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Humic lakes are systems often characterized by irregular high input of dissolved organic carbon (DOC) from
the catchment. We hypothesized that specific bacterial groups which rapidly respond to changes in DOC
availability might form large populations in such habitats. Seasonal changes of microbial community compo-
sition were studied in two compartments of an artificially divided bog lake with contrasting DOC inputs. These
changes were compared to community shifts induced during short-term enrichment experiments. Inocula from
the two compartments were diluted 1:10 into water from the more DOC-rich compartment, and inorganic
nutrients were added to avoid microbial N and P limitation. The dilutions were incubated for a period of 2
weeks. The microbial assemblages were analyzed by cloning and sequencing of 16S rRNA genes and by
fluorescence in situ hybridization with specific oligonucleotide probes. �-Proteobacteria from a cosmopolitan
freshwater lineage related to Polynucleobacter necessarius (beta II) were rapidly enriched in all treatments. In
contrast, members of the class Actinobacteria did not respond to the enhanced availability of DOC by an
immediate increase in growth rate, and their relative abundances declined during the incubations. In lake
water members of the beta II clade seasonally constituted up to 50% of all microbes in the water column.
Bacteria from this lineage annually formed a significantly higher fraction of the microbial community in the
lake compartment with a higher allochthonous influx than in the other compartment. Actinobacteria repre-
sented a second numerically important bacterioplankton group, but without clear differences between the
compartments. We suggest that the pelagic microbial community of the studied system harbors two major
components with fundamentally different growth strategies.

Humic lakes are naturally acidic freshwater systems with a
large pool of dissolved organic carbon (DOC) that originates
mainly from the catchment area (18, 35). Due to the bad-light
climate and other factors, the biomass of primary producers in
humic lakes is often lower than what might be predicted by
nutrient levels (19), and mixotrophy is a common strategy of
many phytoplankton species in such systems (21). The ratio of
bacteria to phytoplankton is typically high in this type of lake
(54). Bacterial secondary production is often nutrient (P and
N) rather than carbon limited (22), and it may significantly
exceed primary production (46, 54). Little is known about the
bacterial community structure of humic lakes. High abun-
dances of uncultured members of the class Actinobacteria have
been found in the plankton of the acidic bog lake Gro�e
Fuchskuhle by 16S rRNA gene sequence analysis and subse-
quent fluorescence in situ hybridization (FISH) with oligonu-
cleotide probes (13, 47). With samples from several Scandina-
vian bog lakes, an analysis of bands from denaturing gradient
gel electrophoresis revealed sequence types that were also
related to this lineage (30).

Organic substrates are doubtlessly an important factor de-
termining the success of particular bacterial species in the
environment. The main fraction of the DOC in bog lakes is
recalcitrant high-molecular-weight humic acids (53). These
substances may be partially transformed into more bioavailable

forms by photochemical processes prior to microbial degrada-
tion (55). An exact determination of the composition of such
DOC usually is beyond analytical capacities. It is thus difficult
to relate a specific DOC component to the growth of individual
bacterial groups in situ. In addition, heterotrophic aquatic bac-
teria are probably rather versatile in their choice of carbon
source, and there might be a great overlap in the types of
substrates consumed by many planktonic bacteria. For exam-
ple, radiolabeled amino acids are readily consumed by the
majority of pelagic marine bacteria (23).

In contrast, another aspect of bottom-up interactions be-
tween water column microbes can be studied more readily.
Individual phylogenetic lineages within the bacterioplankton
may differ in their abilities to succeed in habitats with steep or
flat substrate gradients (39), and some bacterioplankton gen-
era exhibit a more rapid growth response under batch culture
“feast-and-famine” conditions (8, 50). There are indications
that this growth strategy might be widespread among bacterial
groups that successfully utilize small-scale nutrient patches or
colonize microaggregates (14). In contrast, the growth of some
typical free-living freshwater bacteria may even be negatively
affected by enhanced substrate levels (15). A different growth
response to changing substrate availability (39) thus might
determine the relative abundances of individual bacterial
groups in situations of high resource variability.

We investigated the identities of bacteria that rapidly re-
spond to enhanced DOC availability in a naturally acidified
bog lake, the Gro�e Fuchskuhle. This lake is divided into
artificial compartments with contrasting limnological proper-
ties and plankton community structure (17, 24, 49). Enrich-
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ment experiments with inocula from two of these compart-
ments were performed with dilutions of ambient water from
the more acidic, humic-rich compartment. The experiments
were carried out during the winter season when the growth of
lake bacteria was most likely controlled by factors other than
grazing mortality (temperature and resources). Because of the
high allochthonous DOC input into humic lakes, we hypothe-
sized that some bacterial groups which rapidly respond to
changes in available substrate levels might also be of impor-
tance to the plankton of the lake. This hypothesis was tested
with samples collected from the studied compartments over a
period of 1 year.

MATERIALS AND METHODS

Study site. Lake Gro�e Fuchskuhle is situated in the Mecklenburg-Branden-
burg Lake District in northeastern Germany, 59 m above mean sea level. In 1990
the naturally acidic bog lake was divided into four compartments: southwest
(SW), northwest (NW), northeast (NE), and southeast (SE) (24, 27) (Fig. 1).
Since the division, the compartments have diverged in their physical and chem-
ical parameters, in microbial activity (2, 4), and in the structure of the microbial
food web (17, 49). For this study two of the compartments were selected: the SW
compartment, which has an acidotrophic humic character and a higher influx of
allochthonous DOC, and the NE compartment, which has a more mesotrophic
character. Between September 2000 and September 2001, lake water from the
two compartments was collected from a 0.5-m depth at approximately monthly
intervals for total microbial counts and community analysis.

