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We examined the proportions of major Betaproteobacteria subgroups within bacterial communities in diverse
nonaxenic, monospecific cultures of algae or cyanobacteria: four species of cryptophyta (genera Crypfomonas
and Rhodomonas), four species of chlorophyta (genera Pediastrum, Staurastrum, and Chlamydomonas), and two
species of cyanobacteria (genera Dolichospermum and Aphanizomenon). In the cryptophyta cultures, Betapro-
teobacteria represented 48 to 71% of total bacteria, the genus Limnohabitans represented 18 to 26%, and the
Polynucleobacter B subcluster represented 5 to 16%. In the taxonomically diverse chlorophyta group, the genus
Limnohabitans accounted for 7 to 45% of total bacteria. In contrast, cyanobacterial cultures contained signif-
icantly lower proportions of the Limnohabitans bacteria (1 to 3% of the total) than the cryptophyta and
chlorophyta cultures. Notably, largely absent in all of the cultures was Polynucleobacter necessarius (Polynucleo-
bacter C subcluster). Subsequently, we examined the growth of Limnohabitans strains in the presence of
different algae or their extracellular products (EPP). Two strains, affiliated with Limnohabitans planktonicus
and Limnohabitans parvus, were separately inoculated into axenic cultures of three algal species growing in an
inorganic medium: Cryptomonas sp., Chlamydomonas noctigama, and Pediastrum boryanum. The Limnohabitans
strains cocultured with these algae or inoculated into their EPP consistently showed (i) pronounced population
growth compared to the control without the algae or EPP and (ii) stronger growth stimulation of L. planktonicus
than of L. parvus. Overall, growth responses of the Limnohabitans strains cultured with algae were highly
species specific, which suggests a pronounced niche separation between two closely related Limnohabitans

species likely mediated by different abilities to utilize the substrates produced by different algal species.

There is compelling evidence that phytoplankton community
dynamics have a significant impact on the composition of bac-
terioplankton communities (for example, see references 6, 19,
and 21). The apparent driving force of such alga-bacterium
interactions is likely the nature and quantity of alga-derived
substrates available in the form of extracellular phytoplankton
products (EPP) or decaying algal biomass. Although it is usu-
ally not known which algal species are the major EPP produc-
ers in situ, tight species-specific alga-bacterium relationships
have been suggested as characterizing bacterium-alga consor-
tia (e.g., 6, 21, 33). Interactions of phytoplankton and bacteria
range from symbiotic to parasitic relationships (3). It is not
surprising, then, that specific bacterial assemblages associated
with different algae can also stimulate or even inhibit algal
growth, as documented for cultures of marine diatoms (6). The
latter study also demonstrated that free-living and phytoplank-
ton-associated (i.e., attached to algal surfaces) bacteria are
significantly different from each other and are dominated by
distinct phylogenetic groups.

In freshwater, one of the key bacterioplankton groups within
the Betaproteobacteria is represented by the genus Limnohabi-
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tans (8, 18), the major part of which belongs to the cluster
R-BTO065 (36), further identified as the RBT lineage. The RBT
lineage is currently represented by the species Limnohabitans
planktonicus and Limnohabitans parvus (18). These free-living,
non-particle-attached bacteria are globally distributed and
highly abundant in a wide array of approximately pH neutral
and alkaline aquatic habitats, while lower abundances are ob-
served in acidic freshwater systems (35). They display higher
growth and substrate uptake rates than other Betaproteobacte-
ria groups and are subject to high levels of mortality by flag-
ellate grazing (13, 16, 32). Thus, the RBT bacterial lineage has
been identified as having an important role in carbon flow to
higher trophic levels (18, 32, 35).

Growth rates in the RBT lineage have been positively re-
lated to concentrations of low-molecular-weight compounds
within the dissolved organic carbon pool (35). Such observa-
tions correspond well with findings of a tight relationship be-
tween the growth of the bacteria and both alga-derived organic
substances (23) and enhanced levels of EPP (33). Moreover,
the population size of the RBT lineage appears to be modu-
lated by a seasonal succession of algal taxa with a prominent
role of cryptophytes as major EPP producers (33; J. Nedoma
and P. Znachor, unpublished data). While this points to the
key role of algal production in nutrition of the bacteria, it is
still unclear if alga-derived substrates can serve as a sole source
of support for rapid growth of Limnohabitans bacteria.

