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More than 40 bacterial strains belonging to the cosmopolitan Polynucleobacter necessarius cluster (Betapro-
teobacteria) were isolated from a broad spectrum of freshwater habitats located in three climatic zones.
Sequences affiliated with the freshwater P. necessarius cluster are among the most frequently detected in studies
on bacterial diversity in freshwater ecosystems. Despite this frequent detection with culture-independent
techniques and the cosmopolitan occurrence of members affiliated with this cluster, no isolates have been
reported thus far. The isolated strains have been obtained from lakes, ponds, and rivers in central Europe, the
People’s Republic of China, and East Africa by use of the filtration-acclimatization method. The 16S rRNA
gene sequences of the isolates are 98.8 to 100% identical to reference sequences obtained by various authors
by use of culture-independent methods. The isolates, aerobic heterotrophs, grew on a wide range of standard
complex media and formed visible colonies on agar plates. Thus, the previous lack of isolates cannot be
explained by a lack of appropriate media. Most of the isolates possess, under a wide range of culture
conditions, very small cells (<0.1 um?), even when grown in medium containing high concentrations of organic
substances. Thus, these strains are obligate ultramicrobacteria. The obtained strains have a C-shaped cell
morphology which is very similar to that of recently isolated ultramicrobacterial Luna cluster strains (4cti-
nobacteria) and the SAR11 cluster strains (4lphaproteobacteria).

In recent years, diversity studies employing culture-indepen-
dent methods have strongly expanded the knowledge about the
phylogenetic composition of freshwater bacterioplankton (7,
15, 32). In a comparative study, Zwart and colleagues (32)
identified 34 putative phylogenetic clusters of bacteria which
seem to contain typical freshwater inhabitants. Seventy percent
of these clusters were reported to contain no cultivated repre-
sentatives. Each of the other clusters contained usually only a
few cultivated strains, which are far from covering the whole
range of diversity represented by the available environmental
sequences. Zwart and coauthors also analyzed a set of 14
diversity studies for the detection of each of the 34 putative
freshwater clusters. All of these analyzed studies have used
random cloning of 16S rRNA genes. One of the most fre-
quently detected putative clusters was the betaproteobacterial
Polynucleobacter necessarius cluster (the ACK-1 cluster [14], or
the beta II cluster [7]). This cluster was discovered by Hirons
and colleagues in a study on diversity of bacterioplankton in
the Adirondack mountain lakes (14). Meanwhile, more than
100 environmental 16S rRNA gene sequences affiliated with
the P. necessarius cluster have been deposited in the public
databases during the past eight years. Most of the sequences
are partial sequences of cloned genes. The sequences have
been obtained from a broad spectrum of lakes and river eco-
systems widely distributed over the northern hemisphere, as
well as from one lake in the southern hemisphere. This set of
ecosystems included, for instance, the arctic Toolik Lake (2, 5),
the antarctic Sombre Lake (19), the predominately acidic Ad-
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irondack mountain lakes (14, 18), the deep oligotrophic Lake
Baikal (7, 24), and rivers ranging from oligotrophic to eutro-
phic (4, 22, 23, 32). Only one published P. necessarius cluster
sequence has been obtained from a nonsurface freshwater
system (20). This short sequence was obtained in an investiga-
tion on the bacterial diversity in boreholes along a tunnel
626 m below ground surface. No P. necessarius cluster se-
quences have been reported from freshwater sediments or
marine or soil systems.

Pernthaler and colleagues applied a cluster-specific probe
for detection of P. necessarius cluster members in the acidic
Lake Fuchskuhle by way of fluorescence in situ hybridization.
Up to 50% of the bacterioplankton consisted of bacteria affil-
iated with the P. necessarius cluster (3a).

No pure-culture isolates affiliated with the P. necessarius
cluster have been reported thus far. Bruns and colleagues
systematically studied the influence of signal compounds (e.g.,
cyclic AMP) and different incubation conditions on the cultur-
ability of freshwater bacterioplankton (3). They grew diluted
samples of bacterioplankton in synthetic medium and analyzed
the obtained mixed cultures by 16S rRNA gene fingerprinting
techniques. Analysis of sequences obtained from the finger-
prints demonstrated that they successfully enriched members
of the P. necessarius cluster in their mixed cultures.

