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INTRODUCTION

Aquatic microbial ecology has long been challenged
by the fact that only a minor fraction, i.e. much less
than 1%, of the natural bacterioplankton community
enumerated by light or epifluorescence microscopy
can be cultivated, preferentially on solid media (Razu-
mov 1932, Jannasch 1958, Kuznetsov 1975, Staley
& Konopka 1985, Eguchi & Ichida 1990). During the

1970s and 1980s, increasing evidence accumulated
that the major fraction of the as yet uncultured bacteria
actively grows and participates in the flux of energy
and cycling of nutrients in aquatic ecosystems (van Es
& Meyer-Reil 1982, Cole et al. 1988). The development
and application of molecular techniques based on PCR,
such as the establishment of clone libraries and de-
naturing gradient gel electrophoresis (DGGE) of 16S
rRNA gene sequences, revealed that the bacterio-
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did not occur in the natural samples and the high dilution steps.
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plankton community is constituted of many bacteria
and phylotypes that had not been detected by culture-
based techniques (Giovannoni et al. 1990, Schmidt
et al. 1991, Fuhrman et al. 1993, Muyzer et al. 1993,
Zwart et al. 1998, Giovannoni & Rappé 2000, Urbach et
al. 2001). In fact, the application of fluorescence in situ
hybridization (FISH) of rRNA-targeted oligonucleo-
tides indicated that readily culturable bacteria account
for only a minor fraction of the natural bacterial com-
munity (Eilers et al. 2000b, 2001).

The molecular approaches, even though they have
opened a new realm of aquatic microbial ecology,
nonetheless have shortcomings. Phylogenetic identifi-
cation on the basis of the 16S rRNA gene sequence
provides little information about the physiological
properties of the respective phylotypes unless primers
target specific physiological groups such as Cyanobac-
teria or ammonium oxidizers within β-Proteobacteria
(Nübel et al. 1997, Ward et al. 1997, Phillips et al.
1999). Clone libraries yield almost complete 16S rRNA
gene sequences, but are not suitable for quantifying
the abundance of the clones. DGGE detects phylo-
types, which account for more than 1% of the total bac-
terial community, but is usually applied to amplify
fragments of only 250 to 500 bp of the 16S rRNA gene,
and thus provides limited information for phylogenetic
analyses (Muyzer et al. 1993, Murray et al. 1996). Fur-
ther, it has been shown that particular phylotypes or
phylogenetic groups are selectively amplified by PCR
from mixed templates (Reysenbach et al. 1992, Farelli
et al. 1995, Suzuki & Giovannoni 1996, Gonzalez &
Moran 1997, Polz & Cavanaugh 1998, Ishii & Fukui
2001). Comparing clone libraries and FISH, evidence
revealed that PCR amplification is not equally efficient
for α-Proteobacteria and the Cytophaga/Flavobacteria
group (Cottrell & Kirchman 2000), equivalent to the re-
named Flavobacteria/Sphingobacteria group of the
Bacteroidetes phylum. Hence, there is a need for char-
acterizing and quantifying the dominant members of
the natural bacterioplankton community in aquatic
systems and for examining the validity of the results
obtained by these techniques, preferentially by PCR-
independent approaches.

One promising approach to enrich and isolate mem-
bers of the bacterioplankton community is the dilution
culture technique, involving the addition of nutrients at
low concentrations, signal molecules, or no additional
nutrients (Button et al. 1993, Bussmann et al. 2001,
Jaspers et al. 2001, Bruns et al. 2002, 2003a,b, Rappé et
al. 2002). It allows for growth of the most abundant bac-
teria in high dilution steps without the competition of
less abundant but possibly faster-growing bacteria. The
application of this technique led to the cultivation of
new bacterial isolates from various ecosystems and
increased the cultivation efficiency by up to 20%. 

The aim of our study was to analyze the composition
of the bacterial communities in the salinity gradient
of the Weser estuary, Germany, using a PCR-based
approach (DGGE) simultaneously with the most
promising culture dependent approach, the dilution-
to-extinction technique and subsequent isolation. In a
previous paper we reported on the composition and
seasonal dynamics of the ambient bacterial community
on the basis of DGGE (Selje & Simon 2003). Here, we
present comparisons between sequences of the most
prominent bands of the DGGE patterns of natural sam-
ples with sequences retrieved from the highest dilution
steps and isolates. The results show that with increas-
ing dilution steps fewer and eventually only 1 single
band occurred which matched prominent bands in the
DGGE patterns of the natural bacterial community.
These obviously dominant phylotypes included clus-
ters of bacteria comprising cultivated strains but also
clusters of yet uncultured phylotypes. Subsequent
enrichment and isolation revealed pronounced differ-
ences with respect to growth on liquid and solid media
with and without substrate additions.

MATERIALS AND METHODS

Study area and sampling. Samples were collected in
the salinity gradient of the Weser estuary, Germany, in
May, August and November 1999 on board the RV
‘Bakensand’ from 1 m depth by a low-pressure pump
during the outflowing tide at Km 80 (marine section),
the turbidity maximum (TM, brackish section) and at
Km 0 (limnetic section). Samples were kept at 4°C,
transferred to the laboratory within 8 h, and processed
further immediately. Further details on the Weser
estuary are given in Selje & Simon (2003).

Dilution cultures. We prepared dilution series in
triplicates with 1:10 steps to a dilution of 10–10. To
minimize changes in growth conditions, natural unfil-
tered water samples from the sampling sites in the
limnetic, brackish and marine sections were used as
growth media. Instead of 0.2 µm filtration, autoclaving
was used for sterilization. We are aware that this treat-
ment may raise the concentration of labile substrates
due to dissolution and hydrolysis of particulate organic
matter and polymers, but we intended to include par-
ticulates as substrate sources; filtration through 0.2 µm
pore filters may also allow ultramicrobacteria to pass
(Haller et al. 2000, Hahn et al. 2003). We then added
1 ml of a 0.2 µm filtered trace element solution (2.1 g
FeSO4 × 7 H2O; 5.2 g Na2EDTA, 30 mg H3BO3, 100 mg
MnCl2 × 4 H2O, 190 mg CoCl2 × 6 H2O, 24 mg NiCl2 ×
6 H2O, 144 mg ZnSo4 × 7 H2O, 36 mg Na2MoO4 ×
2 H2O, 1000 ml aqua dest) and 2 ml of a 0.2 µm filtered
vitamin solution (Schut et al. 1993) 1000 ml–1 medium.
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All culture tubes and media flasks were combusted at
500°C for 2 h prior to use. The water samples were
well-mixed before inoculation. Tubes containing 9 ml
of media were inoculated with 1 ml of sample water of
the respective section of the estuary, vigorously mixed,
and incubated in the dark on a shaker (100 rpm) at in
situ temperature (15°C in May, 20°C in August, 11°C in
November). Cultures were incubated for 10 to 12 wk,
and 1 ml was then transferred to new tubes with 9 ml
of the respective media. The remaining samples were
harvested by centrifugation for 15 min at 132.6 × g
(relative centrifugal force) and kept at –20°C until fur-
ther processing. Growth of bacteria in the dilution
tubes was determined by epifluorescence microscopy
and DGGE analysis. The number of cultivable bacteria
(+95% confidence intervals) was calculated by the
most probable number (MPN) program of Klee (1993).

Bacteria cell counts. Total bacterial numbers were
determined on black 0.2 µm Nuclepore filters by epi-
fluorescence microscopy after staining with DAPI (4, 6-
diamidinophenylindole). For further details see Selje &
Simon (2003).

Molecular analysis. Nucleic acids were extracted by
a standard protocol with phenol/chloroform slightly
modified as described previously (Selje & Simon 2003).
Fragments of bacterial 16S rRNA genes were amplified
with primers GM5f and 907rm (Muyzer et al. 1998) and
a touchdown program with decreasing annealing
temperatures from 65 to 55°C (2 cycles per step plus
additional 16 cycles) with a total of 38 cycles; 1 µl (1 to
10 ng) of extracted DNA served as the template. DGGE
analysis of the PCR products was performed according
to Muyzer et al. (1998), and the cluster analysis of
DGGE profiles used Pearson’s correlation and UPGMA.
(For further details see Selje & Simon 2003.)

Isolation of bacteria. Aliquots (50 to 100 µl) from the
higher dilution steps (10–4 to 10–9) were spread onto
plates prepared with the media of natural samples (see
above) and 0.9% agar (Scharlau Chemie). Plates were
incubated at the corresponding in situ temperature in
the dark until colonies became visible. Most colonies
appeared within 1 mo; some, however, appeared only
after 2 to 3 mo and had diameters of only 1 to 2 mm.
Colonies for further transfer onto fresh plates were
selected according to morphology and color. After the
first transfer colonies grew faster and became bigger.
To obtain pure cultures, colonies were transferred at
least 3 times. Aliquots of isolates were harvested in
30% glycerol and stored at –70°C.

Bacterial growth on algal extracts and solid/liquid
media. In May at the TM, we examined differences in
the bacterial communities growing on solid- and in
liquid-phase media and enriched with extracts of the
green algae Scenedesmus sp. or a mixed diatom com-
munity. Algal cultures were harvested by centrifuga-

tion and boiled for 5 min to extract the organic matter.
Enrichment of the algal extracts was 5-fold that of
ambient phytoplankton concentrations. The 10–3 dilu-
tion step of the dilution series in the brackish medium
served as inoculum and was further diluted 104-fold in
the enriched liquid media. After 4 d of pre-incubation
of duplicates, 100 µl were spread out onto the agar
plates with the algal extracts and incubated at 15°C in
the dark for 2 wk. Liquid cultures and colonies from
the agar plates were then harvested for DNA extrac-
tion and DGGE analysis.