Experimental design, sampling, and fixation. An enrichment experiment was
conducted as a competition batch culture in 1:10 dilutions. Lake water from the

SW compartment was collected in January 2002 from a 0.5-m depth and filtered
twice through 0.1-�m-pore-size polycarbonate filters (diameter, 50 mm; Sarto-
rius, Göttingen, Germany). The filtrate was supplemented with inorganic nutri-
ents (final concentrations, 0.3 �M KH2PO4, 4.55 �M (NH4)2SO4, and 1.23 mM
NaHCO3) to avoid bacterial N and P limitation (22) and used as incubation
medium. Acid-prewashed and sterilized round flasks of the Duran type were
filled with 1,800 ml of the medium and inoculated with 200 ml of prefiltered
water (filter diameter, 47 mm; pore size, 0.8 �m; Osmonics) taken at a 0.5-m
depth from either the SW or the NE compartment (termed SW and NE treat-
ments). The experiment was performed in triplicate for inocula from each com-
partment, and changes were monitored for 14 days. For controls, 200-ml aliquots
of inocula from the two compartments were diluted into 1,800 ml of an 1.23 mM
NaHCO3 solution (final concentration) that was supplemented with the same
inorganic nutrients as were in the lake water medium. The pH conditions in the
treatments were set to reflect the pHs of the respective compartments (SW
compartment, pH 5.0; NE compartment, pH 6.0). The flasks were placed in a
dark room on magnetic stirrers. The treatment flasks were moderately aerated
with filtered (pore size, 0.22 �m) air in order to maintain oxygenated conditions
observed at the sampling location and time point (in situ oxygen saturation,
89%). During the experiment the temperature ranged between 11 and 12°C.
Subsamples of ca. 150 ml were taken at day 0 and every second day thereafter for
a period of 2 weeks.

Samples for total bacterial numbers were fixed with formaldehyde (1% [wt/vol]
final concentration) and stored at 4°C until processed further. Samples for
community analysis (10 to 20 ml) were fixed with formaldehyde (1% [wt/vol] final
concentration) and stored for 24 h at 6°C. Then the samples were filtered onto
a 0.2-�m-pore-size filter (type GTTC, 47 mm; Whatman), rinsed two times with
5 ml of sterile water, dried at room temperature, and stored at �20°C.

Total cell counts and bacterial production. Total bacterial numbers were
determined after filtration of subsamples (2 ml) onto black membrane filters
(pore size, 0.2 �m; diameter, 25 mm; Osmonics) and staining with 4�,6�-
diamidino-2�-phenylindole (DAPI; final concentration, 0.1 �g ml�1) (42). The
enumeration was performed by epifluorescence microscopy (model DM RB
microscope; Leica, Bensheim, Germany) coupled with a camera (model CF 8/1
RCC Air; KAPPA Technologies, Gleichen, Germany) connected to an image
analysis system (IMAGE P2; resolution, 736 by 556 pixels; 256 grey levels; H&K,
Berlin, Germany).

For the enumeration of protists, 50-ml subsamples were fixed with 20 to 25 �l
of alkaline Lugol’s solution, followed by immediate treatment with 1 to 1.25 ml
of formaldehyde (1% [wt/vol] final concentration) and 40 to 50 �l of 3% sodium
thiosulfate (48). The samples were filtered on black membrane filters (pore size,
0.8 �m; diameter, 25 mm; Osmonics Corp.) and stained with DAPI (final con-
centration, 0.1 �g ml�1), and cells were counted by epifluorescence microscopy
(Axioplan microscope; Carl Zeiss, Jena, Germany).

Bacterial bulk growth activity during the enrichments was estimated from the
incorporation rate of tritiated leucine modified as described by Kirchman et al.
(25). Subsamples of 10 ml were incubated with 50 �l of [3H]leucine (final
concentration, 0.1 �M; Amersham) and an equal amount of nonlabeled leucine.
After 1 to 2 h of incubation at in situ temperature, the samples were preserved
with formaldehyde (1% [wt/vol] final concentration) and filtered through poly-
carbonate filters (pore size, 0.2 �m; diameter, 25 mm; Corning Costar, Cam-
bridge, Mass.). The filters were then treated four times with 1 ml of ice-cold 5%
trichloroacetic acid. In the controls, formaldehyde was added before the addition
of [3H]leucine. The dried filters were covered with 9 ml of scintillation cocktail
(emulsifier safe; Canberra-Packard, Rodgau-Juegesheim, Germany), and cells
were quantified in a liquid scintillation counter (TRI-CARD 1600; Canberra-
Packard). A control parameter that indicated changes in quenching was obtained
for each sample. The total incorporation of [3H]leucine into bacterial biomass
was corrected by subtraction of counts of cells from those of prefixed controls.

Carbon analyses. At the beginning of the experiment and at three subsequent
time points (days 6, 8, and 14), the quality and quantity of the DOC pool
(chromatographied DOC portion [cDOC]) were analyzed with a custom-de-
signed automated size exclusion chromatograph connected to UV and organic
carbon detection systems (45). Four different cDOC fractions were distinguished
and quantified: polysaccharides, humic substances, low-molecular-weight acids,
and other fractions (proteins and amino acids).

