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shown to prevent substrate-accelerated death in starved laboratory cultures (11). Furthermore, extracellular cAMP occurs
in seawater at concentrations between 1 and 35 pM (3). Unlike
Escherichia coli, marine planktonic bacteria express high-affinity uptake systems for cAMP and, despite the low ambient
concentrations, are therefore capable of increasing intracellular cAMP to levels (up to 2.8 M) typical for E. coli and other
prokaryotes (3). The above observations make cAMP a promising candidate for improving the cultivation success of natural
bacterioplankton.
In gram-negative bacteria, N-acyl homoserine lactones are
major autocrine molecular signal molecules which trigger processes as diverse as resuscitation from the lag phase (8), bioluminescence (28), and virulence (46). In contrast, the typical
signal molecules of gram-positive bacteria are posttranslationally processed peptides. Since gram-negative bacteria dominate in the planktonic environment (20), we focused on the
effect of N-acyl homoserine lactones on the cultivation success
of natural bacterioplankton.
In the present study, the influence of cAMP and two different N-acyl homoserine lactones on the cultivation efficiency of
natural bacterial communities was assessed. We chose N-(oxohexanoyl)-DL-homoserine lactone (OHHL), since it represents
the homoserine lactone which is used by the majority of gramnegative bacteria capable of quorum sensing. In addition, we
tested N-(butyryl)-DL-homoserine lactone (BHL), which carries a shorter acyl side chain and therefore is more diffusible
than the other known N-acyl homoserine lactone signal compounds. As a sampling site we selected the Gotland Deep, a
depression in the central Baltic Sea between Latvia and the
Swedish island of Gotland. Because of the pronounced vertical
gradients of its physicochemical parameters, this system provides the opportunity to study very different bacterioplankton
assemblages and sediment bacterial communities at one site.

Generally, only a small fraction of the bacteria present in
natural samples multiply in laboratory media. Thus, the cultivation efficiency for marine bacteria varies between 0.001 and
0.1% of total cell counts for open ocean and coastal environments, respectively (2). However, culture-independent methods like microautoradiography or the direct viable count technique have revealed that up to 50%, and in some cases even
90%, of the bacterial cells may be metabolically active (17, 29,
31).
Possible reasons for the low cultivation success include (i)
cell damage caused by oxidative stress preventing growth (for
instance, by the SOS response mechanism [51]) until repair has
been completed, (ii) the formation of viable but nonculturable,
or dormant, cells, (iii) inhibition by high concentrations of
those substrates which have been exhausted in a previous
growth phase (substrate-accelerated death), (iv) the induction
of lysogenic phages during starvation, and (v) a lack of cell-tocell communication in laboratory media (6). Indeed, the addition of pyruvate or catalase to reduce oxidative stress yields
increased colony counts in some instances (10), and the addition of carbon substrates at only low concentrations increases
the cultivation success (7). Other factors, which potentially
could stimulate the growth of bacteria from natural samples,
have not been explored in a systematic fashion. This is especially true for extracellular signal molecules.
In enterobacteria, cyclic AMP (cAMP) is involved in the
regulation of the majority of genes expressed under starvation
(43), including those coding for high-affinity sugar transport
systems (15). The addition of extracellular cAMP has been

* Corresponding author. Present address: Institut für Genetik und
Mikrobiologie, Ludwig-Maximilians-Universität München, MariaWard-Str. 1a, D-80638 Munich, Germany. Phone: 49-(0)89-2180-6123.
Fax: 49-(0)89-2180-6125. E-mail: j.overmann@lrz.uni-muenchen.de.
3978

