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Summary

The subspecies Polynucleobacter necessarius asym-
bioticus (> 99% 16S rRNA similarity) has a cosmopoli-
tan distribution and a ubiquitous occurrence in lentic
freshwater habitats. We tested if the observed ubiquity
of these free-living planktonic freshwater bacteria
results from a euryoecious (generalist) adaptation
of P. n. asymbioticus strains, or from ecological diver-
sification within the subspecies. We developed a
reverse line blot hybridization assay enabling the
cultivation-independent detection of 13 groups within
the subspecies in environmental samples. A set of 121
lentic freshwater habitats, spanning a broad variety of
habitat types (e.g. pH levels ranging from 3.8 to 8.5)
was investigated for the presence of these 13 P. n.
asymbioticus groups. Statistical analyses of the
reverse line blot hybridization detections revealed pro-
nounced differences in habitat preferences of several
of the groups. Their preferences differed regarding pH,
conductivity, dissolved organic carbon and oxygen
concentration of habitats. For some groups, differ-
ences in environmental preferences resulted even in
complete niche separation between them. The re-
vealed differences in habitat preferences suggest that
the previously reported ubiquity of P. n. asymbioticus
results from ecological diversification within the taxon
and not from generalist adaptation of strains.

Introduction

Ubiquitous and cosmopolitan distribution is assumed for
many species of free-living microorganisms, and plays
central roles in the current ‘Everything is Everywhere’
debate on biogeography and distribution patterns of
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microbes (Finlay, 2002; Whitfield, 2005; O’Malley, 2008).
Colonization of habitats broadly differing in physicochemi-
cal properties (e.g. acidic and alkaline lakes) and coloni-
zation of habitats located in different climatic zones (e.g.
arctic and tropical zones) by a species or a species-like
taxon could be explained by a euryoecious (generalist)
adaptation, i.e. from an adaptation characterized by wide
environmental and habitat tolerance ranges. On the other
hand, such a broad distribution could also be explained
by ecological diversification within the taxon resulting in
subgroups characterized by rather stenoecious (special-
ist) adaptations (with narrow ecological tolerance and
restricted habitat ranges). Such ecological diversification
is usually resulting in organisms (ecotypes) occupying
partially separated ecological niches (Begon et al., 2006;
Walk et al., 2009). Species of macroorganisms with wide
geographic distributions usually consist of many ecotypes
differently adapted to local environmental conditions or to
certain habitat types (Odum et al., 2004). In this study we
tested if the cosmopolitan distribution and ubiquity of
a certain bacterial subspecies in stagnant freshwater
systems resulted from a euryoecious adaptation or from
ecological diversification within the subspecies.

The subspecies Polynucleobacter necessarius asymbi-
oticus (Hahn et al., 2009) serves as a model for a bacte-
rial species, or species-like taxon with global geographic
distributions encompassing a broad range of habitat vari-
ability. This subspecies contains all free-living strains affili-
ated with the species P. necessarius, while the only other
subspecies, P. n. necessarius, contains exclusively obli-
gate endosymbionts of ciliates affiliated with the genus
Euplotes (Vannini et al., 2007; Hahn et al., 2009). The
species P. necessarius (also known as PnecC bacteria,
Hahn, 2003; Jezberova et al., 2010), which currently har-
bours only these two subspecies, represents a narrow
phylogenetic taxon characterized by a minimal 16S rRNA
gene similarity of > 99%. Thus, this taxon is comparable
to operational taxonomic units frequently established in
current diversity investigations on microbial communities
by applying 99% sequence similarity thresholds to ribo-
somal sequences (Curtis et al., 2006).