16S rRNA gene clone libraries. For construction of 16S rRNA gene clone
libraries, samples (500 to 600 ml) were taken from both compartments in Feb-
ruary 2001 at a depth of 0.5 m. After prefiltration through polycarbonate filters
(pore size, 1.2 �m; Schleicher & Schuell, Dueren, Germany) the samples were
filtered on membrane filters (pore size, 0.2 �m; diameter, 47 mm; Durapore;
Millipore Corp., Bedford, Mass.) and stored at �80°C until they were processed
further. Unfixed samples from the beginning (1,000 ml) and from the end (620

FIG. 1. Schematic depiction of the compartments of Lake Gro�e
Fuchskuhle in relationship to the area of water in- and outflow of the
catchment. The inflow area is largely formed by a Sphagnum bog.
Contour lines indicate a 0.1-m change in altitude.
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to 720 ml) of the enrichment experiments were filtered directly onto membrane
filters (pore size, 0.2 �m; diameter, 47 mm; Durapore; Millipore) and stored at
�80°C. For the amplification of 16S rRNA genes by PCR, 5 �l of bovine serum
albumin (stock concentration, 3 mg ml�1), 5 �l of 10� PCR buffer, 2 �l of the
deoxynucleoside triphosphates (stock concentration, 2.5 mM), 0.5 �l of the
general bacterial primers GM3F and GM4R (37) (stock concentration, 15 �M),
and 0.25 �l of TaKaRa-Taq DNA polymerase (TaKaRa BIO Inc., Shiga, Japan)
(stock concentration, 5 U �l�1) were adjusted to a final volume of 50 �l with
sterile water. Small pieces (1 to 2 mm2) of the above-described filters were
directly added to the PCR tubes as templates as described previously (26). The
PCRs were run on a Mastercycler (Eppendorf, Harmurg, Germany) with the
following cycling conditions: 1 cycle at 94°C for 5 min and 35 cycles at 94°C for
30 s, 47°C for 45 s, 74°C for 1 min 30 s, and 74°C for 10 min. The amplified 16S
rRNA gene fragments were purified with a QIAquick PCR purification kit
(QIAGEN, Hilden, Germany), inserted into the TOPO vector (TOPO TA clon-
ing kit; Invitrogen, Karlsruhe, Germany), and cloned into competent cells of
Escherichia coli as described by the manufacturer. The transformed cells were
plated on Luria-Bertani agar plates containing 50 �g of ampicillin ml�1 and
incubated overnight at 37°C. The clones were screened for right-sized inserts,

and plasmid preparations were made with a QIAprep Spin Miniprep kit (QIA-
GEN). For a first screening, the plasmid DNAs were sequenced with the primer
M13F (5�-GTA AAA CGA CGG CCA G-3�), located on the vector pCR4-
TOPO. Nearly full-length 16S rRNA sequences were obtained from selected
inserts by additional sequencing with the primers GM1 (36) and M13R (5�-CAG
GAA ACA GCT ATG AC-3�).

Phylogenetic analysis and probe design. Partial sequences were assembled
manually using the software Sequencher (Gene Codes Corp., Ann Arbor, Mich.)
and tested for chimeras through the Ribosomal Database Project CHIMERA-
_CHECK program. All sequences were subsequently analyzed by the BLAST
queuing system (http://www.ncbi.nlm.nih.gov/blast/blast.cgi) to identify their
closest relatives and their tentative phylogenetic positions. Those sequences that
were related to the �-proteobacteria were then analyzed in more detail. Phylo-
genetic analyses were performed using the ARB software package (http:www
.arb-home.de). The ARB database (release of June 2002) was complemented
with other �-proteobacterial sequences from GenBank that were related to
freshwater lineages (13, 56). For the reconstruction of a phylogenetic tree, only
nearly complete (i.e., longer than 1,400 nucleotides) 16S rRNA sequences affil-
iated with this subphylum were considered. A 50% base frequency filter was used

TABLE 1. 16S rRNA gene sequences of clones from Lake Gro�e Fuchskuhle and from the enrichments that were not affiliated with
the �-proteobacteria

Clone Sample nta Affiliation Closest hit in GenBank (accession no.) Similarity
(%)

