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The effect of signal compounds and of different incubation conditions on the culturability (i.e., the fraction
of all cells capable of growth) of natural bacterioplankton from the eutrophic lake Zwischenahner Meer was
investigated over a period of 20 months. Numbers of growing cells were determined by the most-probable-
number technique in liquid media containing low concentrations (10 pwM) of the signal compounds N-
(oxohexanoyl)-pL-homoserine lactone, N-(butyryl)-pL-homoserine lactone, cyclic AMP (cAMP), or ATP. cAMP
was the most effective signal compound, leading to significantly increased cultivation efficiencies of up to 10%
of the total bacterial counts. Microautoradiography with [2,8-*H]cAMP, combined with fluorescence in situ
hybridization, demonstrated that cAMP was taken up by 18% of all cells. The bacterial cAMP uptake systems
had a very low K,,, value of =1 nM. Analysis of the cultured bacteria by 16S rRNA gene fingerprinting showed
that different bacterial phylotypes were recovered in the presence and in the absence of cAMP. Consequently,
the addition of cAMP caused a stimulation of otherwise nonculturable bacteria. Phylogenetically different
bacteria were also recovered at different temperatures and oxygen partial pressures. Throughout the study
period, mainly members of the 3-subclass of the Proteobacteria were cultivated. In addition, some members of
the Actinomycetales were enriched. Quantification by culture-independent fluorescence in situ hybridization
demonstrated that [3-Proteobacteria and Actinomycetales also dominated the natural bacterioplankton assem-
blage. Sequence comparison revealed that two members of the Actinomycetales which reached high numbers in

the natural bacterioplankton assemblage could actually be enriched by our cultivation approach.

Culture-independent studies continue to reveal novel 16S
rRNA sequence types. One-third of the ~40 bacterial divisions
recognized so far consist entirely of not-yet-cultured bacteria
which have been described solely by their 16S rRNA sequences
(19, 26). Others, such as the Acidobacteria or green nonsulfur
bacteria, comprise only very few cultured representatives but
numerous not-yet-cultured bacteria (9, 17, 21, 26, 37). Other
microbial communities consist mainly of well-known divisions
such as the B-Proteobacteria, which dominate the freshwater
bacterioplankton (22). Still, the sequences obtained in almost
all cases do not correspond to cultured members but rather
represent novel lineages (23, 25). Since these novel bacterial
divisions and lineages dominate in many environments (9, 17),
existing enrichment and isolation strategies need to be refined
and novel cultivation approaches need to be developed in
order to fully understand the functional role of bacteria in their
natural environment.

We define culturability as the fraction of all cells capable of
growth in artificial laboratory media. One important prerequi-
site for increased culturability are low nutrient concentrations,
which improve the recovery of bacteria from natural samples
(1, 14, 15, 20), possibly because this prevents starved cells from
substrate-accelerated death (16). Among other factors (8),
cell-to-cell communication is essential for the growth of some
bacteria in artificial media (8, 13, 24, 38). Acyl homoserine
lactones (acyl-HSLs), especially N-(oxohexanoyl)-pDL-HSL
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(OHHL) and N-(butyryl)-pL-HSL (BHL), represent the best-
understood signal compounds and are used by many gram-
negative bacteria capable of quorum sensing (D. Kirke, The
quorum sensing site [http://www.nottingham.ac.uk/quorum/
table.htm], 2001). Gram-positive bacteria have been shown to
communicate by using peptides (32). Recently, cyclic AMP
(cAMP), which in gram-negative bacteria is involved in regu-
lation of a large number of genes (11, 47), was shown to
significantly enhance the cultivation success of bacterioplank-
ton from the Baltic Sea (13). It is unknown whether cAMP has
a similar effect on freshwater planktonic bacteria and whether
it affects all members of the bacterioplankton communities
equally during their seasonal succession. Another compound
of potential significance for the cultivation of bacteria is ATP,
which occurs in concentrations of up to 1 nM in seawater (6)
and freshwater (44) and is probably derived from phytoplank-
ton. Dissolved ATP is utilized by natural bacterioplankton at
high turnover rates (44), but its effect on the culturability of
planktonic bacteria is not known.

Because of the high diversity of natural bacterial communi-
ties, it is unlikely that one set of incubation conditions will
permit the growth of the majority of bacteria. The cultivation
efficiency can be increased by using different growth media in
parallel (7). However, the effects of different incubation con-
ditions, such as oxygen partial pressure or temperature, on
cultivation success have not been investigated in a systematic
manner so far.

In the present study, the effects of acyl-HSLs, cAMP, ATP,
and different incubation conditions on the culturability of
freshwater bacterioplankton were assessed in a systematic
manner. Freshwater bacterioplankton was chosen because
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such communities may contain around 550 species (29) and
therefore are much less diverse and easier to investigate than
soil microbial communities, in which bacterial diversity is 2
orders of magnitude higher (46, 50).

MATERIALS AND METHODS

Sampling site and sample processing. The shallow eutrophic lake Zwisch-
enahner Meer in northern Germany (53°12'N, 8°0’E) was chosen for our inves-
tigations. The lake has a surface area of 520 ha, a mean depth of 3.3 m, and a
maximum depth of 5.0 m and is characterized by a simple hydrodynamic struc-
ture, since the entire water column is mixed frequently (29). The sampling site
was located at the head of a pier extending 20 m from the east shore. Twenty-five
water samples were collected from a depth of 0.3 m at regular intervals over a
time period of 20 months (between September 1999 and April 2001).