Downloaded from http://aem.asm.org/ on September 19, 2019 by guest

The effect of signal molecules on the cultivation efficiency of bacteria from the Gotland Deep in the central
Baltic Sea was investigated. Numbers of cultivated cells were determined by the most-probable-number (MPN)
technique. Artificial brackish water supplemented with different carbon substrates at low concentrations (200
M each) was employed as the growth medium. Compared to the results of previous studies, this approach
yielded significantly higher cultivation efficiencies (up to 11% in fluid media). A further and pronounced
increase in cultivation success was accomplished by the addition of cyclic AMP (cAMP), N-butyryl homoserine
lactone, or N-oxohexanoyl-DL-homoserine lactone at a low concentration of 10 M. The most effective inducer
was cAMP, which led to cultivation efficiencies of up to 100% of total bacterial counts. From the highest positive
dilutions of these latter MPN series, several strains were isolated in pure culture and one strain (G100) was
used to study the physiological effect of cAMP. Dot blot hybridization revealed, however, that strain G100
represented only a small fraction of the total bacterial community. This points towards an inherent limitation
of the MPN approach, which does not necessarily recover abundant species from highly diverse communities.
Bacterial cells of strain G100 that were starved for 6 weeks attained a higher growth rate and a higher biomass
yield when resuscitated in the presence of cAMP instead of AMP.
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Starvation experiments. A preculture of strain G100 was grown for 2 days in
the monomer medium (ABWM). Afterwards, cells were pelleted at 10,000 ⫻ g
for 20 min and the pellet was resuspended in sterile ABW to remove excess
carbon substrates. After a second centrifugation, the supernatant was discarded
and cells were resuspended in a small volume of sterile ABW devoid of carbon
substrates. Subsequently, bacteria were incubated under four different conditions: oxic conditions at room temperature or at 4°C and anoxic conditions at
room temperature or at 4°C. The anoxic ABW was prepared under N2, received
600 M H2S, and was distributed in 100-ml screw-cap bottles in order to ensure
reducing conditions (4).
After 6 weeks of incubation, the starved cells were collected by centrifugation
(20 min at 9,000 ⫻ g) and bacterial pellets were resuspended by using sterile glass
homogenizers. The homogenized cell suspensions were transferred to tubes
containing ABWM supplemented with 10 M cAMP or BHL. Media supplemented with either AMP or butyric acid plus homoserine lactones (10 M each)
served as negative controls. Incubation was carried out at 20°C, and growth was
monitored as the optical density with a Ratio/XR turbidimeter (Hach Company,
Loveland, Colo.). For calibration, cell numbers were determined at regular
intervals by employing DAPI staining and epifluorescence microscopy.
DNA extraction. The remaining 580 l of cell suspensions (see “Isolation of
bacterial strains”) was centrifuged for 30 min at 43,700 ⫻ g at 4°C. DNA was
extracted by a freeze and thaw procedure (24). Cell concentrates of the natural
bacterioplankton which had been obtained by tangential flow were centrifuged
for 30 min at 43,700 ⫻ g and 4°C and then lysed by adding 250 l of lysis buffer
(200 mM Tris-HCl, 50 mM EDTA [pH 8.0]), 0.25 mg of proteinase K, and 25 l
of 20% (wt/vol) sodium dodecyl sulfate (SDS; pH 7.2) to 250 l of cell pellet.
After mixing, samples were incubated for 1 h at 65°C in a water bath and then
centrifuged for 30 min at 12,000 ⫻ g. The samples were extracted with 1 volume
of buffered phenol, then with phenol-chloroform-isoamyl alcohol (25:24:1, vol/
vol/vol), and finally with chloroform. DNA was precipitated by adding 0.1 volume
of sodium acetate (3 M, pH 5.2) and 2.5 volumes of ice-cold ethanol and finally
quantified with the fluorescent dye PicoGreen (Molecular Probes, Eugene,
Oreg.). For DNA extraction of the natural bacterial community in the surface
sediment, 1 cm3 of wet sediment from the surface of a sediment core was
centrifuged at 43,700 ⫻ g and 4°C. The pellet was then treated as described above
for the cell pellets from the water samples.
DNA extraction of pure cultures was done by the freeze and thaw technique.
PCR amplification. Approximately 620-bp-long 16S ribosomal DNA (rDNA)
fragments for denaturing gradient gel electrophoresis (DGGE) analysis were
amplified by using conditions described previously (40) and primer pair GC341f/
907r (38). Each reaction mixture received 1 l of the freeze and thaw DNA
preparations, or 50 ng of genomic DNA in the case of genomic DNA from mixed
bacterial communities.
DGGE analysis. PCR products were applied onto 6% (wt/vol) polyacrylamide
gels which contained a linear gradient of 30 to 70% denaturant (40). Electrophoresis proceeded for 30 min at 50 V, followed by 7 h at 150 V. After staining
