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High-throughput cultivation was combined with rapid and group-specific phylogenetic fingerprinting in
order to recover representatives of three freshwater bacterioplankton communities. A total of 570 bacterial
cultures were obtained by employing the most probable number and MicroDrop techniques. The majority of
the cultured bacteria were closely related to previously uncultured bacteria and grouped with the �-Proteobac-
teria, �-Proteobacteria, Actinobacteria, Firmicutes, or Flavobacteria-Cytophaga lineage. Correspondingly, the nat-
ural bacterioplankton community was analyzed by high-resolution phylogenetic fingerprinting of these five
bacterial lineages. 16S rRNA gene fragments were generated for each lineage and subsequently separated by
denaturing gradient gel electrophoresis. By the combination of five group-specific PCR protocols, the total
number of 16S rRNA gene fingerprints generated from the natural communities was increased sixfold com-
pared to conventional (eubacterial) fingerprinting. Four of the environmental �-Proteobacteria 16S rRNA gene
sequences obtained from the natural community were found to be identical to those of bacterial isolates. One
of these phylotypes was detected in 14 different cultures and hence represented the most frequently cultured
bacterium. Three of these 14 strains were characterized in detail. Their complete 16S rRNA gene sequences
showed only 93% similarity to that of Sandaracinobacter sibiricus, the closest relative described so far. The novel
phylotype of bacterium is a strict aerobe capable of using numerous organic carbon substrates and contains
bacteriochlorophyll a bound to two different photosynthetic light-harvesting complexes. Dot blot hybridization
revealed that the strains occur in lakes of different trophic status and constitute up to 2% of the microbial
community.

Planktonic bacteria mediate a significant proportion of the
carbon turnover in freshwater lakes (17). So far, however, a
more comprehensive understanding of the functions of fresh-
water bacteria has been hindered by the limited information on
their physiology. Very few (in some cases as little as 0.001%) of
the cells multiply in laboratory media (3). Even in improved,
dilute culture media, the cultivation success of freshwater bac-
teria may not exceed 1.4% (9, 45). Culture-independent 16S
rRNA-based studies indicate that the previously uncultured
fraction comprises numerous unknown bacteria and entirely
novel phylogenetic groups (20, 23, 54, 58, 64). In order to be
able to link the structure and function of freshwater bacterio-
plankton, cultivation approaches thus need to be directed to-
ward the isolation of its characteristic members. Recently, a
few typical planktonic �-Proteobacteria and Actinobacteria
could be isolated by employing novel cultivation approaches
(10, 24, 25).

High-throughput approaches for extinction culturing in small
volumes of low-nutrient media have recently been established
and applied to bacterioplankton samples (9, 10, 14). As an
alternative separation method, bacterial cells have been encap-
sulated in gel microdroplets and cultivated in flowthrough sys-
tems monitoring bacterial growth by flow cytometry (62). Us-
ing the MicroDrop microdispenser system (9), large arrays of
small cultures in microtiter plates can be inoculated with 170-pl
droplets containing single bacterial cells, thereby generating 96
cultures in less than 1 minute. Due to the high number of
replicates at a high dilution, highly enriched or even pure
cultures are obtained at a much higher frequency than with
conventional most probable number (MPN) dilutions (9).

In order to analyze the large number of isolates generated,
efficient and at the same time sufficiently sensitive screening
techniques are required. Fingerprinting of 16S rRNA gene
fragments by denaturing gradient gel electrophoresis (DGGE)
provides a means for the rapid comparison of isolates with
environmental sequences (8, 9, 10, 26, 40). When conventional
eubacterial PCR primers are employed, however, bacteria that
constitute �9% of complex microbial communities may not be
detected by DGGE (51). Based on available diversity estimates
(between 300 and 600 species in as little as 2.2 liters of water)
(1, 26, 56) and based on the theoretical model of log-normal
distribution of species abundance, most species are expected to
occur at a very low abundance in marine bacterioplankton
communities (16) and thus will escape detection by conven-
tional DGGE analyses. Indeed, previous analyses of such
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bacterioplankton assemblages by PCR-DGGE have yielded a
maximum of only 20 to 30 different sequence types (4, 39).
Obviously, the resolution of the PCR-DGGE approach needs
to be increased in order to take advantage of its speed and high
throughput capacity.

MATERIALS AND METHODS

Study sites and sample collection. Three freshwater lakes of different trophic
status were sampled. The oligotrophic alpine Walchensee (47°35�N, 11°19�E;
near Garmisch-Partenkirchen) is located 802 m above sea level, has a surface
area of 1.640 ha, and is characterized by an extraordinary relative depth (max-
imum depth, 190 m; mean depth, 79 m). Samples were obtained at a site located
30 m from the west shore. The mesotrophic prealpine lake Starnberger See (25
km southwest of Munich) is located 584 m above sea level and has a surface area
of 5.636 ha, a maximum depth of 128 m, and a mean depth of 53 m. Samples were
obtained from the head of a pier located on the east shore near the town of
Ammerland (47°55�N, 11°02�E). The eutrophic Zwischenahner Meer (53°12�N,
8°0�E) is a small (surface area, 520 ha) and shallow (maximum depth, 5 m; mean
depth, 3.3 m) lake located in northern Germany close to Oldenburg at an altitude
of 6 m above sea level. Zwischenahner Meer contains high concentrations of
humic substances (5) (see Table 3). This lake was sampled from the head of a
pier on its east shore.

Water samples were collected on 17 July and 25 October 2001 from Wal-
chensee and Starnberger See at a depth of 3 m using a bilge pump connected to
isoversinic tubing. The inlet of the tubing consisted of two polyvinyl chloride
cones spaced 1 cm apart as described previously (43). Samples from Zwisch-
enahner Meer were collected on 15 July and 14 October 2001 0.2 m beneath the
lake surface. Since the entire water column of this shallow lake mixes frequently
even during summer (26), surface samples are representative of the water col-
umn. One-liter samples were prefiltered through a 20-�m-mesh plankton net,
kept at 4°C in the dark, and processed within 10 h after being sampled. Water
temperature and conductivity were determined with a WTW LF95 conductivity
meter equipped with a TetraCon 96 electrode (WTW, Weilheim, Germany). The
pH was measured with a Knick pH meter 763.

