktonic Bacteria and Archaea. Nature 439:
847-850.

Fuhrman JA, Hewson I, Schwalbach MS, Steele JA, Brown
MYV, Naeem S. (2006). Annually reoccurring bacterial
communities are predictable from ocean conditions.
Proc Natl Acad Sci USA 103: 13104-13109.

Garcia-Martinez ], Rodriguez-Valera F. (2000). Micro-
diversity of uncultured marine prokaryotes: the
SAR11 cluster and the marine Archaea of Group I
Mol Ecol 9: 935-948.

Giovannoni S. (2005). Crystal ball. The shape of microbial
diversity. Environ Microbiol 7: 476.

Giovannoni SJ, Bibbs L, Cho JC, Stapels MD, Desiderio R,
Vergin KL et al. (2005a). Proteorhodopsin in the
ubiquitous marine bacterium SAR11. Nature 438:
82-85.

Giovannoni SJ, Stingl U. (2005). Molecular diversity and
ecology of microbial plankton. Nature 437: 343—348.

Giovannoni SJ, Tripp HJ, Givan S, Podar M, Vergin KL,
Baptista D et al. (2005b). Genome streamlining in
a cosmopolitan oceanic bacterium. Science 309:
1242-1245.



Gomez-Consarnau L, Gonzalez JM, Coll-Llado M, Gourdon
P, Pascher T, Neutze R et al. (2007). Light stimulates
growth of proteorhodopsin-containing marine Flavo-
bacteria. Nature 445: 210-213.

Howard EC, Henriksen JR, Buchan A, Reisch CR, Burg-
mann H, Welsh R et al. (2006). Bacterial taxa that limit
sulfur flux from the ocean. Science 314: 649-652.

Johnson ZI, Zinser ER, Coe A, McNulty NP, Woodward
EM, Chisholm SW. (2006). Niche partitioning among
Prochlorococcus ecotypes along ocean-scale environ-
mental gradients. Science 311: 1737—-1740.

Konneke M, Bernhard AE, de la Torre JR, Walker CB,
Waterbury JB, Stahl DA. (2005). Isolation of an
autotrophic ammonia-oxidizing marine archaeon.
Nature 437: 543-546.

Konstantinidis KT, Ramette A, Tiedje JM. (2006). The
bacterial species definition in the genomic era. Philos
Trans R Soc Lond B Biol Sci 361: 1929—-1940.

Ludwig W, Strunk O, Klugbauer S, Klugbauer N,
Weizenegger M, Neumaier J et al. (1998). Bacterial
phylogeny based on comparative sequence analysis.
Electrophoresis 19: 554-568.

Ludwig W, Strunk O, Westram R, Richter L, Meier H,
Kumar Y et al. (2004). ARB: a software environment for
sequence data. Nucleic Acids Res 32: 1363—1371.

Malmstrom RR, Kiene RP, Cottrell MT, Kirchman DL.
(2004). Contribution of SAR11 bacteria to dissolved
dimethylsulfoniopropionate and amino acid uptake in
the North Atlantic ocean. Appl Environ Microbiol 70:
4129-4135.

Man D, Wang W, Sabehi G, Aravind L, Post AF, Massana R
et al. (2003). Diversification and spectral tuning in
marine proteorhodopsins. EMBO ] 22: 1725-1731.

Martiny JBH, Bohannan BJM, Brown JH, Colwell RK,
Fuhrman JA, Green JL et al. (2006). Microbial
biogeography: putting microorganisms on the map.
Nat Rev Microbiol 4: 102—-112.

McCarren ], DeLong EF. (2007). Proteorhodopsin photo-
system gene clusters exhibit co-evolutionary trends
and shared ancestry among diverse marine microbial
phyla. Environ Microbiol 9: 846—858.

Morris RM, Rappé MS, Connon SA, Vergin KL, Siebold
WA, Carlson CA et al. (2002). SAR11 clade dominates
ocean surface bacterioplankton communities. Nature
420: 806—-810.

