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Abstract: The diversity of microeukaryote communities inhabiting rivers is still poorly known. Here, we have
analyzed the periphytic and planktonic microeukaryote communities present in one section of the River Danube
by two different methods: 18S rRNA-based terminal restriction fragment length polymorphism with fragment
sequencing and microscopical analysis of the phytoplankton and periphyton. Both data sets were then related to
environmental variables. Molecular fingerprinting revealed diverse communities with fluctuating composition,
with the majority of sequences affiliated to the groups Bacillariophyta, Synurophyceae and Chlorophyceae. This
was in accordance with microscopical data. The total number of detected T-RFs during the study period was
145, with more than half of the T-RFs being restricted to either plankton or periphyton. This suggests that the
likely different natural selection regimes experienced by microeukaryotes in these two environments may promote
the presence of different lineages in each of them. Significant correlations were found between phytoplankton
chlorophyll—-a content, phosphorus content, temperature, and the T-RFLP pattern of the planktonic microeukaryotic
community, suggesting that the former environmental factors are especially important in structuring the planktonic
microeukaryote communities in the River Danube. These data, together with earlier studies suggest that molecular
methods are an invaluable addition in pursuit of the better understanding of the diversity and fluctuation of
freshwater microeukaryotic communities.
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Introduction shown that there is tremendous microbial diversity
at the genetic and metabolic level, and that there
Microbes play vital roles in ecosystem are cosmopolitan as well as endemic species (see

functioning and biogeochemical cycling in the
biosphere (FaLkowski et al. 2008). However,
their phylogenetic diversity as well as structuring
patterns still remain unclear. During the last
fifteen years, molecular analyses of microbial
communities have changed our view of diversity
in the biosphere. Traditionally, it has been assumed
that the global microbiota was composed of a
relatively few cosmopolitan species (e.g. FinLay
2002). However, recent molecular studies have

reviews in HUGHES—MARTINY et al. 2006; LOGARES
2006; LorEz—GARcCIA & MOREIRA 2008). Many of
the early conclusions were drawn from studies
based on morphological traits, but now it is
known that there is ample cryptic diversity among
microeukaryotes (reviewed in LoGares 2006) and
that many microbial groups escaped detection by
microscopy studies.

The initial efforts in molecular diversity
research of eukaryotic aquatic microbes were
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focused on marine environments (e.g. GUILLOU
et al. 1999; Diez et al. 2001; 2004, MOON—VAN
DER STAAY et al. 2001; LorEz—Garcia et al. 2001;
Massana et al. 2004; Romarr & Vaurotr 2004)
and subsequently, lakes started to be investigated
(e.g. Lerranc et al. 2005; Lepere et al. 2006).
In most cases, high phylogenetic diversity was
found in these environments. However, several
studies have indicated that most marine and
freshwater microeukaryotes are phylogenetically
distantly related due to relatively few historical
marine—freshwater transitions (e.g. ALVERSON et
al. 2007; LoGARES et al. 2007; LozuPoNE & KNIGHT
2007; SuarLcHIAN-TaBR1zI et al. 2008). So far, the
microbial communities inhabiting rivers and their
dynamics have been investigated little (but see
e.g. DoriGo et al. 2002; DoriGo et al. 2009), and
this has been the reason for us to carry out the
present study. From an ecological perspective,
rivers have important roles in interconnecting
lake communities with each other, as well
as interconnecting (microbial) communities
inhabiting marine and freshwater environments.
Thus, members from different lake communities
as well as marine and freshwater groups have
been found in rivers. In addition, the significance
of sessile life forms is bigger compared to lakes
and oceans, and the dynamic nature of rivers will
most likely generate structuring and dynamic
patterns in the microbial communities inhabiting
them that are different from the ones occuring in
more stable marine and lacustrine systems.

In the present study we applied molecular
methods to study the composition and dynamics
of microbial eukaryotes in the Hungarian stretch
of the River Danube. The temporal dynamics
in community composition of planktonic and
benthic microeukaryotes was probed with terminal
restriction fragment length polymorphism -
T-RFLP of the 18S rRNA gene. In addition,
representative  populations were putatively
identified by molecular cloning and sequencing of
the 18S rRNA gene.