32 Lake (SW) 1,402 �-Proteobacteria Uncultured bacterium FukuS56 (AJ290014) 99
22 Lake (NE) 1,420 �-Proteobacteria Uncultured bacterium FukuS56 (AJ290014) 99
65 Enrichment (SW) 747 �-Proteobacteria Uncultured bacterium FukuS56 (AJ290014) 99
41 Enrichment (NE) 1,450 �-Proteobacteria Uncultured bacterium FukuS56 (AJ290014) 99
46 Enrichment (NE) 1,465 �-Proteobacteria Uncultured bacterium FukuN22 (AJ289994) 99
69 Enrichment (NE) 1,441 �-Proteobacteria Uncultured bacterium FukuS56 (AJ290014) 97
73 Enrichment (NE) 1,430 �-Proteobacteria �-Proteobacterium F06021 (AF235996) 99
77 Lake (SW) 1,479 �-Proteobacteria Unidentified �-proteobacterium (AB015575) 99
17 Lake (NE) 753 �-Proteobacteria Pseudomonas chlororaphis DSM 50083T (Z76673) 99
23 Lake (NE) 654 �-Proteobacteria Pseudomonas aureofaciens (Z76656) 99
26 Enrichment (SW) 717 �-Proteobacteria Pseudomonas chlororaphis DSM 50083T (Z76673) 99
28 Enrichment (SW) 1,519 �-Proteobacteria Pseudomonas graminis (Y11150) 98
67 Enrichment (SW) 1,463 �-Proteobacteria Pseudomonas putida ATCC 17527 (AF094743) 98
4 Enrichment (NE) 711 �-Proteobacteria Pseudomonas sp. strain NZ017 (AY014805) 99
79 Enrichment (NE) 950 �-Proteobacteria Pseudomonas chlororaphis (AJ550465) 99
11 Lake (SW) 1,505 Bacteroidetes Uncultured bacterium FukuS59 (AJ290042) 98
30 Lake (SW) 1,523 Bacteroidetes Cytophagales strain MBIC4147 (AB022889) 95
35 Lake (SW) 721 Bacteroidetes Cytophagales strain MBIC4147 (AB022889) 96
36 Lake (SW) 1,482 Bacteroidetes Uncultured bacterium GKS2-106 (AJ290025) 94
56 Lake (SW) 1,471 Bacteroidetes Uncultured bacterium FukuN23 (AJ290011) 99
63 Lake (SW) 699 Bacteroidetes Cytophagales strain MBIC4147 (AB022889) 96
66 Lake (SW) 699 Bacteroidetes Cytophagales strain MBIC4147 (AB022889) 97
2 Enrichment (NE) 1,454 Bacteroidetes Uncultured bacterium FukuN24 (AJ289995) 98
3 Enrichment (NE) 702 Bacteroidetes Uncultured bacterium FukuN24 (AJ289995) 97
60 Enrichment (NE) 894 Bacteroidetes Uncultured Cytophagales clone PRD01a001B (AF289149) 99
61 Enrichment (NE) 578 Bacteroidetes Uncultured bacterium FukuN24 (AJ289995) 97
31 Lake (SW) 1,492 Actinobacteria Uncultured actinobacterium ML316M-7 (AF447767) 95
33 Lake (SW) 1,489 Actinobacteria Uncultured bacterium FukuS5 (AJ290022) 99
94 Lake (SW) 1,473 Actinobacteria Uncultured bacterium clone HT2E3 (AF418967) 96
7 Lake (NE) 1,483 Actinobacteria Uncultured bacterium FukuN30 (AJ289996) 98
51 Lake (NE) 1,453 Actinobacteria Uncultured bacterium FukuN30 (AJ289996) 99
84 Enrichment (NE) 1,472 Actinobacteria Uncultured Crater Lake bacterium CL500-29 (AF316678) 98
59 Lake (SW) 926 Verrucomicrobiae Uncultured bacterium FukuN111 (AJ289985) 98
6 Lake (NE) 1,520 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 98
9 Lake (NE) 1,520 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 98
10 Lake (NE) 662 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 98
12 Lake (NE) 698 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 98
37 Lake (NE) 720 Verrucomicrobiae Uncultured Crater Lake bacterium CL120-10 (AF316720) 96
53 Lake (NE) 658 Verrucomicrobiae Uncultured Crater Lake bacterium CL120-10 (AF316720) 97
54 Lake (NE) 700 Verrucomicrobiae Uncultured Crater Lake bacterium CL120-10 (AF316720) 96
55 Lake (NE) 1,479 Verrucomicrobiae Uncultured Crater Lake bacterium CL120-10 (AF316720) 96
80 Lake (NE) 749 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 98
82 Lake (NE) 729 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 99
87 Lake (NE) 650 Verrucomicrobiae Uncultured bacterium FukuN18 (AJ289992) 98

a nt, nucleotides.
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FIG. 2. Phylogenetic relationship of �-proteobacterial 16S rRNA gene sequences from the study system and from enrichments of prefiltered
(pore size, 0.1 �m) water from the SW compartment (1:10 dilutions). Sequences originating from Lake Gro�e Fuchskuhle are depicted in boldface
type, and sequences produced during this study are underlined. The scale bar indicates 10% estimated sequence divergence.
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on these sequences to exclude highly variable positions. The respective ARB
tools were used to perform maximum parsimony, neighbor joining, and maxi-
mum likelihood analyses. The resulting phylogenetic trees were compared man-
ually. A consensus tree that shows bifurcations only if branchings were stable in
the majority of analyses was constructed. Multifurcations were introduced if tree
topologies could not be unambiguously resolved. Partial sequences were subse-
quently added to the consensus tree according to maximum parsimony criteria,
without changes being allowed in the overall tree topology.

Specific oligonucleotide probes for the different �-proteobacterial clusters that
contained sequence types from Lake Gro�e Fuchskuhle were designed by using
the ARB software package. Stringent conditions for FISH were established by
analysis of the fluorescence intensities of the target cells from hybridizations at
increasing concentrations of formamide in the hybridization buffer (40).

FISH. Whole-cell in situ hybridizations of sections from the polycarbonate
filters were performed with the oligonucleotide probes BET42a (�-proteobacte-
ria, 23S rRNA targeted), HGC69a (Actinobacteria, 23S rRNA targeted) (1), and
the newly designed specific probes. All probes were obtained from ThermoHy-
baid (Interactiva Division, Ulm, Germany). Hybridizations with directly Cy3-
monolabeled probes BET42a and BET2-870 (length, 18 nucleotides; E. coli
positions 870 to 888 [5], 5�-CCC AGG CGG CTG ACT TCA-3�) were per-
formed as described previously (40) with 35% of formamide in the hybridization
buffer. For FISH with probe HGC69a, whose 5� end was labeled the horseradish
peroxidase (HRP), and subsequent signal amplification by catalyzed reporter
deposition (CARD-FISH), filters were first embedded in low-gelling-point aga-

