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Cyanobacterial mass occurrences (water blooms) cause ecological, economic and health problems
worldwide. Still, little is known about heterotrophic bacteria associated with cyanobacteria and the
interactions between those organisms. We isolated 460 bacterial strains from more than 40 lakes
and rivers (151 samples), Baltic Sea (32 samples) and treated drinking water of seven treatment
plants (29 samples). The water bodies and the raw water of the treatment plants were frequently
dominated by high numbers of cyanobacteria. Various growth media were used to isolate the
strains. Analysis of partial 16S rRNA gene fragments (701-905 bp for 358 strains and 413-497 bp for
102 strains) classified the isolated bacteria as Proteobacteria, Bacteroidetes, Actinobacteria,
Firmicutes and Deinococcus-Thermus. Some of these isolates represented possible new bacterial
orders, families, genera or species. We isolated various potentially pathogenic bacteria, such as
Aeromonas, Vibrio, Acinetobacter and Pseudomonas, that may cause adverse health effects in
humans and animals and should be taken into consideration when assessing the risks caused by
cyanobacterial blooms. Several strains also inhibited or enhanced the growth of cyanobacteria.
Most of such strains had an enhancing effect on the cyanobacterial growth. Other isolates were
affiliated with genera such as Sphingomonas or Flavobacterium, which include strains that are
capable of degrading cyanobacterial toxins or other recalcitrant and problematic organic
compounds. The isolated strains provide a large group of bacteria that could be used in assessing
and controlling the harmful effects of cyanobacteria.
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Introduction

Cyanobacterial mass occurrences cause problems to
humans and animals. They affect recreational and
domestic use of water and can also have strong
physiological, chemical and biological impacts on
water ecosystems, influencing, for example oxygen
and light conditions, nutrient cycling and
food chain composition (Sivonen and Jones, 1999;
Havens, 2007; Karjalainen et al., 2007). The pro-
blems caused by cyanobacteria are often associated
with the toxins that they produce as secondary
metabolites and with the endotoxic lipopolysaccharide
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(LPS) structures of their cells (Sivonen and Jones,
1999; Falconer and Humpage, 2005).

Studies of cyanobacterial water blooms have
usually concentrated on the cyanobacterial species
composition and chemical and physical factors
influencing the cyanobacterial growth (Oliver and
Ganf, 2000). Little is known of the overall microbial
community associated with cyanobacteria. How-
ever, various kinds of other microbes thriving among
cyanobacteria may have an important impact on
cyanobacterial growth or they may cause adverse
health effects for humans and animals (Eiler and
Bertilsson, 2004; Sigee, 2005). They can also modify
the environmental effects of water blooms, such as
degradation of the organic material of the bloom,
which may cause oxygen depletion and subsequent
fish kills (Havens, 2007).

On account of the difficulties involved in culti-
vating heterotrophic aquatic bacteria, bacterial
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community compositions have mainly been char-
acterized using culture-independent methods, such
as 16S rRNA gene cloning, denaturing gradient gel
electrophoresis and terminal restriction fragment
analysis (Kolmonen et al., 2004; Eiler and Bertilsson,
2004; Giovannoni and Stingl, 2005). However, these
methods do not allow the characterization of
heterotrophic bacteria in the environment.

The aim of this study was to isolate heterotrophic
bacteria that occur in water bodies with frequent
occurrences of cyanobacteria. For this, different
growth media were formulated for the purpose
of isolating putative cyanobacterial toxin degrading,
cyanobacterial growth inhibiting or enhancing
and potentially pathogenic bacteria. In total, 460
bacterial strains were characterized for their taxo-
nomic properties on the basis of partial sequences
of their 16S rRNA genes. The culture collection
obtained consists of a wide range of earlier un-
known, potentially pathogenic, cyanobacterial
growth-enhancing or -inhibiting bacteria and
isolates, which are closely related to known bacteria
that are able to degrade recalcitrant organic
compounds.

Materials and methods

Samples

Environmental samples (Supplementary data) for
the isolation of heterotrophic bacteria were collected
from more than 40 Finnish lakes (144 samples), 3
rivers (7 samples) and the Baltic Sea (32 samples) as
well as from treated drinking water from 7 treatment
plants (29 samples). The water sources were
selected on the basis of the frequent occurrence of
cyanobacteria in lakes, rivers and brackish water or
in the water source of the treatment plants. The
samples were collected when signs of cyanobacter-
ial blooms were visually observed or microscopical
analysis showed an increase in cyanobacterial cell
numbers in the water bodies.