The River Danube is the second largest
river in Europe (2780 km long, 817000 km?
catchment area). To date, planktonic and benthic
algae, and protozoa in the River Danube at God
(river km 1669) have been extensively studied
by light and electron microscopy (BERECZKY
et al. 1983; Kiss 1987, 1994, 2000; Kiss &
GENKAL 1993; Bereczky & Nosek 1994; Acs et
al. 2006; Kiss et al. 2009). Sporadic studies have
also characterized planktonic picoalgae (MOzEs,
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A., personal communication). All these studies
utilized microscopy techniques and morphological
criteria of taxon identification, normally restricted
to a few microeukaryote groups. Generally,
the use of microscopy—based techniques is
restrictive in terms of throughput when compared
with molecular techniques. In addition, the
identification of species by microscopy is often
unclear, since morphospecies (species defined
using morphological characters) can be in fact
species complexes (MoNTREsOR et al. 2003; Kim
et al. 2004). For a detailed discussion of the
advantages and disadvantages of microscopy—
based methods and molecular fingerprinting in
the analyses of microbial eukaryotes, see SzaBo
et al. (2007).

The objectives of this study were to follow
the temporal dynamics of benthic and planktonic
microeukaryotes by using microscopical
(algal species) and molecular methods (all
eukaryotic groups), and to relate their diversity to
environmental variables.

Methods

Study site and sample collection

Planktonic and periphytic samples were collected from
the River Danube at God (river km 1669) between
December 2005 and May 2006. Planktonic samples
were collected with weekly frequency for microscopical
analysis and the measurement of physicochemical
parameters. Plankton samples for molecular analysis
were collected at least once a month. The sampling
date for molecular and microscopical analysis did not
coincide in the case of a single sample in December.
Periphyton samples were collected with at least monthly
frequency. On two occasions (05.04.2006, 03.05.2006),
benthic sample collection was not possible due to high
water level of the Danube. Planktonic samples (1.5 1)
were drawn from the upper 20 cms of the current line of
the river into sampling bottles. Depending on plankton
density, 250 to 500 ml sample was filtered onto a 0.22
pm white Millipore filter and stored in liquid nitrogen
until extracted, and 500 ml was preserved with Lugol’s
iodine solution for subsequent microscopical analysis.
For periphyton samples, 5 to 8 similar sized pebbles
near the shoreline were collected. The samples were
transported into the laboratory within 30 minutes of
sampling, where periphyton was brushed off from the
pebbles and washed into approximately 200 ml water.
100 ml of this well-mixed sample was subsequently
filtered onto 0.22 um white Millipore filters and stored
in liquid nitrogen until extracted while the other 100
ml of this sample was preserved with Lugol’s iodine
solution for subsequent microscopical analysis.
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Measurement of environmental parameters
Environmental variables of the river water were
analysed weekly throughout the year. Nitrogen forms
and soluble reactive phosphorus were determined
spectrophotometrically. Nitrate content was measured
withthesalicilate method, accordingto FELFoLDY (1987).
Ammonium content was measured according to the ISO
standard (MSZ ISO 7150-1:1992). Orthophosphate
content was measured with ammonium molybdate
reagent and 10% ascorbic acid according to FELFOLDY
(1987). Each measurement was carried out using filtered
water (filter pore size 0.45 um). Conductivity and pH
were measured with a WTW multiline portable meter,
turbidity was measured with a Lovibond PC Checkit
portable meter. Oxygen concentration was measured
by Winkler’s method (FELroLDY 1987). Chlorophyll-a
was extracted from the sample by methanol, the
concentration was determined according to GoopwiN
(1976), measuring the absorbance of the extract at 747,
666 and 653 nm.

Microscopical
analyses
Semiquantitative analysis (percentual ratio of taxa
was calculated, as the sampled surface was unknown),
and species identification of periphytic microalgae
was carried out using an inverted Olympus I1X70 light
microscope. Algal relative abundance was determined
by UtermoHL’S method (1958) and analysed
statistically according to Lunp et al. (1958). Each
cell of filamentous and coenobial algae was counted,
except for cyanobacteria where filaments were treated
as a single individuum. Samples for diatom analysis
were treated with H,O, and HCI, washed three times
in distilled water, and subsequently mounted on glass
slides in Naphrax. In each sample, 400 valves were
counted and identified. Acid—treated diatom samples
were also mounted on SEM stubs, coated with gold and
analysed with a Hitachi S-2600N scanning electron
microscope.