rose (0.2% concentration of MetaPhor; FMC Bioproducts, Rockland, Maine).
Next, the embedded cells were permeabilized with lysozyme and achromopep-
tidase (47). Hybridizations and signal amplification with Cy3-labeled tyramides
were performed as described previously (38). After FISH or CARD-FISH, the
filters were air dried and mounted on glass slides with a previously described
mounting mix amended with DAPI (4�,6�diamidino-2-phenylindole; final con-
centration, 1 �g ml�1) (38). The stained filter sections were evaluated on an
Axioplan II microscope equipped with a 100� Plan Apochromat oil objective
lens (Carl Zeiss, Jena, Germany) and an HBO 100-W Hg vapor lamp. We used
a model HQ 41007 filter set (Chroma Technology Corp., Brattleboro, Vt.) for
probe fluorescence and the Zeiss 01 filter set for DAPI. The counts were carried
out by semiautomated image analysis.

To test the accuracy of FISH counts with the monolabeled probes, triplicate
parallel hybridizations of samples from the SW treatment at day 0 with a mono-
labeled probe and HRP-labeled probe BET42a were performed. Statistical com-
parisons between the seasonal development of microbial communities in the two
compartments were performed by the nonparametric Wilcoxon matched-pair
test.

Nucleotide sequence accession numbers. The 16S rRNA gene sequences of
the actinobacterial clones obtained during this study were deposited in GenBank
with the following accession numbers: AJ575497 through AJ575556.

RESULTS

Phylogenetic analysis. All together 62 unique partial se-
quences (approximately 700 bp) were obtained from the
screening of 179 clones from four libraries (SW and NE com-
partments, day 0; SW and NE enrichments, day 12). Of these,
33 sequences were affiliated with the �-, �-, and �-proteobac-
teria, 11 with the Bacteroidetes, 6 with the Actinobacteria, and
12 with the Verrucomicrobiae. Of the subsequently produced
almost complete rRNA gene sequences, 18 were affiliated with
the �-proteobacteria, 5 with the Bacteroidetes, 6 with the Acti-
nobacteria, and 3 with the Verrucomicrobiae. Table 1 lists the
sizes and phylogenetic affiliations of all newly produced se-
quences except for those affiliated with the �-proteobacteria.
The phylogenetic positions of the obtained �-proteobacterial
sequence types are instead depicted in Fig. 2.

Two of the fully sequenced �-proteobacterial 16S rRNA
sequence types were excluded as being chimeric. The remain-
ing 16 sequences originated mainly from the enrichment librar-
ies and fell into distinct clades of known freshwater bacteria
(Fig. 2). Four sequences from the lake were affiliated with a
cosmopolitan freshwater lineage (beta II) that includes the
endosymbiont Polynucleobacter necessarius (13, 32, 56). Three
sequences from the NE enrichment were related to the fresh-
water clone sequence GKS98, which was proposed to be a
member of another freshwater clade (13, 56). Two sequences
were affiliated with Rhodoferax sp. and thus with the so-called
freshwater beta I/ACK2 lineage (13, 56), and one was affiliated
with the drinking water biofilm isolate Aquabacterium com-
mune. One set of sequences was affiliated with a phylotype
obtained from a karstic aquifer in South Germany (GenBank
accession number AF336360) within a broader lineage that
also harbors Zoogloea ramigera.

Enrichment experiment. Bacterial total numbers in the en-
richments increased from 0.1 � 106 to 3.0 	 0.7 (mean 	
standard deviation) � 106 cells ml�1 in the NE treatment, and
from 0.24 � 106 to 3.8 	 0.2 � 106 cells ml�1 in the SW
treatment (Fig. 3a). A first doubling of bacterial abundances
was observed after 48 h, and the most rapid growth occurred
between days 2 and 4 in both sets of enrichments. This rapidity
of growth was reflected in an approximately 40-fold increase in
bacterial [3H]leucine incorporation between these sampling

FIG. 3. Development of total bacterial abundances (a) and bacte-
rial [3H]leucine incorporation (b) during the enrichment experiments.
For the SW and NE treatments, inocula from the SW and NE com-
partments, respectively, were diluted 1:10 into prefiltered (pore size,
0.1 �m) water from the SW compartment.
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points (Fig. 3b). Bacterial leucine incorporation increased
from 1 to 401 	 162 and 491 	 52 pmol liter�1 h�1 in the SW
and NE compartments, respectively. The variability of leucine
incorporation between the replicate incubations was high after
day 8, which coincided with the appearance of low concentra-
tions of heterotrophic flagellates in some of the replicates at
this stage of the experiment (
50 flagellates ml�1) (data not
shown). Bacterial abundances and productivity developed dif-
ferently in the two treatments. In the SW treatment, a first
plateau of total abundance on day 6 and of leucine incorpora-
tion on days 6 and 8 was discernible. In contrast, bacterial
abundances and production continued to increase until days 8
and 10, respectively, in the NE treatment. No microbial growth
was apparent in the control treatments until day 6 (Fig. 3a).
Between days 8 and 14, bacterial abundances in these treat-
ments increased to approximately 0.5 � 106 cells ml�1. This
increase was paralleled by a steep rise in bacterial leucine
incorporation (Fig. 3b).

The largest fraction of the cDOC in the lake water medium
was formed by humic acids (66% 	 2%, mean 	 range) (Table
2). This proportion did not change significantly during the
experiment. All together, there were no significant decreases in
the concentrations of the measured cDOC fractions in either
treatment during the course of the incubations.