Previous studies examined community composition and suc-
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cession of bacteria in the presence of substrates produced by a
nonaxenic marine diatom maintained in a stock culture (29,
30) or by an axenic diatom culture inoculated with a mixed
community of bacterioplankton (6). However, it is well known
that algal cultures harbor bacteria different from those found
in situ (e.g., 6, 30), which is at least partly caused by the
selective influence of specific physicochemical conditions in
algal cultures. Notably, more complex alga-derived substrates
can also subsequently be metabolized and cleaved to yield
simpler organic molecules by the interplay of several bacterial
species in a mixed community, which makes these molecules
available to a particular bacterial species whose occurrence
only loosely correlates with phytoplankton growth. Clearly
proving the ability of the members of the RBT lineage to grow
solely on alga-derived substrates requires inoculation into ax-
enic algal cultures to produce monoxenic cultures. This allows
the examination of the population growth of particular bacte-
rial species under conditions exclusively related to growth of
the given alga. To our knowledge, this approach has not been
exploited previously, mainly due to the lack of pure isolates of
members of the relevant groups of freshwater bacteria.

Recently, two strains belonging to the RBT lineage were
isolated, characterized, and described as the new species L.
planktonicus and L. parvus (18). These two strains were used as
model organisms in the study presented here. Surprisingly little
is known about occurrence patterns of Betaproteobacteria and
of the genus Limnohabitans within bacterial communities ac-
companying growth of typical freshwater phytoplankton spe-
cies in nonaxenic cultures kept and reinoculated for years.
Thus, in the present study we addressed three major questions.
(i) Are Limnohabitans bacteria associated with a variety of
phytoplankton stock cultures, or are they exclusive to certain
phytoplankton species? (ii) Can different phytoplankton spe-
cies grown as axenic cultures in inorganic medium support
growth of different Limnohabitans strains? (iii) Is there a niche
separation between two closely related Limnohabitans species
modulated by their different efficiencies in utilizing the sub-
strates produced by the respective algal species?

MATERIALS AND METHODS

Organisms and cultivation conditions. All algal and cyanobacterial stock cul-
tures were grown in inorganic (i.e., without addition of vitamins) WC medium (7)
at 21°C and an incident irradiance of 70 pmol m~2 s™! (16:8 light-dark cycle)
provided by daylight fluorescent lamps. The same temperature and light regi-
mens were used for coculture experiments of algae with bacteria (see below).

To examine alga-accompanying communities of free-living bacteria (Fig. 1),
we used the following 10 nonaxenic strains, which are well established and have
been reinoculated monthly (for 2 years at least): Rhodomonas sp. strain Rim
08-01; Cryptomonas sp. strain SAG 26.80; Cryptomonas ovata strain 4-Lip09/IV;
Cryptomonas sp. strain 5-Lip09/1V; Pediastrum duplex strain 45-Lip10/V; Pedias-
trum boryanum strain 46-Lip10/V; Chlamydomonas noctigama strain SAG 6.73;
Staurastrum sp. strain Rim 08-02; Dolichospermum flos-aquae strain 04-37; and
Aphanizomenon sp. strain 06-07. Strains Rim 08-01, Rim 08-02, and 04-37 were
isolated from the mesoeutrophic Rimov reservoir in South Bohemia, Czech
Republic (48°50'56"N, 14°29'26"E; for a detailed description, see reference 33),
strains 5-Lip09/1V, 5-Lip091V, 45-Lip10/V, and 46-Lip10/V originated from the
mesotrophic Lipno reservoir in South Bohemia (48°32'2.63"N, 14°14'1.65"E),
and the Aphanizomenon strain was isolated from the Rod fishpond (South Bo-
hemia) (for details, see Table 1).

Three axenic algal cultures (Table 1), Cryptomonas sp. strain SAG 26.80,
Chlamydomonas noctigama strain SAG 6.73, and Pediastrum boryanum SAG
85.81, were grown in inorganic WC medium. While C. noctigama and P. borya-
num were axenic when obtained, the Cryptomonas sp. strain SAG 26.80 culture
was originally nonaxenic and was made axenic as follows. Single cells were
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isolated using a glass capillary, and from these, clone strains were grown. The
cells were transferred repeatedly from a drop of sterile WC culture medium to
another one until all other microorganisms were excluded. The cells were then
inoculated into the wells of microtitration plates filled with 4 ml of sterile WC
medium, one cell per well. After 1 month, if growth in the plates was observed,
the strains were inoculated into Erlenmeyer’s flasks containing 50 ml of WC
medium, where they were maintained during the cultivation.

Two bacterial strains, L. planktonicus 1I-D5" (DSM 21594, CIP 109844™) and
L. parvus 11-B4T (DSM 215927, CIP 109845T), isolated from the same water
sample from the surface layer of the Rimov reservoir (18), were used to test for
growth on alga-derived substrates. The bacterial strains belong to the RBT
lineage (Betaproteobacteria).