Members of the subspecies P. n. asymbioticus repre-
sent heterotrophic freshwater bacteria with a planktonic
lifestyle. Cosmopolitan distribution (Hiorns et al., 1997;
Hahn, 2003; Pearce etal, 2003; Alonso etal., 2009;
Hahn et al., 2009) and ubiquity in stagnant freshwater
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habitats (Jezberova et al., 2010) is well documented for
this subspecies. P. n. asymbioticus inhabits a very broad
range of freshwater systems including alkaline (Hahn,
2003; Wu and Hahn, 2006; Salcher etal., 2008) and
acidic lakes and ponds (Burkert et al., 2003; Hahn et al.,
2005; Percent etal., 2008; Taipale etal., 2009), olig-
otrophic high mountain lakes (Wu et al., 2006; Jezberova
etal.,, 2010), eutrophic shallow lakes (Wu and Hahn,
2006), rivers (Sekiguchi et al., 2002; Crump and Hobbie,
2005), ponds in raised bog systems (Jezberova et al.,
2010) and shallow temporary puddles on forestry roads
(Jezberova etal., 2010). Even colonization of perma-
nently (monimolimnion of a meromictic lake) or tempo-
rarily (hypolimnion of a holomictic lake) anoxic zones of
stagnant systems was observed (Salcher et al.,, 2008;
Jezberova et al., 2010). Application of a specific fluores-
cence in situ hybridization (FISH) probe revealed relative
abundances of P. n. asymbioticus in natural habitats in the
range of < 1% to 67% of total bacterial numbers (Hahn
etal., 2005; Wu and Hahn, 2006; Salcher et al., 2008;
Alonso et al., 2009; Jezberova et al., 2010). Conversely,
detection of free-living Polynucleobacter bacteria in
macro-environments like soil or saline systems (saline
inland waters and eusaline marine systems) was never
reported (Zwart et al., 2002; Hahn, 2003; Wu et al., 2006).

We investigated if P. n. asymbioticus bacteria present in
different types of freshwater habitats represented different
groups, and if the distribution of groups across the habi-
tats was random or if they differed in habitat preferences.
Reverse line blot hybridization (RLBH, Zwart et al., 2003)
adopted to detection of distinct P. n. asymbioticus groups
was used for screening of 121 freshwater systems for the
presence of these groups. For this purpose, a set of 13
RLBH probes specifically targeting ribosomal internal
transcribed spacer (16S-23S ITS) sequences of different
P. n. asymbioticus groups were developed. Screened
habitats are located in Central Europe and represent a
broad variety of freshwater systems differing in many
limnological parameters like water chemistry, trophic
status, habitat size and altitude (Jezberova et al., 2010).

The phylogenetic resolution (i.e. intraspecific resolu-
tion) of the RLBH method was higher than methods used
in previous studies to assess differences in the environ-
mental preferences of closely related bacteria (Gray et al.,
2004; 2007; Schauer et al., 2005; Newton et al., 2007).
Our aim was to confirm or disprove the ubiquity by
diversification hypothesis for Polynucleobacter bacteria
(Jezberova et al., 2010).

Results

Development and validation of RLBH probes

Because of high similarity (>99%) of 16S rRNA gene
sequences of P. n. asymbioticus strains, it was impos-
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Table 1. Group-specific probes used in the RLBH assays, their 5’ to
3’ sequences, and melting temperatures (Tm).

Probe

name Sequence T (°C)
F1 CTAAGCGATTGTTAATTGTTTAGT 54.2
F2 TTATAAAGTTCTTAAATAGTACTTAAAGT 54.0
F4 ACCATCAGCAGCAGTGATA 54.5
F5 CCACCAATCAGCGTTGATA 54.5
F10 ACTAAGCGATCTAATGATTGTTTA 54.2
F11 MAGTGATATGGACTAWGTGG 54.2
F12 CCACCAATCAGCAGTGATA 54.5
F13n CTAAGACCATATCACTACTGA 54.5
F14 ACTAAGCGATCTATTGATTGTTTA 54.2
F15 ACTAAGCAATTTAGCGATTGTTTA 54.2
F15-1 CCAAACTGTAAGTACTTATTAAAG 54.2
F16 GACCCACCAAATCAGAAGT 54.4

F17 CAAAACTAAGCGAAGACTTAATCGTTTAGTT  54.7

The probes target different regions of the 16S-23S ITS of P. n. ssp.
asymbioticus strains.

sible to use this phylogenetic marker to resolve the intra-
subspecies diversity of P. n. asymbioticus. Therefore, the
16S—23S ITS was used as an alternative marker provid-
ing a much higher intraspecific resolution (Hahn et al.,
2005). The development of a primer pair for specific
amplification of P. n. asymbioticus TS sequences, as
well as the development of subgroup-specific probes
was based on 152 sequences of P. n. asymbioticus
strains, five sequences of P. n. necessarius strains
(endosymbionts) and 34 sequences of Polynucleobacter
strains affiliated with other species. The 152 P. n. asym-
bioticus strains shared ITS sequences with similarities in
the range of 94-100%. Sequence similarities limited the
possibility to develop a panel of group-specific probes
covering all of the available 152 P. n. asymbioticus
sequences; however, a set of 13 group-specific probes
passed empirical validation (Table 1). This panel of
probes covers 57% of the 152 strains (Fig. 1A). Most of
these probes target groups (minimal intragroup ITS
sequence similarities 98.4—100%) consisting of 2-17
strains while one probe targets only a single strain of the
culture collection. More than half of the 13 groups could
not be discriminated from other groups on the level of
16S rRNA sequences (Table 2). Of those 12 groups
representing more than one strain, nine and seven
appeared in phylogenetic trees of ITS sequences and
partial glutamine synthetase gene sequences (gInA),
respectively, as monophyletic groups supported by boot-
strap values > 65% (Table 2, Fig. S1). The two broadest
monophyletic groups in the ITS tree (F11 and F13n,
Table 2) appear in the gInA tree split in two separated
groups. Group F15-1 appears in the ITS tree as a mono-
phyletic group nested in group F15; however, F15-1
strains differ from the remaining F15 strains only in
two nucleotide substitutions in their ITS sequences.