Total cell counts. Subsamples were fixed in 2% (vol/vol) glutaraldehyde, and
total cell numbers were determined by epifluorescence counting after staining
with 4�,6-diamidino-2-phenylindole (DAPI) as described previously (8).

Cultivation of planktonic bacteria. Synthetic freshwater buffered with 10 mM
HEPES (5) was supplemented with formate, acetate, propionate, succinate,
citrate, �-ketoglutarate, and pyruvate (200 �M each; all Na� salts); an amino
acid mixture containing all 20 amino acids (200 �M each); Tween 80 (0.001%
[vol/vol]); and glucose (40 �M) (10). Aliquots of 200 �l of growth medium were
dispensed into sterile 96-well polystyrene microtiter plates (Corning Inc., Corn-
ing, N.Y.). The wells were inoculated by employing the MicroDrop AutoDrop
microdispenser system version 5.50 (MicroDrop GmbH, Norderstedt, Germany),
which generates very small droplets of 170-pl volume in a reproducible manner.
The number of bacterial cells per droplet was calculated from the total cell count
and the known volume of individual droplets. Based on previous determination
of the average culturability of the bacterioplankton in the different lakes (as done
by MPN analyses), each well was inoculated with a number of droplets so that it
statistically received 0.5 viable cells. This procedure resulted in a large number of
positive wells containing highly enriched or pure cultures (9). On each microtiter
plate, 12 wells were left without inoculation and served as a control for contam-
ination during manipulation of the cultures. However, contamination of these
control wells was never observed. A total of 420 individual growth tests (wells)
for each sample were inoculated. In parallel, MPN series were performed in
microtiter plates as described by Bruns et al. (9). After 6 weeks of incubation at
15°C, growth was monitored by turbidimetry.

Growth rates of selected isolates were determined in synthetic freshwater
media supplemented with peptone or yeast extract at 5, 1, 0.1, 0.01, and 0.001%
(wt/vol) at a temperature of 15°C. Growth was followed by measurement of the
optical density at 580 nm.

Nucleic acid extraction. Bacterial cultures in microtiter plates were harvested
by centrifugation at 15,000 � g for 20 min at a temperature of 4°C. Cell pellets
were lysed by six freeze-thaw cycles (each cycle consisting of an incubation for 3
min at �80°C and an incubation for 3 min at 100°C). Aliquots of 0.2 �l of the
resulting crude extracts were directly used for PCR amplifications of 16S rRNA
gene fragments.

Natural lake water samples were extracted using a modification of the protocol
of Fuhrman et al. (19). One liter of sample was filtered through 47-mm,
0.1-�m-pore-diameter isopore polycarbonate membrane filters (Millipore,
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Eschborn, Germany). The filters were cut in 5-mm strips with a sterile scalpel on
a sterile petri dish, and the strips were transferred to sterile 12-ml polypropylene
tubes. After the addition of 4 ml of STE buffer (10 mM Tris-HCl [pH 8.0], 1 mM
EDTA, 100 mM NaCl) and 0.1 volume of 10% (wt/vol) sodium dodecyl sulfate
(SDS), the filters were boiled for 10 min in a water bath. The liquid phase was
transferred to a fresh polypropylene tube, and the filters were washed with 2 ml
of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]). Both liquid phases were
combined and extracted with 4 ml of phenol-chloroform–isoamyl alcohol
(25:24:1), followed by a chloroform extraction. After centrifugation at 5,000 � g
for 10 min for phase separation, the water phase was transferred to a Centri-
con-50 dialysis filtration unit (Millipore), and the DNA was purified further by
washing it with 2 ml TE buffer according to the instructions of the manufacturer.
DNA was recovered by standard ethanol precipitation and resuspended in 50 �l
of 10 mM Tris-HCl, pH 8.0. DNA concentrations were determined with the
fluorescent dye PicoGreen (Molecular Probes, Eugene, Oreg.).

High-resolution phylogenetic fingerprinting of natural bacterioplankton. Af-
ter determining the phylogenetic affiliation of the isolated bacteria, a set of PCR
primer pairs were selected targeting each of the major phylogenetic groups
present in the culture collection (Table 1). The PCR products generated were
sufficiently short (430 to 700 base pairs) (Table 2) to be separated in the subse-
quent DGGE (40).

The specific primers for �-Proteobacteria and Planctomyces and the specific
primer targeting gram-positive bacteria with low GC content (the Firmicutes
group) were designed using specific probe sequences from probeBase (32). For
the Firmicutes, a degenerated primer was designed from the three probes avail-
able in the database, and hence, covering the entire known diversity of this group.
Appropriate PCR conditions were established by testing genomic DNAs of
representative strains from nine different bacterial divisions or subdivisions:
Rhodospirillum rubrum DSMZ 467T (�-Proteobacteria), Rhodocyclus tenuis
DSM109T (�-Proteobacteria), Escherichia coli DSMZ 499 (	-Proteobacteria), My-
cobacterium phlei DSM 43239T (Actinobacteria), Rhodopirellula baltica (Plancto-
myces), Bacillus subtilis DSMZ 10 (Firmicutes), Acidobacterium capsulatum
DSMZ 11244 (Acidobacteria), Flavobacterium aquatile DSMZ 1132 (Flavobacte-
ria-Cytophaga), and Desulfovibrio desulfuricans CSN (
-Proteobacteria). In order
to establish specific amplification conditions for each target group, DNAs of
members of the other groups served as negative controls.

16S rRNA gene sequences were amplified in a GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA). Each PCR mixture contained 50 mM
KCl, 10 mM Tris-HCl (pH 8.3), 5 mM MgCl2, 0.001% (wt/vol) gelatin, 50 �M of
each deoxyribonucleoside triphosphate, 1 �M of each primer, 0.8 �g/�l bovine
serum albumin (Sigma-Aldrich, Steinheim, Germany), and 1.25 U of AmpliTaq
Gold DNA polymerase (Applied Biosystems, Foster City, CA). Reaction mix-
tures were adjusted to a final volume of 50 �l with sterile distilled water. For each
primer set, one of the primers contained a 40-bp-long GC clamp at its 5� end
(Table 1) in order to obtain stable melting behavior of the generated DNA
fragments during the subsequent DGGE. All amplifications were performed by
a step-down PCR (44). A start at 95°C for 5 min routinely preceded the cycling
reactions. Melting and primer extension were always carried out at 94°C for 0.5
min and 72°C for 1 min, respectively. Annealing temperatures and numbers of
cycles varied depending on the primers used (Table 2). For comparison, 16S
rRNA gene fragments were amplified using the conventional eubacterial primer
pair GC341f and 907r (40) and the reaction conditions described previously (44).