Strain isolation

For the cultivation of bacteria, 100 ul of the water
sample was spread on at least one of the following
agar plates: 28, R2A, CYA, TOX or BA. The Z8 agar
was intended for isolation of the most oligotrophic
bacteria, as it contained only mineral nutrients and
no added carbon source. The plates were prepared
by adding 1.2% agar to the Z8 mineral medium
(Kotai, 1972). The R2A agar (Difco, Kansas City,
MO, USA) was chosen as a high productivity
medium for an overall view of the culturable aquatic
bacteria (Massa et al., 1998). CYA agar was used for
isolating bacteria that thrive in association with
cyanobacteria and are possibly able to utilize the
degrading cyanobacterial biomass for growth. For
the CYA plates, a non-toxic cyanobacterial strain
Anabaena 748A was grown in a nitrogen-free Z8
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medium at 20+2°C and the culture was frozen
when sufficient growth was achieved. The plates
were prepared by adding agar to yield a final 1.2%
(w/v) concentration of thawed Anabaena 748A
culture. The mixture was autoclaved (121 °C,
20min) and cooled to 45°C. As bacteria using
cyanobacterial biomass for their growth, such as
actinobacteria (Webster et al., 2001; Eiler and
Bertilsson, 2004) often grow slowly, 10 mgl " cyclo-
heximide, nystatin and nalidixic acid were added to
prevent the growth of yeasts, fungi and fast-growing
Gram-negative bacteria. These additions were used
to allow longer incubation times for obtaining
slowly growing bacteria. TOX agar was intended
for isolating bacteria that might prefer the toxic
cyanobacterial biomass for their growth and for the
isolation of bacteria that possibly degrade micro-
cystins, the cyanobacterial hepatotoxins. The TOX
plates were prepared according to Lahti et al. (1998)
by adding the fractionated extract (approximately
8mgl ') of demethyl variants of microcystin RR
from the cyanobacterial strain Microcystis aerugino-
sa 205 to an autoclaved (121°C, 20min) and
cooled (45 °C) Z8 growth medium using the sterile
filtering method. BA plates were blood agar (Base;
Fluka, Deisenhofen, Germany) plates with defibri-
nated sheep blood (bioTRADING Benelux BV,
Mijdrecht, The Netherlands), and they were used
for isolating putative pathogenic bacteria living in
association with cyanobacteria.

All agar plates were incubated in the dark at
20+ 2°C for 7 days (Z8, R2A, CYA and TOX) or at
36+2°C for 21+3h (BA). Bacterial colonies
were picked from the plates and purified further
on R2A plates. From the BA plates, primarily
haemolytic colonies were chosen, whereas from
the 78, R2A, CYA and TOX plates, colonies were
picked more randomly, taking into account the
morphological features and the colour of colonies.
The isolated cultures were subcultured until
pure strains were obtained. The purity of the
strains was assessed by a microscopic examination
of Gram-stained cells. The pure strains were stored
at —70°C in skimmed milk (Difco) tubes (1.5ml of
deionized water and 20% skim milk, autoclaved
at 115 °C).

Effect of bacterial isolates on cyanobacterial growth

The effect of selected isolated bacterial strains (184
strains) on the growth of cyanobacteria was exam-
ined using a non-toxic cyanobacterial strain Ana-
baena PCC 7122 and a microcystin-producing strain
Microcystis PCC 7941. Both strains were obtained
from the culture collection of the Institut Pasteur
(http://www.pasteur.fr/ip/index.jsp). The cyanobac-
teria were grown in liquid Z8 mineral medium,
Microcystis PCC 7941 with nitrogen and Anabaena
PCC 7122 without nitrogen at 20+ 2°C in a 12/12-h
light/dark cycle. After visible growth, 100 ul of the
culture was plated in soft agarose (0.2—0.3%) on Z8
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mineral medium (1.2% agar) as described by
Rouhiainen et al. (1995). The plates were incubated
at 20+ 2°Cin a 12/12-h light/dark cycle until visible
cyanobacterial growth on the plates was achieved.
The heterotrophic bacterial isolates were grown in
the dark in liquid R2 medium at 20 £ 2 °C for 24-72h
until sufficient growth was observed. A drop (about
20 pl) of the culture was pipetted onto the agar plates
with the cyanobacterial layer. The plates were
incubated at 20%2°C in the light/dark cycle, and
the effect on the cyanobacterial growth was assessed
visually after 1 and 2 weeks. Several strains were
screened on the same plate, and a drop of R2
medium was used as a blank control on each plate.
Bleaching of the cyanobacterial cells to pale green
was considered as a weak effect, bleaching of the
cells to yellow as a clear effect and a plaque induced
by the bacterial strain as a strong inhibitory effect on
the growth of cyanobacteria. Enhancement of the
growth of cyanobacteria was also classified into
three degrees: weak (slightly darker green cells),
clear (intense dark green cells) and strong (colony-
like growth of cyanobacteria).

DNA isolation and sequencing

For isolation of the DNA, the bacterial strains were
grown on R2A plates at 20 £ 2 °C until sufficient cell
biomass was obtained. Bacterial cells were sus-
pended in distilled water and boiled. After centri-
fugation, 5-10pul of the pellets was taken for PCR
amplification using the primers pA and PH’ or pA
and pE* (Edwards et al., 1989). The PCR products
obtained were purified using Montage 96-well PCR
purification plates, and the 16S TRNA genes of the
strains were partially sequenced (701-905 bp for 358
strains and 413—497 bp for 102 strains) using BigDye
terminator chemistry and analyzed on an ABI 3130
automated DNA Sequencer.

The acquired 16S rRNA gene sequences with poor
quality (more than two unknown bases) were
rejected for further analyses. In total, good-quality
sequences were obtained for 460 isolates. The
sequence data have been submitted to the EMBL
database under accession numbers from AM988866
to AM989325.