The species after which the P. necessarius cluster was named
is an obligate endosymbiont of the hypotrichous ciliate Eu-
plotes aediculatus (13, 28). This bacterium was never grown in
pure culture but was described as a species in 1987 (13). The
type strain of this species is still growing as an endosymbiont in
a ciliate culture.

In this paper, the first isolation and cultivation of strains
affiliated with the P. necessarius cluster is reported, and insights



VoL. 69, 2003 ISOLATION OF REPRESENTATIVE FRESHWATER BACTERIA 5249
TABLE 1. Characteristics of aquatic habitats from which P. necessarius cluster strains were isolated
. Lo No. of - . Geographic Climatic Trophic
Sampling site samples Habitat Location coordinates Country® zone status’ pH

Lake Mondsee 4 Deep submontane lake in  Near Salzburg  47°50'N, 13°20'E ~ Austria Temperate ~ Oligomeso- 8.7-9.1
prealpine region trophic

Le Canal de Roanne a 1 Small channel Auvrilly 46°15'N, 4°10'E France Temperate NK NK

Digoin

Pond in Beijing 1 Small pond Beijing 39°50'N, 116°25'E  P.R. China Temperate NK NK

Yangtze (Chang) River 1 Large polluted river Near Nanjing  32°05’'N, 118°30'E  P.R. China Subtropical Eutrophic® 7.7

Lake Tai hu? 1 Large shallow lake Near Wuxi 31°30'N, 120°20'E  P.R. China Subtropical Hypertrophic? 8.3

Humble Park pond 1 1 Small pond with macro- ~ Suzhou 31°20'N, 120°40'E  P.R. China Subtropical ~Eutrophic® 9.0
phytes (Lotus)

Humble Park pond 2 1 Small pond with macro- Suzhou 31°20'N, 120°40’'E  P.R. China Subtropical Eutrophic® 9.0
phytes (Lotus)

Tiger Hill (Hugiu) pond 1 Small pond without Suzhou 31°20'N, 120°40'E  P.R. China Subtropical ~Eutrophic® 7.4
macrophytes

Lake Victoria 1 Large tropical lake Near Kampala 0°20'N, 32°40'E Uganda Tropical Mesotrophic ~8

“P.R. China, People’s Republic of China.

» NK, not known.

¢ Estimation based on a single measurement of total phosphorus.
4 Meiling Bay.

into the ecology of this group of representative freshwater
bacteria are presented.

MATERIALS AND METHODS

Sampling sites. Samples from nine ecologically contrasting freshwater habitats
located in three climatic zones were processed in order to isolate representative
freshwater bacteria (Table 1). Samples taken from Lake Mondsee were imme-
diately processed after sampling. All of the other samples were transported to the
laboratory in sealed tubes and processed within a few days after sampling. All
treatments after sampling were carried out under aseptic conditions.

Isolation and maintenance of strains. For isolation, the filtration-acclimatiza-
tion method was used (12). Briefly, 5 to 10 ml of sample was filtered through
0.2-pm-pore-size filters (Minisart syringe filters; Sartorius, Gottingen, Germa-
ny). Subsamples of 100 pl of filtrate were transferred to wells of sterile 24-well
cell culture plates and diluted with 900 I of sterile inorganic basal medium (12).
One to four culture plates were set up per sample. The bacteria contained in the
filtrated subsamples were stepwise acclimatized to higher substrate concentra-
tions. Therefore, each well received stepwise-increasing doses of NSY (nutrient
broth, soytone, yeast extract) medium (12). In most of the isolation experiments
performed, screening of wells for growth of bacteria was done by dropping 5-p.l
samples of the cultures onto agar plates with concentrations of NSY of 3 g liter ™!
(hereafter referred to as 3-g liter ' NSY agar plates) and subsequently incubat-
ing the plates at room temperature. In a few isolation experiments, the wells were
screened microscopically before plating of samples onto agar plates (12). In all
of the experiments, samples of colonies grown on plates were suspended in
inorganic basal medium, stained with DAPI (4',6'-diamidino-2-phenylindole
[Sigma]; 0.1 mg ml~' final concentration), and screened by epifluorescence
microscopy for the presence of small C-shaped cells. Positive colonies were
subcultured in liquid 3-g liter ! NSY medium and plated again onto NSY agar
plates. This procedure was repeated until pure cultures were established. Pure
cultures were preserved by deep freezing (3 g-liter ! NSY medium plus 10%
glycerol and storage at —70°C).