Lake water samples were prefiltered through a 20-um mesh plankton net and
then immediately processed by inoculating microtiter plates for cultivation ap-
proaches and by fixation of a subsample for total cell counts, using glutaralde-
hyde at a final concentration of 2% (vol/vol). For extraction of genomic DNA,
250-ml water samples were concentrated on 0.2-um-pore-size polycarbonate
filters (Millipore, Bedford, Mass.). Water temperature and conductivity were
determined with an LF95 conductivity meter equipped with a TetraCon 96
electrode (WTW, Weilheim, Germany).

Bacterial abundance. Fixed water samples were filtered onto 0.1-pwm-pore-size
polycarbonate filters (Nuclepore Track-Etch membrane; Whatman, Springfield
Mill, United Kingdom). Total bacterial cell counts were determined by epifluo-
rescence microscopy after staining with 4’,6-diamidino-2-phenylindole (DAPT)
as described earlier (13).

Effect of signal molecules on cultivation success. The effect of different signal
compounds on the cultivation of heterotrophic bacterioplankton was studied in
most-probable-number (MPN) series. Synthetic freshwater (10) served as the
basal medium and was supplemented with a fatty acid mixture containing for-
mate, acetate, and propionate (200 pM each); an amino acid mixture containing
all 20 amino acids (200 uM each); Tween 80 (0.001%, vol/vol); glucose; and the
sodium salts of pyruvate, citrate, succinate, and 2-oxoglutarate (200 wM each)
(30).

cAMP (Sigma Chemical Co., St. Louis, Mo.), N-(ketocaproyl)-pL-HSL (syn-
onymous with OHHL) (Sigma), BHL (Fluka Chemie AG, Buchs, Switzerland),
or ATP (Sigma) was added to the basal medium to a final concentration of 10
wM. Mixtures for control experiments received AMP (Sigma) instead of cAMP
or ATP, capronic acid sodium salt (synonymous with hexanoic acid) (Fluka) in
combination with (§)-a-amino-y-butyrolactone hydrochloride (synonymous with
HSL) (Aldrich, Sheboygan, Wis.) instead of OHHL, and butyric acid sodium salt
(Fluka) in combination with HSL instead of BHL.

The MPN series were set up in 10-fold serial dilutions and in seven parallels
in 96-well polystyrene microtiter plates (Corning Inc., New York, N.Y.). Each
well contained a volume of 200 wl. Incubations for experiments with cAMP as
signal compound were carried out under different partial pressures of oxygen and
temperatures: (i) 21% O, and 20°C, (ii) 3% O, and 20°C, (iii) 0% O, and 20°C,
(iv) 21% O, and 25°C, (v) 21% O, and 15°C, and (vi) 21% O, and 4°C. By
contrast, incubations for experiments with ATP, BHL, and OHHL were all
carried out at 21% O, and 20°C. Thus, a maximum of nine different cultivation
experiments could be performed in parallel. After 6 weeks, growth was moni-
tored visually by turbidity and the most probable cell numbers were calculated by
using a computer program (31). The statistical significance of differences in
MPNs between samples were calculated as described by Jones (30).

Subsamples from the highest positive dilutions were plated onto solidified
(1.2% agar) complex medium YPG, which contains yeast extract (0.075%, wt/
vol), peptone (0.15%, wt/vol), and glucose (0.075%, wt/vol) (10). This method of
subcultivation repeatedly proved to be successful, indicating that the bacteria
enriched in liquid media are also capable of growing on solid complex media.

DNA extraction. To remove contaminating humic acids, which were abundant
in water from Zwischenahner Meer (10), DNA of bacterial cells collected on the
polycarbonate filters was extracted with Genomic tips 20/G from Qiagen
(Hilden, Germany), by using a modification of the protocol of the manufacturer.
Filters were cut in small pieces and treated as specified by the manufacturer, but
all volumes of the necessary lysis and washing buffers were increased by a factor
of 1.5. The DNA eluted from the genomic tips was concentrated by using
Centricon YM-100 centrifugal filter devices (Millipore). DNA from cultured
bacteria in the highest positive dilutions of each MPN series was liberated by the
freeze-thaw technique as described recently (13).
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16S rRNA gene fingerprints. Bacterial 16S rRNA genes from natural the
bacterial community and cultured bacteria were amplified by using primers
GC341f and 907r (39). As the template, 50 ng of extracted DNA or 1 pl of the
freeze-thawed DNA preparations was used. Amplification was performed by
step-down PCR (42), which includes 10 cycles at an annealing temperature of
62°C, followed by 20 cycles at 57°C. Each cycle started with a melting step at 96°C
and ended with an extension step at 72°C.

PCR products were separated by denaturing gradient gel electrophoresis
(DGGE) in 6% (wt/vol) polyacrylamide gels containing a linear gradient of 30 to
70% denaturant as described earlier (42). After the gels were stained with
ethidium bromide, DNA bands of interest were excised with a sterile scalpel, and
the DNA was eluted overnight at 4°C in 20 pl of sterile double-distilled water.
One microliter of the eluate was reamplified, and the DNA was purified and
quantified by dye binding with PicoGreen (42).