Sequence analysis

The partial 16S rRNA sequences were analyzed for
taxonomic hierarchy using the Ribosomal Database
Project (RDP) II classifier tool (Naive Bayesian TRNA
Classifier) with annotated sequences (Wang et al.,
2007). The RDP II classifier provides a rapid and
accurate taxonomic placement down to the genus
level for 16S rRNA gene sequences of 400bp and
above. A bootstrap value of 80% was set as the
confidence threshold for the taxonomic assign-
ments. Each isolated strain was assigned to the
lowest taxonomic hierarchy above the confidence
threshold of 80%. The closest sequences for the
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strains that could be classified only to the class or
family level (22 strains) were searched from the
GenBank data using the Seqmatch tool (Cole et al.,
2007) of the RDP (release 10). The data set options in
the Seqmatch searches were type strain and non-
type strain, uncultured and isolates, above and
below 1200 sequence size, nomenclatural taxonomy
and 20 matches per sequence. The Basic Local
Alignment Search Tool (BLAST) (Altschul et al.,
1990) of the National Center for Biotechnology
Information was also used to obtain taxonomic
information based on the partial 16S rRNA gene
sequences. In addition, the taxonomic hierarchies of
the closest BLAST hits of the 16S TRNA sequences
were analyzed using the RDP classifier tool to
confirm the taxonomic assignments.

Results

Taxonomic assignment of the isolated strains

On the basis of the taxonomic assignment according
to the RDP II classifier, the characterized 460 strains
belonged to 8 different bacterial classes from 5
different phyla (Figure 1a). The majority of the
strains were Gammaproteobacteria (195 strains),
Alphaproteobacteria (100 strains) and Betaproteo-
bacteria (55 strains). The rest of the strains
were assigned to Actinobacteria, Flavobacteria,
Sphingobacteria, Deinococci and Bacilli. Most of
the strains (438 strains) could be assigned to a
specific genus with a classification threshold above
80% (Figures 1b-h). The spectrum of different
genera was greatest within the classes Alphaproteo-
bacteria (13 genera), Betaproteobacteria (13 genera),
Actinobacteria (9 genera) and Gammaproteobacteria
(7 genera). For the classes Actinobacteria, Flavo-
bacteria, Sphingobacteria, Bacilli and Gamma-
proteobacteria, there was one predominant genus
(Figures 1b—e and h). With the Alphaproteobacteria
and Betaproteobacteria, the strains were distributed
fairly evenly into the different genera (Figures 1f
and g).

Five of the represented classes (Actinobacteria,
Flavobacteria, Alphaproteobacteria, Betaproteobac-
teria and Gammaproteobacteria) included in total
22 strains that were not classified to the genus level
and may thus represent new bacterial genera not yet
validly described (Table 1). The Seqmatch searches
showed that the closest matches for the sequences of
these strains were derived from bacteria that had
earlier not been isolated (13 strains) or described (9
strains). The environments and the geographic
distribution of the closest matches varied a lot.
The strains HE25, HE26 and HE72 may belong to the
genus Enterobacter, because among the 20 best
Seqmatch hits, there existed several Enterobacter
sequences with high score values (data not shown).
Three of the strains (KU10, KU14 and TA3A) were
assigned only to a class level by the RDP II classifier
and could therefore represent new bacterial orders
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Figure 1 The proportions of taxonomic groups represented by the bacterial strains isolated from fresh and brackish water samples, and
from the treated drinking water. The sequences of the bacteria were assigned to class (a) and genus level (b—h) using the RDP II taxonomic
classifier. A bootstrap value of 80% was used as the default threshold. The class Deinococci included only one strain and is therefore not
shown as a separate pie. The number of the isolated strains and their percentage per the taxonomic group is given together with the genus

or class.

of Alphaproteobacteria and Betaproteobacteria.
Furthermore, a total of 50 strains classified to the
genus level had less than 98.7% maximum identity

with their closest BLAST hits (Table 2). They
belonged to 17 different genera, the most highly
represented groups being Sphingomonas (10
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Table 1 Closest RDP Seqmatch hits for the bacterial strains that were classified only to a class or family level by RDP taxonomic

classifier using a bootstrap value of 80% as the classifier threshold

Strain Closest sequence
Class Family Accession number ~ Score  Source
Code
Actinobacteria
RU14 Microbacteriaceae EF701590 0.950 Uncultured from arid soil
Alphaprotebacteria
KU10 — DQO065552 0.857  Uncultured from freshwater
TA3A — EF702901 1.000  Uncultured from human gastrointestine
TA7 Acetobacteraceae AY345392 0.907 Isolate from lake water (Hawaii, USA)
TA7A Sphingomonadacaecae  AY038698 0.968  Uncultured from river epilithon
RA2 Sphingomonadacaeae  AJ250435 0.965  Isolate from established aquatic biofilm (UK)
RN19 Sphingomonadacaeae  AJ250435 1.000  Isolate from established aquatic biofilm (UK)
Betaproteobacteria
KU14 — AY509460 0.968 Uncultured from lake bacterioplankton (Sweden)
KUs Alcaligenaceae AF141422 0.985 Uncultured from river water (USA)
JO111 Incertae sedis 5 AM991365 0.950 Uncultured from Arctic lake (Svalbard, Greenland)
JO21 Oxalobacteriaceae AJ575690 0.973 Uncultured from lake water enrichment (Germany)
JO53 Oxalobacteriaceae AJ884745 0.992  Uncultured from three-phase biofilm
KU1* Oxalobacteriaceae AJ884745 0.947  Uncultured from three-phase biofilm
JO113* Oxalobacteriaceae AJ884745 0.947  Uncultured from three-phase biofilm
KK7 Oxalobacteriaceae AY989480 0.949  Uncultured from soil (Alaska, USA)
RN12 Oxalobacteriaceae AY 345556 0.918 Isolate from lake water (Hawaii, USA)
Flavobacacteria
HE91 Flavobacteriaceae AJ876659 0.953 Isolate from river sediment (Alcanema, Portugal)
Gammaproteobacteria
HE25 Enterobacteriaceae AJ489343 1.000 Isolate from freshwater sediment
HE26 Enterobacteriaceae CP000653 1.000 Isolate, origin unknown
HE72 Enterobacteriaceae EU307101 1.000 Uncultured from soil
HE58 Enterobacteriaceae DQ288876 0.990  Isolate from apples (Ontario, Canada)
4218F Vibrionaceae DQ314527 0.955  Isolate from Scopthalmus maximus