Proportions of major groups of Betaproteobacteria in nonaxenic monospecific
algal cultures. We examined the composition of the bacterial assemblage found
in typical nonaxenic stock cultures of different phytoplankton species. Duplicate
aliquots of the 10 algal or cyanobacterial cultures (see above) (Fig. 1) were
reinoculated into 200 ml of sterile WC medium (ratio, 1:100) from a 4-week-old
stock culture. Total numbers of bacteria, algae, or cyanobacteria were monitored
at 1- to 4-day intervals. On the 16th day after the inoculation, when bacteria and
algae achieved early stationary growth phase (Fig. 2A), samples (5 to 10 ml) for
the analysis of bacterial community composition via fluorescence in situ hybrid-
ization (FISH) (for details, see references 24 and 31) were collected.

Growth pattern of bacteria and algae in a stock culture of Cryptomonas sp.
strain SAG 26.80. The total abundance of bacteria and algae and the proportions
of total Betaproteobacteria and of the genus Limnohabitans (targeted by the
R-BT065 FISH probe [36]) among alga-accompanying bacteria were monitored
in triplicate treatments throughout the growth of the alga from its inoculation
into fresh sterile WC medium (ratio 1:100) to stationary growth phase (21 days).
Subsamples (5 ml) for determination of bacterial and algal abundance and for
FISH analysis (see below) were taken at 1- to 4-day intervals.

Growth of Limnohabitans strains in axenic algal cultures. Three axenic algal
cultures—Cryptomonas sp. strain SAG 26.80, C. noctigama SAG 6.73, and P.
boryanum SAG 85.81—grown in inorganic WC medium were used for bacterial
growth experiments. Bacterial strains L. planktonicus 11-D5" and L. parvus 11-
B4T (18) were separately subcultured in 50 ml of 100 mg liter ' NSY medium
(12) in 100-ml Erlenmeyer flasks. After reaching exponential growth phase (48 h;
~100 % 10° to 200 X 10° bacterial cells ml~!), the cells from 5 ml were pelleted
by centrifugation at 5,000 X g, and the pellets were aseptically transferred and
resuspended in 125 ml of the sterile inorganic WC medium, where the bacteria
were left for 12 h prior to their inoculation into bacterium-alga cocultures. Then,
0.5 to 1 ml of such preconditioned bacteria was added to 150 ml of the inorganic
‘WC medium in triplicate Erlenmeyer flasks (250 ml) inoculated at the same time
with the respective axenic algal culture. The addition of the Limnohabitans
strains yielded an initial abundance of 0.2 X 10° to 0.3 X 10° bacteria ml~ !, while
the initial algal abundance was adjusted to 0.32 X 10% 0.8 X 10% and 2 X 10*
cells ml™! for Cryptomonas sp., C. noctigama, and P. boryanum, respectively.
Note that the two steps of dilution of the original bacterial culture (a 25-fold
dilution followed by a 150-fold dilution) followed by 12 h of preconditioning in
the inorganic medium were assumed to eliminate any significant effect of starting
concentrations of the organic compounds present in the NSY medium used to
pregrow the bacteria.

In the first experiment, the growth of the Limnohabitans strains was tested in
parallel in the C. noctigama and P. boryanum cocultures, and in the follow-up
experiment, the same experimental design was used for the Cryptomonas sp.
cocultures. Subsamples for bacterial and algal abundance were initially taken
daily or 3 times a week, with a decreasing sampling frequency toward the end of
the experiment until the stationary growth phase of an alga was achieved (13 to
21 days; see Fig. 3 for details). The purity of the cocultured Limnohabitans
strains was checked visually, based on typical rod-shaded morphology (18), and
at 0 and 12 days and at the end of the experiment, it was also checked with the
FISH probe R-BT065, which targets the Limnohabitans strains (36).

Growth of Limnohabitans strains in EPP produced by axenic algal cultures.
The axenic cultures of Cryptomonas sp. and C. noctigama were precultivated in
WC medium (as described above) to reach the stationary phase (~3 weeks).
Subsequently, algal biomass was separated by centrifugation (5 min at 500 X g),
and the supernatant was filtered twice through 0.2-um pretreated (soaked in
sterile MQ water) polycarbonate filters. Prior to bacterial inoculation, total
dissolved organic carbon (DOC) was analyzed with a TOC 5000A analyzer
(Shimadzu, Japan). Then, the respective algal EPP were diluted 10-fold with
sterile WC medium, resulting in a starting concentration of EPP (~2 mg DOC
liter ') that would set the DOC concentrations close to in situ EPP rates mea-
sured in the Rimov reservoir (33). The preconditioned Limnohabitans bacteria
(as described above) were added to 150 ml of the mixture of WC medium in
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FIG. 1. Relative proportions of selected subgroups of Betaproteobacteria in well-established nonaxenic stock cultures of algal and cyanobacterial
groups isolated from plankton samples. (A to D) Strains of the cryptophyta group; (E to H) strains of the chlorophyta group; (I and J)
cyanobacterial strains. Origin of the strains are given in parentheses. The betaproteobacterial subgroups were detected 15 days after reinoculation
of the algal and cyanobacterial cultures with accompanying bacteria, i.e., in their late exponential growth phase (cf. Fig. 2). BET, total
Betaproteobacteria; RBT, R-BT065 subcluster; Pnec-B and Pnec-C, B and C subclusters of the Polynucleobacter cluster. Note that the y axes in
different panels have different scales. Values are means for two replicates; vertical bars show ranges.

triplicate Erlenmeyer flasks (250 ml) that was amended by the EPP produced by
the axenic cultures of Cryptomonas sp. and C. noctigama. The additions of the
Limnohabitans strains yielded initial abundances of 0.3 X 10° to 0.4 X 10°
bacteria ml ™.