Denaturing gradient gel electrophoresis. PCR products were separated by
DGGE in 6% (wt/vol) polyacrylamide gels containing a linear gradient of 30 to
70% denaturant as described earlier (44) using a Ingeny phorU system (Ingeny
International BV, Goes, The Netherlands). Polyacrylamide gels were stained
with SYBRGold (MoBiTec, Göttingen, Germany) for 45 min. DNA bands of
interest were excised from the gel with a sterile scalpel, and the DNA was eluted
for 45 min at 65°C in 20 �l of 10 mM Tris-HCl buffer at a pH of 8.0. Gel slices
containing very small amounts of DNA were electroeluted as described previ-
ously (44).

Sequencing and phylogenetic analyses. One to 5 �l of the eluate was used for
reamplification using corresponding primers without a GC clamp. The PCR
products were separated from free PCR primers using the QIAquick Spin Kit
(QIAGEN GmbH, Hilden, Germany) and sequenced directly using an ABI
Prism Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems GmbH, Weiterstadt, Germany) and an ABI Prism 310 Genetic An-
alyzer (Applied Biosystems, Foster City, CA). Bands which resulted in ambigu-
ous sequences were analyzed after being cloned. The TOPO TA Cloning Kit
(Invitrogen, Carlsbad, CA) was used; recombinants were picked at random and
grown overnight in liquid LB media according to the manufacturer’s instructions,
and the plasmids were extracted using the QIAprep Miniprep Kit (QIAGEN
GmbH, Hilden, Germany). The presence of the insert was verified by restriction
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enzymatic digestion with EcoRI (Fermentas GmbH, St. Leon-Rot, Germany),
and the corresponding clones were sequenced.

16S rRNA sequences were analyzed using the ARB software package (34).
Sequences of the closest relatives were retrieved from the GenBank database by
employing BLAST 2.0.4 (2) and imported into the ARB database. The Fast
Aligner v. 1.03 tool was used for automatic sequence alignment. The latter was
checked and manually corrected based on secondary-structure information.
Small (�3 nucleotide positions) differences between the 16S rRNA gene se-
quences could be caused by sequencing errors (21). Consequently, such nucle-
otide positions were considered real only if they could be confirmed either by
compensatory changes of the paired nucleotide in double-stranded regions of the
16S rRNA molecule or by different melting behavior of the fragments in DGGE
gels. A phylogenetic tree was constructed by maximum likelihood analyses using
only sequences longer than 1,300 bp. Subsequently, the shorter sequences ob-
tained from DGGE bands, as well as closely related shorter (500- to 1,300-bp)
sequences from the database, were added by applying the parsimony tool,
thereby maintaining the overall tree topology. Sequence similarities were calcu-
lated using the ARB distance matrix tool.

Dot blot hybridization. The natural abundance of the most frequently cultured
phylotype was assessed by a dot blot procedure. Ninety-liter water samples were
taken on 29 July 2003 from Starnberger See and Walchensee and concentrated
by tangential flow in a Pellicon system (Millipore, Eschborn, Germany) using a
cassette with 0.1-�m pore size. DNA was extracted from the resulting cell
concentrate using the DNeasy Tissue kit (QIAGEN GmbH, Hilden, Germany).
Genomic DNA from Sphingomonas cloacae DSM 14926 was prepared in the
same way and used as a negative control. Dilution series of genomic DNA from
the natural bacterioplankton community were prepared in TE buffer, and the
DNA was denatured for 10 min at 95°C and vacuum blotted onto positively
charged nylon membranes (Hybond N�; Amersham, Freiburg, Germany). The
membrane was baked for 30 min at 120°C and prehybridized in 10 ml of DIG
Easy Hyb buffer (Roche, Mannheim, Germany) at 53°C for 1 h. Probes were
prepared from genomic DNAs of three phylogenetically identical strains (so36,
so42, and wo26) by random-primed labeling with digoxigenin (DIG)-11-d-UTP
using the DIG High Prime DNA labeling and detection starter kit II (Roche).

Hybridization was carried out for 16 h in 3.5 ml prewarmed DIG Easy Hyb
buffer containing 180 to 250 ng of denatured probe. After hybridization, the blots
were washed twice for 15 min at room temperature in 2� SSC (1 � SSC is 150
mM NaCl plus 15 mM sodium citrate [pH 7.0]) containing 0.1% SDS, followed
by three stringent washing steps (twice in 1� SSC plus 0.1% SDS and once in
0.5� SSC plus 0.1% SDS; 15 min each at 56°C). The hybridization signal was
detected with an X-ray film kit (WICO Rex B�; Linhardt Röntgenbedarf,
Munich, Germany), exposed for 50 min, and developed according to the instruc-
tions of the manufacturer. The image was digitized with a flatbed scanner. For
quantification of the individual dots, the ZERO-Dscan software (Scanalytics,
Billerica, Mass.) was employed.

Nucleotide sequence accession numbers. 16S rRNA gene sequences obtained
in this study are available at the EMBL database under accession numbers
AY902680 through AY902745.

RESULTS

Physical and chemical characteristics of the lakes. The lakes
chosen for the present study cover the whole range of trophic
states. On the sampling dates, total bacterial numbers were
lowest in Walchensee and reached the highest values in Zwisch-
enahner Meer in October 2001 (Table 3). Conductivity and pH
values were similar in all three lakes.