with ethidium bromide, gel images were captured with a charge-coupled device
camera (CF 8/1 RCC; KAPPA Messtechnik, Gleichen, Germany) by employing
the image analysis program Image P2 (H⫹K Messsysteme, Berlin, Germany).
DNA bands of interest were excised with a sterile scalpel, and the DNA was
eluted overnight at 4°C in 20 l of sterile double-distilled water. After reamplification, the DNA was purified and quantified.
Cloning. One DGGE band of a natural bacterioplankton community which did
not yield an unambiguous sequence was suspected to contain more than one 16S
rRNA gene sequence. The reamplification products of this band were therefore
ligated into the pGEM-T vector (Promega, Madison, Wis.), and the products
were transformed into competent E. coli JM109 cells (Promega). Ligation and
transformation were performed according to the instructions of the manufacturer. After plating, 15 white colonies were picked at random, and the clones
were subjected to PCR with primers pUC/M13 forward (5⬘-GTT TTC CCA GTC
ACG AC-3⬘) and pUC/M13 reverse (5⬘-CAG GAA ACA GCT ATG AC-3⬘)
(36). Amplification conditions comprised a denaturation at 96°C for 4 min
followed by 30 thermal cycles with the melting temperature set to 95°C for 30 s,
annealing at 50°C for 1 min, and extension at 72°C for 2 min. A final extension
was performed at 72°C for 10 min. The resulting PCR products were reanalyzed
by DGGE, and products with correct melting behavior were finally sequenced.
Sequencing and phylogenetic analysis. The 16S rRNA gene fragments were
sequenced as described previously (25) by using the SequiTherm Excel II DNA
sequencing kit (Epicentre Technologies, Madison, Wis.) and an automated infrared laser fluorescence sequencer Li-Cor Model 4000 (Li-Cor Inc., Lincoln,
Nebr.). The 16S rDNA sequences were compared to the sequences in the GenBank database by using the program BLASTN 2.0 (1), which is available through
the National Center for Biotechnology Information website. Sequences of closely
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Study site. The sampling site was located in the Gotland Deep in the central
Baltic Sea (57°18⬘N, 20°05⬘E). The maximum water depth at this position was
240 m.
Sampling procedure. Samples were obtained between 14 and 17 July 2000
during the cruise of the RV Alexander von Humboldt. Water samples were
collected by means of a rosette sampler (Hydrobios, Altenholz, Germany) connected to a Sea-Brid 911 plus conductivity-temperature-depth profiler (Sea-Brid
Electronics Inc., Bellevue, Wash.). Concentrations of dissolved oxygen were
determined by Winkler titration (22). Based on the vertical stratification pattern
(see Fig. 1A and B), depths of 5, 60, 95, and 200 m were chosen for sampling. A
multicorer (Wuttke, Hamburg, Germany) was used for sampling of the upper 50
cm of the bottom sediment. Microbial biomass for direct DNA extraction was
collected by tangential flow filtration (0.16-m pore size, ProVario 3; Filtron,
Karlstein, Germany).
Total bacterial numbers. Water and sediment samples were fixed in 2%
glutaraldehyde and stored at 4°C. Total cell counts were determined by epifluorescence after staining with 4⬘,6-diamidino-2-phenylindole (DAPI). After fixation, water samples or aliquots of the sediment suspensions were filtered onto
0.1-m-pore-size polycarbonate filters (Nuclepore Track-Etch Membrane;
Whatman, Springfield Mill, United Kingdom). The filters were then stained by
floating on a solution containing 2% (vol/vol) paraformaldehyde, 0.05% (vol/vol)
Triton X-100, and 0.36 g of DAPI ml⫺1 in 0.5⫻ phosphate-buffered saline
(PBS) (1⫻ PBS is 130 mM NaCl and 10 mM sodium phosphate, pH 7.25).
Afterwards, the filters were dried, embedded in DABCO antifading solution (25
mg of 1,4-diazabicyclo[2.2.2]octane in 1 ml of PBS buffer plus 9 ml of glycerol),
and subsequently examined by epifluorescence microscopy (Zeiss Axiolab microscope; filter set, 01; excitation, 365 nm; emission, 397 nm).
Cultivation and determination of most probable numbers (MPN). The artificial brackish water medium (ABW) used for cultivation of heterotrophic bacteria
consisted of 94.7 mM NaCl, 13.6 mM MgCl2 • 6H2O, 2.3 mM CaCl2 • 2H2O, 2.0
mM KCl, 6.4 mM Na2SO4, 2.4 mM NaHCO3, 192 M KBr, 92 M H3BO3, 34
M SrCl2, 92 M NH4Cl, 9 M KH2PO4, and 16 M NaF and was buffered with
10 mM HEPES. The pH was adjusted to 7.3. After autoclaving, 1 ml of trace
element solution SL 10 (52), 1 ml of a selenite-tungstate solution (52), and 10 ml
of a 10-vitamin solution (5) were added per liter of medium. The basal medium
was supplemented with two different substrate mixtures to yield two modifications of the growth medium. The polymer medium, ABWP, contained 0.5 g each
of agarose, starch, laminarin, xylan, and chitin per liter, whereas the monomer