Quantitative analysis of the phytoplankton
was performed using UTERMOHL’S method by inverted
microscope (OPTON Invertoscope—D). For counting
statistics and calculation errors suggestions of Lunp
et al. (1958) were used (400 algal specimens were
counted, the calculation error is +£10%). Percentage
composition of centric diatoms was determined by
scanning electron microscope (HITACHI S—2600-N),
published in detail by Kiss (1986).

phytoplankton and periphyton

Nucleic acid extraction

DNA extraction was carried out using the Ultraclean
Soil DNA extraction kit (Mobio Lab. Inc. Carlsbad, CA,
USA), according to the manufacturer’s instructions for
maximum yield. In this DNA extraction procedure, the
entire —80 °C preserved filters are directly subjected to
mechanical lysis by bead—beating which ensures that the
samples are well mixed. Extracted nucleic acids were
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quantified and sized by agarose gel electrophoresis,
ethidium bromide staining and UV transillumination
(EiLer & BerTtiLssoN 2004). DNA concentration in
extracts varied between 5 and 100 ng.ul™.

T-RFLP analysis

DNA extracts were used as templates for PCR
amplification of 18S rRNA genes using eukaryotic
primers EuklA (5’CTGGTTGATCCTGCCAG3’)
tagged with hexafluorescein at the 5’ end, and Euk516r
(5> ACCAGACTTGCCCTCC 3°) (Diez et al. 2001).
This universal eukaryotic primer pair amplifies a
region between position 4 and 563 (Saccharomyces
cerevisiae position) (Diez et al. 2001), which includes
the variable regions V1 to V3 (NEEers et al. 1993). The
reactions were carried out in a 50 pl reaction volume,
and each reaction mixture contained 10-50 ng DNA
template, 10 pmol of each primer, 200 pM of each
deoxynucleoside triphosphate, 1.5 U Taq polymerase
and reaction buffer (DyNAzyme II; Finnzymes OY;
Espoo, Finnland). Thermocycling was carried out
with a Stratagene Robocycler using an initial 5 min
denaturation at 95 °C, 30 cycles of 95 °C for 1 min, 56
°C for 1 min and 72 °C for 2 mins followed by a final 10
min extension step at 72 °C. Pooled PCR products were
digested with mung bean nuclease to eliminate single
stranded PCR products (EGert & Friepricu 2003),
followed by purification and concentration using a
Qiaquick PCR purification kit (Qiagen, Valencia, CA,
USA). The PCR product concentration in the eluate
was analysed by agarose gel electrophoresis and
comparison to a Low DNA Mass Ladder (Invitrogen,
Carlsbad, CA, USA). Approximately 50 ng PCR
product from each sample was digested with 4 units
of the restriction endonuclease Mspl (Sigma Aldrich,
St Louis, MO, USA) for terminal restriction fragment
length polymorphism analysis. Reactions with PCR
product, enzyme and buffer were incubated at 37 °C
for 16 h according to the manufacturer’s instructions.
Terminal fragments were sized by electrophoretic
separation and detection on an ABI 3700 96—capillary
sequencer after addition of a 1000bp ROX-labelled
size marker (Applied Biosystems, Foster City,
CA, USA) to each sample. The size and quantity of
terminal restriction fragments were analysed using
GeneScanView 1.1/8 software (CRIBI, Biotechnology
Centre, University of Padova, http://grup.cribi.unipd.
it) as previously described (EiLER & BERTILSSON 2004).
T-RFs between 40 bp and 550 bp were included in
the analysis. T-RF fragment sizes were rounded up or
down to the nearest integer. The lower cutoff for TRFs
to be included in the comparative analysis was 0.6% of
the total peak area.

Cloning and sequencing

Two samples were selected for subsequent cloning and
sequencing: 17.05.2006 periphyton and 03.05.2006
plankton. These two samples contained the largest
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number of representative T-RFs within the periphytic
and the planktonic samples, respectively. 18S rDNA for
cloning was amplified by PCR as described above. Six
replicate reactions were pooled, followed by purification
and concentration using Qiaquick PCR purification
kit (Qiagen, Valencia, CA, USA). PCR products for
cloning were gel-purified using the QIAquick gel
extraction kit (Qiagen, Valencia, CA, USA). The PCR
product concentration in the eluate was estimated by
agarose gel electrophoresis, using SybrSafe staining
(Invitrogen, Carlsbad, CA, USA) and comparison
to a Low DNA Mass Ladder (Invitrogen, Carlsbad,
CA, USA). 40 ng of PCR product was cloned into the
pCR4-TOPO vector and transformed into chemically
competent £. coli One Shot TOP10 using the TOPO
TA cloning kit for Sequencing (Invitrogen, Carlsbad,
CA, USA). In total, 96 (periphyton sample) and 56
(plankton sample) positive clones (colonies) from the
two libraries were randomly picked and transferred to
96 well plates containing LB medium with 50 pg.ml™
kanamycin. Clones were grown overnight at 37 °C at
200 rpm agitation and then pelleted by centrifugation
at 4000 rpm for 30 min using a microtiter centrifuge.
Harvested cells were resuspended in 60 pl sterile
Q—grade water and lysed by heating at 98 °C for 20 min.
Lysates were directly used for PCR amplification with
the vector primers M13f and M13r. A 50—fold dilution
of the amplification product was used for a subsequent
nested PCR reaction with the primer pair Euk1A—Hex
and Euk516r. PCR conditions were as described above.
PCR products were screened by T-RFLP as described
above, in order to gain infomation about the quality of
the clones. This screening was also necessary to obtain
Mspl T-RF length of the clones to link sequenced
clones to T-RFs observed in the environmental
samples. Based on the T-RFLP results, 24 clones were
selected for sequencing. Sequencing was carried out
with an ABI 3700 96—capillary sequencer using Euk1A
primer and the BigDye terminator kit vs. 3.1 (Applied
Biosystems, Foster City, CA, USA). After chimera
checking with the RDPII Chimera Check program,
4 clones were discarded as ambiguous or likely
chimeras. The sequences of the remaining 20 clones
were compared with those currently available in the
NCBI database using BLAST (Basic Local Alignment
Tool) in order to select reference sequences and obtain
a preliminary phylogenetic affiliation of the clones. All
sequences were deposited in GenBank under accession
numbers EF649715 — EF649734.