Determination of total bacterial and algal abundance. Samples (5 to 10 ml)
were fixed with formaldehyde (2% [vol/vol] final concentration), and 1- to 3-ml
subsamples were filtered onto black 0.2-wm (bacteria)- or 1-pm (algae)-pore-size
filters (Osmonic, Inc., Livermore, CA), stained with DAPI (4',6-diamidino-2-
phenylindole; final concentration, 0.2% [wt/vol]), and enumerated by epifluores-

cence microscopy (Olympus AX 70) as detailed by Simek et al. (35). At least 400
bacterial or algal cells were enumerated for each sample, covering an area of 10
to 20 microscopic fields at magnifications of X 1,000 and X400 for bacteria and
algae, respectively. For P. boryanum, individual cells rather than coenobia were
counted, because coenobia could contain 4 to 64 zoospores. The mean cell
volume (MCV) of bacteria was determined as described previously (34).
CARD-FISH. The assemblage of Betaproteobacteria in algal cultures was ana-
lyzed using group-specific oligonucleotide probes applying the catalyzed reporter
deposition (CARD)-FISH protocol (24, 31). First, bacterial samples were pre-

TABLE 1. Axenic and nonaxenic algal cultures used

Species Strain Origin Status
Rhodomonas sp. Rim 08-01 Rimov reservoir, Czech Republic Nonaxenic
Cryptomonas sp. SAG 26.80 Windermere, United Kingdom Axenic/nonaxenic
Cryptomonas ovata 4-Lip09/1V Lipno reservoir, Czech Republic Nonaxenic
Cryptomonas sp. 5-Lip09/1V Lipno reservoir, Czech Republic Nonaxenic
Pediastrum duplex 45-Lip10/V Lipno reservoir, Czech Republic Nonaxenic
Pediastrum boryanum 46-Lip10/V Lipno reservoir, Czech Republic Nonaxenic
Pediastrum boryanum SAG 85.81 Plon, Schohsee, Germany Axenic
Chlamydomonas noctigama SAG 6.73 Schonhengst, Germany Axenic/nonaxenic
Staurastrum sp. Rim 08-02 Rimov reservoir, Czech Republic Nonaxenic
Dolichospermum flos-aquae 04-37 Rimov reservoir, Czech Republic Nonaxenic
Aphanizomenon sp. 06-07 Fish pond Rod, Czech Republic Nonaxenic
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FIG. 2. Time course changes in population size of the nonaxenic
Cryptomonas sp. strain SAG 26.80 culture and of accompanying bac-
teria after reinoculation of the stock culture (0 to 21 days) into fresh
inorganic WC medium. (A) Total abundance of the alga and bacteria
stained with DAPI; (B) relative proportions of the Betaproteobacteria
group and its R-BT065 subcluster in total bacteria (FISH method).
Values are means for triplicates; vertical bars show standard devia-
tions.

Proportion of DAPI-stained bacteria

filtered through 3-pum-pore-size filters (47-mm diameter; Osmonic, Inc.) to re-
move most of algal cells. This step did not have any detectable effect on total
bacterial numbers in the 3-pm filtrate. Then, the samples for FISH were fixed
and processed as described previously (35). We employed oligonucleotide probes
(Interactiva Division, Ulm, Germany) targeting the following taxa (see Table 2
for details): (i) Betaproteobacteria (probe BET42a [20]), (ii) RBT lineage within
the genus Limnohabitans (probe R-BT065 [36]), representing the major part of
the genus Limnohabitans (18); (iii) Polynucleobacter necessarius (Betaproteobac-
teria), also known as Polynucleobacter subcluster C (probe PnecC-445 [11]), and
an assemblage consisting of Polynucleobacter acidiphobus and Polynucleobacter
difficilis (9, 10), which form subcluster B of the genus Polynucleobacter (probe
PnecB-23S-166 [39]). The probe-targeted bacterial groups are referred to here as
BET, RBT, PnecC, and PnecB, respectively.

Statistical evaluation. Significant differences (data were means of triplicates)
in bacterial abundance between the coculture and the control treatment without
algae or in algal abundance when algae were cocultured with different Limno-
habitans strains were tested by means of a ¢ test (two-sample assuming unequal
variances; statistical package, Excel).