Sequencing and phylogenetic analysis. Sequencing of the 16S rRNA gene
fragments from DGGE bands was performed with the ABI Prism BigDye ter-
minator cycle sequencing ready-reaction kit (Perkin-Elmer Applied Biosystems
GmbH, Weiterstadt, Germany) and the ABI Prism 310 genetic analyzer (Ap-
plied Biosystems, Foster City, Calif.) as specified by the manufacturer. The 16S
rRNA gene sequences obtained were added to the ribosomal DNA sequence
database of the Technical University of Munich (spring 2001 release), using the
program package ARB (http://www.mikro.biologie.tu-muenchen.de). Sequences
of closest relatives to the sequences of this study (according to a BLAST search
in the nucleotide database of the National Center for Biotechnology Informa-
tion) were also imported into the ARB database. The Fast Aligner version 1.03
tool was used for automatic sequence alignment, which was checked and cor-
rected manually according to secondary-structure information. Sequences longer
than 1,400 bp were used for constructing a tree by maximum likelihood, with a
50% filter. Shorter sequences were then added by the parsimony tool, again with
a 50% filter.

Fluorescence in situ hybridization (FISH). Water samples from 4 and 22 April
2002 were fixed in 50% (vol/vol) ethanol and stored at 4°C. Teflon-coated glass
slides (Omnilab, Bremen, Germany) treated with gelatin (0.1%) and KCr(SO,),
(0.01%) were used for hybridization. Four 20-pl portions of sample were applied
to each well and allowed to dry at 60°C. Dehydration and hybridization were
carried out at 46°C as previously described (12). Twenty-five nanograms of the
probes EUB338, NON338, ALF968, BET42a, BET42a competitor, GAM42a,
GAM42a competitor, and CF319a (22) was used for hybridization at a form-
amide concentration of 35% (22). For detection of gram-positive bacteria, probe
HGC69a (45) was employed. Dried samples on the glass slides were pretreated
with a lysozyme solution (10 mg ml~! in phosphate-buffered saline [PBS] buffer
[130 mM NaCl, 30 mM Na phosphate, pH 7.2]) for 20 min at room temperature.
Subsequently, the slides were rinsed with distilled water and then dehydrated and
hybridized (with 20% formamide).

After hybridization, all of the slides were washed for 20 min at 48°C in buffer
containing appropriate NaCl concentrations for the formamide concentrations
applied (48) and then rinsed with distilled water. After drying, samples were
stained with DAPI (12). For each sample, 40 randomly chosen microscopic fields
containing an average of 80 to 100 cells were enumerated. All probe-specific cell
counts are presented as the percentage of the cells visualized by DAPI. Cell
counts were corrected by subtracting the counts obtained with the negative
control NON338.

cAMP uptake experiments. Uptake of cCAMP was assessed with water samples
from 22 April 2002. The time course of cAMP uptake was studied by adding 2
uCi of [2,8->H]cAMP (Moravek Biochemicals, Brea, Calif.) to 7-ml samples of
lake water (corresponding to a final cAMP concentration of 16.8 nM). Samples
were incubated at 15°C. At regular time intervals, biological activity in samples
was stopped by addition of ethanol to a final concentration of 50% (vol/vol). To
determine whether cAMP is taken up by a specific transport system rather than
by simple diffusion, competitive uptake experiments with unlabeled cAMP were
conducted. In these experiments, 7-ml samples supplemented with unlabeled
cAMP at various concentrations were preincubated for 45 min at 15°C. Control
samples received formaldehyde at a final concentration of 4% (vol/vol). Subse-
quently, 2 pCi of [2,8-*H]cAMP was added and incubation was carried out for
2 h, after which uptake was stopped by addition of ethanol. A volume of 2.8 ml
of ethanol-fixed cells was then withdrawn and centrifuged for 15 min at 15,000 X
g. Cell pellets were washed in 500 pl of PBS buffer, centrifuged again, and then
resuspended in 500 pl of PBS. This solution was added to 1 ml of scintillation
fluid (Zinsser Analytik, Frankfurt, Germany), and the radioactivity was counted
by liquid scintillation spectrometry in a Rackbeta 1209 liquid scintillation counter
(Perkin-Elmer Wallac, Freiburg, Germany).

In order to determine the percentage of natural bacteria capable of taking up
cAMP, we applied microautoradiography in combination with FISH (34, 41).
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TABLE 1. Cultivation efficiencies and conditions for maximum culturability of planktonic bacteria from Zwischenahner Meer”

Date (day.mo.yr)

Conditions for maximum
culturability

Maximum culturability
(% of total counts)®

Control culturability
(% of total counts)

Level of

significance (P)