Statistical analysis

Diversity and evenness of the samples was calculated
according to the Shannon—Wiener equation, using
the number and relative abundance of periphytic or
planktonic species, or that of the T-RFs as a proxy for

S

OTUs, respectively: H'= _Zpi h p,

i=1
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where S is the number of T-RFs, p, is the relative
abundance of each T-RF and maximum diversity (H )
is defined as InS. Evenness is defined as the quotient of
diversity (H) and maximum diversity (H__) (Snannon
& WEAVER 1949).

Community fingerprints and also microscopy—
based community composition of planktonic and
periphytic communities were also correlated with
measured physicochemical parameters using Serensen
index of similarity in a Mantel test in Statistica (Statsoft,
Tulsa, U.K.).

Results

Environmental variables

The water level of the River Danube was very low
in early December 2005 (data not shown). This low
water level was also characteristic in January and
February 2006, apart from a minor peak. A period
of flooding started later in February, followed by
larger floods in March and a particularly major
flood in April 2006. The water level decreased
quite evenly after the April flood. Despite the
floods, several physicochemical river water
parameters were relatively stable: pH ranged from
8.12 to 8.74; dissolved oxygen content ranged
from 8.67 mg.I"!to 11.03 mg.I"! (data not shown).
Nitrate content of the water was also quite stable
(Fig. 1). The ammonium content of the water
dropped during the April flood, peaked in early
May — still during the flood — and dropped again
after the flood (Fig. 1). The turbidity increased
during the flood (data not shown). The inorganic
phosphorus content of the water was relatively
high in the winter, peaked in March, and started
dropping in late April and May (Fig. 1).

Phytoplankton biomass and composition

In December 2005 and January 2006, both the
phytoplankton biomass and the chlorophyll-a
content was quite low due to the winter (Fig. 1 and
2). The lowest biomass (0.60 mg.1"!) was measured
on the 11" January, and chlorophyll-a content was
also very low on this date (6.68 pg.I'") even though
the minimum concentration was reached on the
5% April (3.472 pg.l!). Following the January
low, phytoplankton biomass increased steadily
until the end of February, particularly due to the
rapid division of centric diatoms. Centric diatoms
were dominated by Stephanodiscus minutulus
(KuTzING) CLEVE et MOLLER, S. invisitatus HOHN
et HELLERMANN, S. hantzschii GRUNOw in CLEVE
et Grunow, Cyclostephanos dubius (FRICKE)
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Fig. 1. Physicochemical parameters of the water at or near
the sampling dates [(NO,-N) nitrate, (NH,-N) ammonium,
(PO,-P) inorganic phosphorus].
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Rounp, Cyclotella atomus Hustept and C.
meneghiniana KutziNng. Phytoplankton biomass
decreased extensively in early March and reached
its minimum during the April flood. Parallel
with the decrease in water discharge from early
May onwards, phytoplankton underwent rapid
multiplication and by the end of the investigated
period, it reached high biomass and species
richness. Phytoplankton was dominated by
Chlamydomonas globosa Snow, C. reinchardtii
DanGearD, Coelastrum microporum NAGELI,
Dictyosphaerium pulchellum Woop, Koliella
longiseta (ViscHER) HINDAK, Monoraphidium
pusillum  (PriNnTz)  KOMARKOVA—LEGNEROVA
(Chlorophyceae), Chroomonas acuta UTERMOHL,
Cryptomonas marsonii SKUJA, C. ovata EHRENBERG

(Cryptophyta).