No significant differences were found between the total
counts of �-proteobacteria in the inoculum from the SW com-
partment after FISH with a monolabeled probe and after
CARD-FISH with an HRP-labeled probe (31% 	 3% and
33% 	 3% [means 	 ranges], respectively). Several of the
newly designed specific FISH probes detected bacterial popu-
lations that formed 
1% of the total DAPI cell counts (data
not shown). In contrast, high numbers of hybridized cells were
found after FISH with a probe targeted to the beta II (P.
necessarius) cluster of the �-proteobacteria (BET2-870; length,
18 nucleotides; E. coli positions 870 to 888 [5]; 5�-CCC AGG
CGG CTG ACT TCA-3�; hybridized with 35% formamide in
the hybridization buffer). Bacteria affiliated with the beta II
clade initially constituted 13 and 6% of the microbial assem-
blages in the lake water inocula from the SW and NE com-
partments, respectively (Fig. 4). These rod-shaped bacteria,
which are approximately 1 to 2 �m in length, overproportion-
ally increased in numbers during the first days of incubation.

On day 4 cells detected by probe BET2-870 formed 30% 	 7%
and 38% 	 9% of all bacteria in the SW and NE treatments,
respectively. Between days 6 and 14, the fraction of bacteria
from the beta II clade gradually decreased in both treatments,
to approximately 20% (SW) and 25% (NE).

FIG. 4. Relative abundances of members of the class Actinobacteria
and of the beta II clade (bacteria related to P. necessarius) during the
enrichment on prefiltered (pore size, 0.1 �m) water from the SW
compartment. (a and b) Inocula from the SW (a) and NE (b) com-
partments.

TABLE 2. Fractions of DOC during incubations of microbial inocula from the two compartmentsa

Inoculum Day
Mean fraction (mg/liter of C) (SD)

cDOC Humic acids Polysaccharides LMWA Others

SW compartment 0 13.1 (0.6) 8.7 (0.1) 0.5 (0.1) ND (ND) 3.9 (0.6)
6 12.9 (0.5) 9.0 (0.5) 0.5 (0.1) ND (ND) 3.5 (0.0)
8 13.0 (0.2) 9.0 (0.2) 0.5 (0.0) ND (ND) 3.6 (0.1)
14 12.8 (0.1) 8.9 (0.1) 0.4 (0.1) ND (ND) 3.7 (0.0)

Control 1.5 (0.2) 0.8 (0.1) 0.1 (0.0) ND (ND) 0.5 (0.1)

NE compartment 0 12.5 (0.1) 8.1 (0.1) 0.6 (0.3) 0.4 (0.4) 3.3 (0.1)
6 12.5 (0.4) 8.4 (0.2) 0.6 (0.3) 0.1 (0.1) 3.5 (0.2)
8 13.0 (0.7) 8.8 (0.4) 0.3 (0.1) 0.1 (0.2) 4.0 (0.7)
14 12.5 (0.1) 8.6 (0.3) 0.4 (0.2) 0.1 (0.1) 3.6 (0.1)

Control 1.3 (0.2) 0.7 (0.1) 0.1 (0.0) ND (ND) 0.5 (0.1)

a Fractions are measured in prefiltered lake water from the SW compartment and in NaHCO3 solution (control) by size exclusion liquid chromatography and UV
and organic carbon detection. LMWA, low-molecular-weight organic acids; ND, not detectable.
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In samples from day 0, the Actinobacteria made up 17% 	 2%
and 12% 	 2% of organisms in the SW and NE treatments,
respectively (Fig. 4). Their relative abundances declined to 
5
and 2%, respectively, within the first 4 days of incubation. During
the second half of the experiment, cells from this lineage were
frequently below our lower limit for reliable FISH counts (
1%
of total counts) in individual samples.

Field data. Between September 2000 and September 2001
bacterial total counts ranged between 0.8 � 106 and 3 � 106

cells ml�1 in the SW compartment of Lake Gro�e Fuchskuhle,
and from 1.5 � 106 to 4.3 �106 cells ml�1 in the NE compart-
ment (Table 3). Bacterial abundances were significantly higher
in the NE compartment (P 
 0.001), and distinct maxima were
observed only in this compartment in September 2000 and
2001 and in February 2001. Annually, on average �-proteobac-
teria constituted 42% of all bacteria in the SW compartment
and 29% in the NE compartment (Fig. 5). This difference was
statistically significant (P 
 0.01). Bacteria of the beta II lin-
eage formed a significantly larger part of all �-proteobacteria
(63%) and of the total microbial community (28%) in the SW
compartment than in the NE compartment (33 and 10%, re-
spectively) (Fig. 5). At three time points between July and
September 2001, these bacteria made up �90% of the �-pro-
teobacteria and approximately half of all bacteria in the SW
compartment of Lake Gro�e Fuchskuhle. Actinobacteria
formed on average 23 and 20% of all cells in the SW and NE
compartments, respectively, with no significant difference be-
tween the compartments (Fig. 6). Two distinct peaks in their
relative community contributions could be distinguished in
both compartments between November 2000 and January 2001
and from May to August 2001. The ratio between the commu-
nity contributions of Actinobacteria and of members of the beta
II lineage showed pronounced seasonal fluctuations (Fig. 7) in
both compartments.