medium, ABWM, contained the 20 amino acids at a final concentration of 100
M and glucose at a final concentration of 200 M.
cAMP (Sigma Chemical Co., St. Louis, Mo.), N-(ketocaproyl)-DL-homoserine
lactone (synonymous with OHHL) (Sigma Chemical Co.), and BHL (Fluka
Chemie AG, Buchs, Switzerland) were added to the ABWP and ABWM media
to a final concentration of 10 M. Basal media (ABWP and ABWM) without
inducers served as controls.
Aliquots of 180 l of growth medium were dispensed into sterile polystyrene
deep-well microtiter plates (Beckman Coulter Inc., Fullerton, Calif.). Directly
after sampling, 20-l subsamples of the water samples, or 20 l of a 1:100
dilution of the surface sediment, were immediately inoculated into five wells of
a microtiter plate. The inoculation of anoxic MPN series was performed in
nitrogen-filled Atmosbags (Aldrich Chemicals, Milwaukee, Wis.). MPN series
were generated in five parallels by 1:10 dilutions in consecutive microtiter wells.
Incubation under anoxic atmosphere was carried out by employing the Anaerocult C mini system (Merck, Darmstadt, Germany). Microtiter plate cultures were
incubated at 15°C for 6 weeks.
Subsequently, bacterial growth was monitored by epifluorescence microscopy.
From each well, a 20-l aliquot was transferred to a well of epoxy-coated slides
(Omnilab, Bremen, Germany), and the samples were allowed to dry at 65°C. A
1.6-l aliquot of a 1:1 mixture of DAPI solution (1 g • ml⫺1) and DABCO (see
above) was added to each slide well, and the slide was covered by a coverslip. The
presence or absence of bacterial cells was monitored for each well, and most
probable cell numbers were calculated by using a computer program (30). The
statistical significance of differences in MPN between samples was calculated
according to the method of Jones (26).
Isolation of bacterial strains. Cells of the highest positive dilutions of each
MPN microtiter plate were collected into one tube, yielding 600 l of total
volume. A 20-l subsample was inoculated into fresh growth medium and incubated for 7 days at 15°C. For isolation of pure cultures of heterotrophic bacteria,
the liquid subcultures were spread onto solid agar media containing both the
polymer mix (agarose, starch, laminarin, xylan, and chitin) and monomer mix (all
20 amino acids and glucose) in the same concentrations as in the liquid media.
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related bacteria were aligned with the aid of the ClustalX program (49). Evolutionary distances were then calculated with the algorithm of Jukes and Cantor
(27), and a phylogenetic tree was constructed by the neighbor-joining method
(42) by using the program MEGA version 2.0 of Kumar et al. (32).
Dot blot hybridization. The abundance of one bacterial isolate obtained from
the highest positive dilutions of MPN series was quantified by employing a dot
blot procedure (12). The 16S rDNA fragments from the natural bacterioplankton
community were amplified by using primers 341f and 907r (38), with an initial
denaturing step at 96°C for 4 min followed by 25 cycles with melting at 94°C for
30 s, annealing at 58°C for 45 s, and extension at 72°C for 1 min and a final
extension at 72°C for 10 min. PCR products were purified with the QIAquick
purification kit (Qiagen), denatured for 10 min at 96°C, and vacuum blotted onto
positively charged nylon membranes (Roche, Mannheim, Germany). For calibration, different amounts of genomic DNA of strain G100 were amplified,
purified, and blotted in parallel. DNA was fixed by baking the membranes at
120°C for 30 min.
A probe for the detection of strain G100 was generated from its genomic DNA
by PCR by using random labeling with digoxigenin (DIG)-11-dUTP (PCR DIG
probe synthesis kit; Roche) and the conditions described above. Membranes
were prehybridized in 8 ml of DIG Easy Hyb buffer (Roche) at 68°C. Hybridization was carried out for 16 h at 68°C in 10 ml of Easy Hyb buffer containing
the denatured G100 probe. After hybridization, the blot was washed twice at
room temperature for 15 min in 2⫻ SSC (1⫻ SSC is 150 mM NaCl plus 15 mM
sodium citrate [pH 7.0]) containing 0.1% SDS, followed by two stringent washing
steps (15 min in 1⫻ SSC and 0.5⫻ SSC plus 0.1% SDS at 85°C). The hybridization signal was detected with the DIG luminescence detection kit (Roche) and
Lumi-Film (Roche) according to the instructions of the manufacturer. For quantification of individual spots, the image was digitized and analyzed by using
ZERO-Dscan software (Scanalytics, Billerica, Mass.).
Sequence accession number and deposition of strain G100. The nearly fulllength 16S rDNA sequence of strain G100 has been submitted to the GenBank
database and deposited under accession number AY043327. Strain G100 has
been deposited at the German Collection of Microorganisms and Cell Cultures
(Deutsche Sammlung von Mikroorganismen und Zellkulturen) under strain
number DSMZ 14993.