Sequencing and phylogenetic analysis. DGGE bands
and isolates were sequenced using different combina-
tions of the primers GM3f, GM1r, GM5f, GM8r, 907rm
and GM4r (Muyzer et al. 1993, 1995, 1998). Phyloge-
netic analysis was performed with the ARB software
package (available at: www.arb-home.de) (Ludwig et
al. 2004). Phylogenetic trees were calculated using
maximum-likelihood analysis of almost full-length 16S
rRNA gene sequences (>1300 bp). About 140 to 150
sequences from different families, as suggested in the
prokaryotic representative listing in the Ribosomal
Database Project II (RDP 2000; available at: http://
rdp.cme.msu.edu/html/) and sequences of closest rela-
tives found by a BLAST (basic local alignment search
tool) search were used to construct the backbone trees.
A filter was constructed for every phylogenetic group
analyzed. Hence, alignment positions at which less
than 50% of sequences of the corresponding data set
had the same residues were excluded from the calcula-
tions to prevent uncertain alignments within highly
variable positions. Shorter sequences were added later
by the maximum parsimony method, using the same
50% filter. Our proposal of new clusters is based on the
finding of distinct groups of phylotypes and isolates
in our samples. We did not apply any fixed percent
similarity. 

Nucleotide sequence accession numbers. The se-
quences obtained in this study are available from
GenBank under Accession Nos. AY145529-AY145573
(isolates), AY145574-AY145629 (dilution cultures), and
AY146656-AY146671 (enrichment cultures).

RESULTS

Dilution cultures

Dilution cultures from the various sections of the
Weser estuary yielded growth to a dilution of 10–6 or
10–9 in at least 1 parallel. Growth at the fairly low dilu-
tion step of only 10–6 occurred in May 1999 with the
marine inoculum, whereas growth at 10–9 was reached
with the brackish inoculum in August 1999. Cultivation
efficiency (MPN counts for total cell counts) ranged
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from 1.5 to 66.4%, with no obvious pattern between
the different sections (Fig. 1). In May, cultivation effi-
ciency remained below 10%, whereas in November it
increased to >50% in the limnetic and marine sections.

DGGE banding patterns of all dilution cultures
showed a decreasing diversity with increasing dilution
steps, indicating that less abundant bacteria were
diluted to extinction, such as Band X in Fig. 2C.
Some bands appeared only in the higher dilution
steps, e.g. Bands DC 5-0-4, DC 5-0-6, and DC 5-80-5
(Fig. 2A–C), suggesting that the bacteria represented
by these bands were outcompeted by less abundant
but faster-growing species in the lower dilution steps.

In 7 cases only 1 visible band was detected by DGGE
analysis in the highest dilution step with a positive
growth signal. Hence, almost complete 16S rRNA gene
sequences could be determined by direct amplification
of the extracted DNA templates from the dilution cul-
tures with Primer Pair GM3f and GM4r (Table 1).
Among these sequences 4 phylotypes affiliated with
α-Proteobacteria: 2 almost identical sequences (>99%,
1390 bp) were obtained in the marine medium at dif-
ferent sampling dates, and 2 sequences in the brackish
medium. In the dilution cultures from November, 1
sequence from the limnetic and 1 from the brackish
medium belonged to β-Proteobacteria, and 1 sequence
from the marine section in August to γ-Proteobacteria.
In some cases, bands from the highest dilution steps
matched one of the intensive bands from the corre-
sponding natural undiluted sample, such Bands DC 5-
0-4 and DC 5-0-2 (Fig. 2A), and DC 5-80-2 (Fig. 2C). In
total, 12 sequenced bands from the highest dilution
steps of α-Proteobacteria, 3 β-Proteobacteria and 2
Actinobacteria exhibited sequence similarities of >97%
to bands from the corresponding natural undiluted
sample (Table 2). Further, 10 isolates of α-Proteobac-
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Table 1. Sequences obtained from DGGE analyses of dilution cultures (DC) from the Weser estuary, showing band designation, dilution step,
accession number (Acc. no.), number of base pairs, phylogenetic affiliation, closest relatives according to BLAST search, and sequence similar-
ity. Sequence designation is: DC (dilution culture) following by month of sampling in 1999 (5 = May; 8 = August; 11 = November)—
estuarine section (0 = limnetic; 48/50/51 = turbidity maximum/brackish; 80 = marine)—number of excised band. Flavo: Flavobacteria/

Sphingobacteria; Uncult.; uncultured

Sequence Acc. no. n (bp) Affiliation Closest relatives (Acc. no.) Similarity
(dilution) (%)

DC 5-0-1 (D7) AY145574 512 Actinobacteria Actinomycetales clone ACK-M1 (U85190), uncult. 98, 94
actinobacterium WB5-41 (AF497875)

DC 5-0-2 (D7) AY145575 503 Actinobacteria Uncult. actinobacterium WL5-10 (AF497893), Crater Lake 96, 94
clone CL500-95 (AF316665)

DC 5-0-3 (D7) AY145576 512 Actinobacteria Uncult. bacterium FukuN30 (AJ289996), uncult. actinobacterium 98, 96
WL11-2 (AF497897)

DC 5-0-4 (D7) AY145577 508 α-Proteobacteria Uncult. α-proteobacterium WL5-15 (AF497880), 100, 100
Brevundimonas sp. (AJ227794)

DC 5-0-5 (D7) AY145578 506 Flavo Unidentified cytophagales clone LD30 (AJ007874) 91
DC 5-0-6 (D6) AY145579 523 α-Proteobacteria Uncult. clone HP1B64 (AF502217), ‘Paracoccus kawasakiensis’ 97, 97

(AB041770)
DC 5-0-7 (D6) AY145580 486 β-Proteobacteria Uncult. β-proteobacterium WL11-5 (AF497889), uncult. 97, 97

β-proteobacterium ESR 9 (AF268293)
DC 5-0-8 (D6) AY145581 527 β-Proteobacteria Uncult. β-proteobacterium WL5-9 (AF497885), Aquaspirillum 99, 97

delicatum (AF078756)
DC 5-50-1 (D8) AY145582 1395 α-Proteobacteria Rhodobacter sp. TCRI2  (AB017798), Rhodobacter capsulatus 96, 96

(D16428)
DC 5-50-8 (D5) AY145583 504 Flavo Uncult. Cytophagales ESR 2 (AF268286) 95
DC 5-50-11 (D5) AY145584 504 β-Proteobacteria Uncult. β-proteobacterium WL5-9 (AF497885), uncult. bacterium 99, 98

GKS2-122 (AJ290026)
DC 5-50-12 (D5) AY145585 490 α-Proteobacteria Sphingomonas sp. MBIC3020 (AB025279) 97
DC 5-50-13 (D5) AY145586 490 α-Proteobacteria Sphingomonas sp. MBIC3020 (AB025279) 97

Fig. 1. Cultivation efficiencies (with 95% confidence inter-
vals) in limnetic (L), brackish (B) and marine (M) dilution
series in May, August and November 1999 in the Weser estu-
ary, showing most probable number (MPN) values as percent
of DAPI cell counts. MPNcorr: values corrected according to

Salama (Klee 1993)
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Table 1 (continued)

Sequence Acc. no. n (bp) Affiliation Closest relatives (Acc. no.) Similarity
(dilution) (%)

DC 5-80-1 (D6) AY145587 456 α-Proteobacteria Uncult. α-proteobacterium MB12F11 (AY033316), Sinorhizobium sp. 97, 89
DY11 (AF298836)

DC 5-80-2 (D6) AY145588 523 α-Proteobacteria Uncult. Roseobacter NAC11-3 (AF245632), uncult. α-proteobacteria 99, 99
WM11-37 (AF497861)

DC 5-80-3 (D6) AY145589 1390 α-Proteobacteria Uncult. Roseobacter NAC11-3 (AF245632) 99
DC 5-80-4 (D6) AY145590 511 α-Proteobacteria Uncult. Roseobacter NAC11-3 (AF245632), uncult. α-proteobacteria 100, 100

WM11-37 (AF497861)
DC 5-80-5 (D5) AY145591 523 α-Proteobacteria Sphingomonas sp. Ant17 (AF184222), Sphingomonas sp. MBIC3020 99, 99

(AB025279)
DC 5-80-6 (D5) AY145592 522 α-Proteobacteria Sinorhizobium xinjiangensis (AF250355) 94
DC 5-80-7 (D5) AY145593 523 α-Proteobacteria Marine bacterium SCRIPPS_101 (AF359537) 99
DC 5-80-8 (D5) AY145594 537 α-Proteobacteria Marine α-proteobacterium AS-21 (AJ391182), Roseobacter sp. 100, 99

KT0202a (AF305498)
DC 8-0-1 (D7) AY145595 347 α-Proteobacteria Uncult. α-proteobacterium WL11-11 (AF497882), α-proteobacterium 99, 98

F0813 (AF235997)
DC 8-0-2 (D6) AY145596 391 α-Proteobacteria Uncult. bacterium BUG-236 (AJ344203), Mesorhizobium sp. Lo7-12 99, 93

(AF410897)
DC 8-0-3 (D5) AY145597 360 Flavo Uncult. CFB group bacterium TAF-A67 (AY038748), Flavobacterium 98, 97

aquatile (M62797)
DC 8-0-5 (D5) AY145629 290 α-Proteobacteria Uncult. clone HP1B39 (AF502216), ‘Paracoccus kawasakiensis ’ 96, 96