DISCUSSION

Members of the beta II clade are rapidly enriched. In incu-
bations of water from Lake Gro�e Fuchskuhle, microbes re-

lated to the freshwater beta II lineage were among the first
bacteria that responded to the changed growth conditions (Fig.
4). In the dilution experiments on water from the SW basin, a
first doubling of these bacteria was observed within 24 to 48 h,
irrespective of the inoculum. Within 4 days of enrichment
these bacteria increased in abundance by approximately 50-
fold. P. necessarius (formerly known as omikron) is an obliga-

FIG. 5. Relative abundances of �-proteobacteria and of members
of the beta II clade in surface waters of the SW and NE compartments
of Lake Gro�e Fuchskuhle between September 2000 and September
2001.

FIG. 6. Relative abundances of Actinobacteria in surface waters of
the SW and NE compartments of Lake Gro�e Fuchskuhle between
September 2000 and September 2001.

TABLE 3. Cell numbers of bacteria in the SW and NE
compartments of Lake Fuchskuhle between September 2000 and

September 2001a

Date of sampling

No. of cells ml�1 (106)

SW compartment NE compartment

Mean Range Mean Range

12 September 2000 3.0 0.2 4.1 0.8
25 October 2000 1.2 
0.1 2.0 0.4
7 November 2000 1.5 0.1 2.5 0.1
22 November 2000 1.4 0.1 2.2 0.3
11 December 2000 1.3 0.3 2.0 0.4
21 February 2001 0.9 0.3 4.3 0.6
22 March 2001 0.9 
0.1 2.3 0.3
26 April 2001 1.5 0.3 1.5 0.3
8 May 2001 1.6 0.3 1.8 0.7
13 June 2001 1.4 
0.1 2.2 0.1
9 July 2001 0.8 
0.1 2.4 0.4
1 August 2001 1.3 0.1 1.3 
0.1
19 September 2001 2.1 0.2 3.3 0.3

a Values are means and ranges of duplicate determinations.
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tory symbiont of the hypotrichous freshwater ciliate Euplotes
aediculatus (16). Its phylogenetic position within the �-pro-
teobacteria has been demonstrated by 16S rRNA gene se-
quencing and subsequent FISH detection inside the host cells
(52). Sequences affiliated with P. necessarius have been ob-
tained from various freshwater systems, e.g., the acidified Ad-
irondack mountain lakes, the oligotrophic Crater Lake, the
Columbia River estuary, Antarctic Toolic Lake, and eutrophic
Lake Loosdrecht (Fig. 2). Currently, no other bacteria from
this lineage except for P. necessarius are validly described, but
that group harbors culturable representatives from freshwater
plankton (6, 15a).

Role of opportunistic water column bacteria. The beta II
clade represents a lineage of readily enriched pelagic bacteria
that are important in the water column of Lake Gro�e Fuchs-
kuhle (Fig. 5). Members of this group seasonally constituted
more than half of all bacterioplankton cells in the SW com-
partment. This suggests that the adaptation to rapid changes in
substrate availability might be an important ecological feature
of water column bacteria in this acidified bog lake. Bacteria
related to beta II might, e.g., be specialized to respond to the
sporadic high influx of allochthonous DOC from the catch-
ment into the SW compartment of Lake Gro�e Fuchskuhle
(Fig. 1). Allochthonous carbon is a major substrate source for
bacteria in humic lakes (54), and water influx has been pro-
posed as an agent of bacterial community change in a boreal
forest lake (28). Bottom-up factors have been shown to play a
key role in controlling the composition of resource-limited
microbial assemblages in other freshwater systems too (12, 50).

However, even though our data appear to support our hy-
pothesis, it is too early for generalizations. First, it is currently
unknown whether the high numbers of bacteria from the beta
II clade are a typical feature of the studied humic lake or if
these bacteria also form larger populations in other freshwa-
ters with different limnological and hydrological characteris-
tics. The answer cannot be deduced from isolates and the
occurrence of 16S rRNA gene sequences from this clade in
various other systems (13, 56) (Fig. 2), because there may be
little relationship between the abundances of phylotypes or
isolates in situ and their presence in clone libraries and culture
collections (7, 8). Second, it is unclear whether the phylotypes

of the beta II clade that were enriched during the incubation
experiments were indeed identical with the dominant sequence
types from this lineage that occur in the water column of Lake
Gro�e Fuchskuhle. The clade might harbor a high diversity of
strains with contrasting ecological and ecophysiological fea-
tures. For example, some members of the marine Roseobacter
lineage from North Sea waters can be readily enriched and
isolated, whereas the abundant Roseobacter phylotypes still
resist cultivation (10).

Our results nevertheless point at a potential difference be-
tween the functioning of the bacterial assemblage in the stud-
ied lake and that of the microbial communities in other aquatic
habitats, e.g., coastal North Sea waters. In the latter system, a
1:10 dilution with prefiltered ambient water and subsequent
incubation typically leads to the rapid enrichment of culturable
�-proteobacteria related to the genera Vibrio and Pseudoaltero-
monas (8). These bacteria are often associated with biofilms,
e.g., animal or plant surfaces (20, 34). They are apparently
adapted to quickly respond to changes in environmental con-
ditions (8, 11), and they are superior competitors when they
are exposed to steep substrate gradients (39). Bacteria from
such opportunistic genera are usually extremely rare in coastal
North Sea plankton (9), likely because they are overpropor-
tionally reduced by size-selective protistan grazing (3). This
rarity is in striking contrast to our present findings about the
important role of the readily enriched beta II lineage in the
surface waters of Lake Gro�e Fuchskuhle (Fig. 5).