T-RFLP pattern

Altogether 10 planktonic and 6 periphytic
samples were analysed by T-RFLP (Fig. 3).
From the 145 T-RFs identified, only 50 were
classified as ,,major” community components (i.e.
exceeded 5% in relative total peak abundance of
the respective sample). The number of T-RFs
in individual samples varied between 21 and 37
for the planktonic samples, and increased from
16 in December to 38 in May for the periphytic
samples (Fig. 4). Many T-RFs appeared in only
a single sample (60 T-RFs, these are not shown
in Fig. 3) or in two samples (25 T-RFs) revealing
highly dynamic communities during the sampled
season.

Diversity and evenness
The Shannon diversity and evenness values of the
samples were calculated using the number and
relative abundance of the T-RFs, and the relative
abundance of phytoplankton or periphyton
taxa as a proxy for OTUs, respectively (Fig. 4).
The dynamics of the diversity (H) values of the
planktonic T-RFs (2.301-3.328) and that of the
microscopical phytoplankton data (2.161-2.864)
were very similar. By contrast, the observed
richness values showed a similar tendency only
until April, later the richness of the microscopically
identified phytoplankton increased rapidly,
whereas the richness of the planktonic T-RFs
displayed a more variable pattern without any
clear trend (Fig. 4).

In contrast to the pattern of the planktonic
T-RFs, the diversity and richness of the periphytic
T-RFs started to increase in May, after the flood
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had subsided. Surprisingly, the richness and  their minima in April (H=1.119, S=26), while the
diversity values of the microscopical periphyton latter reached its minima in December (H=1.522,
data showed almost opposite dynamics compared ~ S=16) and their maxima in May (H=3.2, S=38).
to that of the periphytic T-RFs. The diversity

(H=3.725) and richness (S=76) values of the

former were highest in December and reached
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Clones

The two samples selected for cloning and
sequencing analysis (17.05.2006 periphyton and
03.05.2006 plankton) were both characterized
by high Shannon diversity (3.1-3.2) and high
evenness (0.9). Intotal, seven sequences originated
from the planktonic (Fig. 3), and 13 from the
periphytic sample (Fig. 3). The 5 periphytic clones
EF649715-19 were diatoms (Bacillariophyta),
three planktonic clones (EF649723-25) were
members of the Synurophyceae group, and two
periphytic (EF649720-21) and one planktonic
(EF649722) clone belonged to the Chlorophyceae.
These three phylogenetic groups were represented
by the highest number of clones in the two
clone libraries. Among the rest of the periphytic
clones, two (EF649732-33) were affiliated with
the Nematoda, and one clone each with the
Chytridiomycota  (EF649727), Dinophyceae
(EF649726), Chironomida (EF649730) and
Gastrotricha (EF649731). One planktonic clone
(EF649734) belonged to the Bicosoecida, while
one (EF649728) belonged to the Ciliophora and
one (EF649729) to the Gastrotricha group.

Mantel test

Mantel tests showed significant correlations (p
value < 0.05) between the T-RFLP patterns of
the planktonic and periphytic communities and
chlorophyll concentration, phosphorus content
and water temperature (Fig. 5). No correlation was
found with inorganic nitrogen content, dissolved
oxygen content, turbidity and pH. Surprisingly,
no significant correlation was found between
environmental parameters and microscopical
community composition.

Discussion

Microeukaryotes play central roles in rivers
and other aquatic ecosystems, as primary
producers, detritivores and predators. Knowing
their community composition and the principal
environmental driving variables affecting different
populations is a first step to obtain information
about their ecological roles and significance in the
ecosystem. Hence we investigated the composition
and seasonal dynamics of planktonic and benthic
microeukaryote communities present in the River
Danube by using microscopical traits and 18S
rRNA gene variation.