Cultivation of bacterioplankton. A total of 570 bacterial
cultures were obtained by the microdrop and MPN techniques.
The cultures were subsequently screened by PCR-DGGE fin-
gerprinting with eubacterial primers (9), and 112 cultures rep-
resenting the most frequent melting types were selected for
further analysis. The majority (i.e., 108 of 112) of the cultures
sequenced were identified as members of five different phylo-
genetic groups, �-Proteobacteria, �-Proteobacteria, high-GC
gram-positive bacteria (class Actinobacteria), Firmicutes, and
the Flavobacteria-Cytophaga (see Fig. 2 and Fig. S1 to S3 in the
supplemental material). With the exception of the Firmicutes,
these bacterial groups comprise typical freshwater species (10,
22, 23, 25, 58, 64). The 108 bacterial sequences represented a
total of 73 different phylotypes (see Fig. 2 and Fig. S1 to S3 in
the supplemental material).

Culture-independent analysis of bacterioplankton by group-
specific phylogenetic fingerprinting. Specific primers corre-
sponding to the five major phylogenetic groups cultivated were
established and used to screen for the presence of the cultured
16S rRNA sequence types in the natural bacterioplankton
community. Since only three of the cultured strains were affil-
iated with the 	-subgroup of the Proteobacteria (see Fig. S1 in
the supplemental material), no effort was made to establish a
specific primer set for that group.

TABLE 3. Total cell numbers and physicochemical characteristics of the lakes sampled (n.a., not available).

Characteristic Walchenseea Starnberger Seeb Zwischenahner Meerc

Trophic state Oligotrophic Mesotrophic Eutrophic
Mixing type Dimictic Monomictic Polymictic
NO3-N [mg liter�1] 0.58 0.32 NA
P-total [�g liter�1] 5.0 9.0 NA
Chlorophyll a [�g liter�1] 1.5 2.0 13.7–63.4
DOC [mg liter�1] 1.2 NAe 20.9

Dated 17.07.01 25.10.01 17.07.01 25.10.01 17.07.01 14.10.01

Conductivity (25°C) [�S cm�1] 263 267 299 287 331 266
Salinity (25°C) [mg liter�1] 128 130 146 140 161 298
Temp [°C] 16.5 11.8 19.8 13.4 17.9 14.6
pH 8.5 8.4 8.9 8.7 8.3 8.0
Total cell count [106 ml�1]

(Mean � SD)
1.8 � 0.6 9.9 � 1.8 5.8 � 2.3 23.7 � 4.2 5.3 � 2.7 33.0 � 6.1

a Means for 2001. Sources: B. Lenhart, Wasserwirtschaftsamt Weilheim, personal communication, and http://www.wwa-wm.bayern.de/ebene2/daten/seenportraets
/walchensee/wm_seenportraets_walchensee.htm.

b Means for 2001. Source: http://www.wasserwirtschaftsamt-muenchen.de/app/starnberger_see?slidesstarnberger_see_langzeit�1.
c Reference 5.
d Day.month.year.
e NA, not analyzed.
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When using the group-specific primer sets, a total of 80
different melting types could be resolved by DGGE (Fig. 1).
The Bacteroidetes proved to be most diverse and comprised 25
phylotypes, followed by the Firmicutes and �-Proteobacteria
with 20 and 17 phylotypes, respectively. Twelve fingerprints
were detected among the �-Proteobacteria and six among the
Actinobacteria. For these two groups, almost identical finger-
print patterns were detected in the three different lakes and
on different sampling dates. More pronounced differences be-
tween lakes and seasons existed for the �-Proteobacteria, Bac-
teroidetes, and Firmicutes fingerprints (Fig. 1).

In order to compare the resolution attained by group-spe-
cific fingerprinting with that of the conventional DGGE
method, fingerprint patterns were generated from the same
DNA samples employing eubacterial primers. A total of 14
different eubacterial fingerprints were observed, which were
rather similar for all six samples (Fig. 1). As expected, the
combination of the group-specific PCR-DGGE fingerprinting
methods thus provides a more comprehensive analysis of the
natural community than eubacterial primers alone.

Representative and discrete DGGE bands of different melt-
ing types were chosen and excised, eluted, and sequenced.
Overall, 52 bands representing 47 different melting types were
analyzed. Four of the group-specific melting types (bands 4, 12,
13, and 37) (Fig. 1) were detected in more than one lake. The
16S rRNA gene sequences were analyzed phylogenetically in
order to (i) investigate the specificity of the amplification pro-
tocols and (ii) generate a database for the identification of
representative members of the bacterioplankton communities
among the cultured isolates.

Direct sequencing of the eubacterial fingerprints yielded
only three unambiguous sequences. Subsequent cloning and
sequencing revealed that the remaining DNA bands contained
a mixture of several 16S rRNA gene sequences. Most of the
sequences obtained from eubacterial fingerprints were affili-
ated with freshwater Actinobacteria (see Fig. S3 in the supple-
mental material).

In contrast to the eubacterial fingerprints, group-specific
fingerprints of the same melting type always contained single
and identical 16S rRNA gene sequences. The phylogenetic
analysis of fingerprints of �-Proteobacteria and Actinobacteria
confirmed that the respective PCR protocols were group spe-
cific, since none of the 12 sequences recovered clustered out-
side of the respective target groups (compare Fig. 1 and 2, and
Fig. S1 to S3 in the supplemental material). As the target
sequence of primer ALF968r is present not only in the �-Pro-
teobacteria but also in a few 	-Proteobacteria, 
-Proteobacteria,
and Actinobacteria (Table 2), it was expected that the PCR-
DGGE method used for �-Proteobacteria would recover se-
quences of these other phylogenetic groups. Accordingly, our
phylogenetic analysis of the actual amplification products dem-
onstrated that 3 out of 12 sequences analyzed (ENVSEQ_SJ4,
ENVSEQ_ZO4 and ENVSEQ_WO9; see Fig. S3 in the sup-
plemental material) clustered with the Actinobacteria. The fact
that both sequence types were present in only faint bands
(bands 4 and 9 in Fig. 1) indicates that either the amplification
efficiencies or the natural abundances of both sequences were
lower than those of �-Proteobacteria. Primers targeting the
Bacteroidetes also retrieved five sequences of �-Proteobacteria.

