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The culturability of abundant members of the domain Bacteria in North Sea bacterioplankton was investi-
gated by a combination of various cultivation strategies and cultivation-independent 16S rRNA-based tech-
niques. We retrieved 16S rRNA gene (rDNA) clones from environmental DNAs and determined the in situ
abundance of different groups and genera by fluorescence in situ hybridization (FISH). A culture collection of
145 strains was established by plating on oligotrophic medium. Isolates were screened by FISH, amplified
ribosomal DNA restriction analysis (ARDRA), and sequencing of representative 16S rDNAs. The majority of
isolates were members of the genera Pseudoalteromonas, Alteromonas, and Vibrio. Despite being readily cultur-
able, they constituted only a minor fraction of the bacterioplankton community. They were not detected in the
16S rDNA library, and FISH indicated rare (<1% of total cell counts) occurrence as large, rRNA-rich,
particle-associated bacteria. Conversely, abundant members of the Cytophaga-Flavobacteria and gamma pro-
teobacterial SAR86 clusters, identified by FISH as 17 to 30% and up to 10% of total cells in the North Sea
bacterioplankton, respectively, were cultured rarely or not at all. Whereas SAR86-affiliated clones dominated
the 16S rDNA library (44 of 53 clones), no clone affiliated to the Cytophaga-Flavobacterum cluster was retrieved.
The only readily culturable abundant group of marine bacteria was related to the genus Roseobacter. The group
made up 10% of the total cells in the summer, and the corresponding sequences were also present in our clone
library. Rarefaction analysis of the ARDRA patterns of all of the isolates suggested that the total culturable
diversity by our method was high and still not covered by the numbers of isolated strains but was almost
saturated for the gamma proteobacteria. This predicts a limit to the isolation of unculturable marine bacteria,
particularly the gamma-proteobacterial SAR86 cluster, as long as no new techniques for isolation are available

and thus contrasts with more optimistic accounts of the culturability of marine bacterioplankton.

ZoBell’s landmark paper on the taxonomy and abundance of
marine bacteria (60) essentially defined this group for a long
time. The species then most frequently cultured from marine
water samples belonged to the genera Pseudomonas, Vibrio,
Spirillum, Achromobacter, Flavobacterium, and Bacillus, and
these were assumed to be dominant in marine waters.

The discrepancy between direct microscopic enumeration
and plate counts of bacteria was first pointed out by Jannasch
and Jones (27). They attributed it to the presence of bacteria in
aggregates, to selective effects of the media used, and to the
presence of inactive cells. In 1982, Colwell and coworkers
developed the viable-but-nonculturable hypothesis (59). Fer-
guson et al. showed that >99.9% of the natural bacterioplank-
ton community in seawater could not be cultured on Marine
Agar 2216 (13). Cultivation failed to solve the discrepancy for
a long time. It was left to the cultivation-independent rRNA
approach, most notably to 16S rRNA gene (rDNA) clone li-
braries, to reveal the high additional diversity of marine bac-
terioplankton communities (7, 11, 15-17, 35, 42). In the At-
lantic and Pacific Oceans, most of the sequences clustered
within the alpha (e.g., SAR11 and SAR116) and gamma (e.g.,
SAR92 and SARS86) subclasses of Proteobacteria and two novel
groups of Archaea were found. 16S rDNA sequences of previ-
ously isolated marine bacteria (e.g., Pseudomonas, Rhodobac-
ter, and Arthrobacter spp.) were also occasionally retrieved, but
their in situ abundances remained unknown (6, 55).

In view of the difficulty of isolating common marine bacteria,
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dilution culture methods were applied (10). This led to strat-
egies for optimizing viability determinations and eventually to
the pure culture of, so far, only one strain of a probably typical
marine oligocarbophilic bacterium (48). In contrast, based on
DNA-DNA hybridization of the genomic DNAs of isolates
obtained with the traditional ZoBell medium against commu-
nity DNA, it has been suggested that readily culturable bacte-
ria are abundant in the marine water column (21, 22, 40, 44).
The aim of this study was to address these discrepancies by
evaluating which microorganisms in the North Sea bacterio-
plankton are readily culturable. For this, we combined cultiva-
tion on defined oligotrophic medium with cloning of PCR-
amplified environmental 16S rDNAs and fluorescence in situ
hybridization (FISH).