Accession number, score (the number of unique oligomers shared between the query sequence and a RDP sequence divided by the lowest number
of unique oligos in either of the two sequences) and source of the closest Seqmatch hits are shown. —, the strain could not be classified to

family level.
2The sequences of the strains KU1 and JO113 were identical.

strains), Flavobacterium (8 strains) and Roseateles
(6 strains).

Selectivity of the growth media
The bacterial strains isolated from the R2A, CYA
and TOX plates belonged to a wide range of different
genera, indicating lower selectivity compared with
the BA and Z8 plates (Figure 2). From the R2A
plates, 28 different genera were isolated, whereas
the CYA and TOX plates gave 27 and 29 different
genera, respectively. From the R2A and CYA plates,
different genera were obtained quite evenly. The
genus Flavobacterium comprised 33% of the strains
isolated from the TOX plates. On the class level, the
TOX plates were the most unselective, supporting
bacteria from all eight classes isolated in this study,
whereas approximately half of the strains from R2A
(51%) and CYA (46%) media belonged to the
Alphaproteobacteria.

From the BA plates, primarily haemolytic colo-
nies were selected for further analyses. Overall, 133
haemolytic colonies were isolated from the plates
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(Supplementary data). The genus Aeromonas com-
prised 61% of the bacterial strains from the BA
plates (Figure 2). The genera Pseudomonas (10%),
Acinetobacter (8%) and Vibrio (6%) were also well
represented. On a higher taxonomic level, bacterial
strains isolated from the BA plates were mainly
assigned to the Gammaproteobacteria (94%). The
oligotrophic Z8 medium was quite selective. The
number of samples plated on Z8 and the number of
strains isolated from these plates were lower than
from the other plates, but of the 10 strains isolated 4
belonged to the genus Rhodococcus.

Taxonomic distribution of the strains in relation to the
sample origin

The use of different growth media was also reflected
on the taxonomic distribution of the bacterial strains
originating from different types of water samples.
The clearest difference between the different water
sample types was seen in the distribution of the
Vibrio and Aeromonas strains (Supplementary data).
Vibrio strains were isolated only from brackish water



Table 2 Bacterial strains isolated from fresh or brackish water
samples, or treated drinking water, that may represent new
bacterial species not isolated previously

Strains Class and genus
Flavobacteria

JO7 Chryseobacterium

KK2-3, KU12, RJ1, TE25, TE40, JO5, JO15 Flavobacterium
Sphingobacteria

0T2, TE7, TE29, JO107 Arcicella

RU12%, JO14%, JO108 Chitinophaga

L1 Flectobacillus

TA2, JO45 Pedobacter

JO115 Spirosoma
Deinococcus-
Thermus

RU1 Deinococcus
Firmicutes

ES28, ES8? Bacillus
Alphaproteobacteria

TA3 Methylobacterium

HV2, LO8, RA5, RA7, RN2, SL7, TA2A, Sphingomonas

TU3, TU6, VA4
Betaproteobacteria

JO22, JO73, TA4 Duganella

HAS5 Herbaspirillum

TE4 Rhodoferax

1J3?, JO87?, JO96?, JO97°, KU4, KU7 Roseateles
Gammaproteobacteria

HE55, HE120 Acinetobacter

4218A, 4218G, TE32 Rheinheimera

Abbreviation: RDP, Ribosomal Database Project.

These strains were assigned to the genus level by the RDP II
taxonomic classifier but had less than a 98.7% maximum hit result
with their closest BLAST hits. This indicates a lack of close relatives
on the species level, based on the current 16S rRNA gene sequence
similarity threshold between species (Stackebrandt and Ebers, 2006).
The class and genus assigned by the RDP classifier are indicated.
A bootstrap value of 80% was used as the classification threshold.
*Strains with nearly identical 16S rRNA gene sequences, when the
acquired sequences were aligned and cut to the same length: RU12
and JO14 (99.9% similarity), ES2 and ES8 (99.9% similarity), IJ3 and
JO87 (99.8% similarity), IJ3 and JO96 (99.9% similarity) and IJ3 and
JO97 (99.9% similarity).

samples, whereas Aeromonas strains were com-
monly isolated from both fresh and brackish water
samples. Neither of these genera were isolated from
the treated drinking water. Strains of the class
Alphaproteobacteria, including genera such as
Sphingomonas, Brevundimonas and Methylobacter-
ium, comprised the majority (57%) of the strains
isolated from the drinking water.