Based on database analyses, the primers employed for the
amplification of 16S rRNA genes of Firmicutes were expected
to be highly specific. However, under PCR conditions which
yielded amplification products from our natural bacterioplank-
ton samples, only sequences of Planctomyces were recovered
with the Firmicutes primer pair (see ENVSEQ sequences 33
through 40 in Fig. S4 in the supplemental material). The am-
plification of environmental sequences of Planctomyces could
be due to low specificity of the PCR conditions or to the
presence of the primer target sequence in novel types of planc-
tomycete 16S rRNA gene sequences. Novel types of 16S rRNA
gene sequences were recovered when an additional primer pair
for Planctomyces was used (8F/PLA886r) (Table 2). Amplifi-
cation products were separated by cloning. However, none of
the 23 clones randomly selected for sequencing contained the

FIG. 1. 16S rRNA gene fragments of five different phylogenetic groups of planktonic bacteria separated by DGGE. A negative image of a
SybrGold-stained gel is shown. The letters s, w, and z denote samples from Starnberger See, Walchensee, and Zwischenahner Meer, respectively.
The letters j and o denote samples obtained in July and October 2001, respectively. ST, standard. Numbers indicate DNA bands that were excised
and sequenced. The same numbers mark positions of identical sequences. The percentages on the left margin give the concentrations of
denaturant.
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FIG. 2. Maximum likelihood phylogenetic trees calculated for 16S rRNA gene sequences of �-Proteobacteria obtained in this study (given in
boldface) and those of their closest relatives. Sequences were obtained from Starnberger See (s), Walchensee (w), and Zwischenahner Meer (z)
and in July (j) or October (o) 2001. Sequences of cultured bacteria are marked “CULTURE”; sequences of the three strains investigated in detail
are marked “STRAIN.” Sequences from bacteria cultured in MPN series are marked M. “ENVSEQ” denotes 16S rRNA gene sequences recovered
by culture-independent DGGE fingerprinting; the numbers of these environmental sequences refer to those in Fig. 1. Environmental sequences
and sequences of cultured bacteria that are identical are shaded in gray.
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target sequence of the Firmicutes primer, indicating that the
amplification of planctomycete sequences with the Firmicutes
primer pair was caused by nonspecific primer binding. The
failure to detect Firmicutes bacteria despite this decreased
stringency of the PCR protocol thus indicates a very low abun-
dance of members of this group in the three bacterioplankton
assemblages. Interestingly, the primer combination 8F/PLA886r
retrieved a subgroup of the Planctomyces (see ENVCLONE in
Fig. S4 in the supplemental material) that (with one exception)
was phylogenetically distinct from the sequences recovered by
the Firmicutes primer set. Apparently, the two primer sets
select for different subgroups of planctomycete sequences.

Identification of typical representatives of the bacterio-
plankton among cultured bacteria. Out of the total of 75 indi-
vidual 16S rRNA gene sequences obtained by the culture-
independent approach in the present study, 61 were most
closely related to previously uncultured aquatic bacteria
(Fig. 2; see Fig. S1 to S4 in the supplemental material). Of the
latter, 23 sequences exhibited a sequence similarity of �97%
to sequences of previously uncultured bacteria and hence may
represent the same species (49). In eight instances (see
ENVSEQ_SO13, ENVSEQ_WO13, and ENVSEQ_ZO13 in
Fig. S1 and ENVSEQ_SJ4, ENVSEQ_SJ29, ENVSEQ_SJ30,
ENVSEQ_SJ41, and ENVSEQ_ZO4 in Fig. S3 in the supple-
mental material), the sequences were even identical to those of
uncultured bacteria. In contrast to the large number of se-
quences related to previously uncultured phylotypes, only 14
sequences were related to cultured bacteria, and of these,
9 sequences could be affiliated with known species based on
sequence similarity (Fig. 2; see Fig. S1 to S4 in the supplemen-
tal material). Again, most of the cultured relatives of our
sequences are typical bacterioplankton species (e.g., Brevundi-
monas alba, Caulobacter sp., and Blastopirellula marina).

Most of the planktonic bacteria cultivated in the present
study represent novel phylotypes (Fig. 2; see Fig. S1 to S4 in
the supplemental material). Eight of the isolates (Mzj2, zj97,
wo51, so30, wo07, zo36, wo38, and wo56) represent the first
cultivated representatives of a cluster of �-Proteobacteria that
had been known only from environmental clones (see Fig. S1
in the supplemental material). The closest cultured represen-
tatives of these previously uncultured bacteria were the aquatic
bacterium R1-B14 (accession no. AB195746; 96% similarity to
so30, wo38, and wo51), Methylophilus methylotrophus (AB193724;
95% similarity to Mzj2), and Methylophilus sp. (AY360349;
92% similarity to wo56). Another clade that is represented for
the first time by a pure culture (zj04) was identified within the
freshwater actinobacterial cluster acI (see Fig. S2 in the sup-
plemental material) and was related to the gram-positive iso-
late Z34 (97% similarity) (10).

Most remarkably, six of the environmental sequence types
exactly matched those of bacteria isolated from the same bac-
terioplankton communities (Fig. 2; see Fig. S1 in the supple-
mental material). All sequences represented novel phylotypes.
Four of the sequences clustered with the �-Proteobacteria
(ENVSEQ_SJ2, ENVSEQ_SJ3, ENVSEQ_SO5, and ENVSE-
Q_ZJ11) (Fig. 2), whereas another (ENVSEQ_ZO15) be-
longed to a �-proteobacterium (see Fig. S1 in the supple-
mental material). In addition, a dominant �-Proteobacteria
phylotype which had previously been detected by culture-inde-
pendent methods in Zwischenahner Meer (see AF311985 in

Fig. S2 in the supplemental material) (26) could be isolated
from all three of the lakes (isolates so30, wo7, and zo36).

One sequence (ENVSEQ_SJ2) was detected in 14 bacterial
isolates and in fact represented the dominant cultured phylo-
type (Fig. 2). Three of these isolates (so36, so42, and wo26)
had identical 16S rRNA gene sequences when analyzed over
1,350 base pairs.