Sequencing of 16S rRNA genes and phylogenetic analysis. Amplification and
sequencing of the 16S rRNA genes of the isolates were performed as described
previously (12), but PCR products were sequenced by MWG-Biotech (Ebers-
berg, Germany). The program BLAST (http://www.ncbi.nlm.nih.gov/BLAST/; 1)
was used to find all publicly available sequences closely related to the sequences
obtained from the isolates, as well as all sequences affiliated with the P. neces-
sarius cluster. Therefore, complete and partial sequences of the isolates and oth-
er members of the cluster were submitted for comparison. Self-owned as well as
publicly available reference sequences were aligned by using the ARB software
package (http://www.arb-home.de; 30). For construction of phylogenetic trees,
the aligned sequences were exported to other programs. Neighbor-joining trees
were constructed with the software Mega version 2.1 (http://www.megasoftware
.net; 17). Evolutionary distances were corrected for multiple substitutions ac-
cording to the algorithm of Jukes and Cantor (16). Maximum likelihood trees

were constructed with the software Treefinder (written by G. Jobb; http://www
.treefinder.de).

Growth of isolates on various complex media. Ten different complex media
were used in order to reveal the range of media which support growth of the
isolates. The media used for this purpose were Bacto Yeast Extract, Bacto
Peptone, soytone peptone, Bacto Tryptic Soy Broth (without dextrose), Bacto
Luria-Bertani Broth, Bacto Nutrient Broth, R2A agar (Remel), standard method
agar (Remel), eugonic broth (Remel), and Bacto Brain Heart Infusion (Becton
Dickinson). Unless stated otherwise, media were purchased from Difco. For
better comparability, all media were adjusted to substrate concentrations of 3 g
liter ! and agar concentrations of 1.5%. The test was restricted to a subset of 10
isolates representing almost all of the isolated 16S rRNA genotypes. Ten micro-
liters of precultures (liquid 3-g liter~' NSY medium) were spread onto the agar
plates by use of an inoculating loop, and the plates were incubated at room
temperature (ca. 20°C) for 10 days. Incubation of the isolates on 3-g liter ~! NSY
agar plates served as a positive control for bacterial growth. Formation of visible
colonies within 10 days was assessed as support of growth by a particular me-
dium.

Determination of bacterial growth rates. For a subset of 10 isolates, the growth
rates in liquid 3-g liter ' NSY medium were determined by measurement of the
optical density at 575 nm during growth at a constant temperature of 20°C.

Determination of bacterial cell sizes. The cell sizes of several isolates grown
under various culture conditions were determined as described previously (12).

Nucleotide sequence accession numbers. The nearly complete 16S rRNA gene
sequences of the 25 isolates were deposited in the EMBL nucleotide sequence
database under the accession numbers AJ550649 to AJ550673.

RESULTS

Isolation of strains. Forty-five strains with partial 16S rRNA
gene sequences affiliated with the P. necessarius cluster were
isolated from 12 samples obtained from nine habitats (Table
1). In the cases in which coisolates obtained from the same
water samples shared identical partial (ca. 500-bp) sequences,
only one representative was included in further sequencing.
The remaining 25 isolates (Table 2) represent 11 different 16S
rRNA genotypes (Fig. 1). All of the 25 isolates sharing iden-
tical sequences were isolated either from different habitats or
from samples from the same habitat (Lake Mondsee) taken on
different dates.