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 922—931
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Fig. 1. A. Neighbour-joining tree based on 165-23S ITS sequences (about 500 bp, including two tRNA genes) of P. n. asymbioticus strains
representing the culture collection (152 isolates) used for the development and testing of the RLBH probes. Lineages and groups targeted by

the 13 probes are indicated by different colours.

B. Detection by the RLBH probes across the 121 habitats, sorted by increasing pH (range 3.9-8.5). Note the non-linear scaling of the x-axis.
Detection intensities are indicated by different gray scale colours; black, very strong; dark grey, average signal; light grey, weak signal; white,
no detection signal. Habitats and probes without any detection are indicated by asterisks.

C. Plot of conductivity values against pH values of all 121 habitats. Habitats with detections by probes F10 (red) and F17 (blue) are

highlighted.

D. Plot of absorption (250 nm) values representing a proxy for DOC and humic substance concentrations against pH values. Habitats with
detections by probes F10 (red) and F17 (blue) are highlighted. Data of four habitats with absorption values > 1.0 are not shown (all four

habitats were negative for F10 and F17).

Empirical testing confirmed that the primer pair devel-
oped for amplification of ITS sequences of P. neces-
sarius was specific for this species.

Screening of habitats by RLBH

In total, 121 habitats were screened by RLBH for the
presence of the 13 P. n. asymbioticus groups defined by
the probes (Fig. 1B). These habitats were characterized
in detail in Jezberova and colleagues (2010), who also
showed the presence of P. n. asymbioticus in all 121
samples (results by FISH as well as P. necessarius-

specific PCR). PCR amplification with the P. necessarius-
specific primers resulted for all samples in amplicons of
the expected length. The set of 13 probes detected at
least one of the targeted groups in 115 habitats (95%). On
average, 3.8 £ 1.8 groups were detected per habitat. In
total, all but two groups could be detected in the 121
samples. Not detected was the F2 group, one of the
smallest groups consisting of only two strains, and the
other not detected group was F13n, the largest and most
diverse group. The other probes detected their target
groups in 15 (12%) to 102 (84%) habitats respectively
(average 42.6 habitats, 35.2% of habitats).

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 922—931
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Table 2. Number of strains in the strain collection targeted by the respective probes, accession numbers of reference sequences, minimal
16S-23S ITS sequence similarities of the groups defined by the respective probes, bootstrap values obtained for the respective groups in
neighbour-joining and maximum likelihood trees, lack of resolution of 16S rRNA sequences (the respective group can not be discriminated from
the listed groups by using 16S rRNA sequences), and detection frequency of the respective probes (% of investigated habitats).

Number Minimal ITS Detected
of strains  Reference sequence sequence Phylogeny Phylogeny Lack of resolution of 16S rRNA in habitats
Group targeted  (accession number) similarity (%) 16S-23S ITS? gInA® sequences? (%)
PnecC 151 - 94.1 - 100°
F1 2 AM110078 100 Monophyletic ~ monophyletic  F5, F10, other groups® 0
F2 3 AJ550665 99.4 Monophyletic ~ monophyletic - 17
F4 3 AJ879778 99.8 Monophyletic ~ monophyletic F5, F12, F15, F15-1, other groups 24
F5 17 FN429717, AJ879801 98.6 Polyphyletic paraphyletic ~ F1, F4, F10, F12, F15, F15-1, 43
other groups
F10 10 AJ879783 99.8 Monophyletic ~ monophyletic  F1, F5, other groups 34
F11 9 AM110094, FN429704  98.4 Monophyletic  polyphyletic - 79
F12 2 AM397064 99.6 Paraphyletic monophyletic  F5, F15, F15-1, other groups 84
F13n 20 FN429677 98.4 Monophyletic ~ Polyphyletic® - 0
F14 1 FN429688 - Not testable® not testable?  — 16
F15 15 AM110090, AM110086 99.4 Monophyletic monophyletic  F4, F5, F12, F15-1, other group 17
F15-1 7 AM110086 99.8 Monophyletic ~ paraphyletic F4, F5, F12, F15, other group 37
F16 3 FN429704 99.6 Monophyletic ~ monophyletic — 25
F17 10 AJ550654, FN429658 98.8 Paraphyletic paraphyletic  other groups 12
a. Strains affiliated to other groups possess identical or almost identical 16S rRNA sequences.
b. Detected by FISH and PnecC-specific PCR (Jezberova et al., 2010).
c. Not targeted by RLBH probes.
d. Only one sequence available.
e. Two of the 20 sequences form a separated group.