Like in previous years, the supply of
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inorganic nitrogen was high throughout the study
period (Fig. 1). Mantel tests showed significant
correlations (p value < 0.05) of the T-RFLP
patterns to phosphorus content, chlorophyll
concentration and water temperature (Fig. 5),
suggesting that phosphorus content and water
temperature may be especially important in
structuring community composition in the
River Danube. Unlike inorganic nitrogen, the
supply of phosphorus varies widely in the River
Danube (between 17 and 126 mg.m™ in the
present study period). Similarly, the temperature
of the water fluctuates between extremes during
the year (i.e. between near 0 to 16.5 °C in this
study). T-RFLP patterns also correlated with
chlorophyll-a content of the water, suggesting
that periods of high and low chlorophyll levels
harbor contrasting microeukaryote communities.
The often complicated correlation between algal
abundance and chlorophyll-a in the plankton
and the periphyton has also been observed in
microscopy—based studies (APONASENKO et al.
2006; Buczko & Acs 1997; Kruskopr & FLynN
2006). No correlation was found between T-RFLP
pattern and either pH, turbidity, conductivity or
inorganic nitrogen content, which suggests that
these factors are less important in structuring
microeukaryotic community composition in the
River Danube. Inorganic nitrogen is continuously
abundant in the Danube, and the fluctuations of
the pH are only minor. In contrast, fluctuations
in phosphorus supply and large changes in water
temperature likely act as structuring forces and
favor communities adapted to these particular
conditions. No correlation was found between
environmental parameters and microscopy—based
planktonic or periphytic community composition.
This result was unexpected but could be due to
technical constraints, as this study followed the
dynamics of the plankton and periphyton for
a few months only. Also, correlations between
microscopy based data and environmental
parameters may be diminished due to inaccuracies
of microscopy based identification owing to
factors detailed in the introduction (e.g. cryptic
species, differentiating markers only visible
under EM, etc.). In contrast, existing databases
of molecular species identification are smaller but
more accurate. The surprising lack of correlation
between microscopical data and environmental
parameters further underlines the complementary
nature of microscopical and molecular methods.
In this context it should also be mentioned that the
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Fig. 3. T-RFLP pattern of the samples and affiliation and accession number of the sequenced clones. Only T-RFs that were
observed in more than one sample are shown. The columns represent the samples (PL=plankton, PE=periphyton), the rows
represent T-RF length. Light grey represents T-RF relative abundance of less than 1% in the sample, dark grey represents
relative abundances between 1 and 5%, and black represents relative abundances greater than 5%. The closest affiliation and
the accession number of the clones is represented. Note that phylogenetic affiliation does not represent the nearest sequence
matches found by BLAST search, but the closest match with available phylogenetic information.
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Cyclotella meneghiniana 99% EF649718

Pteromonas angulosa 96% EF649721
Synedra ulna 99% EF649715
Nerada mexicana 93% EF649734
Navicula phyllepta 99% EF649719
Melosira varians 98% EF649717

Chromadorina germanica 93% EF649732

Chromadorina germanica 93% EF649733
Rimostrombidium lacustris 95% EF649728

Rhizophydium sp 97% EF649727
Gymnodinium beii 92% EF649726
Chaetonotus sp 97% EF649729
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two methods targeted different sets of organisms.
Using microscopy, we mainly focused on
autotrophic protists, i.e. algae and cyanobacteria.
Algal community composition is expected to
correlate with inorganic nutrient supply. However,
during floods, algal diversity is generally low even
if nutrient supply is not limiting. Using T-RFLP
patterns in accordance with widely used primers,
we analyzed all eukaryotic organisms and some
of these groups, e.g. protozoa, may correlate with
different parameters of the water such as organic
nutrient content and saprobity.

The richness and Shannon diversity of
the T-RFLP profiles was relatively high in the
samples, even though T-RFLP analysis only
detects the most abundant taxa in the samples.
The diversity of the planktonic T-RFs was
especially high during the spring flood period,
which was probably caused by the large influx
of taxa originating from upstream sources
(Kiss & Scuamipt 1998). The diversity of the
periphytic T-RFs showed the opposite tendencies
and decreased during the spring flood period,
probably due to the abrasive effect of the flood,
which results in the enrichment of shear—resistant
taxa and the drop of the abundance of more losely
attached taxa. Surprisingly, the patterns of the
T-RF based diversity and richness values were in
sharp contrast to the diversity and richness values

calculated based on microscopical methods in
the case of the periphyton, suggesting that taxa
undetected by either the microscopical analysis or
T-RFLP but revealed by the other method may
have contributed to a large extent to the dynamics
of the community.