(AB041770)
DC 8-48-1 (D9) AY145598 1410 α-Proteobacteria Uncult. bacterium clone HTH6 (AF418965), bacterial isolate 99, 99

LD12 (Z99997)
DC 8-48-2 (D6) AY145599 537 Flavo Rhizosphere soil bacterium clone RSC-II-66 (AJ252690) 97
DC 8-80-0 (D6) AY145600 510 α-Proteobacteria Marine α-proteobacterium AS-21 (AJ391182), Roseobacter sp. 99, 98

KT0202a (AF305498)
DC 8-80-1 (D6) AY145601 1416 γ-Proteobacteria Uncult. proteobacterium C1_B045 (AF420370), AF094723 92, 90

Pseudomonas chlororaphis
DC 8-80-3 (D5) AY145602 522 α-Proteobacteria Uncult. α-proteobacterium 128-27L (AF473921) 97
DC 8-80-4 (D5) AY145603 523 α-Proteobacteria Uncult. α-proteobacterium 128-27L (AF473921) 98
DC 8-80-6 (D5) AY145604 463 β-Proteobacteria Obligately oligotrophic bacteria PO (AB022337), Methylophilus 98, 94

methylotrophus (L15475)
DC 11-0-1 (D7) AY145605 546 β-Proteobacteria Uncult. freshwater bacterium LD17 (Z99998), Polynucleobacter 98, 96

necessarius (X93019)
DC 11-0-2 (D7) AY145606 1455 β-Proteobacteria Uncult. bacterium FukuN33 (AJ289997), uncult. freshwater 97, 98

bacterium LD17 (Z99998)
DC 11-0-6 (D6) AY145607 529 Actinobacteria Uncult. actinobacterium WL5-10 (AF497893), Crater Lake clone 99, 97

CL500-95 (AF316665)
DC 11-0-7 (D6) AY145608 529 Actinobacteria Uncult. actinobacterium WB5-48 (AF497875), uncult. firmicute 98, 98

ESR 12 (AF268296)
DC 11-0-8a (D6) AY145609 546 β-Proteobacteria Uncult. β-proteobacterium WL11-5 (AF497889), uncult. bacterium 99, 98

GKS2-122 (AJ290026)
DC 11-0-8b (D6) AY145610 543 β-Proteobacteria Uncult. bacterium clone RB7C8 (AF407386), Variovorax sp. 98, 96

HAB-30 (AB051691)
DC 11-0-9 (D6) AY145611 548 β-Proteobacteria Uncult. eubacterium clone FBR-E (AJ319679), Aquaspirillum 98, 97

delicatum (AF078756)
DC 11-0-15 (D7) AY145612 529 Actinobacteria Uncult. actinobacterium WB5-42 (AF497876), Crater Lake clone 99, 98

CL500-95 (AF316665)
DC 11-0-17 (D7) AY145613 550 β-Proteobacteria L15475 Methylophilus methylotrophus 97
DC 11-0-22 (V0) AY145614 541 β-Proteobacteria β-proteobacterium A0637 (AF236004), Variovorax sp. 98, 97

HAB-30 (AB051691)
DC 11-51-0 (D8) AY145615 1457 β-Proteobacteria Uncult. bacterium clone RB13C10 (AF407413), Rhodoferax 98, 96

antarcticus (AF084947)
DC 11-51-1 (D6) AY145616 522 Actinobacteria Uncult. bacterium LES-171 (AJ344205), Actinomyces sp. TM213 99, 89

(X92705)
DC 11-51-2 (D6) AY145617 522 α-Proteobacteria Methylosinus trichosporium (AJ458482), Methylosinus sp. LW8 95, 94

(AY007294)
DC 11-51-4 (D6) AY145618 493 β-Proteobacteria Uncult. eubacterium WD291 (AJ292624), Acidovorax konjaci 98, 97

(AF137507)
DC 11-51-7 (D6) AY145619 548 β-Proteobacteria Uncult. clone BIci31 (AJ318113), Methylophilus leisingerii (AF250333) 98, 94
DC 11-51-8 (D6) AY145620 542 Flavo Uncult. CFB group bacterium GC1 (AF423372), Microscilla 93, 87

furvescens (M58792)
DC 11-51-10 (D5) AY145621 424 α-Proteobacteria Uncult. marine α-proteobacterium N-62 (AJ298358) 94
DC 11-51-11 (D5) AY145622 514 β-Proteobacteria Hydrogenophaga pseudoflava (AF078770), uncult. β-proteobacterium 95, 94

WB8-10B (AF497871)
DC 11-51-14 (D5) AY145623 364 β-Proteobacteria β-proteobacterium JS666 (AF408397), uncult. β-proteobacterium 94, 94

WB8-10B (AF497871)
DC 11-80-1 (D6) AY145624 523 α-Proteobacteria Uncult. α-proteobacterium WM11-37 (AF245632), uncult. 99, 99

Roseobacter NAC11-3 (AF245632)
DC 11-80-2 (D6) AY145625 1390 α-Proteobacteria Uncult. Roseobacter NAC11-3 (AF245632) 99 
DC 11-80-3 (D6) AY145626 377 β-Proteobacteria Uncul. marine bacterium ZD0202 (AJ400339), Methylophilus 97, 96

leisingerii (AF250333)
DC 11-80-5 (D6) AY145627 479 α-Proteobacteria Uncult. α-proteobacterium WM11-37 (AF245632), uncult. 100, 100

Roseobacter NAC11-3 (AF245632)
DC 11-80-6 (D6) AY145628 330 α-Proteobacteria Uncult. α-proteobacterium WM11-37 (AF245632), uncult. 100, 100

Roseobacter NAC11-3 (AF245632)
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teria and 2 of β-Proteobacteria exhibited sequence
similarities of >97% to bands of the highest dilution
steps and/or bands from natural undiluted samples
(Table 2). Bands from the natural undiluted samples

published in Selje & Simon (2003) are designated
WL–month–band no. (limnetic), WB–month–band no.
(brackish) and WM–month–band no. (marine) in
Tables and Fig. 4.

Over the entire study period, we ran a negative con-
trol at every extraction procedure. Examining this con-
trol without any template by PCR, in only 1 case did we
detect a contamination which showed 97% similarity
to Microbacterium sp. (AB04207) (Takeuchi & Hatano
1998). Only 1 DGGE band from our natural samples
also affiliated with Microbacterium sp., which, there-
fore, may represent a contamination in the PCR or
extraction reagents.

Bacterial growth on algal extracts and 
solid/liquid media

No differences in the composition of bacterial com-
munities growing on the 2 algal substrates were
detected by the DGGE patterns (Fig. 3). In contrast,
pronounced differences occurred between the bacter-
ial communities growing in the enrichments on solid
and liquid media. These differences were substanti-
ated by cluster analysis, which also showed that the
evolved communities in the liquid and on the solid
media were distinctly different from the sample used
as inoculum. Communities in the liquid media clus-
tered even closer than the 2 standards.

Phylogenetic analysis

α-Proteobacteria

We identified 5 clusters with closely related sequences
retrieved from DGGE bands of the original water
samples, the higher dilution steps and from isolates
(Fig. 4A, Tables 1 & 3). Of these, 2 clusters contain
sequences of limnetic origin, 1 sequences of only
brackish origin, 1 sequences of only marine origin,
and 1 sequences of both limnetic and brackish origin;
1 limnetic cluster comprising Brevundimonas alba
(AF296688) as validated species was defined by Zwart
et al. (2002) and Glöckner et al. (2000) as the B. inter-
media and alphaII cluster, respectively. Similarities of
the sequences within this cluster are at least 98% (Iso-
lates AP2 and AP3, with 591 bp overlapping) and even
a 100% match for DGGE Band WL5-4 and Dilution
Culture Band DC 5-0-4, both retrieved in May (510 bp
overlapping). The other limnetic cluster (matching
cluster GOBB3-C201 of Zwart et al. 2002) shows a sim-
ilarity of roughly 95% to the closest described species
Sphingopyxis witflariensis and includes 2 other yet
undescribed strains, 1 isolated from the Öre river
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Fig. 2. DGGE analysis of 1 series of increasing dilution steps (D1
= 10–1 to D8 = 10–8) of dilution series in (A) limnetic, (B) brackish
and (C) marine media in May 1999 in the Weser estuary. Bands
on right are original undiluted samples of fractions of free-living
(FL) and particle-associated bacteria (PA). S: standard; x: band
extinct in dilution steps <D4. Band numbers refer to sequences in
Table 1 & Fig. 4; dashed lines indicate bands of the undiluted

samples that matched those in the dilution cultures (DC)

B 

A

C
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estuary in northern Sweden (AF321036) (Kisand et
al. 2002) and Strain F0813 (AF235997, submitted by
Mitsutani et al. directly to GenBank). Similarities of
retrieved sequences within Cluster GOBB3-C201 are
at least 93% (Isolate AP9-1 and DGGE Band WL8-22B,
with 492 bp overlapping).

The cluster with sequences of limnetic as well as
brackish origin belongs to the Rhodobacter-group.
Sequences obtained in limnetic natural samples but
also in the highest dilution step (10–8) in the brackish
medium (DC8-0-5, DC5-0-6, DC5-50-1) in May show
more than 99% similarity and are most closely (96%)
related to R. capsulatus (D16428). The sequences of
brackish origin of the DGGE bands from the natural
sample and the highest dilution step (10–9) in August
affiliate with the freshwater SAR11 cluster (Bahr et al.