Abundances of the dominant cultured bacteria in the bac-
terioplankton. As determined by dot blot hybridization, the
three strains so36, so42, and wo26 exhibited considerable
genomic differences. Genome-genome similarity values ranged
from 60.1% between strains so36 and so42 to 66.0% between
so36 and wo26 (not depicted in Fig. 3). Since different strains
of �-Proteobacteria with identical 16S rRNA gene sequences
can exhibit considerable ecophysiological differences and co-
exist in the same bacterioplankton community (27), the abun-
dances of the three strains in natural bacterioplankton were
determined separately using genome-genome hybridization in-
stead of fluorescent in situ hybridization (FISH) of the 16S
rRNA. The abundances of the three strains in the natural
community were 1.4% to 2.3% for strain so36, 0.8% to 0.9%
for strain so42, and 0.5% to 0.7% for strain wo26 in Starn-
berger See and Walchensee, respectively (Fig. 3).

Theoretically, cross-hybridization with genomic DNA of re-
lated but phylogenetically distinct bacteria could interfere with
dot blot quantification and result in an overestimation of the
natural abundances of our three strains. It appears unlikely,

FIG. 3. Quantification of genomic DNAs of strains so36, so42, and
wo26 in the natural bacterioplankton communities by dot blot hybrid-
ization. For nomenclature of strains, see the legend to Fig. 1. Different
concentrations of genomic DNA of strain wo26 served as standards.
DNA of Sphingomonas cloacae was used as a control for specificity.
The values below the dots indicate the concentrations of genomic
DNA employed (in ng �l�1).
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however, that the signals obtained by our dot blot approach
were caused by genomic DNA of such other bacteria because
of the following reasoning. As a control for hybridization strin-
gency, the related Sphingomonas cloacae DSMZ 14926 was
selected. The phylogenetic similarity between S. cloacae and
strains so36, so42, and wo26 was 93.4% (Fig. 2), while the
respective genome-genome cross-hybridization values were
11.4%, 13.6%, and 9.6%. If the signals obtained for the
bacterioplankton communities were due to bacteria like
S. cloacae, a significantly higher abundance of about 20%
would be necessary to explain the observed dot blot hybridiza-
tion signals. This high abundance, however, is very unlikely,
given the fact that �-Proteobacteria constitute only a few per-
cent of the total bacterioplankton community in freshwater
lakes, including those investigated in the present study (10, 22).
Our data therefore indicate that the most frequently cultured
phylotype is indeed a detectable constituent of the natural
bacterioplankton community in Starnberger See and Wal-
chensee.

Characterization of previously uncultured planktonic �-
Proteobacteria. The cultures of strains so36, so42, and wo26
consisted of thin gram-negative nonmotile rods (Fig. 4A). Cell
width ranged from 0.24 to 0.32 �m, cell length from 1.55 to
3.24 �m, and calculated cell volumes from 0.14 to 0.15 �m3

(Table 4). No change in cell volume occurred upon transfer of
cultures from low-nutrient artificial freshwater medium to
media containing high concentrations of complex substrates.
The three isolates tested negative for cytochrome oxidase and

FIG. 4. (A) Phase-contrast photomicrograph of cells of isolate
so42. Bar, 5 �m. (B) Absorption spectra of whole cells (solid line) and
acetone extracts (dashed line) of isolate so42. The inset depicts long-
wavelength absorption maxima of photosynthetic complexes at 800 and
865 nm and shoulder at 837 nm.

TABLE 4. Main morphological and physiological characteristics of isolates compared to S. sibiricus RB16-17

Property so36 so42 wo26 S. sibiricus RB16-17

Environment Freshwater (planktonic) Freshwater (benthic)
Cell shape Rods Rods Rods Rods
Cell width (�m) 0.32 � 0.09 0.24 � 0.03 0.26 � 0.05 0.3–0.5
Cell length (�m) 1.55 � 0.44 3.24 � 0.81 2.33 � 0.83 1.5–2.5
Motility �a � (3 subpolar flagella)
Color Orange-red Yellow-orange
Gram staining � �
Cytocrome oxidase � �
Catalase � �
In vivo absorption maxima

carotenoids (nm)
420, 460, 480 424, 450, 474

BChla � �
Photosynthetic reaction center � �
LHI (nm) 865 867
LHII (nm) 800, 837 (shoulder) �
Metabolism Strictly aerobic Strictly aerobic (facultative

photoheterotroph)
Utilizationb

Glucose (5 mM/5 mM) � � � �
Maltose (5 mM/2.5 mM) � � � �
Acetate (5 mM/12 mM) � � � �
Pyruvate (5 mM/9 mM) � � � �
Butyrate (2.5 mM/9 mM) � � � �
Malate (5 mM/6 mM) � � � �
Citrate (2 mM/5 mM) � � � �
Succinate (10 mM/4 mM) � � � �
Lactate (10 mM/9 mM) � � � �
Ethanol (5 mM/22 mM) � � � �
Methanol (5 mM/31 mM) � � � �
Yeast extract (1%/0.1%) � � � �

a �, absent; �, present.
b Concentrations used for the substrate test (isolates/S. sibiricus). Information on S. sibiricus taken from reference (61).
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were catalase positive. They grew as single cells and formed
red colonies on agar plates containing synthetic freshwater
media.

Our phylogenetic analysis grouped the strains with the fam-
ily Sphingomonadaceae and identified Sandaracinobacter sibiri-
cus RB16-17 as one of the closest cultured relatives (92.8%
similarity) (Fig. 2). S. sibiricus is an aerobic phototrophic
bacterium which forms an isolated phylogenetic branch among
nonphotosynthetic members of the �-4 subgroup (23) of the
Proteobacteria. By spectroscopy and high-performance liquid
chromatography analysis, cell extracts of our three strains were
found to contain bacteriochlorophyll a (Bchla). Absorption
spectra of whole cells (Fig. 4B) revealed maxima that are
consistent with the presence of two different photosynthe-
tic light-harvesting complexes, LHI and LHII, in the cells
(Table 4).

Strains so36, so42, and wo26 were obligate aerobes and grew
chemo-organoheterotrophically in the dark in media sup-
plemented with Casamino Acids, yeast extract, and peptone,
whereas no growth was observed with fermented rumen ex-
tract as a substrate. Contrary to most other members of the
Sphingomonadaceae, the three isolates grew with different or-
ganic acids as the sole organic substrate but did not utilize most
of the alcohols (9 of 10) or sugars (29 of 31) tested. The three

strains clearly differed with respect to carbon substrate utiliza-
tion (Table 4).