Effects of the heterotrophic bacteria on the growth

of cyanobacteria

Strains from different taxonomic groups were
screened for their ability to inhibit or enhance
cyanobacterial growth. In total, 110 of 183 strains
tested either enhanced or inhibited the growth of the
toxic Microcystis PCC 7941 or the non-toxic Ana-
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baena PCC 7122 cyanobacterial strains (Table 3).
The growth of one or both of the cyanobacterial
strain was enhanced by 89 strains (48%) and
inhibited by 19 strains (10%). One strain (Herbas-
pirillum JO59) inhibited the growth of non-toxic
Anabaena PCC 122 cyanobacterial strain and en-
hanced the growth of toxic Microcystis PCC 7941,
whereas another strain (Sphingomonas LI2) had the
opposite effect. The heterotrophic bacterial strains
inhibiting and/or enhancing the growth of cyano-
bacteria belonged to several different genera. The
isolates represented all of the eight classes detected
in this study.

Discussion

The bacterial strains (total of 460 strains) identified
from cyanobacterial water bloom samples or from
treated drinking water of treatment plants with
frequent occurrence of cyanobacteria in the raw
water represented a wide range of specific bacteria.
Several strains were potential new bacterial taxa,
a large number of the strains either inhibited or
enhanced the growth of cyanobacteria, some strains
belonged to bacterial groups that are known oppor-
tunistic human and animal pathogens and others
were closely related to bacteria that are able to
degrade recalcitrant organic compounds, including
cyanobacterial toxins. On the basis of this study, the
specifics and implications of these associations
remain largely unknown, but isolation of such
strains gives an opportunity to study functional
significances of such associations more in detail.

The isolates were distributed into five different
phyla, namely Proteobacteria, Bacteroidetes, Acti-
nobacteria, Firmicutes and Deinococcus-Thermus.
The majority of the characterized strains belonged to
the phylum Proteobacteria. These taxonomic groups
are commonly detected in freshwater environments
(Kerters et al., 2006). In addition, strains were
isolated from the phyla Bacteroidetes and Actino-
bacteria that have commonly been detected in
freshwater microbial communities in culture-inde-
pendent studies based on 16S rRNA gene analysis
(Zwart et al., 2002; Eiler and Bertilsson, 2004;
Kolmonen et al., 2004). In contrast, no representa-
tives of the phylum Verrucomicrobia, which has
frequently been observed by culture-independent
methods (Hedlund et al., 1997; Eiler and Bertilsson,
2004; Kolmonen et al., 2004), were present among
the isolated strains. Members of Verrucomicrobia are
generally regarded as difficult to isolate and only a
few isolated strains are known (Hugenholtz et al.,
1998; Sangwan et al., 2005).

On the basis of the taxonomic assignment by the
RDP II classifier (Wang et al., 2007) using annotated
16S rRNA gene sequences, 22 strains were most
likely members of new bacterial genera or even new
orders. In addition, 50 of the strains assigned to the
genus level resulted in less than 98.7% identity with
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Stenotrophomonas; 1; 1 %
TOX Rheinheimera; 1; 1 %
Pseudomonas; 2; 3 %
Aeromonas; 1; 1 %
Acinetobacter, 3; 4 %
Unknown; 3;4 %
Vogesella; 3; 4 %
Rhodoferax; 1; 1 %
Janthinobacterium; 1; 1 %
lodobacter, 1; 1 %
Herbaspirillum; 3; 4%
Duganella; 2; 3 %
Chitinimonas; 1; 1 %

Streptomyces; 2; 3 %
Chryseobacterium; 2; 3 %

I Flavobacterium; 26; 33 %

Riemerella; 1; 1 %

e 2 11

Sphingobium; 1; 1 %
Paracoccus; 1;1 %
Novosphingobium; 2; 2 %

Staphylococcus; 1; 1 %

Bosea; 6; 6 %
Brevundimonas; 4; 4 %

Sphingopyxis; 1; 1 %
Sphingomonas; 2; 3 %
Sphingobium; 1; 1 %
Caulobacter, 1; 1 %

THHH Arcicella; 2; 3 %
\

Chitinophaga; 2; 3 %
Pedobacter, 7; 9 %
Spirosoma; 1; 1 %

Deinococcus; 1; 1 %

Methylobacterium; 13; 13 % Caulobacter, 6; 6 %

Brevundimonas; 2, 3 % Bosea; 1;1 % Azospirillum; 1; 1 % Bacillus; 2; 3 %

Chryseobacterium; 2; 1 % Unknown; 1; 1 %
. . Bacillus; 4; 2 %
BA Unknown: 5 8 % Micrococcus; 2; 1 % Caryophanom; 1: 1%
Vibrio: 12: 6 %‘ : Lactococcus; 1;1 %
Serratia; 1;1 %
Rheinheimera; 2; 1 %
Pseudomonas; 19; 10 %