RESULTS

Occurrence of betaproteobacterial groups in nonaxenic al-
gal stock cultures. Betaproteobacteria made up ~10 to 70% of
total bacterial numbers in various algal stock cultures (Fig. 1).
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Different proportions of major subgroups of Betaproteobacteria
were found within a mixture of bacteria accompanying stock
cultures of 10 typical phytoplankton species: for cryptophyta,
three representatives of the genus Cryptomonas and one of
Rhodomonas sp.; for chlorophyta, two strains of the genus
Pediastrum and one strain each of Staurastrum and Chlamy-
domonas; and for cyanobacteria, Aphanizomenon sp. and D.
flos-aquae (for details see Fig. 1). In the four cultures of cryp-
tophyta, we detected high proportions of the Betaproteobacte-
ria (48 to 71%) and of the RBT lineage (18 to 26%) and
relatively high proportions of PnecB (5 to 16%) among the
total bacteria. In the taxonomically diverse chlorophyta group,
the genus Limnohabitans accounted for 7 to 45% of total
bacteria. In contrast, cyanobacterial cultures contained signif-
icantly lower proportions (¢ test, P < 0.05) of the Limnohabi-
tans bacteria (1 to 3% of total) than the cryptophyta and
chlorophyta cultures. Interestingly, both cyanobacterial cul-
tures markedly differed in the representation of other accom-
panying betaproteobacterial groups. For instance, the propor-
tions of total Betaproteobacteria (48%) and of PnecB (23% of
total bacteria, the highest of all the cultures) were roughly 5- to
6-fold higher in the D. flos-aquae than in the Aphanizomenon
sp. culture (Fig. 1). Proportions of all the betaproteobacterial
subgroups were generally much lower in the Staurastrum sp.
than in the cultures of cryptophyta and of other chlorophyta.
Notably, PnecC bacteria were absent in all but two Cryptomo-
nas cultures (Fig. 1B and D), where they were detected in only
low proportions.

Figure 2 shows a typical pattern of a proportional succession
of the total Betaproteobacteria and of the RBT lineage in the
culture of Cryptomonas sp. strain SAG 26.80. After reinocula-
tion of the algae with accompanying bacteria into fresh me-
dium, the proportions of these two betaproteobacterial lin-
eages temporarily dropped. However, during the exponential
algal growth phase, the proportion of these bacteria closely
approached their initial proportions detected at time zero, i.e.,
prior to inoculation.

Growth of Limnohabitans strains in axenic algal cultures.
Two strains representing L. planktonicus and L. parvus (Fig. 3)
were inoculated into axenic cultures of the algae C. noctigama,
P. boryanum, and Cryptomonas sp. (Table 1). Growth of the
microbial populations was monitored until the stationary
growth phase of the algae was achieved (for 20 to 24 days [Fig.
3]) and the bacterial strains were observed as free-living cells
throughout the experiments (see examples in Fig. 4). In all
cases, the Limnohabitans strains cocultured with the algae
grew significantly faster toward the end of the experiment than
controls without the algae, and this growth stimulation showed
a consistent decreasing trend from the strongest effect of Cryp-
tomonas sp. through C. noctigama to the weakest effect in-
duced by P. boryanum (Fig. 3A to F). However, except for L.
parvus cocultured with Cryptomonas sp. (Fig. 3F), the differ-
ence from the control treatment became significant only after
12 to 15 days of coculturing, when the alga achieved its expo-
nential or even late exponential growth phase. Notably, at the
final stage of the experiments L. planktonicus always grew
significantly faster with all of the algal species than L. parvus
(two-tailed ¢ test, P < 0.05) (Fig. 3A to F). The most significant
differences (P < 0.001) were found for the Cryptomonas-bac-
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FIG. 3. Time course changes in bacterial and algal abundance. L. planktonicus (A to C) and L. parvus (D to F) were cocultured with axenic
cultures of Chlamydomonas noctigama, Pediastrum boryanum, and Cryptomonas sp. and compared to control treatments, where the bacteria grew
without algae. (G to I) Comparison of algal growth with the two Limnohabitans strains. L. plank, Limnohabitans planktonicus. Note that the y axes
showing abundance of the respective bacterial and algal species have different scales. Values are means for triplicates; vertical bars show standard
deviations. Asterisks indicate significant differences (two-tailed ¢ test) between bacterial abundance in the coculture and that in the control
treatment without algae or between algal abundance in cocultures with different Limnohabitans strains. *, P < 0.05; %%, P < 0.01; %%, P < 0.001.

terium cocultures, where L. planktonicus achieved ~4-fold-
higher cell concentrations (32 X 10° ml™ ") than L. parvus (Fig. 3).