1996), named LD12 by Zwart et al. (2002), and are
similar to the alphaV cluster of Glöckner et al. (2000).

In the marine section, we repeatedly found almost
identical clones (≥99%) affiliating with the Roseobacter
clade and with uncultured Roseobacter NAC11-3
(Gonzalez et al. 2000) as the next known sequence.
These clones were detected in May and November
1999 in all parallels of the highest dilution step in
which growth occurred (Table 1, Fig. 4A). Sequences
of this closely related cluster, which was designated
Roseobacter-clade affiliated cluster (RCA, Selje et al.
2004), were also obtained from the most intense band
in the DGGE profiles from the undiluted samples of all
sampling dates (Selje & Simon 2003).

In addition, quite a few sequences of the Roseobacter
clade were retrieved from DGGE bands of various nat-
ural samples (Selje & Simon 2003) and higher dilution
steps (Table 1). However, only 2 isolates affiliated with
this clade (Table 3): AP27 was isolated from the 10–6

dilution culture in May, which exhibited a prominent
DGGE band with an identical sequence (523 bp over-
lapping). In August, an almost identical sequence was
detected in the 10–6 dilution culture also (99% identity,
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Fig. 3. (A) Inverted DGGE pattern and (B) cluster analysis of
bacterial communities from Dilution Step 10–3 (D3) of a dilu-
tion culture from May 1999 and from enrichment cultures on
solid, S (DS, SS), and liquid, L (DL, SL), media inoculated
with D3. Enrichments were extracts from diatoms (D) or
Scenedesmus sp. (S). S1, S2: standard 1, standard 2. Band
designations as in Table 4. Cluster analysis was based on
Pearson correlation and UPGMA. Numbers in dendrogram 

indicate calculated cophenetic correlations

Table 2. Isolates, sequences of bands from highest dilution
steps (Dil) of dilution cultures and clone sequences of respec-
tive undiluted natural samples from limnetic (WL), brackish
(WB) and marine (WM) section of the Weser estuary with se-
quence similarities of >97%. Sequences of dilution cultures
as in Table 1. Clone sequences of undiluted natural samples
were adopted from a previous study (Selje & Simon 2003).
First numbers of clone sequence (DC, WL, WB, WM) indicate
month of sampling. Accession no. as in Tables 1, 3 & 4 and

Fig. 4. nd: not detected

Isolate Dilution culture Undiluted
Sequence Dil Origin sample

α-Proteobacteria
nd DC 5-80-2 D6 Marine WM5-49

DC11-80-1 D6 Marine WM8-15
DC5-80-3 D6 Marine WM11-37
DC11-80-2 D6 Marine WB11-28
DC5-80-4 D6 Marine
DC11-80-5 D6 Marine
DC11-80-6 D6 Marine

nd DC5-50-1 D8 Brackish WL5-5
WL5-16

nd DC8-48-1 D9 Brackish WB8-12
AP27 DC5-80-8 D5 Marine nd

DC8-80-0 D6 Marine
AP20 DC5-80-6 D5 Marine nd
AP21
AP1 DC5-0-4 D7 Limnetic WL5-4
AP2 WL5-15
AP3
AP6 DC8-0-1 D7 Limnetic WL8-22B
AP8 WL11-11
AP10
AP9-2 DC5-80-5 D5 Marine nd

β-Proteobacteria
BP1 DC5-0-7 D6 Limnetic nd
BP2
nd DC11-0-8a D6 Limnetic WL11-5
nd DC5-50-11 D5 Brackish WL5-9
nd DC11-51-0 D8 Brackish WB8-11

WB5-38B
Actinobacteria

nd DC11-0-7 D6 Limnetic WB5-41
nd DC11-0-15 D7 Limnetic WL5-10

B 

A



Uncult. Roseobacter NAC11-3 (AF245632)
 Uncult. Roseobacter sp. (AF353235)

 WM5-49 (AF497859), WM8-15 (AF497860), WM11-37 (AF497861)
 WB11-28 (AF497867)

 DC 5-80-4 (M), DC11-80-5 (M), DC11-80-6 (M)
Octadecabacter antarcticus (U14583)

 Isolate AP26 
Marine alpha Proteobacterium AS-11 (AJ391174)

Leisingera methylohalidivorans (AY005463)
Roseobacter gallaeciensis (Y13244)

Marine alpha Proteobacterium AS-21 (AJ391182)
Roseobacter sp. KT0202a (AF305498)

 Isolate AP27
 DC 5-80-8 (M)

 DC 8-80-0 (M)
CVSP bacterium CV919-312 (AF114484)

 DC 8-80-4 (M)
 DC 8-80-3 (M)

 DC 5-80-7 (M)
Sulfitobacter pontiacus (Y13155)

Sulfitobacter mediterraneus (Y17387)

 WM8-14 (AF497863), WM11-36 (AF497864)
Uncult. Proteobacterium EBAC36F02 (AF268234)

Ruegeria atlantica (D88526)
 Isolate AP15

Paracoccus versutus (AY014174)
Alpha Proteobacterium S-N(0)-2 (AB074724)

Rhodobacter capsulatus (D16428)
 DC 5-50-1 (B)

 WL5-5 (AF497879)
 WL5-16 (AF497881)

 DC 8-0-5 (L)
 DC 5-0-6 (L)

Rhodobacter azotoformans (D70847)
 Isolate AP19

Rhodobacter sphaeroides (X53855)

 DC 8-0-2 (L)
Rhodobium orientum (D30792)

Ochrobactrum anthropi (U88441)
 Isolate AP24

 Isolate AP32
Uncult. alpha Proteobacterium SM2C07 (AF445717)

 Isolate AP34
Hyphomonas polymorpha (AJ227813)

 Isolate AP21
 Isolate AP20

 DC 5-80-6 (M)
 DC 11-51-10 (B)

 Isolate AP16
 Isolate AP12

Unidentified eubacterium clone DA122 (Y12598)

Bradyrhizobium japonicum (S46916)
Afipia felis (AF288310)

 DC 11-51-2 (B)

 DC 5-80-1 (M)
Uncult. alpha Proteobacterium  MB12F11 (AY033316)

Unidentified alpha Proteobacterium OM75 (U70683)

Uncult. alpha Proteobacterium  KEppi19 (AF188166)
 Isolate AP25

 Clone K19
 Uncult. bacterium GKS2-218 (AJ290043)

Acetobacter oboediens (AJ001631)
 Isolate AP70

Methylobacterium fujisawaense (AJ250801)
Brevundimonas alba (AF296688)

 Isolate AP3
Brevundimonas sp. FWC04 (AJ227793)
 Isolate AP2

 Isolate AP1
Uncult. alpha Proteobacterium  OS-123B (AJ311963)
DC 5-0-4 (L), WL5-4 (AF497878), WL5-15 (AF497880)

Caulobacter subvibrioides (X94470)
Brevundimonas bullata (AB023428)

 Isolate AP5

 Isolate AP9-1
 Isolate AP7

 Isolate AP11
Uncult. Proteobacterium  TAF-B60 (AY038700)

 Isolate AP8
 Isolate AP6
 Isolate AP10

Zymomonas sp. GOBB3-C201 (AF321036)

 WL8-22B (AF497883)
 WL11-11 (AF497882)

 DC 8-0-1 (L)
Alpha Proteobacterium F0813 (AF235997)

 DC 5-50-12 (B)
 DC 5-50-13 (B)

 Isolate AP9-2
 DC 5-80-5 (M)

Sphingomonas sp. MBIC3020 (AB025279)
Sphingomonas trueperi (X97776)

 Isolate AP22
Sphingomonas sp. MBIC1965 (AB025720)

Sphingopyxis witflariensis (AJ416410)
 Isolate AP17

Alpha Proteobacterium F06021 (AF235996)
Uncult. bacterium FukuN22 (AJ289994)
 WL5-2 (AF497877)
Novosphingobium hassiacum (AJ416411)

 Isolate AP23
Uncult. bacterium  t008 (AF422583)

 WM11- 40 (AF497862)
Uncult. alpha Proteobacterium  NAC1-3 (AF245616)

 WM6-1 (AF497866)
Uncult. alpha Proteobacterium MB11F01  (AY033309)

clone SAR11 (X52172)
 DC 8-48-1 (B)

Unidentified clone LD12 (Z99997)
Uncult. Crater Lake bacter ium (AF316787)

 WB8-12 (AF497865)

0.1

 Isolate AP33

Porphyrobacter sp. KK351 (AB033326)
Alpha Proteobacterium 15s.b.  (AJ271042)
 Isolate AP18

Erythrobacter longus (M55493)
 WL11-6 (AF497884)

SAR11

GOBB3-C201

 Brevundimonas intermedia

RCA

Roseobacter 
clade

 DC 5-80-2 (M)
 DC 11-80-1 (M)

DC5-80-3 (M)
DC11-80-2 (M)

LD12

Hyphomicrobium vulgare (Y14302)
Uncult. sludge bacterium A39 (AF234724)

Brevundimonas intermedia (AJ007802)
Uncult. eubacterium isolate 4-8 (AJ222832)

Rhodobacter
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Fig. 4. Phylogenetic trees of Weser estuary sequences and
clones (boldface) of dilution cultures (DC) from May, Au-
gust and November 1999, isolates, clones from enrich-
ment cultures and bands obtained from DGGE analyses
of undiluted natural samples from limnetic (WL), brackish
(WB) and marine (WM) sections. Clone sequences of
undiluted natural samples were adopted from a previous
study (Selje & Simon 2003). (L), (B), and (M) after DC
identifications indicate limnetic, brackish and marine
origin of the dilution culture samples, respectively.