In total, six samples taken from Lake Tai hu at three differ-
ent locations have been processed, but despite the large num-
ber of samples it was possible to isolate only a single strain
belonging to the P. necessarius cluster. In the case of all six
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TABLE 2. Isolates affiliated with the P. necessarius cluster and partial or nearly complete environmental
16S rRNA gene sequences with highest similarities
Isolate Accession Source Closest relative” Accession Source” Similarity Reference
no. no. (%)
MWH-MoNR1 AJ550649 Lake Mondsee Clone SC17 (p) AY187480 Mula-Mutha River, India 99.8°  Satoor et al.,
unpublished
MWH-MoNR2 AJ550650 Lake Mondsee Clone CRE-FL11 (p) AF141441 Columbia River, United States 100.0 4
MWH-Molsol AJ550671 Lake Mondsee Clone FukuNG66 (p) AJ290078  Fuchskuhle, Germany 99.3 7
MWH-Molso2 AJ550672 Lake Mondsee Clone CRE-FLI11 (p) AF141441 Columbia River, United States 100.0 4
MWH-MoK1  AJ550652 Lake Mondsee Clone SC17 (p) AY187480 Mula-Mutha River, India 99.8°  Satoor et al.,
unpublished
MWH-MoK7  AJ550673 Lake Mondsee Clone 06 AF361192 Rimov Reservoir, Czech Republic 99.6 25
MWH-MoK3  AJ550653 Lake Mondsee Clone SC17 (p) AY187480 Mula-Mutha River, India 99.8°  Satoor et al.,
unpublished
MWH-MoK4  AJ550654 Lake Mondsee Clone 06 AF361192 Rimov Reservoir, Czech Republic 99.6 25
MWH-CaK1 AJ550667 Canal Roanne a Digoin DGGE band wj 16 (p)  AF530937 Walchensee, Germany 98.8 A. Bruns et al.,
unpublished
MWH-CaK5 AJ550655 Canal Roanne a Digoin Clone CR-FL13 (p) AF141398 Columbia River, United States 99.8 4
MWH-VicM1  AJ550651 Lake Victoria Clone CR99-2-58 (p) AF429244  Yangtze River, P. R. China 100.0 22
MWH-TaW3  AJ550661 Lake Tai hu Clone CR99-2-49 (p) AF429235 Yangtze River, P.R. China 99.8 22
MWH-BeK4 AJ550656 Pond in Beijing Clone CR-FL13 (p) AF141398 Columbia River, United States 99.8 4
MWH-JaW7 AJ550658 Yangtze River Clone CR-FL13 (p) AF141398 Columbia River, United States 99.8 4
MWH-JaW21  AJ550660 Yangtze River Clone CR99-2-49 (p) AF429235 Yangtze River, P.R. China 99.8 22
MWH-JaW9 AJ550659 Yangtze River Clone CR99-2-58 (p) AF429244  Yangtze River, P.R. China 100.0 22
MWH-JaK3 AJ550657 Yangtze River Clone FukuN33 AJ289997  Fuchskuhle, Germany 99.8 7
MWH-TIW13  AJ550662 Humble Park pond 1 Clone CR-FL13 (p) AF141398 Columbia River, United States 99.8 4
MWH-TIW11  AJ550670 Humble Park pond 1 Clone FukuNG66 (p) AJ290078  Fuchskuhle, Germany 99.3 7
MWH-TIW2  AJ550669 Humble Park pond 1 Clone CR99-7-39 (p) AF429073 Yangtze River, P.R. China 99.8 22
MWH-T2W13  AJ550663 Humble Park pond 2 Clone CR99-7-39 (p) AF429073 Yangtze River, P.R. China 99.8 22
MWH-T2W3  AJ550668 Humble Park pond 2 DGGE band WL8-0 (p) AF497887 Weser River, Germany 100.0 23
MWH-T2W17  AJ550664 Humble Park pond 2 Clone FukuNG66 (p) AJ290078  Fuchskuhle, Germany 99.3 7
MWH-HuK1 AJ550665 Tiger Hill pond Clone ACK-C4 (p) U85124 Carry Pond, United States 98.9 14
MWH-HuW1  AJ550666 Tiger Hill pond Clone FukuNG66 (p) AJ290078  Fuchskuhle, Germany 99.3 7

“ P, partial sequence; DGGE, denaturing gradient gel electrophoresis.
®P.R. China, People’s Republic of China.