The growth responses of the three isolates were tested at
different concentrations of yeast extract and peptone (Fig. 5).
Complete inhibition of growth was observed at substrate con-
centrations of 5% (wt/vol). With yeast extract as a substrate,
the maximum growth rate was observed at a concentration of
0.1% (wt/vol). In peptone-containing media, strains so42 and
wo26 grew fastest at 1% (wt/vol). The minimum doubling times
recorded for the strains were between 12.1 and 16.8 h. When
precultures grown at low substrate concentrations were inoc-
ulated into the complex media, lag phases of up to 80 h oc-
curred at higher substrate concentrations (Fig. 5).

DISCUSSION

Cultivation of representative planktonic bacteria. Marine
bacterioplankton communities have been estimated to contain
between 340 and 570 species (1, 26, 56). In only a few instances
have planktonic species been found to attain a pronounced
dominance of 16 to 41% of the total cell count, like the marine
�-Proteobacteria SAR11 clade (37) or the marine oligotrophic
bacterium Sphingopyxis alaskensis (18, 55). Although the spe-
cies richness of freshwater bacterioplankton is not yet known,

FIG. 5. Effects of the peptone and the yeast extract on growth rates and lag phases of three �-Proteobacteria bacterioplankton isolates, so36,
so42, and wo26, grown in synthetic freshwater mineral media. The error bars represent 1 standard deviation.
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the vast majority of bacterioplankton species are expected to
constitute �1% of the bacterial numbers (16). This has been
substantiated by FISH and quantitative PCR of natural plank-
ton assemblages, which revealed a correspondingly low abun-
dance of particular representatives of the �-Proteobacteria or
	-Proteobacteria (11, 53).

Less abundant bacteria often exhibit the highest cell-specific
activities (7, 63), which is most likely caused by selective graz-
ing of bacteriovores on metabolically active and dividing bac-
teria (28) and in turn may lead to a dominance of grazing-
resistant groups, like the freshwater Actinobacteria (25, 46).
For a better understanding of the functions of planktonic bac-
teria, the physiology of less abundant but potentially highly
active and novel types of bacteria therefore needs to be eluci-
dated.

Accordingly, the aim of the present work was to identify
representative members of the bacterioplankton community
among a large number of isolates obtained in synthetic fresh-
water media containing low concentrations of 29 different car-
bon substrates after inoculation by the high-throughput Micro-
Drop technique. Many of the isolates recovered were found to
be most closely related to freshwater bacteria, indicating that
our cultivation approach is appropriate for the recovery of
typical bacterioplankton community members. The majority of
the isolates were members of the �- and �-Proteobacteria, the
Bacteroidetes, and the Actinobacteria. These four bacterial line-
ages typically occur in freshwater bacterioplankton (22, 23). In
contrast, no representatives of the typically aquatic planctomy-
cetes (54, 57) were detected in our culture collection, although
our culture-independent analyses recovered many different
16S rRNA gene sequences of this lineage in the three lakes and
planctomycetes constituted 9.1% of the bacterioplankton in
Walchensee as determined by fluorescent in situ hybridization
(J. Overmann, unpublished results). The lack of planctomyce-
tes in our culture collection may be attributed, at least in part,
to the fact that most of the known species are usually obtained
in media containing complex carbon sources, like yeast extract
or peptone, or in media with N-acetylglucosamine as the sole
carbon and nitrogen source, as for the genus Pirellula (50). In
the present study, 27 novel 16S rRNA gene sequences of this
phylum were recovered, indicating a considerable diversity of
the group, which is still to be explored.

Our culture collection was dominated by previously unrec-
ognized bacterial phylotypes exhibiting low sequence similarity
to described species. Of the 105 isolates sequenced, 44 strains
representing 20 novel phylotypes were affiliated with the Sphin-
gomonadaceae (�-4 subgroup of the Proteobacteria). So far,
Sphingomonadaceae have been isolated from soil, the rhizo-
sphere, plant surfaces, and human wounds, but rarely from
freshwater sources, like rivers and pristine groundwater (59).
By 16S rRNA-based culture-independent methods, members
of this group have been detected in different freshwater lakes,
however (23, 64). To date, most �-Proteobacteria ribotypes that
are typical of freshwater bacterioplankton communities are
still missing in culture collections (64). Our findings support
the view that numerous novel types of freshwater planktonic
bacteria can still be isolated by high-throughput methods in
diluted growth media.

In order to identify individual representative members of
the bacterioplankton community among the novel isolates,

cultured phylotypes were systematically compared to the 16S
rRNA gene sequences obtained by PCR-DGGE from the orig-
inal bacterioplankton assemblages. In previous comparisons of
this kind, cultured phylotypes could not be detected in 16S
rRNA gene clone libraries of bacterioplankton (52). This has
been attributed to (i) the failure of the most abundant bacteria
to grow in standard media and (ii) incomplete coverage of the
clone libraries (52). Therefore, we combined high-throughput
cultivation in specially adapted media with high-resolution
phylogenetic fingerprinting of the original bacterioplankton
communities.

Rapid, high-resolution phylogenetic fingerprinting of bac-
terioplankton. Group-specific fingerprinting significantly en-
hances the sensitivity of the PCR-DGGE method compared to
eubacterial fingerprinting (15, 44). The combination of just five
different group-specific fingerprinting methods used in the
present study increased the number of different DGGE melt-
ing types sixfold compared to conventional eubacterial finger-
printing. Due to the increased resolution, phylotypes repre-
senting 0.5 to 2.3% of the bacterioplankton assemblage were
repeatedly detected by our PCR-DGGE approach. This detec-
tion limit is 1 order of magnitude lower than conventional
eubacterial fingerprinting, which in complex microbial commu-
nities may recover only phylotypes with an abundance of �9%
(51). Although very rare phylotypes will still be missed by our
group-specific fingerprinting, this approach yields an inventory
of the phylotypes in natural bacterial communities that is suf-
ficiently large for a cross comparison with large culture collec-
tions. Indeed, several detectable members of the original bac-
terioplankton assemblage were also present in our culture
collection.