27.9.1999 cAMP, 21% O,, 20°C 1.38 (4.98/0.20) 0.23 (0.72/0.02) 0.01
21.10.1999 cAMP, 21% O,, 20°C 9.44 (37.8/1.52) 1.64 (5.65/0.40) 0.01
23.11.1999 cAMP, 21% 0O,, 15°C 0.75 (2.72/0.11) 1.14 (3.69/0.13) e
14.1.2000 AMP, 3% O,, 20°C 0.40 (1.19/0.04) 0.48 (1.67/0.05) —
10.2.2000 cAMP, 3% O,, 20°C 2.97 (8.76/0.26) 2.14 (6.39/0.20) —
21.2.2000 cAMP, 21% O,, 15°C 0.29 (0.84/0.03) 0.29 (0.84/0.03) —
30.3.2000 cAMP, 3% O,, 20°C 6.51 (17.0/0.58) 1.19 (7.77/0.33) 0.10
6.4.2000 cAMP, 21% O,, 20°C 0.25 (0.75/0.02) 0.17 (0.54/0.02) —
4.5.2000 cAMP, 21% O,, 20°C 2.06 (6.22/0.19) 1.98 (5.99/0.55)

11.5.2000 BHL, 21% O,, 15°C 1.89 (6.02/0.20) 0.89 (3.45/0.16) —
16.6.2000 cAMP, 21% O,, 25°C 10.4 (38.3/1.56) 5.59 (22.2/0.62) —
23.6.2000 ATP, 21% 0,, 20°C 1.74 (5.24/0.16) 0.34 (1.64/0.09) 0.02
27.7.2000 AMP, 21% 0,, 15°C 5.43 (18.6/0.54) 5.18 (16.7/0.50) —
11.8.2000 BHL, 21% O,, 20°C 1.84 (5.84/0.20) 1.12 (4.05/0.16) —
15.8.2000 ATP, 21% O,, 20°C 3.16 (9.33/0.28) 2.83 (8.28/0.25) —
24.8.2000 cAMP, 21% O,, 15°C 0.53 (2.03/0.10) 0.10 (0.33/0.03) 0.02
22.9.2000 cAMP, 21% 0O,, 15°C 0.85 (3.16/0.17) 0.58 (2.37/0.08) —
19.10.2000 AMP, 3% O,, 20°C 0.32 (1.49/0.07) 0.15 (0.46/0.01) 0.20
21.11.2000 ATP, 21% O,, 20°C 6.69 (25.9/1.23) 0.45 (1.79/0.05) 0.001
23.11.2000 cAMP, 3% O,, 20°C 1.51 (4.80/0.16) 0.67 (2.61/0.11) 0.20
13.12.2000 AMP, 21% 0,, 25°C 1.37 (4.94/0.20) 0.83 (3.38/0.12) —
16.1.2001 cAMP, 21% O,, 15°C 1.18 (3.83/0.13) 0.24 (0.71/0.02) 0.05
21.2.2001 cAMP, 3% O,, 20°C 3.34 (9.87/0.30) 1.58 (5.05/0.17) —
20.3.2001 ATP, 21% 0,, 15°C 9.16 (36.0/1.61) 3.03 (9.08/0.28) 0.20
24.4.2001 AMP, 21% 0,, 20°C 0.89 (2.85/0.10) 1.21 (3.65/0.11) —

“ Not listed are MPN series which exhibited a significant increase in culturability compared to the controls but which yielded lower absolute culturability values.
> Upper and lower 95% confidence levels given in parentheses; values in boldface indicate cultivation efficiencies of >5%.

¢ —, not significant (P > 0.20).

Cells of the natural bacterioplankton were first incubated in the presence of
radiolabeled cAMP and then fixed and washed as described above. Subsequently,
in situ hybridization was performed with probe EUB338 (see above), using
coverslips instead of glass slides. After hybridization, the dried coverslips were
covered with the photographic emulsion (type NTB2; Kodak, Rochester, N.Y.)
as described previously (40). Coverslips were stored for 14 days at 4°C for
emulsion exposure and subsequently developed. The coverslips were then placed
upside down (i.e., with cells facing down) on a glass slide coated with the
antifading solution DABCO (13). By this technique even small radiolabeled cells
can be detected, because silver grains are found below the cells rather than
covering them.

Nucleotide sequence accession numbers. The GenBank accession numbers of
the sequences determined in this study are AF488636 to AF488674.

RESULTS

Effect of signal compounds, oxygen, and temperature on
culturability. During the study period, maximum cultivation
efficiencies for heterotrophic bacteria ranged between 0.25 and
10.4% of the total cell numbers. Values of around 10% were
reached on several occasions and during different seasons (Ta-
ble 1). On 14 sampling dates, maximum cultivation efficiencies
were attained in growth media supplemented with cAMP. In
six of these cases, the increase in culturability upon addition of
cAMP was statistically significant. ATP was the only other
compound which stimulated the growth of bacteria in three
additional cases (Table 1). In contrast, no significant effect on
bacterial growth was observed in media containing BHL or
OHHL (Table 1; Fig. 1). Of the different incubation conditions
tested, an oxygen partial pressure of 21% most frequently
resulted in maximum cultivation efficiencies, whereas anoxic
conditions were always less favorable. Optimum temperatures
for cultivation ranged between 15 and 25°C. Incubation at a

temperature of 4°C never yielded significantly enhanced MPNs
(Table 1).