¢ Sequence seems to contain a 36-nucleotide-long sequence stretch from the vector at the 5’ end. This part of the sequence was omitted from the analysis.

samples, large filamentous bacteria occurred in the majority of
the 144 established enrichment cultures. These filamentous bac-
teria are able to overgrow P. necessarius cluster strains, as well
as other ultramicrobacteria (12). The same filamentous morpho-
types also occurred in cultures inoculated with samples taken
from other habitats. These bacteria occurred with lower fre-
quencies in the other enrichment cultures than in the enrich-
ment cultures obtained from Lake Tai hu samples. Therefore,
isolation experiments with the other investigated samples were
more successful in terms of the number of P. necessarius cluster
isolates obtained than the trials with the Lake Tai hu samples.
All isolated strains possess a C-shaped morphology and
small cells (Fig. 2). The strains formed tiny, nonpigmented,
convex colonies with entire margins on NSY agar plates. In
comparison to most of the isolates usually growing on NSY
plates inoculated with lake water, the tested strains grew slowly
and formed only small colonies (=1 mm after 10 days of in-
cubation). A few isolates never grew to colony size (>0.1 mm),
which strongly complicated the handling of single colonies.
Cell sizes of the isolated strains. During the isolation pro-
cedure, the established enrichment cultures were screened mi-
croscopically for the presence of small C-shaped cells. During
this process, no C-shaped cells larger than 0.1 pm? were ob-
served. All finally isolated strains possessed small cells when
grown in low-substrate-concentration media. Most isolates
even kept this small cell size when growing exponentially in a
medium with high substrate concentrations (Table 3; Fig. 3).
Growth on various complex media. The 10 tested strains
grew on a wide range of complex media (Table 3). Each of the

10 tested complex media supported the growth of at least a few
strains, and the majority of the media supported the growth of
most tested strains. Best results were obtained with NSY, R2A,
Luria-Bertani, and peptone agar (Table 3).

16S rRNA gene phylogeny. The phylogenetic analysis of the
16S rRNA gene sequences obtained from the isolated strains
revealed that all isolates are more closely related to uncultured
bacteria than to any bacterial strain previously obtained from
pure cultures (Table 2). Some of the isolates share identical
sequences with uncultured bacteria, and sequences of most of
the isolates differ in only a few nucleotide positions from se-
quences obtained by culture-independent techniques. The
closest related previously described species is the obligate en-
dosymbiont P. necessarius (96 to 99% similarity), and the clos-
est related bacteria available as pure cultures are Ralstonia
basilensis (93 to 94% similarity), R. campinensis (93 to 94%
similarity), and R. paucula (93 to 94% similarity) (8, 29).

The minimum sequence similarity within the whole P. ne-
cessarius cluster is 95.7%. The whole P. necessarius cluster can
be subdivided into four subclusters (labeled A, B, C, and D)
which contain sequences separated from the other sequences
by sequence similarities of =98% (Fig. 1). Sequence similari-
ties between members of subclusters C and D are in the range
0f 96.4 to 97.8%. Subcluster A contains only one sequence long
enough to be considered in the phylogenetic tree shown in Fig.
1. In analysis with data sets including shorter sequences, other
sequences clustered within subcluster A, and results from boot-
strap analysis supported this subcluster (data not shown). Fur-
thermore, other shorter sequences clearly clustered within the
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FIG. 1. Neighbor-joining tree showing the phylogenetic relationships of isolated and uncultured strains affiliated with the P. necessarius cluster.
The tree was calculated with 1,240 nucleotide sequence stretches of the 16S rRNA genes. The tree is based on all publicly available sequences
affiliated with the P. necessarius cluster which have sequence lengths of =1,292 nucleotides. The length limit has been defined by the maximum
sequence length available for representatives of the various subclusters. Four proposed subclusters (A to D) are indicated by brackets. Alcaligenes
faecalis (M22508) served as the outgroup (data not shown). R. basilensis is the closest known relative of the P. necessarius cluster bacteria. Bootstrap
(1,000 replicates) values of =60% are shown. The scale bar indicates 1% estimated sequence divergence.