Brevundimonas; 1; 1 %
Aquitalea; 1; 1 %
Burkholderia; 1; 1 %

Chromobacterium; 5; 3 %

Acinetobacter, 15; 8 %
Aeromonas; 118; 61 %

Unknown; 1; 10 %
Herbaspirillum; 1; 10 %

z8

I 1,10 %
Caulobacter, 1; 10 % Rhodococcus; 4; 40 %

Brevundimonas; 1; 10 %

Azospirillum; 1; 10 %

Pedobacter; 1; 10 %

Figure 2 The proportions of taxonomic groups represented by the bacterial stains isolated using different agar media (R2A?, CYA®,
TOX¢, BA? and Z8°). The sequences of the bacteria were assigned to different phyla, classes and genera using the RDP taxonomic
classifier II. A bootstrap value of 80% was used as the default threshold. The number and percentage of the isolated strains in each genus
per isolation medium are shown together with the genus. Altogether 82 strains were isolated from R2A, 97 strains from CYA, 193 strains
from BA, 78 strains from TOX and 10 strains from Z8 media. *Commercial high productivity growth medium R2A. *Growth medium that
contained Anabaena sp. 748A cell mass for isolating bacteria that may be able to utilize the degrading cyanobacterial biomass for growth.
°Growth medium that contained demethyl variants of microcystin RR for enrichment of bacteria that can degrade microcystins.
4Commercial growth medium with defibrinated sheep blood for enrichment of haemolytic, putatively pathogenic bacteria. “Minimum

growth medium Z8 (Kotai, 1972) for isolating oligotrophic bacteria.

their closest BLAST hits. Currently, 98.7-99.0% is
considered to be the 16S rRNA gene sequence
similarity threshold between species (Stackebrandt
and Ebers, 2006). Therefore, several strains in our
culture collection represent the first isolates of
bacterial groups that have only been detected based
on culture-independent methods. These strains may
possess novel functions and their further studies
will provide first insights into their role in the
environment.

The strains isolated from cyanobacterial water
blooms that could be classified only to the class
level (strains KU10 and KU14) had close sequence
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matches to bacterial clones that had earlier been
detected from similar environments. The closest
match for the alphaproteobacterium KU10 was a
clone derived from mesocosm studies designed to
mimic small ponds (Horner-Devine et al., 2003). In
those studies, it was shown that primary productiv-
ity influenced the composition and richness of
bacterial communities. The unidentified betaproteo-
bacterium KU14 isolated in this study had a high
similarity value with a clone that originated from
freshwater bacterioplankton associated with cyano-
bacterial water blooms in Sweden (Eiler and
Bertilsson, 2004). The sequence of the unidentified
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Table 3 The taxonomic distribution of the isolated bacterial strains that inhibited or enhanced growth of the non-toxic strain Anabaena

PCC 7122 and the microcystin-producing strain Microcystis PCC 7041

Taxonomic assignment to genus or family Microcystis Anabaena
Strains enhancing growth of both cyanobacterial strains

Flavobacterium®, Streptomyces', Oxalobacteraceae® +++ ++

Acinetobacter', Brevundimonas®, Duganella*, Flavobacterium', Methylobacterium®, Pedobacter?, ++ ++

Pelomonas', Rhodococcus®, Sphingomonas', Incertae sedis®, Microbacteriaceae'

Arcicella, Flavobacterium®, Herbaspirillum®, Methylobacterium' ++ +

Azospirillum®, Bosea', Caulobacter', Spirosoma* + ++

Bacillus', Micrococcus’ + +
Strains inhibiting growth of both cyanobacterial strains

Pedobacter’ — -

Arthrobacter* —— —
Strains enhancing growth of one of the cyanobacterial strains

Caulobacter* +++ *

Bacillus', Caulobacter', Brevundimonas', Deinococcus', Duganella®, Flavobacterium®, Herbaspirillum?, ++ *

Methylobacterium’, Microbacterium®, Nocardioides', Pedobacter', Pseudomonas', Rhodococcus®,

Roseateles®, Sphingomonas', Sphingobium®, Streptomyces*

Aeromonas*, Arcicella*, Caulobacter®, Herbaspirillum?, Methylobacterium®, Novosphingobium®, + *

Pelomonas®, Pseudomonas®, Roseateles®, Sphingomonas®, Streptomyces®

Pelomonas* + NA

Arcicella', Azospirillum®, Bosea®, Caulobacter', Iodobacter', Rheinheimera * ++

Bosea* NA ++

Vogesella* * +
Strains inhibiting growth of one of the cyanobacterial strains

Oxalobacteraceae’ —— *

Bacillus', Brevundimonas*, Flavobacterium?, Pedobacter', Streptomyces® — *

Sphingomonas* - *

Flavobacterium?® * -

Pedobacter* * ——

Pedobacter* * —

Flavobacterium?, Streptomyces* * —
Strains with both enhancing and inhibiting effect on cyanobacterial growth

Herbaspirillum® +++ -

Sphingomonas* - ++

Strains with no effect on the cyanobacterial growth

Acinetobacter®, Aeromonas®, Arcicella, Bosea®, Brevundimonas®, Caulobacter', Chitinophaga®, Chryseobacterium®, Duganella®,
Flavobacterium'®, Flectobacillus', Herbaspirillum?®, Janthinobacterium®, Kocuria', Methylobacterium®, Novosphingobium®,
Paracoccus*, Pedobacter®, Pelomonas*, Pseudomonas*, Rhodococcus®, Rhodoferax', Riemerella*, Roseateles®, Sphingomonas®,
Sphingopyxis®, Staphylococcus', Stenotrophomonas', Streptomyces®, Vogesella®, Oxalobacteraceae* FL, Acetobacteraceae'

Genus and family names indicate the closest taxonomic group of the tested strains based on the RDP II classifier results. The number of strains in
each group is indicated by the superscript. A bootstrap value of 80% was used as the classification threshold.