In contrast to the significant species-specific differences in
growth of Limnohabitans strains, the algal species C. nocti-
gama and P. boryanum did not show any marked difference
in their population growth with or without Limnohabitans
strains (Fig. 3G and H). This lack of an apparent effect on
algal growth was also apparent for almost the entire exper-
iment with Cryptomonas sp. (Fig. 31). However, the remark-
ably faster growth of L. planktonicus cocultured with Cryp-
tomonas (compare Fig. 3C and F) was also coincident with

TABLE 2. Specificity of oligonucleotide probes used in the study”

Probe Specificity Reference
BET42a Betaproteobacteria 20
R-BT065 R-BT lineage within the genus 36
Limnohabitans

PnecC-445 Polynucleobacter necessarius (subcluster 11
PnecC)

PnecB-23S-166  P. acidiphobus and P. difficilis 39

(subcluster PnecB)

“ Group-, cluster, and subcluster-specific probes were used for detection of the
indicated taxa within the Betaproteobacteria by CARD-FISH analysis.

a significant decrease of the algal abundance at the very end
of the experiment compared to the treatment with L. parvus
(Fig. 3I).

Growth of Limnohabitans strains in exudates of axenic algal
cultures. Growth of the L. planktonicus and L. parvus in the
10-fold-diluted extracellular algal products of the Cryptomonas
sp. and C. noctigama achieved their stationary growth phase
after ~150 to 200 h (Fig. SA and B). From 87 h until the end
of the experiment, the growth of the Limnohabitans strains
differed significantly (two-tailed ¢ test, P < 0.01) from growth
in the control treatments without the EPP addition, but the
numbers of L. planktonicus organisms were approximately
twice as high in the stationary growth phase as those of L.
parvus (Fig. 5A and B). This difference became even more
obvious when the different mean cell volumes of the strains
(0.164 and 0.074 wm?® for L. planktonicus and L. parvus, re-
spectively) were taken into account, resulting in a 4- to 5-fold
difference in biomass yield reached by the strains in their
stationary growth phase (Fig. 5C and D). Moreover, the
growth of L. planktonicus was significantly more strongly stim-
ulated in EPP of the Cryptomonas sp. (Fig. 5A and C) than in
those produced by C. noctigama, while no such difference in
growth stimulation was observed for L. parvus (Fig. 5B).
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FIG. 4. Microphotographs of DAPI-stained L. planktonicus (A) and
L. parvus (B) cells documenting their free-living lifestyle in cocultures with
Cryptomonas sp. strain SAG 26.80. The large bright oval spots (approxi-
mately 10 to 12 wm) are the algal cells.

DISCUSSION

Ecological implications of growth of Limnohabitans strains
on alga-derived substrates. We found that two Limnohabitans
strains are capable of growth solely on substrates, most likely
algal EPP, produced by three axenic algal strains growing in an
inorganic medium (Fig. 3 and 5). The three algae represent
two important phytoplankton groups (26), i.e., cryptophytes
and chlorophytes. Thus, our results significantly added to pre-
liminary indirect evidence (23, 33) that population dynamics of
the strains from the RBT lineage (core group of the genus
Limnohabitans [18]) is likely modulated by availability of alga-
derived substrates. Our findings complement existing knowl-
edge concerning the uptake of various simple organic sub-
strates by members of the RBT lineage (e.g., 1, 2, 13, 14, 23,
28); notably, some of these substrates are known from the EPP
pool (compare, e.g., references 4 and 38).

The literature suggests that members of the RBT lineage
have pronounced metabolic flexibility and growth potential
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(e.g., 32), as well as large MCV (around 0.06 to 0.16 pm?)
compared to typical bacterioplankton. Notably, bacterial MCV
correlates well with genome size, and the genome size roughly
approximates the spectrum of metabolic capabilities for a
given bacterial species (41). Analyses of huge genomic data
sets on surface ocean planktonic prokaryotes have revealed
interesting trends and given rise to the hypothesis called “cryp-
tic escape” (41) as a major strategy for the true marine pico-
plankton to maintain abundant populations of very small cells
(owing to small genomes and low biomass) in nutrient-poor
environments. However, such a strategy cannot prevail in gen-
erally nutrient-rich freshwater environments, which experience
frequent nutrient pulses that have profound effects on the
composition of typical freshwater bacterioplankton (22, 33).
Obviously, the members of the RBT lineage can adapt to a
“feast-or-famine” lifestyle, mainly due to their proposed utili-
zation of and dependence on the energy-rich pulses of alga-
derived substrates (41), as such diurnal EPP cycles or decaying
algal blooms allow them to reach high numbers and even to
become dominant in the biomass (22; Kasalicky et al., unpub-
lished data).