subclusters B, C, and D. The subclusters were consistent in the
neighbor-joining tree (Fig. 1), the maximum likelihood tree
(data not shown), and in a minimum evolution tree published
by Zwart and colleagues (32). On the other hand, all three
trees show some differences in the branching orders. Analysis
with larger data sets including shorter sequences indicated
that more than the four described major subclusters may exist.
All described subclusters contain several environmental se-
quences, but all isolates analyzed thus far fall into two of the
four subclusters. Both of these subclusters contain identical
sequences obtained from isolates originating from distantly
located ecosystems (Fig. 1). On the other hand, sequences
obtained from organisms inhabiting the same ecosystem are

affiliated with different subclusters or occur in part at different
positions within the same subclusters. For instance, eight
strains were isolated from Lake Mondsee, which represent
four different genotypes distributed over subclusters C and D.

DISCUSSION

Isolation. Given the observed cosmopolitan distribution of
P. necessarius cluster bacteria, the occurrence in a broad spec-
trum of freshwater habitats, the expected significant contribu-
tion to freshwater bacterioplankton, and the ability of isolates
to form visible colonies on agar plates, it is highly surprising
that isolation of strains belonging to this cluster has not been
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FIG. 2. Photomicrograph of DAPI-stained cells of isolate MWH-
VicM1 grown in 3-g liter ' NSY medium.

reported before. Clearly, the previous lack of isolates cannot
be explained by a lack of suitable media supporting the growth
of these bacteria. With certainty, there have been many re-
search projects which included plating of freshwater samples
onto diverse solid media. When isolates obtained in such
projects have been screened microscopically, the P. necessarius
cluster members should have attracted attention because of
their unusually small cells and their unusual morphology. Thus,
the previous lack of isolates clearly indicates that members of
this cluster are not readily cultivable.

I assume that one crucial step in the isolation of these bac-
teria is the acclimatization procedure. The applied slow tran-
sition from the low environmental substrate concentrations to
the high concentrations of standard microbiological media may
enable the bacteria to acclimatize their physiology to the arti-
ficial conditions existent in these media. Another crucial step,
at least in the case of culturing in liquid media, seems to be the
exclusion of strains able to overgrow the slowly growing P.
necessarius cluster members in the cultures.

The filtration-acclimatization method employed in this study
has been recently developed and employed for the isolation of
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FIG. 3. Growth of the isolate MWH-VicM1 in liquid 3-g liter !
NSY medium at 20°C and cell volumes observed during exponential
and stationary stages. Data represent means and standard deviations
of results from three replicates. Open circles, optical density (OD);
closed squares, cell volume.

ultramicrobial Actinobacteria from freshwater (12). Interest-
ingly, only one isolate (MWH-VicM1) affiliated with the P.
necessarius cluster has been obtained during this previous iso-
lation effort. On the other hand, only a few pure cultures of
members of the actinobacterial Luna-1 and Luna-2 clusters
were obtained in the study presented here. The two series of
isolation experiments differ in only two seemingly minor
points. In the first series, screening of cell culture plate wells
was performed by spreading diluted samples onto agar plates,
while in the second set of isolation efforts, undiluted samples
were dropped onto the plates and incubated without spread-
ing. Secondly, the first series of isolation experiments included
samples taken at in situ temperatures of <10°C, while all
samples used in the second series of isolation efforts were
taken at in situ temperatures of >10°C. Both series of isolation
efforts, however, included several samples taken from Lake
Mondsee, which is inhabited by both groups of freshwater
ultramicrobacteria. Currently it is not clear which factors
caused the markedly different results of the two series of iso-
lation efforts.