(A) α-Proteobacteria with
selected clusters; (B) β-Pro-
teobacteria with selected
clusters; (C) γ-Proteobacte-
ria; (D) Flavobacteria/
Sphingobacteria group
of Bacteroidetes phylum;
(E) Gram-positive bacteria
including Actinobacteria
and Bacillales. Backbone
tree based on maximum
likelihood analysis was
constructed with almost
complete (>1300 nucleo-
tides) sequences. Align-
ment positions at which
<50% of the correspond-
ing sequences had the
same residues were ex-
cluded. Sequences shorter
than 1300 nucleotides
were added with maxi-
mum parsimony using
the same filter. For acces-
sion numbers of sequences
obtained in this study see 

Tables 1, 3 & 4

A. alpha-Proteobacteria
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 Isolate BP1
 Isolate BP1b

Uncult. beta Proteobacterium ESR9 (AF268293)
 Isolate BP8

 Clone K15
 DC 5-0-7 (L)

Uncult. bacterium GKS2-122 (AJ290026)
Aquaspirillum sp. GOBB3-215 (AF321032)

 WL11-5 (AF497889)
 DC 11-0-8a (L)

 WL5-9 (AF497885), DC 5-0-8 (L)
 Clone K16

 DC 5-50-11 (B)
 Uncult. beta Proteobacterium  08 (AF361193)

 Unidentified Proteobacterium arc53 (U76105)
Rhodoferax sp. BAL47 (U63961)
Uncult. bacterium FukuN55 (AJ289999)

Acidovorax facilis (AJ420324)
Acidovorax sp. UFZ-B530 (AF235013)

Unidentified bacterium (Z93960)
 WL11-3 (AF497888)

Comamonas sp. (AJ002803)

 Isolate BP6
Hydrogenophaga taeniospiralis (AF078768)

 Clone K17
Hydrogenophaga palleronii (AF019073)

 DC 11-51-14 (B)
 DC 11-51-11 (B)

Uncult. beta Proteobacterium  OM180 (U70707)
 DC 11-51-0 (B)

 WB8-11 (AF497872)
 WB5-38B (AF497869)

Uncult. beta Proteobacterium CIBAC-6  (AJ239994)
Rhodoferax antarcticus (AF0849479

Rhodoferax fermentans (D16211)
Beta Proteobacterium A0637 (AF236004)

 WB8-10B (AF497871)
 WB8-10 (AF497870)

 DC 11-0-8b (L)
Uncult. Bacterium RB7C8 (AF407386)

 DC 11-0-9 (L)
 DC 11-0-22 (L)

 Clone group A62l (X91485)
Aquaspirillum delicatum (AF078756)

 DC 11-51-4 (B)
Uncult. eubacterium WD291 (AJ292624)

Variovorax paradoxus (D30793)

Uncult. bacterium FukuN33 (AJ289997)
Polynucleobacter necessarius (X93019)

 WL8-0 (AF497887)
Uncult. beta Proteobacterium 27 (AF361194)

 Uncult. freshwater bacterium LD17 (Z99998)
 DC 11-0-2 (L)
 DC 11-0-1 (L)

Ultramicrobacterium str. MY14 (AB008503)
 Clone K13

Herbaspirillum seropedicae (Y10146)

Methylophilus methylotrophus (L15475)
Methylophilus leisingerii (AF250333)

 DC 11-0-17 (L)
 DC 11-80-3 (M)

Unidentified beta Proteobacterium OM44  (U70704)

 DC 8-80-6 (M)
Obligately oligotrophic bacterium (AB022337)

Unidentified beta Proteobacterium ACK-C30 (U85120)

 Isolate BP5
Beta Proteobacterium clone PRD01a011B (AF289159)

 DC 11-51-7 (B)
Uncult. beta Proteobacterium BIci31 (AJ318113)

Uncult. beta Proteobacterium BIqi38 (AJ318162)
 WL8-23 (AF497886)

 Clone group G7 (X91178)

0.01

Rhodoferax sp. BAL47

beta I

Polynucleobacter 
necessarius

LD28

B. beta-Proteobacteria
(Fig. 4 continued)

Uncult. beta Proteobacterium clone CR-FL23 (AF141405)

Uncult. freshwater bacterium LD28 (Z99999)

Uncult. beta Proteobacterium clone CR-FL21 (Af141403)

Methylophilus

B. beta-Proteobacteria
(Fig. 4 continued)
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509 bp overlapping). These sequences were related
most closely to strains isolated from the Adriatic Sea
(AJ391182, Fajon et al. direct submission to GenBank)
and the North Sea (AF305498, Eilers et al. 2001). Our
isolate AP26 is also related most closely to a strain
isolated from the Adriatic Sea (AJ391174, Fajon et al.
direct submission to GenBank).

β-Proteobacteria

Most of the retrieved sequences of β-Proteobacteria
fell into the betaI cluster of Glöckner et al. (2000). The
sequences which occurred most frequently affiliated

with a distinct subcluster, the Rhodoferax sp. BAL47
cluster described by Zwart et al. (2002; Fig. 4B,
Tables 1 & 3). They were most closely related
(96 to 97% similarity) to Aquaspirillum delicatum
(AF078756) as next validly described species. Of the 2
almost full-length 16S rRNA gene sequences retrieved
from this group, 1 was obtained from the inoculum of
the brackish section in November 1999 and affiliated
with the betaI cluster as well, but with Rhodoferax
antarcticus as the closest described isolated strain. The
corresponding DGGE band was also detected in the
brackish samples in May and August (Table 2). The
other almost full-length sequence was retrieved from a
limnetic culture in November 1999 and affiliated with
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Pseudomonas sp. CM10-2 (AF380370)
Pseudomonas fluorescens (AF336352)

 Clone K1
 Clone K8

Pseudomonas migulae (AY047218)
Pseudomonas mandelii (AF0582869

Pseudomonas sp. J1 (AF195877)
 Clone K7

 Clone K11
 Clone K10

Curacaobacter baltica (AJ002006)
 Clone K12

Vibrio vulnificus (X76333)
 DC 8 -80-1 (M)

Uncult. gamma Proteobacterium Sva0071 (AJ240986) 0.01

C. gamma-Proteobacteria
(Fig. 4 continued)

Uncult. bacterium BS3 (AF087055)
 Isolate CF1

 DC 8-0-3 (L)
Flavobacterium aquatile (M28236 M62797)

Myroides odoratus (M58777)
 WL11-16 (AF497892)

 WL5-12 (AF497890)
Uncult. Cytophagales ESR 4 (AF268288)

Uncult. marine bacterium BY-71 (AJ298380)
 WL8-22 (AF497891)

 Marine Eubacterial sp. (L10946)
 Clone K5

Uncult. bacterium KF-Gitt2-34 (AJ295641)
Sphingobacterium heparinum (M11657)
Sphingobacterium thalpophilum (M58779)
 WB8-5 (AF497874)

Uncult. CFB group bacterium kpj431f (AF195443)
Uncult. bacterium BUG-219 (AJ344202)

 Bacterium clone Ebpr3 (AF255636)
 Clone K2

Flavobacterium ferrugineum (M28237 M62798)
Flexibacter elegans (M58782)
Unidentified Cytophagales LD30 (AJ007874)
 DC 5-0-5 (L)

Uncult. Cytophagales clone 13 (AF361196)
Clone LCo70 (AF337206)

 WB5-37 (AF497873      
Cyclobacterium marinus (M27801 M62788)

Uncult. CFB group bacterium DGGE band L1 (AF423365)
 DC 11-51-8 (B)

 DC 8-48-2 (B)
Hymenobacter roseosalivarius (Y18833)

 Clone K4
 DC 5-50-8 (B)

Uncult. Cytophagales ESR 2 (AF268286)
Flexibacter litoralis (M58784)

0.05

D. Flavobacteria/Sphingobacteria
(Fig. 4 continued)

C. gamma-Proteobacteria
(Fig. 4 continued)

D. Flavobacteria/Sphingobacteria
(Fig. 4 continued)
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the Polynucleobacter necessarius cluster (Zwart et al.
2002). A related sequence was also detected in the lim-
netic section of the estuary in August.

Even though most of the sequences affiliated with β-
Proteobacteria were retrieved from the limnetic or
brackish section and dilution cultures, 2 DGGE bands
were retrieved from marine dilution cultures (DC8-08-
6, DC11-80-3), indicating that some β-Proteobacteria
are able to grow at salinities up to 28. The next related
sequences were a clone retrieved from the coastal
picoplankton of Cape Hatteras, USA (U70704, Rappé
et al. 1997) and an obligately oligotrophic strain iso-
lated by Katanozaka & Yoshinaga (AB022337, Gen-
Bank, direct submission), respectively. One limnetic

sequence (DC11-0-17) clustered closely together with
these marine sequences. As this cluster includes
Methylophilus methylophilus, we propose calling it
‘Methylophilus cluster’.