Eight of the 13 groups targeted by RLBH probes contain
strains, which were isolated from habitats included in
the screened set of lakes and ponds (Table S1). In 88% of
cases, the groups represented by the isolated strains
could be detected by RLBH. For instance, several strains
targeted by probe F17 were isolated from Lake Mondsee
(Hahn, 2003) and Lake Hallstattersee. This probe was
always positive for surface water samples from these two
alkaline lakes (in total 10 samples). Isolation results and
population composition in Loibersbacher pond 1 (Hahn
et al., 2005) were also largely confirmed by the RLBH
results. In all cases where isolation results could not be
confirmed by RLBH, water samples used for isolation of

Table 3. Results of the RDA calculated by CANOCO.

strains and RLBH investigations have been taken at
different dates, thus may represent distinct ecological
situations.

Distribution patterns of groups detected by
RLBH probes

Correlation analyses indicated that pooled data of pH
and conductivity, as well as altitude and surface area best
explained the observed distribution patterns of probe-
targeted groups as shown by the redundancy analyses
(RDAs) in Table 3. Conductivity and pH values of the
investigated habitats are correlated (Fig. 1C). Altitude and

F1 F2 F4 F5 F10 F11 F12 F13n F14 F15 F15-1 F16 F17 Explained

pH and conductivity - o e e e * ns - ** ns ns e - 52.80%
A250 _ *kk *kk Fkk £33 *k ns _ ns ns *k * *k 3780%
Altitude and surface - i ** * o ns ns - * ns ns * b 50.20%
Altitude

Surface

HTB - ns ns ns ns * ns - ns ns * ns * 8.30%
PnecC (%, #, In#) - e * e FEx ns ns - e ns ns e ** 28.60%
Oxygen - ns ns ns = e ns - ns ns ns ns ns 12.30%
***P < 0.001; **P<0.01; *P<0.05.

Conductivity and pH; as well as altitude and surface data were pooled respectively. Note that data obtained from the investigation of the depth
profile of the Lake Krottensee were not included in this analysis. ns: not significant; dark gray: positive correlation; light gray: negative correlation;
Explained: explained variability in the probe data; A.s0: absorbance at 250 nm (proxy for the DOC concentration); HTB: heterotrophic bacteria
numbers; PnecC — %, # and In#: relative abundance, absolute numbers and natural logarithm of real numbers of P. n. asymbioticus respectively;

oxygen: O, concentration (mg I").

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 922—931
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Fig. 2. Canonical correspondence analysis of the environmental
characteristics of the sampled habitats reveals correlations among
single factors (arrows) and probe-defined groups of P. n.
asymbioticus bacteria (triangles). This 2D model explains 38% of
the observed variability. Only groups that showed significant
correlations in this model are depicted. Oxygen, O. concentration;
Aoso, absorption at 250 nm.

surface area are also linked to pH and conductivity,
because the acidic (low conductivity) habitats were mainly
located at higher altitudes and possessed in all cases only
small surface areas. Canonical correspondence analyses
(CCAs) and RDAs revealed that P. n. asymbioticus groups
most strongly differed in their preferences regarding pH,
conductivity, DOC (absorption Azso) and oxygen (Fig. 2
and Table 3), while water temperature did not significantly
influence the composition of populations. Groups F4, F14
and F10 appeared as a tight cluster in the CCA analysis,
while the paraphyletic group F17 possessed the most
contrasting preferences compared with the cluster of
those three groups. Groups F2 and F15-1 preferred habi-
tats with higher pH and low oxygen concentration, and
groups F16 and F5 preferred acidic habitats with higher
DOC concentrations. Sorting of habitats by increasing pH
(Fig. 1B) corroborates CCA results. Some groups (e.g.
groups F4, F10, F14 and F16) showed clear preference
for low pH habitats, other groups (i.e. mainly group F17
and to a minor extent group F2) displayed a preference to
circum-neutral and alkaline habitats. Finally, some groups
(i.e. F11 and F12) did not show clear preferences regard-
ing pH of habitats.