TABLE 3. Growth of isolates on different solidified complex media in comparison to growth on NSY agar®

Growth of isolates on:

: o And- ; Doubling  Cell size
strain Yeast Peptone Soytone Tr}lptic ];:uri:lni R2A Nutrient S;]Z‘:gggd Eugonic Bra}?rjl CIEI(Z:arl time (h) (pm?)
extract peptone S0y broth broth avar broth Infusion
8

MWH-JaK3 +++ + + + + + +++ ++ + w 44 0.057
MWH-T2W17 w + W - + + W - W% + 3.7 0.097
MWH-Molsol + + W - + + + - + + 6.7 0.135
MWH-MoK4 ++ +++ W W + + - - - + 6.3 0.126
MWH-CaK1 + + + + ++ ++ + ++ - +++ 5.9 0.051
MWH-Molso2 - + - + + + + + - + 5.7 0.051
MWH-BeK4 - + + + + ++ w W w + 8.6 ND
MWH-MoK1 W ++ W ++ +++ +++ + - - - 6.7 0.056
MWH-VicM1 + + + + ++ +++ + +++ w + 4.5 0.062
MWH-T2W13 + + + + + + + W - W 7.6 0.062

“NSY agar was the medium used for isolation of the strains. Data on doubling times and cell sizes of the isolates growing exponentially in liquid 3-g liter ' NSY
medium at 20°C are also presented. Symbols: + + +, colonies larger than those on NSY medium; + +, colonies of the same size as those on NSY medium; +, colonies
smaller than those on NSY medium; W, weak growth; —, no growth; ND, not determined.
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Phylogenetic structure of the P. necessarius cluster. The phy-
logenetic analyses presented by others (32) as well as that in
this study clearly show that the P. necessarius cluster is orga-
nized into at least four different subclusters. The sequence
dissimilarities separating these subclusters may indicate that
these subclusters represent different species. Isolates belonging
to subclusters C and D, however, have similar morphologies
and cell sizes. Likewise, the investigated strains belonging to
the two subclusters do not show any consistent differences in
growth on the 10 complex media (Table 3). Further detailed
studies may reveal that strains belonging to different subclus-
ters differ in physiological and ecological traits.

Ecology of the P. necessarius cluster bacteria. All investi-
gated isolates affiliated with the P. necessarius cluster can be
characterized as aerobic heterotrophic bacteria with small
cells. The only other well-investigated representative of the P.
necessarius cluster is the obligate endosymbiont P. necessarius
which was found in cytoplasmic vesicles of the hypotrichous
ciliate Euplotes aediculatus but has never been cultured in pure
culture (13, 28). This endosymbiont is closely related to the
isolates (Fig. 1) but is distinctively different in morphology
(slightly curved rods versus C-shaped cells) and cell size. Cell
volumes of all the isolates are <0.2 um? (Table 3) while the
endosymbiotic strain possesses larger cell volumes of 0.2 to 0.5
pwm? (calculated from data from reference 6). Furthermore, P.
necessarius cells stained with DNA-specific dyes show usually 3
to 9, but in some cases up to 12, intensely stained and regularly
spaced dots. Some of the isolates affiliated with subcluster C
also show such nucleoid-like structures when stained with
DAPL. In contrast to those of the endosymbiont P. necessarius,
almost all cells of these strains show only a single nucleoid, but
in cases of dividing stages two nucleoid-like structures have
been observed. All of these differences between the endosym-
biont and the isolates, as well as the small sample volumes
(=10 ml) used for isolation experiments, the filtration step
(with 0.2-pm-pore-size filters) applied during the isolation pro-
cess, and the observed occurrence of high numbers of free-
living cells affiliated with the P. necessarius cluster by in situ
hybridization (3a), indicate that it is highly unlikely that the
isolates are endosymbionts of planktonic ciliates. Thus, it is
much more likely that the P. necessarius cluster represents an
important fraction of the free-living freshwater bacterioplank-
ton. On the other hand, it seems that a free-living ancestor of
the endosymbiont P. necessarius successfully invaded a ciliate
cell and subsequently adapted to the life strategy of an obligate
endosymbiont.