Heretofore, the association of the Limnohabitans bacteria
with phytoplankton dynamics has been entirely based on use of
the R-BT065 probe to track the dynamics of the bacteria in
natural communities (23, 33). Although this approach revealed
important trends, it could not elucidate causal relationships
between primary producers, their EPP rates, and the function-
ing of particular members of this bacterial lineage. Thus, a
possible scenario which required several metabolically diverse
bacterial strains to cometabolize complex alga-derived sub-
strates (e.g., decaying algal cells) to simpler ones was impos-
sible to rule out. Such a metabolic interplay of several bacterial
strains may result in population growth of metabolically less
well equipped bacteria that take part in only a certain stage of
the degradation processes of algal biomass or EPP. The latter
alternative, however, does not seem to be likely for the mem-
bers of the RBT lineage, considering their major ecophysi-
ologic traits (Fig. 3 and 5) (22, 34, 35) and the general trends
in genome size related to ecophysiologic capabilities of bacte-
ria, as recently suggested by Yooseph and coworkers (41).

Species-specific alga-bacterium relationships. To unveil the
roles and metabolic capabilities of particular bacteria, repre-
sentative strains should be isolated (12, 18). To our knowledge,
the present study is the first to report successful coculturing of
the Limnohabitans strains with axenic algal cultures or growing
of the bacteria on their EPP as a sole carbon source (Fig. 3).
Notably, these algal species belong to different taxonomic
groups and represent species typical of phytoplankton assem-
blages (26). Moreover, the algal species are frequently found in
the Rimov reservoir (27), where the Limnohabitans strains
originated. The significant increments in abundance of the
Limnohabitans bacteria cocultured with the algae or their EPP,
compared to the control treatments (Fig. 3 and 5), showed a
broad range of growth stimulation of the bacteria and, there-
fore, remarkable effects of species-specific interactions as well.
For instance, the effect of P. boryanum on the growth of Lim-
nohabitans strains (namely, L. parvus) was significantly less
extensive than that of other coculture treatments (Fig. 3).
Thus, the quality and quantity of alga-derived substrates (e.g.,
3) differently modulated the growth responses of the Limno-
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FIG. 5. (A and B) Time course changes in bacterial abundance: L. planktonicus (A) and L. parvus (B) growing in 10X diluted exudates
produced by axenic cultures of Chlamydomonas noctigama and Cryptomonas sp. compared to control treatment without the exudate enrichment.
(C and D) Time course biomass increments of L. planktonicus and L. parvus achieved in the exudates produced by C. noctigama and Cryptomonas
sp., respectively. Biomass ratios are those of L. planktonicus to L. parvus detected during the onset of their stationary growth phase (197 h). Note
that from 87 h to the end of the experiment, numbers of both Limnohabitans strains growing on algal exudates were always significantly higher than
those in the control treatment (two-tailed ¢ test, P < 0.01). Asterisks (A) indicate data points with significantly (P < 0.05) higher numbers of L.

planktonicus growing on Cryptomonas sp. than on C. noctigama exudates.

habitans strains. Notably, experiments conducted in the Rimov
reservoir showed significant negative effect of a massive bloom of
Microcystis aeruginosa (Cyanobacteria) on uptake rates of the
RBT lineage but also on its population size (14). Correspond-
ingly, this lineage was proportionally much less well represented
in the cyanobacterial than in other algal cultures (Fig. 1).

In our study, we selected axenic algal species whose nonax-
enic growing counterparts did not show any growth of attached
bacteria on surfaces of algal cells in good physiological condi-
tion. Notably, both L. planktonicus and L. parvus grew through-
out the experiment as free-living bacteria not attached to algal
cell surfaces (Fig. 4). This finding is also consistent with our
inspection of exclusively free-living bacterial cells targeted with
the R-BT065 FISH probe in environmental samples (35).
Thus, our data reflect free-living Limnohabitans strains, which
profited mainly from substrates released by algae into the
culture medium as EPP (Fig. 3 and 5). On the other hand, the
most significant growth stimulation of the cocultured bacteria
was observed during exponential or early stationary growth
phase of an alga (Fig. 3). Thus, the pronounced bacterial
growth cannot be attributed only to the EPP, although the
specific experiments point to the prominent role of EPP (Fig.
5) as the carbon sources fueling the rapid bacterial growth.

Effects of alga-derived substrates on major groups of Befa-
proteobacteria. While the species-specific effect of algae on
alga-associated bacterial communities is likely common to both
marine and freshwater ecosystems, different phylogenetic
groups of bacteria dominate the assemblages. For instance, the

Betaproteobacteria are generally absent in the marine alga-
bacterium associations (6, 30). Notably, we found different
Betaproteobacteria groups in the bacterial assemblages occur-
ring in cultures of freshwater algal and cyanobacterial isolates,
but with their proportions varying markedly in relation to the
phytoplankton species cultured (Fig. 1). The recurrent growth
pattern in the proportions of selected groups of Betaproteobac-
teria in the Cryptomonas sp. culture (Fig. 2) corroborates the
conclusions of previous studies (6, 30) that bacterial commu-
nity structure depends on the growth and physiological condi-
tion of a given alga.