Effect of cultivation conditions on the phylotypes of bacteria
recovered by the MPN approach. Changes in the cultivation
efficiencies per se cannot provide information on the mecha-

40 ]

301 l*
107

Cultivation efficiency (%)

cAMP AMP BHL. BA+HSL OHHL HA+HSL

Signal compounds and controls

FIG. 1. Effect of signal compounds on the efficiency of cultivation
of planktonic bacteria from Zwischenahner Meer (sampled on 21
October 1999). Cultivation efficiency was determined by the MPN
technique and is given as the percentage of total cell counts. Error bars
indicate 95% confidence intervals. A significant increase in cultivation
success compared to the control (P < 0.01) is indicated by an asterisk.
Control compounds were AMP, butyric acid (BA), hexanoic acid
(HA), and HSL.
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FIG. 2. Analysis of 16S rTRNA gene fingerprints from the highest positive dilutions of MPN series. As an example, results obtained with a
sample from 24 April 2001 are shown. On this date, cAMP did not affect the cultivation success. (A) Variability of fingerprints recovered in four
different parallels of media containing CAMP or AMP. Arrows indicate fingerprints recovered from media containing cCAMP as well as AMP.
Asterisks indicate unique fingerprints. (B) Effect of incubation temperature (left panel) and oxygen partial pressure (right panel) on the phylotypes
obtained in the highest positive dilutions of media supplemented with either cAMP or AMP.

nism of stimulation by signal compounds. An increase of MPN
values in the presence of cCAMP or ATP may be caused by a
selective stimulation of otherwise nongrowing bacteria. Alter-
natively, a larger fraction of the cells of the same bacterial
population may start growing upon addition of a signal com-
pound. Hence, the bacteria stimulated in the presence of
cAMP or ATP were further characterized by 16S rRNA gene
fingerprinting.

It was suspected that, even under identical incubation con-
ditions, the taxonomic composition of growing bacteria may
vary. In order to be able to account for such statistical fluctu-
ations, we first analyzed samples in which cAMP or ATP did
not exhibit a stimulating effect (Fig. 2A). In four identical
MPN series inoculated in parallel, seven of the analyzed 16S
rRNA gene fingerprints were detected in the majority of sam-
ples; a few DNA bands were present in only one of the MPN
series (Fig. 2A). Also, similar fingerprints were obtained irre-
spective of the addition of cAMP or AMP (Fig. 2A). By con-
trast, different bacterial phylotypes were cultured in the highest
positive dilutions when MPN series were incubated at different
temperatures (Fig. 2B, left panel). Incubation at different ox-
ygen partial pressures clearly caused the most pronounced
changes in the composition of cultured bacteria (Fig. 2B, right
panel).

Subsequently, we investigated whether a significant increase
in culturability could be attributed to a stimulation of other-
wise nongrowing bacteria. Based on the observed increases in

MPN values, five different experiments were selected (Table 1;
Fig. 3). In these cases, most of the 16S rRNA gene fingerprints
detected in the highest positive dilutions of media containing
cAMP or ATP differed from those of the respective controls
(Fig. 3). Analysis of other MPN series in which cAMP also led
to significant increases but yielded lower absolute cultivation
efficiencies (=1%) showed similar results (data not shown).
Diversity of the natural bacterial community and the cul-
tured fraction. The ultimate goal of the present study was to
cultivate those bacteria which dominate in natural habitats but
so far have escaped all previous cultivation attempts. Single
wells of the highest positive dilutions in most (i.e., 71%) of the
cases yielded only one 16S rRNA gene fingerprint on DGGE
gels and hence most likely harbored pure cultures. In order to
more easily detect among our cultures those bacteria which
were potential candidates for numerically dominant members
of the natural bacterioplankton assemblage, the fingerprints
generated from the highest positive dilutions of all MPN series
were combined and the resulting patterns were compared to
the fingerprints of the natural bacterioplankton community
(Fig. 4A and C). Despite the considerable seasonal changes in
environmental conditions (Fig. 4B), only minor fluctuations
were observed in fingerprint patterns generated from the total
bacterial community from Zwischenahner Meer (Fig. 4A).
This stability of the bacterioplankton assemblage corresponds
to the time course of total cell numbers, which also exhibited
only slight seasonal variations of between 1 X 107 and 3 X 107
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FIG. 3. Comparison of 16S rRNA gene fingerprints of bacteria
growing in the presence of cAMP or ATP with those detected in
control assay mixtures supplemented with AMP. Only MPN series in
which bacterial growth was significantly stimulated by cAMP or ATP
are shown (compare Table 1).

cells ml ™. In contrast to the entire bacterioplankton commu-
nity, however, the diversity of the cultured fraction varied
strongly over the study period (Fig. 4C). This observation in-
dicates that the same incubation conditions stimulated the
growth of different members of the bacterioplankton assem-
blage when applied at different sampling dates. Hence, the
composition of the cultivated fraction appears to be controlled
by the physiological state of individual bacteria and the specific
incubation conditions chosen rather than the overall composi-
tion of the bacterioplankton community.

Among the 41 fingerprints of the most frequently cultured
bacteria, 13 bands (i.e., 32%) were also present in the natural
community (Fig. 4A). These corresponding DNA bands were
therefore excised and sequenced. In cases, in which one of the
13 melting types was retrieved on multiple occasions, several
bands with the same melting behavior were analyzed. Other
frequently occurring melting types were also included in the
sequence analyses, yielding a total of 34 sequences of cultured
bacteria (Fig. 5).