MATERIALS AND METHODS

Sampling and fixation. In September and November 1997 and February and
August 1998, surface water samples were collected at a 1-m depth in acid-washed
and seawater-prerinsed 50-liter polyethylene containers. The sampling station
Helgoland Roads (54°09'N, 7°52'E) is near the island of Helgoland, approxi-
mately 50 km offshore in the German Bay of the North Sea. Samples were stored
at 4°C and further processed within approximately 5 h.

For DNA extraction, prefiltered picoplankton (cellulose nitrate filter; diame-
ter, 47 mm; pore size, 5 pm; Sartorius AG, Gottingen, Germany) was collected
in September 1997 and unfiltered picoplankton was collected in November 1997
by filtration of 1 to 3 liters of water on white polycarbonate filters (diameter, 47
mm; pore size, 0.2 pm; type GTTP2500; Millipore, Eschborn, Germany).

For FISH, 10- to 100-ml samples of unfiltered seawater were fixed with form-
aldehyde (final concentration, 2% [wt/vol]) for 30 min at room temperature,
collected on white polycarbonate filters (diameter, 47 mm; pore size, 0.2 pwm;
type GTTP2500; Millipore), and rinsed with double-distilled water. Filters were
stored at —20°C until further processing.

Enrichment and isolation of marine microorganisms. For cultivation, syn-
thetic seawater was prepared as described by Schut et al. (48). Trace elements
and vitamins were added separately. A mixture of monomers (alanine, L-
aspartate, pL-leucine, L-glutamate, L-ornithine, and prL-serine [all at 1 uM];
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TABLE 1. Oligonucleotide probes used for FISH
o s T ite” 168 o S
Probe Specificity Probe sequence (5'-3") r;g\]gzt ;S)I;:itions % FAL rf(:)fli l:;ig;
ALT1413 Alteromonas, Colwellia TTTGCATCCCACTCCCAT 1413-1430 40 This study
G Rb Rhodobacter, Roseobacter GTCAGTATCGAGCCAGTGAG 645-626 30 18
GV Vibrio AGGCCACAACCTCCAAGTAG 841-822 30 18
NOR1-56 NORI lineage TTACCGCTCGGACTTGCA 56-73 20 This study
NOR2-1453 NOR?2 cluster group A GGTCATCGCCATCCCC 1453-1468 30 This study
OCE232 Oceanospirillum AGCTAATCTCACGCAGGC 232-249 40 This study
PSA184 Pseudoalteromonas, Colwellia CCCCTTTGGTCCGTAGAC 184-210 30 This study
SARS86-1249 SAR 86 cluster® GGCTTAGCGTCCGTCTG 1249-1265 50 This study
SPH120 Sphingomonas GGGCAGATTCCCACGCGT 120-137 30 36

“ E. coli numbering (8).
b Percent (vol/vol) formamide (FA) in FISH buffer.
¢ Reference 35.

glucose, fructose, galactose, glycolate, succinate, and mannitol [all at 10 uM];
and acetate, lactate, ethanol, and glycerol [all at 15 wM]) was added as a
substrate.

The cultivation conditions of this basic approach were modified, e.g., by vary-
ing the pH (5.7 and 8.3) or salinity (25 and 35 g of NaCl per liter), by the absence
of vitamins and trace elements, and by replacing the monomers with a mixture of
polymers (chitin, cellulose, xylan, and pectin [1 g of each per liter] and starch
[5 g/liter]).

Aliquots (100 pl) of unfiltered and filtered (cellulose nitrate filter; diameter,
47 mm; pore sizes, 5.0, 1.2, 0.45, and 0.22 pm; Sartorius AG) seawater were
either directly spread on plates containing 1% (wt/vol) agar (Difco) or preincu-
bated in a dilution series of the corresponding medium. Colonies were selected
randomly from agar plates and subcultured at least three times under the same
conditions.

16S rDNA clone library construction. Total nucleic acids were extracted by
procedures described by Tsai and Olson (56) from the filters prepared in Sep-
tember and November 1997. Bacterial 16S rRNA primers 8f (5'-AGAGTTTG
ATCMTGGC-3') and 1542r (5'-AAAGGAGGTGATCCA-3") were used to am-
plify almost full-length 16S rDNAs from total community DNA (9) by PCR (46).
The amplified rDNA was inserted into the pGEM-T vector (Promega Corp.,
Madison, Wis.) in accordance with the manufacturer’s instructions. Competent
Escherichia coli JM109 cells (Promega) were transformed and screened for
plasmid insertions by following the manufacturer’s instructions.