RESULTS
Vertical stratification of the water column. The water column of the Gotland Deep was characterized by pronounced
gradients of temperature, salinity, and oxygen concentrations.
The thermocline was located between 27 and 38 m, where
water temperatures decreased from 14 to 4°C (Fig. 1A). Within
the thermocline, chlorophyll concentrations dropped by a factor of 5 (Fig. 1B). A pronounced increase in salinity was detected between 75 and 110 m in depth. Within this halocline,

water temperature increased again to 6°C. The vertical position of the halocline coincided with a pronounced decrease in
oxygen concentration (oxycline) (Fig. 1A and B). The water
layers below 100 m in depth were anoxic (Fig. 1B). Since the
steep vertical density gradients caused by the thermocline and
halocline limit convective mixing, four distinct water bodies
can be discerned in the water column of the Gotland basin: (i)
a warm, photic zone with an active phytoplankton assemblage;
(ii) a cold, aphotic zone of low salinity; (iii) the haloclineoxycline; and (iv) an anoxic zone of high salinity (Fig. 1). Based
on this vertical stratification pattern, four different sampling
depths (5, 60, 95, and 200 m) were chosen for cultivation assays
in order to cover the most diverse bacterioplankton communities. In addition, samples from the sediment surface at 241 m
in depth were included in the analysis.
Vertical distribution of bacteria and cultivation efficiency.
In the water column, total bacterial cell counts varied between
2.7 ⫻ 106 cells • ml⫺1 at 5 m and 3.1 ⫻ 105 cells • ml⫺1 at 60 m
in depth. Total bacterial cell counts reached 2.8 ⫻ 109
cells • cm⫺3 in the surface layer of the sediment (Fig. 1C).
Direct plating onto solid agar media containing both monomers and polymers and incubation under oxic conditions
yielded between 4.8 ⫻ 103 and 4.2 ⫻ 104 CFU per ml for water
samples and 7.2 ⫻ 106 CFU • cm⫺3 for the sample from the
sediment surface. The corresponding cultivation efficiencies
thus ranged between 0.25 and 2.5% (Fig. 1C).
Cultivation in liquid medium in the absence of signal molecules led to cultivation efficiencies of up to 11% (Fig. 2, solid
white bars). However, liquid media containing 10 M cAMP,
BHL, or OHHL yielded significantly (P ⬍ 0.05) enhanced
values in 14 out of 80 MPN series, despite the high standard
deviations, which are characteristic for MPN assays. In nine of
the experiments, the difference from the controls was highly
significant (P ⬍ 0.01; bars marked by ** in Fig. 2A to D). This
stimulation was not correlated with the oxygen supply during
incubation (oxic or anoxic conditions) or with the type of
carbon substrates used (monomers or polymers). Rather, a
correlation with the sampling depth was observed, since an
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FIG. 1. Vertical profiles of physicochemical and microbiological parameters in the Gotland Deep on 14 July 2000. (A) Temperature, salinity,
and density; (B) oxygen and chlorophyll concentrations (in relative fluorescence units); (C) vertical distribution of total cell counts (TCC) and CFU
on agar solidified media. Zone I: warm, photic zone; zone II: cold, aphotic zone; zone III: halocline-oxycline; zone IV: anoxic zone with high
salinity.
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increase in cultivation efficiency was observed most frequently
for water samples from 60 and 200 m in depth.
cAMP was the most effective signal compound for increasing
MPN counts and led to a cultivation success of up to 100%
(Fig. 2B). The latter value was attained with the water sample
from 200 m in depth when incubated under oxic conditions.
Positive effects on bacterial growth were also observed in media containing BHL, which yielded maximum cultivation efficiencies of 20% (Fig. 2A). An increased cultivation success by
OHHL was observed only rarely, for anoxic water and sediment samples in media containing polymers (Fig. 2B and D).
Interestingly, only low numbers (⬍3% of total cell counts) of
bacteria from the oxycline grew in an oxic atmosphere, while
values were often significantly higher (reaching 7%; in 4 out of
8 cases, values were significant at P ⬍ 0.05) when samples were
incubated under the same conditions but under an anoxic
atmosphere.

Molecular fingerprinting of cultured bacteria. The extraordinarily high MPN values reached in liquid media containing
cAMP and BHL suggested that the bacteria growing in the
highest positive dilutions may be numerically dominant in the
natural bacterioplankton community. This hypothesis was
tested by two different molecular techniques, namely, DGGE
fingerprinting and dot blot hybridization.
16S rDNA fragments were amplified from the highest positive dilutions of MPN series, and fingerprint patterns of MPN
series with signal compounds were compared to those of the
control dilution series and to those amplified directly from the
natural community by DGGE (Table 1 and Fig. 3). This 16S
rDNA fingerprinting was performed for all liquid dilution series in which MPN values were significantly increased by the
addition of inducers.
Our analyses revealed that two of the fingerprints of natural
bacterioplankton from 5 m in depth and four of the finger-
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FIG. 2. Effect of signal compounds (cAMP, OHHL, and BHL), oxygen, and carbon substrates on the cultivation efficiency of bacteria from
different depths of the Gotland basin. Cultivation efficiency was determined by the MPN technique and is given as a percentage of total cell counts.
(A) Growth in carbon monomer medium, oxic conditions; (B) growth in polymer medium, oxic conditions; (C) growth in monomer medium, anoxic
conditions; (D) growth in polymer medium, anoxic conditions. Controls consisted of the corresponding basal medium containing monomers or
polymers but no signal compounds. Horizontal bars indicate 95% confidence intervals. Significant increases in cultivation success versus controls
are marked by asterisks (*, P ⬍ 0.05; **, P ⬍ 0.01). Numbers on the right denote different water bodies (see Fig. 1 legend for zone definitions).
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TABLE 1. Number of 16S rDNA fingerprints of natural bacterial
communities which correspond to those of bacteria grown in the
highest positive MPN dilutions
No. of 16S rDNA fingerprints:
Depth (m)

In natural
bacterial
community

Recovered
exclusively
with signal
compound

Identical to control,
but with significantly
enhanced MPN
(P ⬍ 0.01)

5
60
95
200
241 (sediment)

9
4
7
13c
11

2a
0
0
4d
0

0
1b
0
1e
2f

Conditions: cAMP, ABWM, oxic and BHL, ABWP, anoxic.
Conditions: cAMP, ABWP, anoxic.
Compare Fig. 3, right lane.
d
Conditions: cAMP, ABWP, oxic (compare Fig. 3, band 2); BHL, ABWM,
oxic; cAMP, ABWM, anoxic; and OHHL, ABWP, anoxic.
e
Conditions: cAMP, ABWP, oxic (compare Fig. 3, band 1).
f
Conditions: cAMP, ABWP, oxic and OHHL, ABWP, oxic.
b
c