Sequence comparison revealed that DNA bands exhibiting
an identical melting behavior in most cases contained different
sequences, (Fig. 5; compare sequences 729, Z30, and Z36,
which originated from the same band position on DGGE gels).
Accordingly, most of the sequences were recovered only once
(29 of 34 sequenced bands), and only sequences Z33, Z32, and
726, as well as Z15 and Z14, were identical (Fig. 5). Obviously,
the 41 different 16S rRNA gene fingerprints represent a con-
siderable underestimate of the actual diversity of the bacteria
which can be recovered with our cultivation approach.

The phylogenetic analysis of all sequences demonstrated an
affiliation with only three phylogenetic groups (Fig. 5). Most
bacteria were identified as members of the B-subclass of the
Proteobacteria, seven were affiliated with members of the
a-subclass of the Proteobacteria, and only four sequences were
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related to the Actinomycetales. Since this relative composition
of the cultured bacteria remained rather constant throughout
the study period, we also determined the fraction of the dif-
ferent phylogenetic groups within the total bacterioplankton
community at the end of the study by FISH (Table 2). Similar
to their dominance among the cultured representatives, B-Pro-
teobacteria also constituted a significant fraction of all detected
eubacterial cells in the natural assemblage (9 to 13% of DAPI-
stained cells). However, gram-positive bacteria with high GC
contents were even more abundant (16 to 17% of all bacterial
cells), which is in sharp contrast to the always low number of
cultured representatives of this group. During in situ hybrid-
ization, the gram-positive bacteria were characterized by small
(0.2 to 0.5 pm in diameter), dimly fluorescent cells which could
be visualized only by hybridization after pretreatment with
lysozyme (data not shown). Thus, two phylogenetic groups
accounted for more than 60% of the cells hybridized with the
Eubacteria-specific probe (Table 2). Members of the a- and
y-subclasses of the Proteobacteria, as well as members of the
Cytophaga and Flavobacteria, formed only a small part of the
natural bacterioplankton, together accounting for no more
than 5.5% of the DAPI-stained cells.

Recovery of so-far uncultured and dominant members of the
bacterioplankton community. Based on the phylogenetic com-
parison of 16S rRNA gene sequences, the closest relatives of
many of the cultured B-Proteobacteria are so far uncultured
freshwater bacteria (sequences Z1, Z5, Z7, Z10, Z26, and Z31
to Z33 [Fig. 5]). The same is true for the two a-proteobacterial
sequences Z19 and Z20. The partial sequence Z19 was actually
identical to that of an environmental sequence dominating in
the oxic epilimnion of a Spanish lake. Our culture may there-
fore harbor this so-far uncultured bacterium. Most of the re-
maining sequences are most closely related to those of typical
aquatic bacteria.

Remarkably, the DGGE analysis of 16S rRNA gene finger-
prints from bacterioplankton sampled in May 2000 suggested
that two dominant fingerprints of the natural bacterial com-
munity in Zwischenahner Meer were also recovered in MPN
media supplemented with cAMP (compare bands Z8, Z34,
735, and Z39 in Fig. 4A and C). Subsequent sequencing re-
vealed that the sequences of bands Z34 and Z35, as well as
those of Z8 and Z39, were indeed identical. Closely related to
the sequences Z34 and Z35 is the hitherto uncultured fresh-
water firmicute ESR 12 (Fig. 5). Similarly, sequences Z8 and
739 are related to another uncultured gram-positive bacte-
rium. These results strongly indicate that two dominant mem-
bers of the natural bacterioplankton assemblage could be cul-
tivated in our liquid media supplied with cAMP.

Characterization of cAMP transport by natural bacterio-
plankton. The addition of the signal compound cAMP repeat-
edly yielded increased numbers of viable cells and also led to
the cultivation of two dominant members of the natural bac-
terioplankton community. At the end of the study period, it
was therefore investigated whether a specific uptake mecha-
nism for this compound exists in planktonic bacteria.
[?’H]cAMP uptake began within a few minutes after the start of
the experiments and continued at a constant rate of 11 pM h™*
for at least 2 h (Fig. 6A) (linear correlation coefficient [?] =
0.985). No unspecific adsorption of [?H]cAMP was observed in
formalin-killed controls. A competitive uptake experiment us-
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ing different concentrations of unlabeled cAMP demonstrated
an increased inhibition of the [PH]cAMP uptake with increas-
ing concentrations of unlabeled cAMP (Fig. 6B). These data
suggest that cAMP enters bacterioplankton cells via a specific
transporter.

For further characterization of the uptake mechanism, the
data were used to estimate the average half-saturation constant
K, for cAMP transport into the bacterioplankton cells. Based
on the formula for the transport of a labeled carbon substrate,
added at a concentration 4 in the presence of different con-

Conductivity (uS cm ™)

FIG. 4. (A) Composition of bacterioplankton communities in
Zwischenahner Meer as analyzed by 16S rRNA gene fingerprint-
ing. (B) Total cell numbers (@), water temperature (- - -), and
conductivity (. . .) at the same sampling dates as in panel A.
(C) Schematic representation of cumulative 16S rRNA gene fin-
gerprints obtained from separate enrichments on different dates,
either in the presence of cAMP alone (solid lines) or with AMP or
both cAMP and AMP (dotted lines), at all different incubation
temperatures and oxygen partial pressures. Dotted arrows on the
left of panel A indicate positions at which fingerprints of cultured
strains correspond to those of the natural community but, when
sequenced, nevertheless contained different sequences. The se-
quence obtained from band Z34 was identical to that from Z35,
and the sequence from band Z8 was identical to that from Z39
(compare Fig. 5).

centrations X of the corresponding unlabeled molecules (51),
the inhibition (I) of [PH]JcAMP transport should follow the
equation

m

) x 100 (1)

[(%) = (1 K, tATX
The data obtained could be fitted by this equation. At the
concentration 4 of 16.9 nM employed in our experiment, the
best curve fits were obtained with K,,, values of =1 nM (Fig.