Sequencing and phylogenetic analysis. Plasmid DNAs from selected 16S
rDNA clones and amplified 16S rDNAs from isolates were sequenced by Taq
Cycle Sequencing and universal 16S rRNA-specific primers using an ABI377
(Applied Biosystems, Inc.) sequencer. All sequences were checked for chimera
formation with the CHECK_CHIMERA software of the Ribosomal Database
Project (32), which compares the phylogenetic affiliations of the 5’ and 3" ends.
Sequence data were analyzed with the ARB software package (http:/www
.mikro.biologie.tu-muenchen.de). A phylogenetic tree was reconstructed using
neighbor-joining, maximum-parsimony, and maximum-likelihood analyses. Only
sequences at least 90% complete were used for tree construction. Alignment
positions at which less than 50% of sequences of the entire set of data had the
same residues were excluded from the calculations to prevent uncertain align-
ments within highly variable positions of the 16S rDNA, which cause mistakes in
tree topology.

Amplified ribosomal DNA restriction analysis (ARDRA). Purified (QIAquick
Purification Kit; Qiagen, Hilden, Germany), amplified 16S rDNAs (approximate-
ly 1 pg) from all of the isolates were digested with 7.5 U of the restriction
endonuclease Haelll (Promega) for 3 h at 37°C. The fragments were analyzed by
polyacrylamide gel electrophoresis, and restriction patterns were compared vi-
sually. The diversity of the isolates compared to total culturable diversity by our
approach was analyzed by rarefaction analysis (51). This was performed for all
isolates and for all isolated members of the gamma proteobacteria. Rarefaction
curves were produced using the analytical approximation algorithm of Hurlbert
(26), and 95% confidence intervals were estimated as described by Heck et al.
(24). Calculations were performed using the freeware program “a RarefactWin”
(http://www.uga.edu/~strata/Software.html).

Cell counts, FISH, and oligonucleotide probe design. Total bacterioplankton
counts were determined by epifluorescence microscopy of acridine orange-
stained cells (25). Screening of isolates and determination of North Sea bacte-
rioplankton community structure were performed by FISH. Cells from a single
colony of each isolate were transferred to Teflon-coated microscope slides and
immobilized by air drying. After dehydration and fixation with 50, 80, and 96%
(wt/vol) ethanol, cells on slides and on filter sections were hybridized with
oligonucleotide probes EUB338 (3), ALF968 (36), GAM42a (34), and CF319a
(33). Counterstaining with 4,6-diamidino-2-phenylindole (DAPI; 1 pg/ml) and
mounting for microscopic evaluation were performed as described previously (3,
19).

Oligonucleotide probes ALT1413, PSA184, SAR86-1249, NOR1-56, NOR2-
1453, and OCE232 (Table 1) were designed using the PROBE_FUNCTIONS
tool of the ARB software package. Their specificity was evaluated with the
PROBE_MATCH tool of the ARB package against the rRNA database of the
Technical University of Munich (release 12/98). CY3-labeled probes were syn-
thesized by Interactiva (Ulm, Germany). Hybridization conditions for the newly
designed probes were optimized by varying the concentration of formamide (37).

Nucleotide sequence accession numbers. The 16S rDNA sequences of the
isolates and clones generated in this study were deposited in GenBank under
accession numbers AF172840, AF173962 to AF173976, AF235107 to AF235131,
AF239705 to AF239707, AF241653, and AF241654.

RESULTS

Diversity of isolated strains. In September and November
1997 and February and August 1998, a total of 145 strains were
isolated from North Sea surface water. Initial screening by
FISH showed the hybridization of 9 with probe CF319a, 11
with ALF968, 110 with GAM42a, and 15 with none of the
group-specific probe but only with EUB338. Sequencing and
phylogenetic analysis of the latter 15 strains revealed that 1 was
related to gram-positive bacteria with a high G+C DNA con-
tent (Arthrobacter spp.) and two strains were affiliated with
epsilon proteobacteria (Arcobacter spp.). The remaining 12
strains were found to be gamma proteobacteria of the genera
Pseudoalteromonas (10 strains) and Alteromonas (2 strains).
Representatives from two out of three Pseudoalteromonas
ARDRA patterns (10 isolates) and from one out of five Al-
teromonas ARDRA patterns (2 isolates) were not detected by
probe GAM42a, although they are gamma proteobacteria. Se-
quencing of the 23S rDNAs of two representatives of each
group revealed a single base change from C to T at position
1032 in helix 42 (31) (data not shown), which is the target site
of probe GAM42a.