prints from 200 m in depth (e.g., band 2 in Fig. 3) were recovered only after cultivation in the presence of cAMP, BHL, or
OHHL (Table 1). Furthermore, four fingerprints of the bacterial communities at water depths of 60 and 200 m (e.g., band
1 in Fig. 3) and at the sediment surface were detected in the
control incubations as well, but the addition of signal compounds significantly increased MPN values (Table 1).
Bacterial isolates and their occurrence in the natural bacterial community. The recovery of fingerprints of the natural
bacterioplankton community and the high MPN values attained in two MPN series from the 200-m water sample
prompted us to choose the highest positive dilutions of these
samples for the isolation of bacterial strains. Two strains, designated G100 and G200, were isolated from the highest positive dilution of media supplemented with cAMP and BHL,
respectively. Both strains yielded 16S rDNA fingerprints identical to those in the original highest positive dilution (e.g., band
1 in Fig. 3), and both had the same 16S rDNA sequence. A
strain with a 16S rRNA gene sequence corresponding to fingerprint band 2 (Fig. 3) could not be isolated from the highest
positive dilution of media supplemented with cAMP.
Sequence comparison identified the isolated strains as members of the ␣ subclass of Proteobacteria. Their closest relative is
strain AG33, isolated from a hydrothermal vent near the Galapagos Islands (48); the sequence similarity between G100
and AG33 is 97.6% (Fig. 4). The phylogenetic analysis clearly
indicates an affiliation of strain G100 and G200 with the new
family Rhodobacteraceae, as established in the second edition
of Bergey’s Manual of Systematic Bacteriology (18). The most
closely related validly described species is Roseovarius tolerans,
with a sequence similarity of 94.5%.
The 16S rRNA genes of strains G100 and G200 were also
compared to the sequence of the corresponding band of the
natural community (marked by the arrow in Fig. 3). Direct
sequencing of the DNA eluted from this band did not result in
an unambiguous sequence. Therefore, the DNA fragments
were cloned. Four of the environmental clones had DGGE
fingerprints matching those of strains G100 and G200 and thus
were sequenced. All four had identical sequences but, unex-

FIG. 3. DGGE analysis of 16S rDNA fragments of the natural
community at 200 m in depth and of bacteria cultured in liquid dilution
series (ABWP medium, oxic incubation; compare results shown in Fig.
2B) from the same sample. The arrow indicates the band of the natural
community which corresponds to band 1, the fingerprint of the isolated
strain G100. Band 2 denotes a fingerprint which was obtained in the
presence of cAMP but not with the control.

pectedly, were affiliated with the cyanobacterium Synechococcus sp. strain PCC7001 (GenBank accession no. AB015058).
The failure to detect the sequences of strains G100 and
G200 in the natural bacterioplankton community appeared to
be inconsistent with the high MPN values determined. Therefore, the abundance of genomic DNA of strain G100 in the
natural bacterioplankton community at 200 m in depth was
quantified by dot blot hybridization. Initially, genomic DNA
from bacterioplankton was blotted directly and hybridized with
a probe for strain G100. However, no signal above the detection limit (0.1% of total genomic DNA) could be obtained with
this technique (data not shown). Consequently, 16S rRNA
fragments of the bacterioplankton community were amplified
prior to blotting and subsequently quantified. Several controls
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were included to validate the latter analytical procedure. The
addition of 1,000-fold excess genomic DNA from the natural
bacterioplankton community did not interfere with the detection of DNA of strain G100 (Fig. 5, second lane). Our probe
detected neither DNA of E. coli nor that of another ␣-proteobacterium, Brevundimonas alba strain A20 (E. Jaspers and
J. Overmann, submitted for publication) (Fig. 5, right lane).
Despite the stringent hybridization conditions applied, however, some cross-hybridization occurred with DNA from Roseovarius tolerans DSM11457T, the closest cultured relative of
strain G100 (Fig. 5). Cross-hybridization could not be decreased further without a loss of the signal for strain G100.
Consequently, our estimate represents an upper limit for the
abundance of strain G100 in the natural bacterioplankton community. Based on the results of our dot blot procedure,
genomic DNA of strain G100 represents ⱕ0.02% of the total
genomic DNA of the bacterioplankton community (Fig. 5).
This independent molecular analysis thus fully confirms the
results of the DGGE fingerprinting. Clearly, strains G100 and
G200, despite their origin from the highest positive dilutions,
which corresponds to a cultivation success of up to 100%, do
not represent abundant members of the bacterioplankton community in the 200-m-depth water sample of the Gotland Deep.
Effect of signal compounds on the regrowth of starved cells.
Strain G100 was the most promising candidate for studying the
effect of signal compounds on resuscitation and growth. Cells
were grown until stationary phase, washed, and starved in the
absence of carbon substrates at either 4 or 20°C and under oxic
or anoxic conditions, yielding a total of four different incubation conditions (Table 2). After 6 weeks of starvation, cells
were inoculated into fresh monomer medium (ABWM) and
growth was monitored at 6- to 8-h intervals (Fig. 6 and Table
2).
In all cases, batch cultures growing in the presence of cAMP
attained doubling times which were significantly shorter than
those of the controls containing AMP (Fig. 6A and Table 2). In
contrast, the addition of BHL did not consistently lead to