In general, habitats in the circum-neutral pH range
(about pH 6.5-7.5) yielded low levels of P. n. asymbioticus
detection with the probes, and the majority of the six
samples lacking the detection of any group were charac-
terized by circum-neutral pH values (Fig. 1B). The low
detection frequency in the circum-neutral pH range can
neither be explained by an underrepresentation of strains
from such habitats in the culture collection nor by lower
detection coverage of strains in this pH category by the
panel of probes (Table S2). Importantly, detected maximal
or minimal pH values of colonized systems fell for several

of the groups in the circum-neutral pH range (i.e. groups
defined by probes F4, F10, F14, F16 and F17), which
indicates that those groups are either adapted to acidic
or alkaline conditions.

A sympatry-allopatry analysis revealed that groups
F4, F10 and F14 were present in 43% of habitats and
co-occurred in 21% (two or three of the groups) and 7%
(all three groups) of the habitats, while group F17 did
not co-occur at all with any of these three groups (Fig. 3).
This suggests that differences in habitat preference
(Figs 1B-D and 2) resulted in complete niche separation.

Vertical distribution of RLBH detected groups in
meromictic Lake Krottensee

Within-habitat differences in distribution of groups were
investigated in meromictic (not completely mixing) Lake
Krottensee. This lake is characterized by a permanently
anoxic monimolimnion and a stable chemical stratification
of the water column (Jezberova etal., 2010). Three
groups of P. n. asymbioticus could be detected at the date
of sampling of the vertical profile (May 2007; Fig. S2),
while two additional groups could be detected in a sample
taken at another date (June 2006; Table S1). Interestingly,
two groups could only be detected in the oxygenated
part of the water column; while the third group was also
detected in samples from the anoxic zone.
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Fig. 3. Venn diagram depicting separate and joined detection of
the four groups F4, F10, F14 and F17 in the 121 habitats. The
areas of the four rectangles, each representing one of the four
groups, are proportional to the frequency of detection (% of
habitats) respectively. The frequencies of sole, paired and triple
occurrence are indicated by percentages of total number of
detections. Of the habitats 45% lacked any detection with these
four probes.
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Discussion

Our goal was to reveal if the subspecies P. n. asymbioti-
cus represents an ecologically coherent group, or if this
taxon consists of subgroups differing in ecological adap-
tations and habitat preferences. Such knowledge is
crucial for understanding the reported ubiquity of this sub-
species in stagnant freshwater habitats (Jezberova et al.,
2010) and is of general relevance for interpretation
of ubiquity in other free-living microbes (Finlay, 2002).
Several previous investigations demonstrated differences
in ecological adaptation among closely related free-living
bacteria. This was revealed either by relating spatial or
temporal differences in natural occurrence of subgroups
or genotypes to differences in environmental parameters
(Gray et al., 2004; 2007; Schauer et al., 2005; Ahlgren
and Rocap, 2006; Newton et al., 2007; Hunt et al., 2008)
or by experimental demonstration of differences in adap-
tation (Jaspers and Overmann, 2004; Hahn and P&ckl,
2005; Sikorski and Nevo, 2007; Simek et al., 2010). Most
of these studies investigated differences in adaptation or
habitat preferences in bacterial taxa, for which 16S rRNA
similarity values of < 99% indicated affiliation to different
species (Stackebrandt and Ebers, 2006). By contrast, the
taxon investigated here represents a more closely related
phylogenetic cluster characterized by a minimal intra-
group 16S rRNA similarity of > 99%.