Subsequently, selected clones of each ARDRA pattern were
sequenced. Altogether, 95 (35 nearly complete and 60 partial)
16S rRNA sequences of isolated strains were determined, in-
cluding at least one full and several partial sequences for each
ARDRA pattern. Identical Haelll ARDRA patterns exhibit
highly similar full-length or partial 16S rDNA sequences. This
was experimentally verified for frequent isolates, i.e., the
NORR? cluster and the genera Vibrio and Oceanospirillum (data
not shown). Comparative sequence analysis indicated that 142
of 145 strains were closely related to known marine bacteria
(16S rRNA similarity, >93%; Table 2). Only three strains
grouping within two gamma-proteobacterial clusters (referred
to as NOR3 and NOR4 in Table 2) have no known close
cultured relative. There was evidence of an effect of filtration
and changes in cultivation conditions on the species composi-
tion of isolates. Prefiltration of water with a 1.2-um filter fa-
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TABLE 2. Frequency and phylogenetic affiliations of North Sea isolates”

APPL. ENVIRON. MICROBIOL.

Phylogenetic group

No. (%) of isolates

Next relative to isolates”

% 16S rRNA similarity

Bacteria 145 (100)
Cyt/Fla“ 9(6.2)
Flexibacter 2 Cytophaga marinoflava M58770 98.0
2 Marine bacterium strain E110 AF052742 96.0
2 C. uliginosa M28238 93.6
1 Melosira-colonizing bacterium strain IC166 97.3
1 Flavobacterium salegenes M92279 92.7
Cytophaga johnsonae 1 Flavobacterium columnare M58781 96.2
High GC, gram positive 1(0.7)
Arthrobacter 1 Micrococcus luteus M38242 99.3
a-Proteobacteria 11 (7.6)
Roseobacter 8
Group A 7 R. algicola 94.0
Group B 1 Unidentified alpha proteobacterium strain AF022392 95.7
Sphingomonas 3 Sphingomonas sp. U85838 93.5
e-Proteobacteria 2(1.4)
Arcobacter 2 A. nitrofigilis 1L.14627 98.6
y-Proteobacteria 122 (84.1)
Pseudoalteromonas 29 P. atlantica X82134 99.7
Vibrio 15 V. splendidus 731659 99.0
Alteromonas 18
Group A 10 A. macleodii X82145 97.8
Group B 8 Colwellia psychroerythrus AB011364 94.5
Oceanospirillum 9 O. commune ATCC 27118 95.7
NORI1 2 Unculturable Mariana eubacterium clone D87345 98.6
NOR2 31
Group A 22 Facultative barophile strain CNTP3 U91588 95.6
Group B 9 Pseudoalteromonas haloplanktis D11172 92.9
NOR3 2 Unidentified gamma proteobacterium clone AB004573 94.0
NOR4 1 Clone of aggregate 47 110949 87.0
Marinobacter 4 Marinobacter sp. strain PCOB-2 AJ000647 98.1
Halomonas 9 H. variabilis U85873 98.2
Photobacterium 1 Photobacterium sp. strain SS9 U91586 95.2
Shewanella 1 S. putrefaciens U91593 96.1

“ Obtained in September and November 1997 and February and August 1998.

®In the ARB database.
¢ Cytophaga-Flavobacterium cluster.

vored Oceanospirillum spp. (five out of nine isolates) and Ar-
cobacter spp. (two out of two). Inoculations with unfiltered
water and water prefiltered with a 5-pm-cutoff filter predom-
inantly resulted in isolation of strains related to Roseobacter
spp. (6 out of 8), Sphingomonas spp. (2 out of 3), Vibrio spp.
(15 out of 15), Pseudoalteromonas spp. (24 out of 29), Altero-
monas spp. (18 out of 18), and the gamma-proteobacterial
cluster NOR2 (23 out of 31). No preference concerning vari-
ations in cultivation conditions (pH, salinity, monomers or
polymers, availability of vitamins and trace elements) was ob-
served, except for Roseobacter, which was isolated only at pH
8.3 and 35%o salinity. Attempts to increase the cultivation of
strains affiliated with Cytophaga-Flavobacterium by using a mix-
ture of polymers as the substrate were unsuccessful. The di-
versity of the isolates was further evaluated by ARDRA and
rarefaction analysis (Fig. 1) as described by Ravenschlag et al.
(43). From a total of 145 isolates, 32 Haelll patterns were
distinguished. The 122 gamma proteobacteria grouped into 21
different patterns (Fig. 1). Rarefaction indicated saturation of
the number of ARDRA patterns within this group, but not for
all of the isolates (Fig. 1).