growth faster than that observed for the control media containing butyric acid plus homoserine lactone (Fig. 6B and Table 2); rather, BHL exerted an inhibitory effect in two of the
experiments (Table 2). Cells starved at 4°C also reached a
significantly higher biomass yield in the presence of cAMP,
independent of the presence or absence of oxygen (Fig. 6 and
Table 2). Repeated checks by epifluorescence cell counting
confirmed that the observed increases in turbidity were accompanied by parallel increases in cell numbers. Cell yields were
not increased, however, after cells had been starved at room
temperature.
Since the monomer medium contained several carbon substrates, we investigated the growth response of strain G100 in
synthetic ABW containing only individual organic carbon substrates. Poor growth was observed on single amino acids, leading to only one doubling of cells over 3 to 8 days. In contrast,
growth on glucose alone was comparable to that in the complete monomer medium. In none of the cases, however, did the
addition of cAMP result in higher growth responses or higher
cell yields.
DISCUSSION
Generally, the cultivation efficiency of bacteria in seawater
samples ranges from 0.001 to 0.1% (2) and the in situ abundance of culturable bacteria is very low (45; for a more optimistic view, see reference 41). The majority of bacterial species
have not been cultured yet, as indicated by the high numbers of
species which have been detected by culture-independent approaches in natural samples (25, 50). It therefore appears likely
that many as-yet-uncultured bacteria possess unknown physiological properties and hence require novel techniques for
isolation.
Means to increase cultivation success. With our mineral
brackish water medium, which contains low concentrations of
organic carbon substrates, the very low cultivation efficiency of
planktonic bacteria from the Gotland Deep on nutrient-rich
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FIG. 4. Phylogenetic affiliation of strain G100 within the ␣ subclass of Proteobacteria. GenBank accession numbers are shown in parentheses.
The bar represents 2% sequence divergence. Bootstrap values are based on 1,000 resamplings.
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solid media (ⱕ0.18% [19]) could be increased by 1 order of
magnitude. In liquid MPN series, our medium increased the
cultivation success further by another order of magnitude,
which is in line with the observation that some bacteria do not
form colonies at an air-solid interface (13).
However, the most pronounced increase in viable counts was
achieved by the addition of the signal molecules cAMP and
BHL. So far, only the growth of a marine Pelagiobacter strain
under the specific condition of iron limitation has been shown
to be stimulated by the addition of synthetic N-octanoyl-homoserine lactone (21). Our present results suggest that signal
compounds may be of relevance for the growth of other marine
bacteria, as well.
Effect of cAMP on resuscitation and growth. In enteric bacteria, cAMP is part of the pleiotropic crp activation system,
which regulates most peripheral catabolic operons and carbohydrate transport systems and typically mediates carbon catabolite repression (34). Sugars transported by the phosphotrans-

ferase system decrease intracellular cAMP levels, which in turn
prevents the expression of genes necessary for the uptake of
non-phosphotransferase system sugars. After the depletion of
glucose, intracellular cAMP concentrations rise from 0.3 up to
3 M, and other sugars can be taken up and metabolized after
a lag period required for the induction of the necessary genes
(biphasic growth curve). The intermediate lag phase can be
abolished by the addition of extracellular cAMP at millimolar
concentrations (14) without changing the growth rate itself
(39). The involvement of cAMP in the regulation of catabolic
enzymes has also been demonstrated for a wide range of nonenteric bacteria, including ␣-proteobacteria (9). Other roles of
cAMP in E. coli are known (23, 33, 47).
Of all signal compounds, cAMP yielded by far the highest
numbers of viable cells in our liquid MPN series. Strain G100,
isolated from the highest positive dilutions, exhibited a novel
response to exogenous cAMP which clearly differed from diauxic growth in E. coli: (i) biphasic growth could never be
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FIG. 5. Quantification of genomic DNA of strain G100 in the natural bacterial community of 200 m in depth by dot blot hybridization. Different
concentrations of template DNA of strain G100 served as standards. As a control, DNA of strain G100 was mixed with a constant amount (6.3
ng) of template DNA from the natural community. A digitized image of an exposed Lumi-Film is shown. Values below dots indicate the
concentration of genomic DNA employed.
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TABLE 2. Effect of signal molecules on maximum growth rates, doubling times, and cell yields of starved cells of strain G100
Maximum growth rate (h⫺1)

Doubling time (h)

Cell yield (NTUa)