While our data constitute compelling evidence concerning
the role of alga-derived substrates in the population dynamics
of the Limnohabitans bacteria, our knowledge of the ecology of
PnecB bacteria (P. acidiphobus and P. difficilis) is compara-
tively limited. It has been suggested that the PnecB bacteria
depend on autochthonous substrate sources primarily pro-
duced by phytoplankton (9, 10, 40), since the PnecB bacteria
are frequently numerically important in the euphotic zones of
large lakes (28, 39, 40) or mesocosms with a prominent role
of primary producers (15). Recurrent seasonal dynamics of
PnecB bacteria with abundance peaks during summer, as well
as depth distributions similar to those of pelagic primary pro-
duction, have been observed (40). Interestingly, abundance of
PnecB bacteria did not correlate with chlorophyll @ concentra-
tions in Lake Mondsee. However, based on statistical analysis,
it was proposed that PnecB bacteria are trophically linked to
particular phytoplankton groups (40). This conclusion is in
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accordance with the results of our study showing high propor-
tions of the PnecB bacteria in some cryptophyte and the D.
flos-aquae cultures but much lower proportions in the other
algal cultures (Fig. 1). In contrast, PnecC bacteria (P. necessa-
rius) were generally absent or appeared only in low numbers in
the investigated algal cultures. These observations correspond
well to the recent proposal that PnecC bacteria mainly use
carbon sources (i.e., natural photooxidation products of humic
substances [17]) different from those used by PnecB bacteria.

Different growth stimulation of Limnohabitans bacteria in
algal cocultures. The most significant increases in abundance
of both Limnohabitans strains were consistently observed in
cultures of Cryptomonas sp., compared to rather moderate or
weak stimulation of the bacteria in the C. noctigama and P.
boryanum cocultures, respectively (Fig. 3A to F). This could be
partly related to glucose-rich EPP released by cryptophytes
during their exponential growth phase (5) and its efficient
assimilation by both Limnohabitans strains (cf. metabolic tests
in reference 18). Thus, the species-specific production of such
exudates apparently can differently modulate the bacterial
growth responses (Fig. 5), which also corroborates the results
of field experiments. For instance, cryptophytes have been
found as a core algal group closely correlated with the overall
EPP rates and enhanced proportions of Limnohabitans bacte-
ria in the Rimov reservoir (33; Nedoma and Znachor, unpub-
lished). During exponential growth phase of Cryptomonas sp.
in our experiments (Fig. 3), the numbers of the cocultured
Limnohabitans strains approximately doubled in 1 to 2 days,
which corresponds to the typical in situ growth rates of the
Limnohabitans bacteria targeted by the R-BT065 probe (32).

Notably, the nonaxenic Cryptomonas sp. strain (SAG 26.80)
used in this study has been employed in previous chemostat
studies (25, 37), where the alga grew in a phosphorus-limited
inorganic medium and its exudation served as a sole source of
organic carbon for growth of accompanying bacteria. At dilu-
tion rates of 0.5 to 1 day ' (i.e., the algal doubling time in the
system), no mortality of the algae was observed (25), and the
exudates of the Cryptomonas sp. were obviously the major
carbon sources fueling bacterial growth. This likely holds true
for most parts of the present coculture experiments with the
Limnohabitans strains (Fig. 3), since during the exponential
growth phase the Cryptomonas sp. grew rapidly with approxi-
mately one doubling a day. Moreover, the experiments with
EPP produced by the axenic algal cultures clearly showed
strong and species-specific effects of the EPP on growth of the
Limnohabitans strains (Fig. 5).

Concluding remarks. We found that the Limnohabitans bac-
teria can grow exclusively on substrates directly provided by
algae. In contrast to most other studies, our study used a
clearly defined system that exploited axenic algal strains or
their exudates (Fig. 3 and 5) as substrate sources for the Lim-
nohabitans strains. This approach revealed significant species-
specific differences in the ability of bacteria to utilize substrates
produced by different phytoplankton species. For instance,
across all alga-bacterium cocultures or the EPP enrichment
experiments, L. planktonicus grew significantly faster than L.
parvus (Fig. 3 and 5), which indicates that under these condi-
tions, it utilized alga-derived substrates more efficiently. In
terms of net biomass yield (4- to 5-fold higher for L. plank-
tonicus), the differences are even more significant (Fig. 5).
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Notably, a partial niche separation of these two closely related
bacterial species isolated concurrently from the freshwater res-
ervoir has been suggested (18, 34), based on their significantly
different vulnerability to major mortality factors, i.e., protistan
predation and viruses collected from this environment. This
study provides new insights into the suggested niche separation
between the Limnohabitans strains that is also related to the
direct interactions between the bacteria and typical phyto-
plankton species (Fig. 3), indicating a wide range of mutual
species-specific effects differently modulating bacterial growth
responses.
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