16S rDNA clones. Fifty-four 16S rDNA clones were ran-
domly selected for sequencing and phylogenetic analysis. Se-
quences belonged to several clusters: alpha-proteobacterial
cluster SAR116, described by Mullins et al. (35), from Sargasso
Sea samples; Roseobacter spp.; four gamma-proteobacterial
lineages; and the epsilon-proteobacterial genus Arcobacter.

The most frequent sequences in the clone library (44 of 53)
were affiliated with the SAR86 cluster of gamma proteobacte-
ria, first described by Mullins et al. (35) and Fuhrman et al.
(16), from the Atlantic and Pacific Oceans, respectively (Table
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FIG. 1. Rarefaction curves for the different ARDRA patterns of all of the
isolates used in this study. The expected number of ARDRA patterns is plotted
versus the number of isolates (O). Rarefaction curves were also calculated for the
fraction of gamma Proteobacteria (®). The dotted lines represent 95% confi-
dence intervals.
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TABLE 3. Frequencies and phylogenetic affiliations of North Sea 16S rRNA clones”

Phylogenetic group No. (%) of clones

Next relative to clone” % 16S rRNA similarity

Bacteria 54 (100)
a-Proteobacteria 4(7.5)
SAR116 cluster® 3 Unidentified alpha proteobacterium clone OM25¢ 95.5
Roseobacter 1 Marine bacterium strain SFR1¢ 97.9
y-Proteobacteria 49 (92.5)
SARS6 cluster® 44 (83)
Group A 17 Unidentified gamma proteobacterium clone OM10“ 97.8-99.2
Group B 27 Unidentified gamma proteobacterium clone OCS5 AF001651¢ 96.9-98.1
Thiomicrospira 2 Coxiella burnetii D89795 88.4
Unknown affiliation 2 Clone of macroaggregate clone 44/ 99.2
Unknown affiliation 1 Unidentified gamma proteobacterium clone OM60“ 95.3
e-Proteobacteria 1(2)
Arcobacter 1 A. butzleri 92.2

“ Obtained in September and November.
> In the ARB database.

¢ Reference 35.

4 Reference 42.

¢ Reference 18.

/Reference 12.

3). We did not screen more clones, since the library was ap-
parently biased toward the SARS86 cluster.

Oligonucleotide probe design. Probes were designed for
some of the most abundant gamma-proteobacterial sequences
obtained from isolates and direct 16S rDNA sequence re-
trieval. Probes ALT1413 and PSA184 target Alteromonas and
Pseudoalteromonas spp., OCE232 targets Oceanospirillum spp.,
NORI1-56 targets the NORI1 lineage, SAR86-1249 targets the
SARS86 cluster, and NOR2-1453 targets all members of the
NOR? clusters (Table 1). All of the probes have at least one
strong central mismatch with a nontarget sequence (1.4 to
2.0 weighted mismatches) (37), with the exception of probe
OCE232, which has only a weak mismatch (0.2 weighted mis-
matches) with Methylomicrobium album and M. agile. Opti-
mized hybridization conditions are given in Table 1. In addi-
tion, we adapted for FISH the oligonucleotide probes G V and
G Rb designed by Giuliano et al. (18), which are targeted to
marine Vibrio spp. and to Roseobacter and Rhodobacter spp.,
respectively. These two probes encompass all 16 isolates affil-
iated with Vibrio spp. and all eight strains of Roseobacter spp.

The target groups of all of the probes are shown in the
phylogenetic tree of full 16S rDNA sequences in Fig. 2. This
tree was calculated only on the basis of nearly full-length se-
quences and was corrected by taking into consideration the
different results of the various tree reconstruction algorithms.
Bifurcations indicate branchings which appeared stable and
well separated from neighboring branchings in all cases. Mul-
tifurcations indicate tree topologies which could not be signif-
icantly resolved based on the available data set.

FISH of plankton samples. For the samplings in September
and November 1997, as well as February and August 1998,
total bacterioplankton cell numbers and percentages of cells
hybridizing with specific probes were determined (Table 4).
The total cell numbers in the four samples were between 1.2 X
10° (February 1998) and 1.1 X 10° (September 1997) cells per
ml. In a similar manner, the rate of detection by FISH varied
during the year. Only 31% of DAPI-stained cells hybridized
with the general bacterial probe EUB338 in November 1997.
This rate increased to a maximum of 71% in August 1998.