γ-Proteobacteria

Only 1 sequence of the higher dilution cultures
(DC8-80-1) and no isolate and clone of natural samples
affiliated with γ-Proteobacteria. However, we obtained
quite a few sequences affiliating with this phyloge-
netic group and closely related to Pseudomonas sp.
and Curaçaobacter baltica in the enrichments on solid
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 WB5-41 (AF497875)
Uncult. firmicute ESR 12  (AF268296)

 DC 11-0-7 (L)
Uncult. Crater Lake bacterium (AF316665)

 WL11-2 (AF497897)
 DC 11-0-6 (L)

 DC 11-0-15 (L)
 WL5-10 (AF497893)

Uncult. bacterium DGGE-3 (AF311997)
 WL8-1 (AF497896)

 DC 5-0-2 (L)
Uncult. bacterium GKS2-103 (AJ290024)

Uncult. bacterium FukuN30 (AJ289996)
Unident. clone ACK-M1 (U85190)

 DC 5-0-1 (L)
 DC 5-0-3 (L)

Geodermatophilus obscurus (X92356)
Sporichthya polymorpha (X72377)

Microbacterium sp. VKM Ac-1781 (AB042072)
 Contamination

 Microbacterium lacticum (X77441)
 WL5-18 (AF497895)

Agrococcus jenensis (X92492)
 Isolate GP8

Rathayibacter rathayi  (X77439)
 Isolate GP6

 Isolate GP5
Unident. bacterium strain rJ7 (AB021325)

Streptomyces griseoruber (AY094585)
Janibacter limosus (Y08539)

 Isolate GP3
Cand. Nostocoida limicola (Y14597)

Nocardioides sp. OS4 (U61298)
 Isolate GP1

Nocardioides plantarum (X69973)
 Isolate GP2

Nocardioides sp. C157 (AF253509)
 Isolate GP7

Gordonia sp. (X92483)
 WL5-17 (AF497894)

Uncult. bacterium CtaxTah-2 (AF259644)
 Uncult. bacterium LES-171 (AJ344205)

Cand. Microthrix parvicella (X82546)
 DC 11-51-1 (B)

Actinomyces sp. TM213 (X92705)
Ferromicrobium acidophilum (AF251436)

 Isolate GP14
 Isolate GP13
Planococcus psychrotoleratus (AF324659)
Planococcus sp. 'SOS Orange' (AF242541)

Bacillus smithii (Z26935)
Bacillus sp. OS-5 (AJ296095)
 Isolate GP40.05

ACK-M1

Actino-
bacteria

Bacillus

E. Gram-positive Bacteria
(Fig. 4 continued)
E. Gram-positive Bacteria

(Fig. 4 continued)
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and liquid media (Table 4). Interestingly, there were
no related sequences found among the bands excised
from the community in the inoculum used (Lane 6 [D3]
in Fig. 3).

Flavobacteria/Sphingobacteria

Bacteria of the Flavobacteria/Sphingobacteria group
were detected less frequently than those of α- and β-
Proteobacteria. Only 5 of the 44 intense and sequenced
bands from the DGGE banding patterns of natural
undiluted samples affiliated with this group, and only
5 of 56 sequences from the dilution cultures and 1 of
the isolates. The latter showed only low (96%) and
decreasing sequence similarity to the next known
sequence (uncultured bacterium AF087055), a band
detected in a dilution culture of August, and to the next
validly described species, Flavobacterium aquatile
(M28236 M62797, 94%, Tables 1 & 3).

Gram-positive bacteria

Within the Gram-positive bacteria, isolates were
obtained from Actinobacteria as well as from the Bacil-
lus group. However, none of the latter sequences
matched any sequence of DGGE bands from the nat-
ural undiluted samples or from the dilution cultures.
All except 1 of these sequences affiliated within Acti-
nobacteria with Cluster ACK-M1 (Zwart et al. 2002),
identical to Cluster hgcI (Glöckner et al. 2000). Tree
construction (Fig. 4E) and calculated distance matrix
values showed Sporotricha polymorpha (X72377) to be
the most closely related species.

Other phylogenetic groups

The growth experiment yielded 2 additional bands
from bacterial groups undetected hitherto in this study.
Clone K21 from the evolved bacterial community in
the 10–3 dilution step affiliated with the Nitrospira
group, and Clone K18 from the liquid medium fell into
the δ-Proteobacteria, with Melittangium boletus
(AJ233908) being the closest relative according to
BLAST results.

DISCUSSION

The aim of this study was to detect abundant
members of the natural bacterial community in the
Weser estuary using a PCR-dependent and a culture
dependent approach, i.e. dilution cultures, and to ob-

tain representative isolates. In a previous study in this
estuary we showed by using the DGGE technique that
along the salinity gradient distinct bacterial communi-
ties exist which partly overlap and undergo seasonal
changes (Selje & Simon 2003). The results of the pre-
sent study show that sequences of the few or single
bands in the high dilution steps and of isolates matched
those of prominent DGGE bands of natural undiluted
samples (Table 2). Hence, our dilution culture ap-
proach with natural sample water as substrate and
diluting out less abundant but faster-growing bacteria,
provided prominent bacteria with favorable growth
conditions.

It has been argued that cloning protocols and dif-
ferent efficiencies in primer annealing may introduce
selective amplification and discrimination against spe-
cific bacterial clusters, thus biasing the validity of clone
libraries and DGGE-based analyses with respect to the
composition of ambient bacterial communities (Rainey
et al. 1994, Cottrell & Kirchman 2000, Bano & Holli-
baugh 2002, O’Sullivan et al. 2002). Therefore, it was
important to validate the PCR-based approach with 1
PCR-independent and 1 culture dependent approach.
The fact that we obtained 16S rRNA gene sequences in
high dilution steps, matching sequences of prominent
DGGE bands of the natural samples, indicated that the
combination of these 2 approaches was successful.
Further, obtaining almost complete 16S rRNA gene
sequences of a single prominent bacterium in the high-
est dilution steps, matching the sequences of promi-
nent DGGE bands of the natural undiluted samples,
made it possible to extend the limited sequence infor-
mation of the 16S rRNA gene fragments generated by
the DGGE approach. Similarly, Bano & Hollibaugh
(2002) extended the limited sequence information of
cloned DGGE bands in a study in the Arctic Ocean.
They compared DGGE banding patterns of 16S rRNA
gene fragments amplified directly with those of almost
full-length clone libraries from the same locations and
thus were able to attribute almost full-length sequences
to prominent DGGE bands.

Currently, studies examining the composition of
ambient natural bacterioplankton communities are
usually not based on culture-dependent methods, but
on the application of PCR-based approaches. To our
knowledge, this is the first study which has examined
the composition of bacterioplankton communities by
the dilution culture technique and subsequent DGGE
analysis, and has found corresponding results in quite
a few cases. The great majority of bacteria growing in
the highest dilution steps affiliated with phylogenetic
clusters of which phylotypes or isolates were found in
other studies from limnetic, brackish and marine envi-
ronments (Giovannoni & Rappé 2000, Glöckner et al.
2000, Bruns et al. 2002, 2003a, Zwart et al. 2002, Hahn
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Table 3. Isolates from the Weser estuary with accession numbers (Acc. no.), dilution step (Dil), medium and estuarine section (Medium), month
in which they were obtained, numbers of base pairs (bp) sequenced, closest relatives according to BLAST search, and sequence similarity

Isolate     (Acc. no.) Dil, Medium, Date bp Closest relative (Acc. no.) Similarity (%)

Gram-positive bacteria
GP-1 (AY145529) 104, marine, August 99 1102 Nocardioides OS4 (U61298) 98
GP-2 (AY145530) 103, brackish, May 99 916 Nocardioides sp. C157 (AF253509) 97
GP-3 (AY145531) 106, brackish, May 00 643 Janibacter limosus (Y08539) 96
GP-4 (AY145532) 108, brackish, May 00 1143 Bacillus sp. OS-5 (AJ296095) 98
GP-5 (AY145533) 107, brackish, August 99 1361 Unidentified bacterium strain rJ7 (AB021325), Sporichthya 

polymorpha (AB025317) 97, 94
GP-6 (AY145534) 106, brackish, August 99 1246 Unident. bacterium strain rJ7 (AB021325), Sporichthya 

brevicatena (AB006164) 96, 92
GP-7 (AY145535) 104, limnetic, August 99 694 Gordona sp. (X92483) 99
GP-8 (AY145536) 107, limnetic, May 99 1074 Agrococcus jenensis (X92492) 98
GP-13 (AY145537) 105, marine, August 99 1385 ‘Planococcus psychrotoleratus’ (AF324659) 99
GP-14 (AY145538) 105, marine, August 99 1422 ‘Planococcus psychrotoleratus’ (AF324659) 99

Flavobacteria/Sphingobacteria
CF-1 (AY145539) 107, limnetic, May 99 1412 Uncultured bacterium BS3 (AF087055), Flavobacterium 

aquatile (M62797 M28236) 96, 94
αα-Proteobacteria
AP-1 (AY145540) 106, brackish, May 99 995 Brevundimonas sp. strain FWC04 (AJ227793) 99
AP-2 (AY145541) 106, limnetic, May 99 1237 Brevundimonas sp. strain FWC04 (AJ227793) 99
AP-3 (AY145542) 107, limnetic, August 99 694 Brevundimonas sp. strain FWC04 (AJ227793) 99
AP-5 (AY145543) 106, limnetic, August 99 1216 Brevundimonas bullata strain: MBIC2745 (AB023428) 97
AP-6 (AY145544) 107, limnetic, August 99 1369 α-proteobacterium F0813 (AF235997), Sphingopyxis witflariensis

(AJ416410) 97, 95
AP-7 (AY145545) 107, limnetic, May 99 1330 α-proteobacterium F0813 (AF235997), Sphingopyxis witflariensis

(AJ416410) 96, 94
AP-8 (AY145546) 107, limnetic, August 99 1357 α-proteobacterium F0813 (AF235997), Sphingopyxis witflariensis

(AJ416410) 97, 95
AP-9-1 (AY145547) 107, limnetic, May 99 1266 α-proteobacterium F0813 (AF235997), Sphingopyxis witflariensis

(AJ416410) 96, 95
AP-9-2 (AY145548) 107, limnetic, May 99 1038 Sphingomonas sp. MBIC3020 (AF025352) 98
AP-10 (AY145549) 107, limnetic, August 99 700 Uncult. clone TAF-B60 (AY038700), Zymomonas sp. GOBB3-C201 

(AF321036) 98, 98
AP-11 (AY145550) 107, limnetic, May 99 695 Uncult. clone TAF-B60 (AY038700), α-proteobacterium F0813 

(AF235997) 99, 96
AP-12 (AY145551) 105, limnetic, August 99 1332 Unidentified clone DA122 (Y12598), Afipia felis (AF288310) 93, 92
AP-15 (AY145552) 109, brackish, August 99 677 Paracoccus versutus (AY014174) 96
AP-16 (AY145553) 105, limnisch, August 99 1265 Unidentified clone DA122 (Y12598), Afipia felis (AF288310) 94, 92
AP-17 (AY145554) 106, limnetic, August 99 670 Blastobacter sp. SMCC B0477 (U20772), Erythromonas ursincola

(AB024289) 94, 94
AP-18 (AY145555) 105, limnetic, August 99 1028 α-proteobacterium strain 15s.b. (AJ271042), Porphyrobacter sp. 