The definition of groups targeted by the RLBH probes
was not based on multilocus sequence analysis of house-
keeping genes; therefore, it could be that not each of
these groups represents ecologically coherent groups
(i.e. ecotype in Cohan, 2002). Indeed, the revealed poly-
phyly and paraphyly of some of the groups indicates
that not all groups represent ecotypes. Lack of ecological
coherence of groups could prevent the observation of
ecological diversification using the RLBH approach.
However, distributions revealed for most of the investi-
gated P. n. asymbioticus groups showed both a non-
random and a non-ubiquitous distribution pattern across
the sampled habitats (Fig. 1B). This observation is further
supported by statistical analysis (Fig. 2, Table 3), which
suggested for the majority of groups significant differ-
ences in habitat preferences, which is best explained by
differences in ecological adaptation. The three groups
(F12, F11 and F15-1) with the broadest distribution across
the wide range of freshwater habitats (Fig. 1B) appeared
to be polyphyletic or paraphyletic groups in at least one of
the two phylogenetic analyses (Table 2). Most likely, each
of these groups does not represent an ecologically coher-
ent group of strains with generalist adaptations, but eco-
logically heterogeneous groups consisting of two or more
subgroups with distinct ecological adaptations. This is
also indicated by the lack of detection of all three groups
in the circum-neutral pH range, which argues for the

Ecological diversification in Polynucleobacter 927

presence of at least two subgroups, respectively, one
better adapted to acidic and another better adapted to
alkaline conditions. Ecophysiological characterizations
and detailed phylogenetic investigations including multi-
locus sequence analysis will be required for testing the
ecological and phylogenetic coherence of these broadly
distributed groups (e.g. Walk et al., 2009).

An alternative explanation for the broad detection of
some groups could be a lack of specificity of probes, i.e.
match with P. n. asymbioticus subgroups not included in
the culture collection and therefore not tested in empirical
probe validation. In the case of group F15-1 such unspeci-
ficity could also explain the discrepancies in detection by
probes F15 and F15-1. The group detected by the latter
probe is nested in the broader group F15 but was more
frequently detected as the umbrella group F15. Lack of
specificity of probes could be indicated by discrepancies
between pH range of habitats from which group members
were isolated and pH range of habitats with RLBH detec-
tions (Fig. S3). The largest differences between the two
ranges were observed for groups F15-1, F12, F11 and F2,
which again indicate that detection patterns of the former
three groups resulted from detection of ecologically het-
erogeneous groups respectively.

Two groups (F1, F13n) among the five groups lacking
strains isolated from the investigated area could not be
detected by RLBH in any of the sampled 121 habitats.
All investigated habitats were located in Central Europe,
while the 22 strains contained in these two groups were all
isolated from habitats located outside of Europe. There-
fore, lack of detection of these two groups could hint on
absence of the groups in Europe because of restricted
biogeographic distributions (Whitaker et al., 2003).

Ubiquity of Polynucleobacter bacteria: generalist versus
specialized adaptation

Our results do not support the hypothesis that ubiquity of
P. n. asymbioticus in stagnant freshwater systems results
from a generalist adaptation of these bacteria. In contrast,
our findings support the ubiquity by diversification hypo-
thesis (Jezberova et al., 2010). We could reveal clear
habitat preferences and restricted ecological distributions
for several of the investigated P. n. asymbioticus groups.
The observed, relatively large, phenotypic diversity (e.g.
substrate utilization patterns) among P. n. asymbioticus
strains (Hahn et al., 2009) also suggests ecological diver-
sification within this subspecies.

One may speculate whether this trend towards ecologi-
cal specialization results from evolutionary constraints
caused by small genome sizes of P. n. asymbioticus
strains. Previous investigations, as well as genome
sequencing of one strain, indicated that genome size of
P. n. asymbioticus strains is in the range of 2.1-2.5 Mbp

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 13, 922—931
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(Vannini et al., 2007; Hahn et al., 2009), which is signifi-
cantly smaller compared with the majority of free-living
bacteria sequenced so far (http://www.genomesonline.
org). We speculate that such small genome sizes may not
be sufficient for encoding numerous traits required for
generalist adaptations.

Factors controlling the genotypic composition of
P. n. asymbioticus populations

The composition of P. n. asymbioticus populations in
the investigated habitats can partially be explained by
metapopulation theory (Levins, 1969; Hanski and Gilpin,
1997). According to this theory a metapopulation consists
of a group of spatially separated populations of the same
species that interact at some level. From a local meta-
population, habitats select for ecotypes with ecological
adaptations to the environmental conditions present
(ecotype sorting). Our statistical analyses indicated that
pH adaptation and other unrevealed adaptations to water
chemistry (indicated by conductivity and DOC concentra-
tion) were involved in ecotype sorting. This may result in
the presence of a population consisting of ecotypes able
to survive for longer periods of time in the habitat. The
underlying mechanisms of this ecotype sorting by local
environmental conditions is very similar to the concept
of species sorting applied in metacommunity ecology
(Leibold and Norberg, 2004; Van der Gucht et al., 2007).
Seasonal changes in conditions, e.g. water temperature,
may further modulate the seasonal genotypic composition
of populations (Hunt et al., 2008). We did not observe a
significant influence of temperature on the distributions of
P. n. asymbioticus groups; however, our study design did
not consider seasonal patterns and therefore, the tem-
perature range covered by our sampling may have been
too narrow to reveal significant influences. Additionally,
the composition of local metapopulations could be influ-
enced by regional dispersal limitations and potentially
restricted biogeographic distributions of P. n. asymbioticus
groups or ecotypes.