Bacteria hybridizing with group-specific probes CF319a,
ALF968, and GAM42a were found to be abundant (Table 4).
They made up more than half (54%) of all of the cells in
August 1998. The most abundant bacteria detected in Febru-

ary 1998 were the alpha proteobacteria, with a maximum of
25%. In August 1998, members of the Cytophaga-Flavobacte-
rium cluster constituted 30% of all of the cells collected and
alpha proteobacteria constituted 15%. In September 1997, the
percentages of alpha proteobacteria and members of the Cy-
tophaga-Flavobacteria cluster were more or less equal at 24 and
25% of the DAPI counts, respectively. Probe G Rb for the
alpha-proteobacterial genera Rhodobacter and Roseobacter hy-
bridized with a significant fraction of the cells detected by
probe ALF968. This group was most prominent during August
1998, when it constituted 9% of the total community or 60% of
the ALF968 counts. Gamma proteobacteria were detected in a
more or less constant fraction of 6 to 9% of the total cells in all
of the samples examined. Using genus- and cluster-specific
probes, we examined the abundances of readily culturable bac-
teria of the genera Vibrio, Oceanospirillum, Alteromonas, Pseu-
doalteromonas, and Sphingomonas and the NOR1 and NOR2
clusters. These never accounted for more than 1% of the total
counts. Interestingly, cells detected by G V, ALT1413, PSA184,
NOR1-56, and NOR2-1453 were generally large and fre-
quently associated with small clusters of bacteria or particles.
Their strong fluorescence with the probes indicated high
rRNA contents of cells (Fig. 3). Members of the as yet uncul-
tured SARS6 cluster were much smaller rods (1 to 2 by 0.5 um)
and were less fluorescent (Fig. 3). They showed a maximum in
August 1998, when they represented 10% of the total cell
numbers.

DISCUSSION

The cultivation of microorganisms in combination with
methods based on the 16S rRNA approach (4) gave insight
into the culturable diversity and community structure of North
Sea bacterioplankton at various seasons. Numerous isolates
were screened and phylogenetically identified, thus assessing
culturable diversity. Additional phylotypes were detected by
cloning from environmental DNA, and the abundances of iso-
lated bacteria and other phylogenetic groups were determined
by FISH.

Culturable bacteria with high in situ abundance. In our
study, we found two groups of abundant marine bacteria to be
culturable. Members of the genus Roseobacter, formerly Eryth-
robacter, have been frequently isolated from marine samples
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FIG. 2. Phylogenetic tree based on comparative analysis of 16S rDNA from selected clones and isolates of the alpha and gamma subclasses of Proteobacteria.
Brackets indicate probe specificity. Selected sequences from the beta subclass of Proteobacteria were used to root the tree. The bar indicates 10% sequence divergence.

as aerobic, heterotrophic, often pigmented bacteria (50). Se-
quences related to this genus have also been routinely found in
marine clone libraries (16, 18, 35, 42, 55). A study by Gonzalez
and Moran (21) suggested high abundance in coastal seawater
of a large phylogenetic branch of marine alpha proteobacteria,
including Roseobacter spp. In our study, we obtained isolates of
Roseobacter spp. with oligotrophic medium, found clones re-
lated to this group in our North Sea 16S rDNA library, and
identified up to 9% of the total counts with probe G Rb. This
group was most abundant in the summer, when absolute num-
bers approach 10°/ml.

High numbers of members of the Cytophaga-Flavobacterium

cluster, from which we obtained nine isolates, can be identified
by probe CF319a in North Sea bacterioplankton throughout
the year. Our failure to retrieve them in the North Sea 16S
rDNA library is likely due to a primer bias (20), or the number
of clones examined may have been too low. Using other eu-
bacterial primers (28), e.g., 8F and 1492R, Cytophaga and
relatives have been cloned from macroaggregate samples in
the Santa Barbara Channel (12) and from a Bermuda site (16).

Molecular techniques suggest low in situ abundance of fre-
quently isolated bacterial groups. Our extensive cultivation
attempts, which included the use of defined artificial medium,
enrichments in dilution series (48), and direct plating (60),
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TABLE 4. Abundances of various phylogenetic groups in the North Sea as determined by FISH

Date® Total % Detected by DAPI staining and probe:
cell concn
collected (10°ml~!) EUB338 ALF968 GAM42a CF319a G Rb ALTI413 SAR86-1249 GV OCE232 PSA184 NORI-56 NOR2-1453 SPHI120
11.02.98 1.2 58.9 24.8 59 17.5 3.0 <1 <1 <1 <1 <1 <1 <1 <1
20.08.98 8.0 71.4 15.1 9.2 30.3 9.2 <1 10.2 <1 ND? ND <1 <1 <1
12.09.97 10.5 60.3 23.7 8.0 25.0 4.7 <1 1.7 1.0 <1 <1 <1 <1 <1
13.11.97 3.5 31.2 2.9 6.3 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