Morris RM, Vergin KL, Cho JC, Rappé MS, Carlson CA,
Giovannoni SJ. (2005). Temporal and spatial response
of bacterioplankton lineages to annual convective
overturn at the Bermuda Atlantic Time-series Study
site. Limnol Oceanogr 50: 1687—1696.

Pommier T, Canback B, Riemann L, Bostrom KH, Simu K,
Lundberg P et al. (2007). Global patterns of diversity
and community structure in marine bacterioplankton.
Mol Ecol 16: 867—880.

New isolates of the SAR11 clade
U Stingl et al

o

Rappé MS, Connon SA, Vergin KL, Giovannoni SJ. (2002).
Cultivation of the ubiquitous SAR11 marine bacter-
ioplankton clade. Nature 418: 630-633.

Rappé MS, Giovannoni SJ. (2003). The uncultured micro-
bial majority. Annu Rev Microbiol 57: 369—394.

Rappé MS, Vergin KL, Giovannoni SJ. (2000). Phylogenetic
comparisons of a coastal bacterioplankton community
with its counterparts in open ocean and freshwater
systems. FEMS Microbiol Ecol 33: 219-232.

Rusch DB, Halpern AL, Sutton G, Heidelberg KB, William-
son S, Yooseph S et al. (2007). The Sorcerer II Global
Ocean Sampling Expedition: Northwest Atlantic
through Eastern Tropical Pacific. PLoS Biol 3: e77.

Sabehi G, Kirkup BC, Rozenberg M, Stambler N, Polz MF,
Béja O. (2007). Adaptation and spectral tuning
in divergent marine proteorhodopsins from the
eastern Mediterranean and the Sargasso Seas. ISME |
1: 48-55.

Sabehi G, Loy A, Jung KH, Partha R, Spudich JL, Isaacson
T et al. (2005). New insights into metabolic properties
of marine bacteria encoding proteorhodopsins. PLoS
Biol 3: e273.

Sabehi G, Massana R, Bielawski JP, Rosenberg M, Delong
EF, Beja O. (2003). Novel proteorhodopsin variants
from the Mediterranean and Red Seas. Environ
Microbiol 5: 842—849.

Sogin ML, Morrison HG, Huber JA, Welch DM, Huse SM,
Neal PR et al. (2006). Microbial diversity in the deep
sea and the underexplored rare biosphere. Proc Nat!
Acad Sci USA 103: 12115-12120.

Staley JT. (2006). The bacterial species dilemma and the
genomic-phylogenetic species concept. Philos Trans R
Soc Lond B Biol Sci 361: 1899-1909.

Suzuki MT, Beja O, Taylor LT, Delong EF. (2001).
Phylogenetic analysis of ribosomal RNA operons from
uncultivated coastal marine bacterioplankton. Environ
Microbiol 3: 323-331.

Thompson JR, Pacocha S, Pharino C, Klepac-Ceraj V,
Hunt DE, Benoit J et al. (2005). Genotypic diversity
within a natural coastal bacterioplankton population.
Science 307: 1311-1313.

Thompson JR, Randa MA, Marcelino LA, Tomita-Mitchell
A, Lim E, Polz MF. (2004). Diversity and dynamics of a
north atlantic coastal Vibrio community. Appl Environ
Microbiol 70: 4103—4110.

Venter JC, Remington K, Heidelberg JF, Halpern AL,
Rusch D, Eisen JA et al. (2004). Environmental genome
shotgun sequencing of the Sargasso Sea. Science 304:
66-74.

Vergin KL, Tripp HJ, Wilhelm LJ, Denver DR, Rappé MS,
Giovannoni SJ. (2007). High intraspecific recombina-
tion rate in a native population of Candidatus
Pelagibacter ubique (SAR11). Environ Microbiol
(online early: doi:10.1111/j.1462-2920.2007.01361.x).

371

The ISME Journal