Results obtained in our investigation indicate that at
least in the investigated subspecies of P. necessarius,
ecological sorting by environmental factors takes place at
the ecotype or subgroup level rather than the species
level. This finding is in accordance with results of a couple
of other investigations on freshwater, marine and soil bac-
teria (Jaspers and Overmann, 2004; Hahn and P&ckl,
2005; Sikorski and Nevo, 2007; Hunt et al., 2008; Walk
et al., 2009; Simek et al., 2010). If these findings repre-
sent a general evolutionary mechanism in a significant
numbers of groups of bacteria, utilization of 16S rRNA
genes for resolving community compositions may blur a
large part of the ecologically relevant diversity of bacterial
communities.

Experimental procedures
Habitats, sampling and basic limnological parameters

In total, 121 stagnant freshwater habitats (Table S1) were
investigated for the presence of probe-defined P. n. asymbi-
oticus groups. Detailed characterizations of these habitats
have been presented elsewhere (Jezberova et al., 2010). Of
the 137 habitats investigated previously (Jezberova et al.,
2010) we included all but 13 habitats located in Sweden and
three temporary puddles located in Austria, in the study pre-
sented here. The 121 habitats represent a large variety of
lakes, ponds and permanent puddles, which differ in size and
depth, trophic status, inorganic water chemistry and other
limnological parameters. All habitats are located in Central
Europe (Austria and the Czech Republic) and more than half
of the habitats are located in a four-cornered area of
2353 km? (Jezberova et al., 2010). All habitats were sampled
at depths of about 0.5 m. In addition a depth profile of the
meromictic Lake Krottensee was sampled (Jezberova
et al., 2010). Measurements of physicochemical parameters
and extraction of environmental DNA were performed as
described previously (Jezberova et al., 2010).

P. n. asymbioticus culture collection

A culture collection containing 152 isolates (Hahn, 2003;
Hahn et al., 2005; M.W. Hahn, J. Jezbera, J. Jezberova and
U. Koll, unpubl. data) was established by using either the
filtration-acclimatization method (Hahn et al., 2004) or the
dilution-acclimatization method (Hahn et al., 2005). Isolates
were obtained from ecologically very contrasting habitats,
including 24 (Table S1) of the 121 habitats investigated by
RLBH. 16S-23S ITS sequences of the strains were obtained
as described previously (Hahn et al., 2005). Partial sequen-
ces of the glutamine synthetase (gInA) gene were obtained
by using primers ginA1212F and ginA1895R (5"-AGT WGC
WCC WGT AGA TAC ATT CC-3" and 5-GTT GGG ATC TTT
GCA TCT TCT TC-3) (J. Jezberova, K. Simek and J.
Jezbera, in preparation).

P. n. asymbioticus-specific PCR amplification of ITS
sequences

16S-23S ITS sequences of P. n. asymbioticus strains present
in environmental samples were amplified by using the P. n.
asymbioticus-specific forward primer PnecCf-4 (5’-CAC ACT
TAT CGG TTG ACA ATA A-3’) and the biotinylated reverse
primer PnecCr-5-BIO (5-AAC GAG CAC CAT TGC TAG
Y-3’), which specifically bind at the beginning and the end of
the ITS of P. necessarius bacteria (Jezberova et al., 2010).
The conditions of the PCR reaction were as follows: initial
phase at 94°C (3 min), followed by 30 cycles of denaturation
at 94°C (1 min), annealing at 61°C (1 min) and extension at
72°C (2 min). The final elongation at 72°C was run for 10 min.
In case we obtained very low amount of PCR products from
some habitats, we alternatively performed a nested PCR with
PnecC441f (5-GTC AGG GAA GAA ACA CCG-3) and
Poly23Sr primers (5’-GCT ACT TAG ATG TTT CAG TTC
AC-3’), which bind specifically to the 16S and 23S rRNA
genes of P. n. asymbioticus strains. The obtained PCR
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products were subjected to the above described PCR
reaction for amplification of ITS sequences. The same PCR
conditions were used for both steps of the nested PCR reac-
tion. In all cases in which the one-step PCR yielded too
low amounts of products, the nested PCR provided us with
sufficient amount of labelled PCR products.