The relative abundances of bacteria related to the Acti-
nobacteria clearly declined during the incubations (Fig. 4). This
class of gram-positive bacteria with a high genomic G�C con-
tent are a ubiquitous component of the water column of many
freshwater systems (13, 32, 56). High numbers of these bacteria
were detected in lakes with different limnological characteris-
tics only after substantial improvements of the original FISH
technique (13, 47). Recently, members from one actinobacte-
rial lineage have been isolated from various sites by Hahn and
coworkers (15). In that study the actinobacterial cells had to be
physically separated from other bacteria by filtration for suc-
cessful cultivation. In addition, the inorganic media were grad-
ually enriched with organic substrates over a period of several
days in order to avoid substrate shock. These observations by
Hahn et al. agree with our findings that Actinobacteria were
outcompeted by more rapidly growing bacterial groups after
sudden changes in substrate availability (Fig. 4).

DOC and bacterial production during the incubations. In-
terestingly, no change in the total cDOC pool or in the frac-
tions determined by size exclusion chromatography with UV
and organic carbon detection could be observed during the
incubation experiment (Table 2). If we apply the frequently
used factor of Simon and Azam (51) for a conversion of
[3H]leucine incorporation into bacterial carbon production, a
total production of approximately 1 to 1.5 mg of carbon can be
estimated for the duration of the incubations. This value rep-
resents 10% of the measured carbon pool. Such consumption
should be reflected in changes of total cDOC (Table 2). Ap-
parently, size exclusion chromatography was not sensitive
enough for analyzing the potential changes in the cDOC frac-
tions. Moreover, the above-noted conversion factor most likely
under- rather than overestimated bacterial carbon production
in the studied assemblage. During the first 6 days of incubation

FIG. 7. Ratios of members of the beta II clade to Actinobacteria in
surface waters of the SW and NE compartments of Lake Gro�e Fuchs-
kuhle between September 2000 and September 2001.
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(i.e., before losses by heterotrophic flagellates need to be con-
sidered), the use of this factor results in estimates of per cell
carbon bacterial content of only 5 to 10 fg. This is probably too
low by a factor of 2 to 4 (43). Thus, either the enriched bac-
terial species exhibited unusually high growth efficiencies or
these bacteria preferably utilized substrate sources other than
the offered amino acid.

Field observations. Due to the artificial division, Lake
Gro�e Fuchskuhle is a rather unusual system. During the sum-
mer months the lake forms a steep oxycline, and the two
studied compartments differ in several fundamental parame-
ters, e.g., water chemistry, primary productivity, the structure
of the phytoplankton community, and the structure of the
microbial food web (4, 17, 45, 49). In a previous study, the
more acidified, humic-acid-richer SW compartment was inhab-
ited by large cladocerans, which effectively suppressed pro-
tistan bacterial predators (49). Bacterial mortality in the more
productive NE compartment was caused mainly by a small
oligotrich ciliate, Cyclidium sp., which is rather untypical for
freshwater systems. These differences between the compart-
ments were again reflected in the contrasting annual develop-
ments of the microbial communities in the SW and NE com-
partments (Fig. 5 and 6). On an annual scale, total bacterial
abundances were lower in surface waters of the SW compart-
ment, yet the proportions of bacteria from the beta II clade
were significantly higher (Fig. 5). The latter finding is consis-
tent with the rapid enrichment on prefiltered water of beta II
clade organisms that originated from this compartment (Fig.
4).

Actinobacteria clearly formed a second important compo-
nent of the microbial assemblages in both compartments of
Lake Gro�e Fuchskuhle (Fig. 6). Sequence types related to
this lineage have also been reported from several Scandinavian
bog lakes (30). The ecological role of these bacteria in fresh-
waters is unknown. Some aquatic Actinobacteria are apparently
better protected from mortality by protistan grazing than the
community average. The enrichment of such bacteria was re-
peatedly observed in continuous culture after the addition of a
mixotrophic flagellate, Ochromonas sp. strain DS (41). This
flagellate was completely unable to consume a freshwater ac-
tinobacterial isolate in batch culture experiments (15). The
phytoplankton communities of humic lakes often harbor a
higher share of such mixotrophic flagellate species than other
lakes, including Ochromonadaceae (22). On the other hand,
actinobacterial strains from terrestrial habitats have been
shown to produce peroxidases that are able to cleave complex
organic compounds such as humic substances (31, 44). Acti-
nobacteria in Lake Gro�e Fuchskuhle might thus be involved
in the turnover of the more recalcitrant DOC fraction.

At this stage little is known about the functional role of
Actinobacteria or members of the beta II lineage in Lake
Gro�e Fuchskuhle apart from their contrasting behavior dur-
ing enrichment. Pronounced phytoplankton blooms occurred
in the two compartments during the study period, but there
was no significant relationship of chlorophyll a and the changes
in absolute and relative numbers of the studied groups (data
not shown). Together, the two lineages represented half of the
bacteria in the surface waters of the SW compartment and a
third of the bacteria in the more mesotrophic NE compart-
ment. In October 2000 and June 2001 they constituted approx-

imately 80% of all cells in the SW compartment. The high
fluctuations in the ratio between bacteria of the beta II clade
and the Actinobacteria hint at remarkable differences in their
respective roles during the seasonal development (Fig. 7). The
fluctuations furthermore indicate that there were pronounced
differences also between the SW and NE compartments. In-
terestingly, this parameter appeared to be almost mirrored in
the two compartments. Primary producers, microzooplankton,
DOC content, and pH have all been suggested to affect micro-
bial community composition in acidified or humic-acid-rich
lakes (29, 33). However, more-detailed experimental and com-
parative investigations and high-resolution time course studies
are required to understand the factors that determine the
occurrence and the population sizes of the two lineages in
humic lakes.
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