cAMP

Oxic, 4°C
Anoxic, 4°C
Oxic, 20°C
Anoxic, 20°C

0.1073 ⫾ 0.0081b
0.0761 ⫾ 0.0153b
0.1191 ⫾ 0.0060b
0.0709 ⫾ 0.0080b

6.46b
9.11b
5.82b
9.78b

12.75 ⫾ 1.04b
12.02 ⫾ 1.11b
12.34 ⫾ 1.17
12.69 ⫾ 0.67

AMP

Oxic, 4°C
Anoxic, 4°C
Oxic, 20°C
Anoxic, 20°C

0.0936 ⫾ 0.0104b
0.0453 ⫾ 0.0069b
0.0709 ⫾ 0.0118b
0.0578 ⫾ 0.0065b

7.41b
15.30b
9.79b
11.99b

10.65 ⫾ 1.03b
8.27 ⫾ 0.76b
11.36 ⫾ 0.43
12.31 ⫾ 0.67

BHL

Oxic, 4°C
Anoxic, 4°C
Oxic, 20°C
Anoxic, 20°C

0.0879 ⫾ 0.0075
0.0927 ⫾ 0.0202
0.1196 ⫾ 0.0135
0.0869 ⫾ 0.0095

7.89
7.48
8.02
7.98

9.16 ⫾ 0.67
9.69 ⫾ 0.74
9.63 ⫾ 0.50
8.97 ⫾ 0.65

Butyric acid plus homoserine lactone

Oxic, 4°C
Anoxic, 4°C
Oxic, 20°C
Anoxic, 20°C

0.0851 ⫾ 0.0097
0.0864 ⫾ 0.0373
0.1402 ⫾ 0.0073
0.1042 ⫾ 0.0071

8.15
8.02
4.94
6.65

9.51 ⫾ 0.82
9.19 ⫾ 1.10
10.44 ⫾ 0.85
8.58 ⫾ 0.52

a
b

NTU, nephelometric turbidity units.
Value was significantly (P ⬍ 0.001) increased in the presence of signal compound compared to control level.

detected in media containing several carbon substrates, (ii)
cells exhibited a clear response to cAMP concentrations as low
as 10 M (rather than millimolar concentrations), and (iii)
growth rates as well as cell yields increased significantly after
the addition of exogenous cAMP.
Our data confirm the presence of high-affinity cAMP uptake
systems in marine planktonic bacteria (3), enabling them to
take up dissolved cAMP even at picomolar (rather than millimolar) concentrations and accumulate it to an intracellular
concentration of 2.8 M (3), a value known to be sufficient for
gene activation. E. coli cells in continuous cultures excrete
⬎99.9% of the intracellularly synthesized cAMP into the culture medium (35). Similarly, the cAMP present in seawater (3)
may originate from dividing planktonic bacteria. The cAMP

excreted could then serve as a signal to stimulate the growth of
accompanying dormant cells.
Implications for the application of the MPN technique. It
has been shown that cellular isolates which correspond to
abundant 16S rDNA sequences can indeed be isolated if the
inocula are diluted in MPN series prior to enrichment (16).
This effect has been attributed to the presence of rare but
rapidly growing bacteria which are eliminated by the dilution
step. Consequently, the MPN technique currently represents
the method of choice to obtain cultures of abundant bacteria
(16).
Unexpectedly, isolates obtained in the present study from
the highest positive dilutions, despite the very high cultivation
success of up to 100%, could not be detected by DGGE fin-

FIG. 6. Resuscitation of strain G100 after starvation at 4°C under oxic conditions, measured as the increase in nephelometric turbidity units
(NTU). (A) Regrowth after the addition of 10 M cAMP (E) or AMP (Œ); (B) regrowth after the addition of BHL (■) or butyric acid plus
homoserine lactone (䊐).
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gerprinting and yielded only a very faint signal during dot blot
hybridization. Based on the relatively large inherent statistical
uncertainty of the MPN technique, the fraction of strain G100
in the natural bacterioplankton community could also be as
low as 12% (the lower limit of the MPN confidence interval).
Nevertheless, this minimum value is still orders of magnitude
higher than the abundance of strain G100 determined independently by the dot blot technique (0.02%). Obviously, bacteria growing at very high dilution steps may actually represent
phylotypes which occur at a low frequency in the natural bacterioplankton community. Independent support for a low
abundance of strain G100 comes from the notion that DGGE
fingerprinting (which did not yield a signal of G100 from the
natural bacterioplankton community) is known to detect only
those 16S rDNA sequences which represent more than 1 to 9%
of all phylotypes (37, 44). Finally, our present results corroborate recent results from the bacterioplankton community of a
eutrophic freshwater lake, in which a strain isolated from an
MPN dilution step corresponding to an abundance of 15% of
the total cell count actually represented only 0.07% of the
natural bacterial community (Jaspers and Overmann, submitted).
It appears unlikely that the observed discrepancy is due to a
strong amplification bias selecting against the 16S rDNA of
strain G100, since the addition of small amounts of its genomic
DNA to the DNA from the entire bacterioplankton community yielded the expected signals during dot blot hybridization.
Rather, our results may be explained by a high diversity and at
the same time a high evenness of the bacterial community, in
which many different phylotypes occur at similar but low frequencies. Indeed, DNA reassociation kinetics indicate that
bacterioplankton communities consist of a high number (on
the order of 550) of different species (25) and an even higher
number of different phylotypes. Under such conditions, the
type of bacteria isolated from the highest positive dilutions in
MPN series would largely be determined by chance, and consequently, a high number of different isolates could potentially
be obtained by cultivation.
A principal limitation of the MPN method is that only a
small number (usually 3 to 10) of parallels are available, such
that the number of strains which can be potentially isolated
from the highest positive dilutions is on the order of 10 at most.
Therefore, the MPN approach does not appear to be appropriate if the cultivated fraction is considerably diverse and
different types of bacteria occur at low frequencies. In these
cases, the generation of diluted inocula by automated methods
and the screening of large numbers of isolates by molecular
fingerprinting appear to constitute a more promising approach.
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