—, cyanobacterial growth inhibited, +, cyanobacterial growth enhanced; — and +, weak inhibiting or enhancing effect on the cyanobacterial
growth; —— and ++, clear effect on the growth; ——— and ++4+, strong effect on the growth; *no effect; NA, not analyzed; RDP, Ribosomal Database

Project.

alphaproteobacterium TA3A was identical with a
clone that had been derived from the human
intestine and associated with Crohn’s disease (Frank
et al., 2007). This clone, in turn, is identical with
bacteria detected, for example, in activated carbon
filters (unpublished, accession no. AY328843) and
drinking water in a distribution system simulator
(Williams et al., 2004).

The isolates that could not be assigned to the
genus level belonged to five different classes,
namely Actinobacteria, Alphaproteobacteria, Beta-
proteobacteria, Gammaproteobacteria and Flavo-
bacteria. Comparison of the sequences of these
strains with the GenBank data showed that the
closest matches for most of the strains were derived

from earlier uncultured bacteria. The closest
matches had been derived from different environ-
ments, such as from soils, lakes and river water or
sediments, aquatic biofilms, human gastrointestine
and fish. The geographic distribution of the closest
matches also was high. Sequences had been derived,
for example, from arctic lakes in Greenland, lakes of
Hawaiian Archipelago and oligo-mesotrophic lakes
in Europe.

A large number of haemolytic bacteria were
isolated from the water samples that contained
cyanobacteria. The presence of potentially patho-
genic bacteria might explain some of the adverse
human health symptoms after contact with water
that contains cyanobacteria, because the symptoms
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reported by exposed persons resemble quite well
those caused by opportunistic pathogens that were
related to the strains isolated in this study. This
should be taken more into consideration when
assessing the risks associated with cyanobacterial
water blooms. Most of the haemolytic bacteria were
affiliated with Aeromonas, which is known to
include opportunistic pathogens of humans and
animals. Aeromonas is considered to be primarily
an aquatic organism and the infections the genus
causes are often associated with water contact.

Several Vibrio strains were also haemolytic. All of
them originated from the Baltic Sea. Earlier, cyano-
bacterial blooms have been shown to serve as long-
term reservoirs of Vibrio (Islam et al., 2004), but the
potential pathogenic features of these bacteria have
not been elucidated. The closest sequence match for
the strain 4218F that could be classified to the
Vibrionaceae family level was an isolate classified
as a pathogen of fish, Scophthalmus maximus
(unpublished, accession no. DQ314527). Haemolytic
strains other than Vibrio or Aeromonas were
affiliated with genera that are known to contain
opportunistic pathogens, such as Pseudomonas,
Acinetobacter, Brevundimonas, Streptomyces, My-
cobacterium and Bacillus.

On the basis of the 16S rRNA sequences, most of
the Vibrio strains had a high similarity value with
Vibrio cholerae, the causative agent of cholera and
severe infections (Lukinmaa et al., 2006). On the
basis of 16S rRNA data, several strains were
affiliated, for example with the genera Flavobacter-
ium, Sphingomonas, Methylobacterium, Bosea
and Herbaspirillum, which are also known to
include pathogenic members. However, sequence
similarity cannot be used to assess whether the
strains are pathogenic or not. Evaluation of that
requires further studies, for example characteriza-
tion of virulence genes of the strains, and clinical
experiments.

The majority (57%) of the strains isolated from
treated drinking water that originated from surface
water with frequent occurrence of cyanobacteria
belonged to the class Alphaproteobacteria. Sphin-
gomonas was the most common genus. Strains of
Sphingomonas and Brevundimonas were isolated
from the majority of the purification plants studied
(from five out of seven treatment plants) regardless
of the different water treatment methods used. In
addition, it is noteworthy that a few strains isolated
from the treated drinking water were affiliated with
genera that are known to contain pathogenic
members, such as Mycobacterium, Nocardia, Paeni-
bacillus and Staphylococcus. However, their poten-
tial pathogenic features cannot be assessed on the
basis of this study.