KK351 (AB033326) 99, 99
AP-19 (AY145556) 105, marine, May 99 672 Rhodobacter azotoformans (D70847) 95
AP-20 (AY145557) 105, marine, May 99 900 Ochrobactrum anthropi (AF501340) 92
AP-21 (AY145558) 105, marine, May 99 1381 Uncultured soil bacterium clone 60-2 (AF423281), Mesorhizobium 

amorphae (AF041442) 92, 92
AP-22 (AY145559) 105, marine, May 99 1275 Sphingomonas sp. D16 (AF025352), Sphingomonas sp. MBIC1965 

(AB025720) 94, 94
AP-23 (AY145560) 104, limnetic, August 99 814 Uncult. clone t008 (AF422583), Agrobacterium sanguineum

(AB062105) 98, 86
AP-24 (AY145561) 106, brackish, August 99 681 Ochrobactrum anthropi (U88441) 98
AP-25 (AY145562) 106, marine, August 99 1002 Uncult. α-proteobacterium KEppib19 (AF188166), Azospirillum sp. 

B506 (AB049110) 98, 89
AP-26 (AY145563) 106, brackish, August 99 1340 Marine α-proteobacterium AS-11(AJ391174), Roseobacter 

gallaeciensis (Y13244) 99, 95
AP-27 (AY145564) 106, marine, May 99 1347 Marine α-proteobacterium AS-21 (AJ391182), Roseobacter sp. 

KT0202a (AF305498) 99, 99
AP-32 (AY145565) 106, limnetic, August 99 988 Uncult. α-proteobacterium SM2C07 (AF445717), Hyphomonas 

jannaschiana (AF082789) 99, 97
AP-33 (AY145566) 106, limnetic, August 99 679 Hyphomicrobium vulgare (Y14302), Hyphomicrobium W1-1B

(U59505) 97, 98
AP-34 (AY145567) 106, limnetic, August 99 661 Hyphomonas rosenbergii (AF082795) 98
AP-70 (AY145568) 103, brackish, May 99 968 Methylobacterium fujisawaense (AJ250801) 99

ββ-Proteobacteria
BP –1 (AY145569) 107, limnetic, May 99 1454 Uncult. bacterium GKS2-122 (AJ290026), Aquaspirillum delicatum 

(AF078756) 97, 97
BP-1b (AY145570) 107, limnetic, May 99 1454 Uncult. bacterium GKS2-122 (AJ290026), Aquaspirillum delicatum 

(AF078756) 97, 97
BP-5 (AY145571) 104, limnetic, August 99 1466 Uncult. β-proteobacterium PRD01a011B (AF289159), 

Propionibacter pelophilus (AF016690) 95, 91
BP-6 (AY145572) 103, brackish, May 99 876 Hydrogenophaga taeniospiralis (AF078768) 98
BP-8 (AY145573) 107, limnetic, May 99 728 Uncult. β-proteobacterium 08 (AF361201), Aquaspirillum sp. 

GOBB3-215 (AF321032) 98, 98
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2003). The sequences of α-Proteobacteria affiliated
with 3 well known limnetic and 2 marine clusters,
those of β-Proteobacteria with 3 clusters and Acti-
nobacteria sequences with 1 cluster. Hence, our study
on the basis of this culture dependent approach
yielded a similar composition of the bacterioplankton
communities as studies based on PCR approaches and
thus provides a valuable support for the latter. It fur-
ther demonstrates that these bacteria are in fact active
components of the ambient bacterioplankton com-
munity and can be enriched by the dilution culture
approach.

In addition to the enrichment of highly abundant
bacteria in the highest dilution steps, we obtained a
cultivation efficiency of more than 1.5% and up to 66%
(Fig. 1). Such cultivation efficiencies are significantly
higher than on solid media and are in line with previ-
ous reports applying the same approach without any or
with low nutrient addition, or with addition of only
signal molecules such as cAMP and acetyl homoserine
lactones (Button et al. 1993, Bussmann et al. 2001,
Jaspers et al. 2001, Bruns et al. 2002, 2003a). This
approach also enabled us to isolate bacteria from dilu-
tion steps of 10–6 to 10–9, thus close to dilution steps at
which growth was no longer detected (Table 3). More
than 30% of the isolates had a sequence similarity of
<96% to described species. Usually, limnetic and
brackish samples yielded isolates at higher dilution
steps than marine samples. According to the rationale
of this approach, these isolates are presumed to be
abundant in the original water sample and thus poten-
tially prominent members of the ambient bacterial
community. Supporting evidence is provided by the

fact that in several cases prominent DGGE bands of
these isolates occurred in the original water sample
(Table 2). Also, other studies successfully applied the
MPN approach to isolate abundant planktonic bac-
teria, such as members of the SAR11 clade (Rappé et
al. 2002) and a marine actinobacterium, constituting
1% of bacterial numbers in the German Wadden Sea
(Bruns et al. 2003b).

In quite a few cases we were not able to isolate on
solid media bacteria that were enriched in the highest
dilution steps and occurred as prominent DGGE bands
in the original water sample, e.g. α-Proteobacteria of
the marine RCA cluster, the freshwater SAR11 (LD12)
and ACK-M1 clusters. The marine RCA cluster, with a
sequence similarity of more than 98%, is globally dis-
tributed in temperate to polar oceans but absent from
subtropical and tropical regions (Selje et al. 2004). Bac-
teria of this cluster not only occurred as prominent
DGGE bands, but also constituted 3 to 10% of the
bacterioplankton community in the Weser estuary and
the German Bight, as shown by a quantitative PCR
approach with cluster-specific primers and FISH with
cluster-specific probes (Selje et al. 2004). Possible rea-
sons for the detection of these bacteria in the higher
dilution steps but their failure to as pure culture on
solid media include a continuous dependence on
metabolites from other (micro)organisms which were
missing from the growth medium, a limited capacity of
divisions on the basis of storage products, or the in-
ability to grow on solid media. Bussmann et al. (2001)
found an increased cultivability with the MPN tech-
nique on low (0.06%) compared to higher (0.6%) sub-
strate concentrations, and the bacteria from the former
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Table 4. Phylogenetic affiliation and closest related sequences of clones obtained from dilution step 10–3 (D3) from the dilution
culture of May 1999 and from enrichment cultures inoculated with D3 samples. Enrichments were on media with additions of
extracts from diatoms or Scenedesmus sp. Given are clone identifications, accession numbers (Acc. no.), type of medium or
dilution step (DS: solid medium with diatom extract; SL: liquid medium with Scenedesmus sp. extract), number of base pair (bp), 

closest related sequences and sequence similarity

Clone Acc. no. Medium bp Closest relative (Acc. no.) Similarity (%)

K1 AY146656 DS 546 Pseudomonas sp. CM10-2 (AF380370) 98
K2 AY146657 SL 541 Uncultured bacterium clone Ebpr3 (AF255636) 98
K4 AY146658 D3 542 Uncult. Cytophagales ESR 2 (AF268286) 95
K5 AY146659 D3 541 Uncult. bacterium KF-Gitt2-34 (AJ295641) 98
K7 AY146660 SL 546 Pseudomonas migulae (AY047218) 99
K8 AY146661 SL 546 Pseudomonas fluorescens (AF336352) 98
K10 AY146662 DS 546 Pseudomonas sp. J1 (AF195877) 98
K11 AY146663 SL 546 Pseudomonas sp. J1 (AF195877) 98
K12 AY146664 DS 546 Curacaobacter baltica OS 140 (AJ002006) 96
K13 AY146665 SL 546 Herbaspirillum sp. BA17 (AF364861) 99
K15 AY146666 D3 546 Uncult. β-proteobacterium WL11-5 (AF47889) 99
K16 AY146667 D3 546 Uncult. β-proteobacterium WL5-9 (AF47885) 99
K17 AY146668 DS 548 Hydrogenophaga taeniospiralis (AF078768) 98
K18 AY146669 SL 456 Melittangium boletus, strain Me b8 (AJ233908) 90
K19 AY146670 D3 522 Uncult. bacterium GKS2-218 (AJ290043) 95
K21 AY146671 D3 536 Nitrospira sp. strain RC14 (Y14637) 98
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enrichments were not able to form colonies on solid
agar. Schut et al. (1993) found indications that organic
matter additions to dilution cultures inhibited bacterial
growth. Also in other studies, the MPN approach failed
to isolate abundant planktonic bacteria (Button et al.
1993, Bruns et al. 2002, 2003a). On the other hand,
other isolation approaches using solid media with low
nutrient additions and 0.2 µm filtered samples and
subsequent substrate acclimation recently yielded new
isolates of planktonic bacteria clusters for which previ-
ously only uncultured phylotypes had been known
(Kisand et al. 2002, Hahn 2003, Hahn et al. 2003).