The large number of OTUs (operational taxonomic
units) found by molecular fingerprinting analysis
— despite the relatively low resolution of T-RFLP
fingerprinting methods — suggests that microbial
eukaryotes present in rivers such as the Danube
are highly diverse. This parallels similar findings
in marine and lacustrine environments (see review
in LorEz—GaArcia & Morera 2008). Several
phylogenetic lineages appear to be restricted to
either the plankton or the periphyton. The total
number of detected T-RFs during the study period
was 145, with only 54 of these found both in
planktonic and periphytic samples. The separation
of planktonic and periphytic samples is apparent
in the mosaic graph of T-RFs (Fig. 3). Certain
OTUs were stable, and appeared predominantly in
the plankton, such as the unidentified T-RFs 237
and 280, or the OTUs tentatively affiliated with
Pteromonas angulosa (CARTER) LEMMERMANN
(T-RF 281) or Nerada mexicana CAVALIER—SMITH
et CHao (T-RF 371). Certain T-RFs, such as the
ones tentatively affiliated with Spumella danica
(BRUCHMULLER, MYLNIKOV, JUERGENS, WEISSE
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max

unpublished), Mallomonas annulata (D.E.
BrabLey) K. Harris, Ochromonas tuberculata
D.J. HBBErRD and Cyclotella meneghiniana only
appeared in planktonic samples. The T-RFs
223, affiliated with a Chlamydomonas sp., and
T-RF 373, affiliated with Navicula phyllepta
KutzinGg, were also restricted to the plankton.

Overall, approximately 40% of the T-RFs were
unique to the planktonic samples and 24% of the
T-RFs were unique to the periphyton samples.
Stable, predominantly periphytic OTUs were the
unidentified T-RFs 265 and 276, and the OTU
tentatively affiliated with Navicula brockmannii
Hustept (T-RF 268), although these OTUs also
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appeared in some of the planktonic samples.
The different natural selection regimes that are
experienced in the plankton and periphyton are
likely selecting for different phylogenetic lineages
in each type of environment. However, there is
still a fraction of microeukaryotes that appear to be
generalists in exploring periphytic and planktonic
lifestyles, and this is supported by some of the
OTUs that were stable, and appeared in both the
plankton and periphyton such as the unidentified
T—RFs 220, 224 and 379, or the clones tentatively
affiliated with Chlamydomonas acidophila
NeGoro (T-RF 222), Chromadorina germanica
BurscHLI (T-RF 381), Rimostrombidium lacustris
(ForssNER, SKOGSTAD et PrATT) PETZ et FOISSNER
(T-RF 382) and Rhizophydium sp. (T-RF 382).
Although some of the OTUs — like the examples
given above — occurred stably during the winter
and spring months as well, other taxa appeared
to be more temperature—restricted. To mention a
few, the T-RFs 271 and 484 appeared only in the
winter. On the other hand, the T-RFs 277, 365, 366
and 485 only occurred in the spring samples. The
T—RF richness increased in the spring, especially
in the periphyton sample in May, indicating the
appearance of species with a warm temperature
preference.

For phylogenetic identification, one
periphyton and one plankton sample were selected
for I8SrRNAclonelibraryanalysisandsequencing.
Among these, the Bacillariophyta group was
represented by five clones, the chrysophyte
class Synurophyceae and the green alga class
Chlorophyceae were represented by three clones
each. All other taxonomic groups were represented

by a single clone (Dinophyceae, Chytridiomycota,
Ciliophora, Chironomidae, Bicosoecida) or two
clones (Gastrotricha, Nematoda). Spumella and
other Synurophyceae (Mallomonas annulata
and Ochromonas tuberculata affiliated clones)
appeared in several plaktonic samples and seemed
to be abundant members of the Danube’s plankton.
T—RFs related to these three clones appeared in
the majority of the plankton samples, and were
often present in high relative abundance (Fig.
3). Spumella—like flagellates are widespread and
abundant members of freshwaters and represent
a phylogenetically diverse group (BOENIGK et
al. 2005). A number of chrysophyte species are
notoriously difficult to identify by microscopy,
and records of these species often depend on the
availability of electron microscopes, and the use
of refined sample preparation techniques such as
the shadow cast technique (M@ESTRUP & THOMSEN
1980). Single—celled chlorophyte species such
as Chlamydomonas sp. are almost impossible
to identify by microscopy methods — especially
without extensive culturing, however, they are
known to be abundant and stable members of the
Danube’s plankton and peripyhton (Kiss 1994),
and this was corroborated by our 18S rRNA—
based analyses.

Our study also shows that both high—
frequency sampling efforts over time and more
in depth analysis of samples under scrutiny
will be necessary in order to obtain a more
complete characterization of the River Danube’s
microeukaryotes and their role in the ecosystem.