“ The day, month, and year are reported.
> ND, not determined.

proved to be highly selective for gamma proteobacteria. Most
isolates were closely related to well-known gamma-proteobac-
terial genera such as Pseudoalteromonas, Alteromonas, Vibrio,
and Oceanospirillum. We also obtained several gamma-pro-
teobacterial clusters for which we had no close relatives in our
16S rRNA database (NOR1-4; Table 2). FISH with probes
targeting the different genera and clusters of culturable gamma
proteobacteria never detected more than 1% of the total
counts. Except for Oceanospirillum spp., the cells detected
were large, were attached to particles, and had high cellular
rRNA contents. The predominant occurrence of Alteromonas
and Pseudoalteromonas spp. as attached bacteria had been
suggested before (1, 12). This was supported not only by our
FISH data but also by the lack of isolation of these bacteria
from the <1.2-pm fraction.

The genus Vibrio, one of the best-known marine taxa, was
once claimed to be a major component of the bacterial flora of
the sea and to account for nearly 80% of the bacterial com-
munity in surface waters of the western Pacific Ocean (52).
Likewise, hybridization of community DNA with oligonucleo-
tide probes targeting 16S rDNAs of culturable bacteria sug-
gested the dominance of gamma proteobacteria, in particular,
Vibrio and Photobacterium spp. (44). Yet, these bacteria could
not be detected in situ in high numbers in our study and related
sequences were not frequent in our 16S rDNA library. Our
results thus suggest that these hybridizations to extracted com-
munity DNA overestimated the abundances of particular spe-
cies.

The good growth on agar plates of some gamma proteobac-
teria is most likely the result of their specific life strategies,
which have been studied in detail for Vibrio spp. (5, 38, 39).
These marine bacteria, which survive carbon starvation for
extended periods of time, can grow rapidly at high substrate
concentrations with high cellular rRNA contents. It has been
shown that upon the onset of carbon starvation a Vibrio strain
maintains ribosomes for several days in large excess over the
apparent demand for protein synthesis (14). The cells of Vibrio
spp. we detected in situ were all particle attached. Particles are
sites of higher nutrient availability, and the large size and high
ribosome content of the cells detected could be the result of
recent metabolic activity (45). In addition, colonies of Vibrio
spp. were shiny, which is a characteristic of bacteria producing
extracellular slime. Cells with the ability to produce a protec-
tive matrix seem to colonize surfaces at the solid-air interface
more readily than bacteria that lack this feature (2).

We also isolated three strains of Sphingomonas spp. Abun-
dances of 15 to 35% have been reported for this alpha-pro-
teobacterial genus (48). In our North Sea samples, we obtained
no FISH counts above the background with SPH120, a 16S
rRNA-targeted probe for sphingomonads (36). As in the case
of the culturable gamma proteobacteria, FISH data alone are
insufficient to decide whether the probe target groups were
absent or undetectable due to low rRNA contents (47).

ALTI1413

SAR86-1249

FIG. 3. Epifluorescence micrographs of bacteria in bacterioplankton from
the North Sea station Helgoland Roads. Hybridization with CY3-labeled probes
(right) and the same microscopic field with UV excitation (DAPI staining, left).
Panels: A, probe ALT1413 (18.08.98); B, probe G V (12.09.97); C, probe SAR86-
1249 (20.08.98); D, probe G Rb (12.09.97). Scale bars, 5 pm.
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Members of the abundant SAR86 cluster remain uncul-
tured. FISH identified up to 10% of the total cells as members
of the SARS6 cluster. The small rods were usually not attached
to particles, confirming earlier reports that they belong to the
free-living fraction of bacterioplankton (1). Sequences related
to the SARS86 cluster dominated our North Sea 16S rDNA
clone library (Table 3). Nevertheless, no strains affiliated with
the SARS86 cluster were among the culturable gamma pro-
teobacteria. Rarefaction analysis of ARDRA patterns (Fig. 1)
indicated a low probability of discovering new groups of pe-
lagic gamma proteobacteria by analysis of additional North Sea
isolates. After the screening of 70 isolates, 18 = 3 (average *
95% confidence interval) ARDRA groups were identified and
after the screening of 52 additional isolates, only 3 * 0.3 new
patterns were found. Less than one new ARDRA pattern is
predicted for the screening of an additional 20 gamma-pro-
teobacterial isolates. We therefore stopped our efforts to cul-
tivate SARS6.