α-Proteobacteria were most prominent among the
sequenced bands of the higher dilution steps and the
isolates: 83% of the bands from the marine samples
(n = 37), 27% of the limnetic and brackish samples (n =
18) and 67% of the isolates in both the marine and
limnetic/brackish samples (n = 44) belonged to this
phylogenetic subclass. β-Proteobacteria constituted
41% of the DGGE bands in the limnetic/brackish sam-
ples, but only 11% of the isolates. Hence, our dilution
culture approach with long incubation times and low
nutrient concentrations seemed to favor the growth of
α-Proteobacteria in particular in limnetic/brackish
samples. Eilers et al. (2001) also found an increased
proportion of marine α-Proteobacteria among colony-
forming bacteria at longer incubation times and at
reduced ammonium and phosphate concentrations
compared to artificial seawater medium.

It is important to point out that this dilution-to-
extinction approach with no extra nutrient addition did
not cause a preferential growth of γ-Proteobacteria, as
we obtained only 1 band in the higher dilution steps
and no isolate of this phylogenetic subclass. A prefer-
ential growth of γ-Proteobacteria in limnetic as well as
in marine samples growing on nutrient-enriched solid
media has often been observed (Wagner et al. 1993,
Eilers et al. 2000a, Fuchs et al. 2000). In the experiment
comparing the growth of bacteria on enriched solid
and in liquid media, however, quite a few sequences
affiliating with γ-Proteobacteria were obtained, in par-
ticular with Pseudomonas sp. and with Curaçaobacter
baltica (Table 4). Interestingly, there were no related
sequences among the bands excised from the DGGE
patterns of the inoculum, indicating that bacteria
developed which did not appear to be abundant under
in situ conditions. Hence, by adding only low amounts
of mixed ‘natural’ substrates and inoculating with a
sample diluted only to 10–3, we already induced a
‘gamma-shift’, not only on the solid, but also in the
liquid medium.

In line with the results of the dilution cultures, we
reported in a previous paper that no γ-Proteobacteria
were among the sequenced bands from the DGGE pro-
files of the original samples from different seasons and

sections of the Weser estuary (Selje & Simon 2003).
This observation may have been due to primer dis-
crimination or because we happened to miss these
bands for excision and subsequent sequence analysis,
suggesting that γ-Proteobacteria were not among the
most intense bands on our DGGE profiles. The culture-
dependent approach may also have discriminated
against this phylogenetic group, or members of this
group could, in fact, be of little significance in the
Weser estuary. In the German Bight of the North Sea
γ-Proteobacteria have been detected by FISH, and
constitute 10 to >20% of the DAPI cell counts; they
thus appear to be a prominent component of the bac-
terioplankton in this area (Eilers et al. 2001).

In the limnetic and brackish section, we detected
β-Proteobacteria in the highest dilution steps which
matched phylotypes in the natural bacterial commu-
nity by DGGE (Table 2). We also obtained isolates from
the subcluster which comprised most of the phylo-
types, Rhodoferax sp. BAL47. From this subcluster,
with which quite a few phylotypes in limnetic systems
affiliate (Glöckner et al. 2000, Zwart et al. 2002), 2
other isolates in addition to ours are known (Pinhassi et
al. 1997, Kisand et al. 2002). In line with many other
studies, these findings indicate that β-Proteobacteria
are important components of the actively growing lim-
netic and brackish bacterioplankton (e.g. Pernthaler et
al. 1998, Glöckner et al. 1999, Zwisler et al. 2003).

We also obtained growth of β-Proteobacteria in high
dilution steps in the marine medium, supporting our
observation in a previous paper that this phylogenetic
group constituted 6% of the DAPI cell counts of the
particle-associated bacteria in the marine section
detected by FISH (Selje & Simon 2003). So far, marine
β-Proteobacteria are known only from a distinct cluster
within the ammonium-oxidizers and from a cluster
closely related to Methylophilus sp. (Rappé et al. 1997,
Phillips et al. 1999). These bacterial groups exhibit a
rather limited substrate spectrum and, therefore, are
presumably not of general significance in marine
carbon cycling. It has been shown that ammonium-
oxidizers affiliating with β-Proteobacteria account for
<1% of total bacteria in limnetic and brackish systems
(Ward et al. 1997). Hence, they are under the detection
limit of DGGE. We assume that for the same reason we
did not detect β-Proteobacteria by DGGE in the natural
samples from the marine section (Selje & Simon 2003).

In the highest dilution steps, only 9% of the clones
affiliated with the Flavobacteria/Sphingobacteria group
and we obtained only 1 isolate. These results appear
surprising because in other studies in marine as well as
in limnetic systems based on FISH and clone libraries
bacteria of this phylogenetic lineage were found to be
more abundant (Böckelmann et al. 2000, Cottrell &
Kirchman 2000, Kirchman 2002, O’Sullivan et al. 2002,
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Kirchman et al. 2003). In the Weser estuary, Flavobac-
teria/Sphingobacteria comprised 14 to 28% of DAPI
cell counts in the particle-associated bacterial commu-
nity, as determined by FISH (Selje & Simon 2003). A
similar discrepancy was found by Böckelmann et al.
(2000), who reported that Flavobacteria/Sphingobac-
teria constituted up to 36% of the DAPI cell counts on
aggregates in the River Elbe, but only 1% among 40
isolates.

There are several possible explanations for the low
numbers and proportions of Flavobacteria/Sphingo-
bacteria, in particular in relation to α-Proteobacteria.
(1) A selective PCR bias, perhaps due to mismatches of
Bacteria-specific primers for the 16S rRNA gene (Cot-
trell & Kirchman 2000, Suzuki et al. 2001, Kirchman et
al. 2003). The application of specific primers for this
bacterial group yielded substantially higher numbers
of phylotypes compared to general bacterial primers
(O’Sullivan et al. 2002, Kirchman et al. 2003, Rink et al.
2003). Further, the copy number of 16S rRNA genes
may affect PCR-amplification. α-Proteobacteria harbor
1 to 4 SSU rRNA genes, Actinobacteria 1 to 6, γ-Proteo-
bacteria 4 to 10 and Rhodothermus marinus (as the
only example of the Flavobacteria/Sphingobacteria
group) harbor 1 (Fogel et al. 1999). (2) Flavobacteria/
Sphingobacteria grew slowly because of unfavorable
growth conditions in the dilution cultures. This argu-
ment, however, holds true only if a PCR-bias occurred
simultaneously, because this group was underrepre-
sented by both methods. Such a dual bias seems
unlikely, since we obtained good agreements with α-
and β-Proteobacteria and Actinobacteria. (3) The rich-
ness of the Flavobacteria/Sphingobacteria group was
rather high, and single phylotypes, therefore, are
below the detection limit of 1% in the DGGE analysis
(Muyzer et al. 1993, Murray et al. 1996) and diluted-
out in the highest dilution steps. In fact, in the German
Wadden Sea, a high diversity within the Flavobacte-
ria/Sphingobacteria group was found by applying
DGGE with primers specific for this group (Rink et al.
2003). The effect of this phenomenon, however, is dif-
ficult to distinguish and separate from a possible PCR
bias. (4) The Flavobacteria/Sphingobacteria group in
the free-living bacterial community is much less abun-
dant than in the particle-associated fraction, which
accounted for 11 and 50% of total cell counts in the
limnetic and brackish sections (Selje & Simon 2003).
Thus, members of this group account for 3 and 8% of
total bacteria plus an unknown fraction in the free-liv-
ing community. Assuming this unknown fraction to be
around 10%, the proportion of this group would be in
the range of 11 to 14% of total bacteria, and thus in the
range of numbers of phylotypes detected by DGGE,
and only slightly higher than detection efficiencies by
the dilution culture approach.

Considering all arguments raised, we assume that
we slightly underestimated the number of phylotypes
in the DGGE and the dilution culture approach due to
primer bias and that the solid media discriminated
against the Flavobacteria/Sphingobacteria group in the
same way as shown for the other phylogenetic groups.

CONCLUSIONS

The combination of a PCR-dependent and the dilu-
tion culture-dependent approach enabled us to show
that in the Weser estuary prominent bacteria were
enriched in and eventually isolated from the highest
dilution steps of the dilution cultures, thus emphasiz-
ing their abundance in situ. The 2 approaches yielded
complementary results and extend previous findings
with molecular techniques, i.e. the bacterioplankton
community in various aquatic systems is dominated by
subclusters of distinct phylogenetic groups. Informa-
tion on these groups is based predominantly on 16S
rRNA gene sequences of phylotypes. Using the dilu-
tion approach with ambient substrates at a low concen-
tration, bacteria of these groups could be enriched and
subsequently isolated. For a more comprehensive
understanding of the biogeochemical role of these bac-
teria, the revelation of their physiology in general and
under in situ conditions is most important. A critical
step was the transfer to solid media, and therefore
several strains, defied isolation. dilution cultures ap-
pear to be suitable for the growth of important mem-
bers of the bacterioplankton, and hence more empha-
sis needs be laid on applying this promising technique.
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