TABLE 2. Abundances of different phylogenetic groups in situ

a 107 m]—1
Date (day.mo.yr) Total cell counts,” 10’ ml

% of total cells (mean = SD) detected with probe’:

(mean * SD)

EUB338 ALF968 BET42a GAM42a CF319a HGC69a
4.4.2002 1.17 £ 042 43.7 = 10.5 14=1.1 132 +74 0.7%+09 1.6 = 1.7 159 6.3
22.4.2002 1.96 = 0.55 427 £ 8.2 1.1 =20 93 £5.0 02 £0.6 4227 17493

“ As determined by DAPI counting.

® Numbers are corrected for unspecific binding of oligonucleotides (counts with probe NON338 were 0.59 to 2.01%).
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6B). This result indicates that cAMP transport in bacterio-
plankton cells from Zwischenahner Meer had a very high sub-
strate affinity.

In parallel, the percentage of Bacteria capable of cAMP
transport was determined by microautoradiography combined
with FISH. In these experiments, 25% = 10.1% of bacteria
detected with the oligonucleotide probe EUB338 for Bacteria
and 18% = 7.3% of all planktonic bacteria were found to take
up [*H]cAMP, as visualized by silver grains below and around
the cells.

DISCUSSION

Generally, the efficiency of cultivation of planktonic bacteria
from natural samples is very low; it typically ranges below 1%
(2). In the present study, incubation conditions were varied in
a systematic manner and the number and taxonomic compo-
sition of cultured bacteria were monitored. The goal was to
identify conditions which (i) significantly increase the cultiva-
tion efficiency of freshwater bacteria and (ii) especially favor
the growth of those bacteria which dominate the natural bac-
terioplankton assemblage but nevertheless have repeatedly es-
caped cultivation. The major focus of the work was the effect of
signal compounds on culturability, since a previous study had
demonstrated a stimulating effect of cAMP and the acyl-HSLs
BHL and OHHL on the growth of marine bacterioplankton
(13).

Effect of different incubation conditions and signal com-
pounds on the cultivation of freshwater bacterioplankton.
Throughout the study period, media incubated at 4°C or under
an anoxic atmosphere consistently yielded the lowest MPN
values. Obviously, psychrophilic or anaerobic bacteria do not
constitute a major fraction of the bacterioplankton in Zwisch-
enahner Meer. The effect of a reduced oxygen partial pressure
of 3% was tested since it may reduce the formation of toxic
oxygen radicals and therefore prevent cellular damage caused
by oxidative stress (28). However, reduced oxygen concentra-
tions in most cases did not result in increased cultivation effi-
ciency.

The low concentrations of carbon substrates as employed in
the present study had an effect on the type of bacteria recov-
ered. Members of the B-subclass of the Proteobacteria domi-
nated among those cultured bacteria which were sequenced.
Correspondingly, FISH also demonstrated a high abundance
of this group in the natural community of Zwischenahner
Meer. This observation is consistent with those from other
freshwater lakes (22, 25). In a previous study, cultivation of
bacterioplankton from Zwischenahner Meer in more-nutrient-
rich media yielded only one isolate affiliated with the B-Pro-
teobacteria, while o-Proteobacteria and members of the Cyto-
phaga-Flavobacterium group dominated among the isolates
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FIG. 6. Uptake of [°’H]cAMP by natural freshwater bacterioplank-
ton in water samples from 22 April 2002. (A) Time course of
[PH]cAMP uptake. (B) Inhibition of [*H]cAMP uptake by different
concentrations of unlabeled cAMP. The curve fit was calculated with a
K, for cAMP uptake of 1 nM, as described in the text.

(29). The frequent growth of B-Proteobacteria in our media is
likely to be the result of the lower concentrations of carbon
substrates employed in the present investigation.

cAMP was the most effective signal compound, leading to
significantly increased MPNs on several occasions. It can be
concluded that the stimulating effect of cAMP is not limited to
marine bacterioplankton assemblages (13) but, during certain
time periods, also occurs in freshwater environments. In the
absence of cell-bound phosphodiesterases, no chemical hydro-
lysis or hydrolysis by dissolved enzymes of cAMP was observed
over a 26-h period (3). Under natural conditions, dissolved
cAMP is thus rather stable in the absence of microorganisms.