A highly important ecological trait which is shared by almost
all isolated P. necessarius cluster members is their small (ultra-
microsize) cell size (<0.1 wm?®), which is even retained under
favorable growth conditions (Fig. 2). In this trait, all of the
isolates differ markedly from the obligate endosymbiont P.
necessarius, as well as from the large-celled R. basilesis, R.
campinensis, and R. paucula (8), which are the closest known
relatives of the P. necessarius cluster. In the case of free-living,
non-particle-associated pelagic bacteria, this trait seems to be
one of the prerequisites necessary for establishing populations
contributing large fractions to total bacterioplankton. Larger
cells are often disadvantageous in the interaction with bacte-
rivorous predators (9, 10, 27). In some cases, large bacterial
morphotypes, e.g., bacterial filaments, may receive protection
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against grazing by some groups of predators (11, 26), but the
only way to minimize vulnerability to grazing by all predators
seems to be the possession of small cells. This appears to be
one of the reasons for the dominance of small bacterial cells in
marine and freshwater bacterioplankton.

Interestingly, the P. necessarius cluster isolates share their
C-shaped morphology and ultramicrosize with isolates affili-
ated with the ubiquitous marine SAR11 cluster (21), as well as
with actinobacterial Luna cluster members (12). This C-shaped
morphology may be a specific adaptation to planktonic life or
may provide advantages in the interaction with predators. In a
previous experiment with one strain affiliated with the Luna-2
cluster which possesses such a C-shaped cell morphology, a
complete protection against grazing by a nanoflagellate was
observed (12).

The occurrence of bacteria of the P. necessarius cluster is not
restricted to specific types of freshwater ecosystems or to cer-
tain climatic zones. They occur in acidic (e.g., Adirondack
mountain lakes [14]) and alkaline (e.g., Lake Mondsee and
Lake Tai Hu [Table 2]) lakes; they were detected in large lakes
(e.g., Lake Baikal [7, 24]) and in small artificial ponds (e.g.,
Tiger Hill pond in the People’s Republic of China [Table 2]);
they were observed in arctic (e.g., Toolik Lake [2, 5]), temper-
ate (e.g., Fuchskuhle [7]), and tropical (e.g., Lake Victoria
[Table 2]) habitats. Furthermore, they inhabit freshwater eco-
systems covering almost the whole range of trophic statuses.
The range spans from oligotrophic (e.g., Toolik Lake) over
oligomesotrophic (e.g., Lake Mondsee) and eutrophic (e.g.,
Lake Loosdrecht [32]) to hypertrophic (Lake Tai Hu, Meiling
Bay [Table 2]) freshwater ecosystems. Furthermore, the cluster
has been detected in several running water systems (e.g., Co-
lumbia River [4], Weser River [23], and Yangtze River [22]
[Table 2]). On the other hand, there are a few lakes in which
the P. necessarius cluster has not been detected (e.g., Crater
Lake [31], Lake Gossenkollesee [7], and Lake IJssel [32]).
Currently, it is not known whether this lack of detection was
caused by low numbers of P. necessarius members combined
with methodological limitations or whether this bacterial group
is really absent in these lakes. Some of these lakes have very
large surface-to-catchment-area ratios and sparse coverage of
the catchment areas with vegetation. Thus, import of alloch-
thonous organic substances can be assumed to play only a
minor role in these ecosystems. Pernthaler and colleagues ob-
served a higher relative abundance of P. necessarius cluster
bacteria in that half of the artificially divided Lake Fuchskuhle
which has higher concentrations of humic substances (3a).
Both the observation from Lake Fuchskuhle and the lack of
detection in lakes with low impact of the catchment areas on
the availability of organic carbon in the water columns may
indicate that the P. necessarius cluster bacteria utilize allo-
chthonous humic substances. Besides this hypothesis, the cur-
rently available data do not indicate that the P. necessarius
cluster has a preference for specific types of freshwater eco-
systems. When detailed in situ data on abundance and poten-
tial seasonal fluctuations of the cluster members become avail-
able, it may turn out that the whole cluster or single subgroups
prevail in some types of ecosystems more successfully than in
others.
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