Most of the strains that were screened either
inhibited or enhanced the growth of cyanobacteria.
Possible mechanisms may include various types of
interactions from nutrient cycling to the production
of growth-inhibiting and cell-lysing compounds
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(Paerl, 1996; Rashidan and Bird, 2001; Sigee, 2005;
Ozaki et al., 2008). The majority of the tested strains
enhanced cyanobacterial growth. In earlier studies,
heterotrophic bacteria have shown features, such as
attachment to cyanobacterial cells, chemotaxis to
cyanobacteria and prolonged viability in association
with cyanobacteria (Paerl, 1996; Islam et al., 2004;
Eiler et al., 2006). In addition, many blooming
cyanobacterial species have not been successfully
grown as axenic cultures but seem to prefer the
presence of other bacteria (Paerl, 1996). Therefore,
in general, the associations between cyanobacteria
and their accompanying bacteria seem to be mutua-
listic. In contrast, some heterotrophic bacteria have
also been shown to prevent cyanobacterial growth
by preying on cyanobacteria or even halting cyano-
bacterial blooms (Manage et al., 2000; Rashidan and
Bird, 2001). The large number of the strains isolated
in this study and shown to influence the growth of
cyanobacteria provides a solid basis for future
studies on the mechanisms behind the inhibition/
enhancement of the cyanobacterial growth by
heterotrophic bacteria.

In addition to standard methods, it is important to
formulate specific growth media if the aim is to
isolate new specific bacteria. Of the growth media
used in this study, R2A, CYA and TOX plates
seemed to be the most non-selective. More than 20
bacterial genera were isolated from each of them.
Thus, these media were the most useful to obtain a
general view of the culturable cyanobacteria-asso-
ciated aquatic bacteria. With the Z8 medium, the
number of genera was low. The high proportion of
Rhodococcus strains on Z8 agar is in accordance
with the oligotrophic nature of several known
Rhodococcus strains (Ohhata et al., 2007). The
experimental setup in this study did not allow a
closer analysis of the specificity of the different
growth media. For example, different diversity
indices could be applied, but for such studies
colonies should be isolated systematically from all
growth media, that is either all colonies or a totally
randomized set of colonies from all plates. In most
cases, we used the morphological or haemolytic
features of the colonies as a preliminary selection
step to get representatives from as many different
bacteria as possible.

The bacterial strains isolated from the TOX
medium, especially the Flavobacterium strains,
may provide an opportunity to widen the view of
bacteria that degrade cyanobacterial hepatotoxins.
Earlier, known strains of bacteria that are able to
degrade cyanobacterial toxins are mainly members
of the family Sphingomonadaceae within the class
Alphaproteobacteria and Paucibacter toxinivorans
strains of the class Betaproteobacteria (Jones et al.,
1994; Park et al., 2001; Saito et al., 2003; Ishii et al.,
2004; Rapala et al, 2005; Amé et al., 2006).
The presence of such bacteria in water may have
an important role in the natural cleansing of
the chemically stable hepatotoxins. The putative



Table 4 Examples of compounds degraded by the strains of the
bacterial genera represented among the strains isolated in the
study

Degraded compounds Genus Reference

de Carvalho et al.
(2007)
Suyama et al. (1999)

Alcohols and alkanes Rhodococcus

Biodegradable plastics Roseateles

Biphenyl and Porphyrobacter ~ Hiraishi et al. (2002)
dibenzofuran
Chitin Chitinimonas Chang et al. (2004)
Di-2-ethylhexyl Microbacterium  Chen et al. (2007)
phthalate
Ethyl- and Arthrobacter O’Loughlin et al.
methylpyridines (1999)
Polycyclic aromatic Bacillus Zhuang et al. (2003)
hydrocarbons (PAHs)
Micrococcus Zhuang et al. (2003)
Mycobacterium Miller et al. (2004)

Novosphingobium Suzuki and Hiraishi
(2007)

Daane et al. (2001)
Tsuchii et al. (1997);
Baek et al. (2004)

Paenibacillus

Rubber and crude oil  Nocardia

toxin-degrading bacteria isolated in this study could
be used, for example, in purifying contaminated
drinking water. However, their abilities to degrade
the toxins need to be tested further.

Several strains, for example those affiliated with
the genera Sphingomonas, Flavobacterium, Pseudo-
monas, Nocardia and Paenibacillus, that were
isolated in this study are of potential interest as
members of these genera are able to degrade
complex organic compounds (Table 4). For example,
strains of Sphingomonas are known to degrade a
variety of slowly degradable compounds, such as
phthalate esters (Chang et al., 2004), aromatic
hydrocarbons (Zylstra and Kim, 1997) and dibenzo-
furans (Wilkes et al., 1996). The rich secondary
metabolite arsenal produced by cyanobacteria
(Harada, 2004) may favour such bacteria.

This study showed that lakes, rivers and brackish
waters with frequent cyanobacterial predominance
during summer months contained a high diversity of
cultivable heterotrophic bacteria. Some of the
strains were earlier unknown or uncultured bacter-
ia, and thus taxonomically interesting. Isolation of
several bacterial strains with no known close
relatives indicates how little is still known about
aquatic microbial communities. The bacteria iso-
lated also included potential opportunistic patho-
gens, which, in addition to cyanobacteria
themselves, might be the causative agents of adverse
health effects in humans who are exposed to water
that contains cyanobacteria. The presence of poten-
tially pathogenic bacteria should be taken into
consideration when the risks of cyanobacteria are
assessed. Several strains were found that inhibited
or enhanced the growth of cyanobacteria, were
putative cyanobacterial toxin-degrading bacteria or
were affiliated with bacteria that are known to
degrade persistent and problematic organic com-
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pounds. Isolation of such specific bacteria will
allow in the future more focused studies on the
functions behind and implications of the ecological
associations in the aquatic environments.
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