With regard to the in situ abundance and culturability of het-
erotrophic marine bacteria, we have evidence for three groups:
(i) abundant groups that are culturable, such as Roseobacter
and members of the Cytophaga-Flavobacterium cluster; (ii)
abundant bacteria that are still uncultured, such as members of
the SARS6 cluster; and (iii) frequently isolated bacteria of the
Vibrio sp. type with possibly low in situ abundance. Our find-
ings are in obvious contrast to the more optimistic conclusions
of Pinhassi et al. and Rehnstam et al. that the most abundant
marine bacteria are readily culturable (40, 44).

Although our cultivation attempts failed to isolate new
abundant marine pelagic bacteria, the rarefaction analysis
of all of our ARDRA patterns (Fig. 1) (not just those from
gamma proteobacteria) clearly indicated that further marine
bacteria could have been isolated. With high-throughput mo-
lecular screening, and early rejection of laboratory weeds, fu-
ture isolation efforts could be directed to groups such as the
alpha proteobacteria and the Cytophaga-Flavobacterium clus-
ter. This might provide additional good model organisms of
marine aerobic heterotrophic bacteria.

Cultivation strategies. Few new genera of marine bacteria
have been cultured since ZoBell’s experiments with substrate-
amended seawater (23, 40, 55). Using a synthetic medium
designed by Schut et al. (48), we may have extended the num-
ber of cultured marine species with the strains of our clusters
NORI1 to NOR4. Sequences related to the NORTI cluster have
been found in samples from the deep Mariana trench and have
been attributed to an unculturable bacterium (30). Applying an
appropriate cultivation strategy, we were, however, able to
obtain isolates from this phylogenetic lineage. We thus caution
against the premature use of the term “unculturable” for bac-
teria that are only represented by their rDNA sequences in
clone libraries.

We are unable to provide the chemical, nutritional, and
physical prerequisites for the growth of all of the microorgan-
isms present in natural seawater. Different marine bacteria
react differently to confinement (13) and substrate quality and
quantity (54). Active metabolism and multiplication might be
terminated due to enrichment of toxic products, depletion of
essential nutrients (53), and viral infection (58). The growth
state of the bacteria at the time of sampling, whether they are
active, starved, or dormant, may also strongly influence the
success of cultivation.

In principle, for successful enrichments, the physiological
requirements of the target microorganism should be known.
Most marine bacteria face an oligotrophic environment, but
the definitions of the needs of oligocarbophilic microorganisms
are as diverse as they are difficult to justify (49). Not even the
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amount of organic carbon per liter sufficient for growth of
oligocarbophilic bacteria is agreed upon, and the appropriate
types of carbon sources are in dispute. It is not known if
defined mixtures of monomers and polymers, undefined sub-
strates like peptone and yeast extract, or naturally occurring
substrates like DMSP (29) and algae lysate will be most suit-
able for the isolation of hitherto uncultured microorganisms.
The quantity and quality of substrates may even play a subor-
dinate role. Our oligotrophic medium, with 1 to 10 mg of C per
liter, did not select against Vibrio spp. or Pseudoalteromonas
spp., which also grow well on rich media (40, 60). These bac-
teria are known to resist nutrient deprivation for long periods
of time and to regain active metabolism quite rapidly (5),
which is a dilemma for cultivation. Strategies that attempt to
prevent substrate-accelerated death (41) by initial incubation
at very low substrate concentrations, followed by a gradual
increase, will therefore be of little use for the isolation of
slowly growing bacteria with potentially long lag phases. The
role of phages in the control of CFU is also still unresolved.
Bacteriophages of known microorganisms from the North Sea
are very host specific and, in general, highly virulent (59). It has
been suggested that many bacteria may be apparently uncul-
turable because they are infected by lysogenic viruses (57).

A further problem could be that as yet uncultured bacteria
do not form colonies at the air-solid interface. This should not
be confused with the general ability to grow on surfaces or
submerged particles. Future cultivation attempts could con-
sider (i) filtration (pore size, <1.2 wm) of the inoculum to
remove large, highly active, particle-associated bacteria, (ii)
dilution to favor dominant bacteria (10), and (iii) colony iso-
lation in semiliquid (soft-agar) medium and subsequent sub-
culturing in liquid medium for bacteria unable to grow at the
air-water interface.
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