RLBH probes development, testing and application

Reverse line blot hybridization was performed according to
the protocol of Zwart and colleagues (2003) using 13 newly
designed probes specifically targeting discriminative oligo-
nucleotide sequences of the 16S—-23S ITS of P. n. asymbioti-
cus bacteria (Table 1). The probes were tested for specificity
against all available isolates in our isolate collection. Used
probes differed distinctly in probe signal intensities when
applied to the same amounts of target PCR products
(obtained from pure cultures of strains). For application of the
method to environmental samples, probe concentrations
were adjusted in order to compensate for differences in probe
signal intensity (Zwart et al., 2003).

Statistical and graphical analysis

Multivariable analyses were performed by using the
CANOCO program (Ter Braak and Smilauer, 1998). Detec-
tion data for probe-defined groups from each habitat were for
statistical reasons analysed in nominal form [absent (0) or
present (1)]. Unimodal undirect ordination such as CCA was
selected for expressing the relationship between probe-
defined groups and environmental variables (Fig. 2) based
on the length of the gradient tested by detrended correspon-
dence analysis, which was 4.3. Each environmental charac-
teristic was also tested against all probe-defined groups by
RDA, where environmental characteristics were imported
as explained variables and genetic groups as explanatory
variables (Table 3). Forward selection was used to choose
significant explanatory variables in both CCA and RDA. Vari-
ables were included when P<0.05 was estimated by a
Monte Carlo permutation test with 999 unrestricted permuta-
tions. The results of the CCA analysis done in CANOCO
were visualized by CanoDraw for Windows (Ter Braak and
Smilauer, 1998).

Nucleotide sequences

16S—-23S ITS sequences of P. n. asymbioticus strains used
for probe design were deposited under the Accession
Numbers AJ550654, AJ550657, AJ550664—-AJ550666,
AJ550670, AJ550671, AJ550673, AJ879778, AJ879783,
AJB879801, AJ964893, AM110078—-AM110083, AM110086—
AM110091, AM110094-AM110097, AM110099-AM110102,
AM110104, AM110105, AM110107, AM110109, AM110111—
AM110113, AM397064-AM397066, FN429654, FN429655—
FN429741, FN555148, FN556008, FN556009, FN825821—
FN825839. GInA sequences were deposited under the
Accession Numbers FN823082—-FN823233.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Comparison of phylogenetic trees based on
complete 16S-23S ITS sequences (B) and partial ginA
sequences (C). Two markers are located at almost opposite
positions in the genome of P. n. ssp. asymbioticus strain
QLW-P1DMWA-1 (A) (Accession Number NC_009379).

Fig. S2. Depth distribution of P. n. asymbioticus groups in
meromictic Lake Krottensee (May 2007) as revealed by
RLBH. Left graph, oxygen concentrations and total abun-
dance of P. n. asymbioticus determined by a species-specific
FISH probe (Jezberova et al., 2010). Note the non-linear
scaling of the axis indicating the water depths. Right graph,
detection of P. n. asymbioticus groups. All probes but probe
F17 were applied to the samples. Besides the three pre-
sented probes, only application of probe F15-1 resulted in
detections but the signals were very faint. Black — strong
signal, dark grey — average signal, grey — weak signal, white
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— no signal. Note that sampling of the depths profile was
performed on a different date than sampling of surface
waters, which resulted in the detections presented in
Table S2 and Fig. 1B.

Fig. S3. Comparison of pH ranges of investigated groups as
indicated by RLBH (red) and pH range of habitats from which
isolates were obtained (blue). Polyphyletic and paraphyletic
groups are indicated by an asterisk.

Table S1. Number of P. n. asymbioticus strains isolated from
habitats of different pH categories and number and percent-
age of them covered by the 13 employed RLBH probes. #,
number.

Table S2. List of investigated habitats and detection of
Polynucleobacter necessarius ssp. asymbioticus groups by
RLBH probes. Detailed environmental data of these habitats
were presented previously (Jezberova et al., 2010). Black
rectangles indicate detection by a probe in at least one
sample of the respective habitat, and red diamonds indicate
isolation of at least one strain from the respective habitat.
Note that strains were not always isolated from those water
samples investigated by RLBH. PnecC (%), relative abun-
dance of P. n. asymbioticus as % of total bacterial numbers
(data from Jezberova et al., 2010).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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