Interestingly, ATP also stimulated growth of the natural
bacterioplankton in several cases. Dissolved ATP has been
shown to occur in seawater in concentrations of 0.2 to 1.2 nM

FIG. 5. Phylogenetic tree calculated by maximum likelihood, comparing 16S rRNA gene sequences recovered from different MPN enrichments
and from the natural community of bacteria from Zwischenahner Meer with those of their closest relatives. Sequences obtained in the present study
are shaded. cAMP and ATP indicate sequences originating from highest positive dilutions of series in which cAMP or ATP resulted in significantly
increased MPN values. Nat. com., natural bacterioplankton community from Zwischenahner Meer. Three of the freshwater clusters (Polynucle-
obacter necessarius, Rhodoferax sp. strain BAL47, and ACK-M1) suggested by Zwart et al. (52) are identified by brackets. The bar indicates 10%

sequence divergence.
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and is utilized rapidly by marine bacteria (6). ATP is known to
be involved in the regulation of various cellular processes. It is,
for instance, involved in DNA replication by activation of the
DnaA protein (27). This mechanism might be involved in the
growth stimulation of planktonic bacteria as observed in the
present study. In contrast to marine bacterioplankton (13), the
well-known bacterial signal compounds BHL and OHHL had
no effect on cultivation of heterotrophic bacteria from Zwis-
chenahner Meer, which is in agreement with results of culti-
vation experiments with water from Lake Constance (14).

Role of cAMP uptake in natural bacterioplankton. The in-
volvement of cAMP in the regulation of catabolic enzymes has
been demonstrated for a wide range of bacteria (11). More-
over, other roles of cAMP, e.g., in DNA replication or the
stationary-phase response in Escherichia coli, are known (27,
33, 49). In enterobacteria, cAMP is involved in the regulation
of the majority of genes expressed under starvation conditions
(47). The addition of extracellular ;cAMP was found to prevent
substrate-accelerated death in starved laboratory cultures (16).
Furthermore, the transcription factor o° (the gene product of
rpoS) is involved in the transition to stationary phase. cAMP, in
a complex with the cAMP receptor protein, acts as a negative
regulator of the transcription of rpoS (36). Addition of extra-
cellular cAMP has the same effect (33). It is therefore possible
that the addition of extracellular cAMP hinders bacterial cells
in entering the protective stationary phase but rather maintains
them in a nutrient-scavenging state more favorable for culti-
vation. It has also been suggested that the ability of natural
bacteria to acquire cAMP from the environment obviates the
need to accumulate cAMP intracellularly in preparation for
recovery from starvation (18). The cAMP present in seawater
(3) in turn may originate from dividing planktonic bacteria and
could serve as a signal to stimulate the growth of accompanying
dormant cells (13).

Microautoradiography confirmed that a significant fraction
of the bacteria in Zwischenahner Meer (18%) are capable of
cAMP uptake. So far, uptake of cCAMP has been shown in only
a few studies of marine bacterioplankton. In these cases, only
a significantly lower fraction of bacterial cells (2 to 7% of the
bacterial community) (4) was capable of cAMP uptake.

In natural aquatic systems, cCAMP reaches concentrations in
the picomolar range (1 to 35 pM) (3). Hence, a prerequisite for
the utilization of this compound is the expression of high-
affinity uptake systems, as have been postulated for marine
bacterioplankton cells based upon the uptake observed at con-
centrations of 50 pM (3, 4). cAMP is taken up by high-affinity
transport systems having stringent structural requirements, al-
lowing transport of cyclic nucleotides but not of structurally
related noncyclic compounds such as AMP (5). Our data pro-
vide a first estimate of the affinity of cAMP uptake systems
present in freshwater planktonic bacteria. The K,,, of =1 nM is
consistent with the range of cAMP concentrations detected in
marine planktonic habitats and similar to the K,,s of marine
bacteria (4).

Recovery of previously unculturable bacteria. Actinomyce-
tales, formerly considered typical soil bacteria, have been
shown to be abundant and globally distributed in freshwater
habitats (23). However, the high abundance of these bacteria
may in fact be due to size-selective grazing behavior of pro-
tistan predators which results in a selective advantage of small
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bacteria (43). FISH confirmed that, similarly to other aquatic
environments, the actinobacteria present in Zwischenahner
Meer were represented by small cells (0.2 to 0.5 wm in diam-
eter).

In contrast to gram-negative bacteria, their gram-positive
counterparts do not seem to utilize cAMP as a signal com-
pound (35). Clearly, detailed physiological and molecular stud-
ies of freshwater actinobacteria are necessary in order to elu-
cidate the role of cAMP in the physiology of these bacteria and
to ultimately identify the cellular mechanism underlying the
phenomenon of their so-called nonculturability.

Conclusions. By applying dilution series of liquid media with
low nutrient concentrations, pure cultures of typical aquatic
bacteria can be recovered from natural planktonic assem-
blages. In these media, the addition of the signal compound
cAMP most effectively increases cultivation success. The bac-
terial phylotypes obtained depend on the physiological state of
bacterial cells and the incubation conditions chosen rather
than on the overall composition of the bacterioplankton com-
munity.

To our knowledge, the present study for the first time dem-
onstrates the cultivation of planktonic actinobacteria (Z8 and
734 [Fig. 4 and 5]) in fully synthetic laboratory media. The two
actinobacteria most likely represent dominant indigenous bac-
teria. Our results show that increases in culturability should not
be taken as the only criterion for the improvement of cultiva-
tion media. Instead, numerically significant but previously non-
culturable bacteria can be recovered even under conditions
where overall culturability remains comparably low.
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