Recovery of a novel phylotype of freshwater planktonic
bacterium. The dominant cultured phylotype ENVSEQ_SJ2
grouped with the Sphingomonadaceae and has to be considered
a novel genus and species based on the large phylogenetic
distance to the closest validly described relative.

Since the novel type of bacterium also constituted a detect-
able fraction of the bacterioplankton assemblage in the oligo-
trophic Walchensee, it may be adapted to low concentrations
of dissolved organic carbon (DOC) (1.2 mg DOC liter�1)
(Table 3). Typical oligotrophic bacteria are capable of growing
at substrate concentrations of 1 mg DOC liter�1 but cannot
grow at 1 g DOC liter�1 (12, 55). The growth of obligate
oligotrophs, like Pelagibacter ubique strain HTCC1062, is in-
hibited by peptone at concentrations as low as 10 mg liter�1

(47) (corresponding to 4.3 mg DOC liter�1) (13), whereas
oligotrophic marine 	-Proteobacteria (the OMG group) do not
grow at �360 mg DOC liter�1 (12). Doubling times of Pe-
lagibacter ubique and the OMG bacteria range between 1.2 and
1.7 days (at 40 mg DOC liter�1) (47) and between 0.26 and
0.59 days (at 1 to 36 mg DOC liter�1) (12), respectively. In
contrast, facultative oligotrophic bacteria like Sphingopyxis
alaskensis RB 2256T exhibit doubling times of 0.18 to 0.22 days
over a wide range of organic substrate concentrations (0.8 to 80
mg DOC liter�1) (18) and are also capable of growing at 10 g
DOC liter�1 in complex media (55).

By comparison, the isolates obtained in the present study
grew chemo-organotrophically with doubling times of 1.8 to 8.5
days at low substrate concentrations (0.001% peptone or yeast
extract, corresponding to 4.4 mg DOC liter�1) that mimic
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substrate concentrations in lakes (1 to 3 mg DOC liter�1) (12,
38). Given the average doubling times determined for fresh-
water bacterioplankton (0.25 to 8.7 days depending on nutrient
supply) (28, 48), our isolates thus represent rather slow-grow-
ing members of the bacterioplankton assemblage under purely
chemo-organotrophic growth conditions and appear to be less
well adapted to the low organic carbon concentrations in oli-
gotrophic habitats.

The cell volume of the novel isolates (0.14 to 0.15 �m3) is
slightly higher than that of typical freshwater (Polynucleobacter
necessarius; 0.044 to 0.135 �m3) (24) and marine (Sphingopyxis
alaskensis; 0.05 to 0.09 �m3) (55) ultramicrobacteria and falls
in the size range which is readily removed by heterotrophic
nanoflagellates and bacteriovorus crustacean zooplankters (29).
Taken together, this susceptibility to protozoan grazing and the
comparatively low rates of chemo-organotrophic growth sug-
gest a low competitive advantage of the isolates under oligo-
trophic conditions.

Aerobic phototrophic Bchla-containing bacteria have been
detected in marine surface waters, where they can constitute
up to 11% of the total bacterial community and account for up
to 5% of the photosynthetic electron transport (6, 30). Until
very recently, the freshwater members of this group had been
isolated almost exclusively from nutrient-rich sediment envi-
ronments, such as cyanobacterial mats of hot springs or sub-
tropical ponds (60). This is also true for the closest cultured
relative of our isolates, Sandaracinobacter sibiricus. Very re-
cently, however, two planktonic Bchla-containing species were
isolated from ultraoligotrophic Crater Lake, Oregon (45). All
marine and freshwater isolates known to date are affiliated
with the Rhodobacteraceae (�-3 subgroup of the Proteobacte-
ria) and the �-1 subgroup of the Proteobacteria. In contrast, the
isolates obtained in the present study are the first planktonic
representatives of the �-4 subgroup of the Proteobacteria de-
tected in situ, as well as isolated in pure culture. Apparently,
planktonic aerobic Bchla-containing bacteria are more diverse
than realized so far and are more widespread in freshwater
environments. Photosynthetic generation of ATP permits aer-
obic phototrophic bacteria to increase the fraction of organic
carbon substrates assimilated into cell material and hence to
increase the growth yield in comparison to purely chemohet-
erotrophic bacteria (60). The presence of the novel lineage of
aerobic Bchla-containing bacteria in lakes of all trophic states
(oligotrophic through eutrophic) suggests that these bacteria
may have a selective advantage not exclusively under oligotro-
phic conditions. Future research will reveal whether photosyn-
thetic electron transfer occurs under natural conditions and
represents a significant energy source for freshwater bacterio-
plankton.

The LHII complexes detected in our isolates are present
only in the aerobic phototrophic bacteria that are not closely
related, namely, Erythromicrobium ramosum, Erythromicro-
bium ezovicum, Erythromicrobium hydrolyticum, and Citromi-
crobium bathyomarinum, but are missing in Sandaracinobacter
sibiricus (60, 61). In addition, the isolates did not utilize some
of the carbon substrates typical of Sandaracinobacter sibiricus.
Therefore, they represent a phylogenetically, physiologically,
and biochemically novel type of bacterium.

As shown here, previously unknown types of bacteria can be
recovered by the combination of high-throughput cultivation

techniques with efficient high-resolution phylogenetic finger-
printing. Our results substantiate the concept that novel iso-
lates can exhibit distinct, and previously unrecognized, phys-
iological traits and consequently need to be characterized
for a more comprehensive understanding of bacterioplankton
function.

ACKNOWLEDGMENTS

We thank Martina Sterz and Kajetan Vogl for help with sampling
and are indebted to Ann-Katrin Manske for assistance with the phy-
logenetic analyses. Matthias Horn from the Institute of Ecology and
Conservation Biology (University of Vienna, Vienna, Austria) is ac-
knowledged for kindly providing the sequence of probe ALF968 when
it was not available in the database. We thank Frank Oliver Glöckner
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37. Morris, R. M., M. S. Rappé, S. A. Connon, K. L. Vergin, W. A. Seibold, C. A.
Carlson, and S. J. Giovannoni. 2002. SAR11 clade dominates ocean surface
bacterioplankton communities. Nature 420:806–810.
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