Fottea 10(1): 99-113, 2010

Acknowledgments

The authors would like to express their thanks to Judit
Fébian for skillful assistance in the laboratory and to
Maurice Taylor for English revision. The help of Paul
O.B. Itor in the laboratory is acknowledged. Many
thanks to Sara Barreto for useful communications on
Chrysophytes. Microscope accessories funded by the
instrument grant GVOP-3.2.1-2004-04-0151/3.0
were used in the research. This study was supported
by a Bolyai Janos postdoctoral fellowship, an E6tvos
Scholarship of the Hungarian State (K.E.Sz.), and grants
from the Swedish Research Council and the Swedish
Research Council for Environment, Agriculture and
Spatial Planning (S.B.).

References

Acs, E., SzaBo, K.E., Kiss, A.K., TotH, B., ZAraY, G.Y.
& Kiss, K.T. (2006): Investigation of epilithic
algae on the River Danube from Germany to
Hungary and the effect of a very dry year on the
algae of the River Danube. — Arch. Hydrobiol.
Suppl 158/3 Large Rivers 16: 389—-417.

ALVERSON, A.J., JanseN, R.K. & THeriOT, E.C. (2007):
Bridging the Rubicon: Phylogenetic analysis
reveals repeated colonizations of marine and
fresh waters by thalassiosiroid diatoms. — Mol.
Phylogenet. Evol. 45: 193-210.

AproNaSENKO, A.D., Suchnur, L.A. & Lorativ, V.N.
(2007): Relationship of the chlorophyll content
with the biomass and disperse structure of
phytoplankton. — Doklady Biological Sciences
412: 710-712.

BerECzKY, M.Cs., OERTEL, N. & Nosek, J.N. (1983):
Die tiefenabhingige  Entwicklung  des
Protozoenaufwuchses auf kiinstlichem Substrat
in der Donau. I: Die Frage der Tiefenschichtung
(The Protozoa communities’ development in
function of depth on artificial substrates in the
River Danube. I: The question of stratification).
— Arch. Hydrobiol. Suppl. Monogr. Beitr. 7:
37-62.

BerECzKY, M.Cs. & Nosek, J.N. (1994): Composition
and feeding spectrum of protozoa in the River
Danube, with particular reference to planktonic
Ciliata. — Limnologica 24: 23-28.

BoENIGK, J., PFANDL, K., STADLER, P. & CHATZINOTAS, A.
(2005): High diversity of the ‘Spumella—like’
flagellates: an investigation based on the SSU
rRNA gene sequences of isolates from habitats
located in six different geographic regions. —
Environ. Microbiol. 7: 685-697.

Buczko, K. & Acs, E. (1997): Zonation of periphytic
algae in two Hungarian shallow lakes (Lake
Velence and Fertd). — Acta Bot. Hung. 40: 21—
34.

DiEz, B., PEDROS—ALIO, C., MARSH, T.L. & MASsANA, R.

111

(2001): Application of denaturing gradient gel
electrophoresis (DGGE) to study the diversity
of marine picoeukaryotic assemblages and
comparison of DGGE with other molecular
techniques. — Appl. Environ. Microbiol. 67:
2942-2951.

DiEz, B., MassaNa, R., EsTRADA, M. & PEDROS—ALIO, C.
(2004): Distribution of eukaryotic picoplankton
assemblages across hydrographic fronts in the
Southern Ocean, studied by denaturing gradient
gel electrophoresis. — Limnol. Oceanogr. 49:
1022-1034.

Dorico, U., BErarDp, A. & Humsert, J.F. (2002):
Comparison of eukaryotic phytobenthic
community composition in a polluted river by
partial 18S rRNA gene cloning and sequencing.
— Microbiol. Ecol. 44: 372-380.

DoriGo, U., LEFRANC, M., LEBOULANGER, C., MONTUELLE,
B. & HumBERT, J.F. (2009): Spatial heterogeneity
of periphytic microbial communities in a small
pesticide—polluted river. — FEMS Microbiol.
Ecol. 67: 490-501.

Ecert, M. & FriepricH, M.W. (2003): Formation
of pseudo—terminal restriction fragments, a
PCR-related bias affecting terminal restriction
fragment length polymorphism analysis
of microbial community structure. — Appl.
Environ. Microbiol. 69: 2555-2562.

Ener, A. & BertiLsson, S. (2004): Composition of
freshwater bacterial communities associated
with cyanobacterial blooms in four Swedish
lakes. — Environ. Microbiol. 6: 1228—1243.

Farkowski, P.G., FEncHEL, T. & DELONG, E.F. (2008):
The microbial engines that drive Earth’s
biogeochemical cycles. — Science 320: 1034—
1039.

FeLroLDY, L. (1987): The biological classification of
water quality, 4" revised edition [A biologiai
vizmindsités]. — 263 pp., Viziigyi Hidrobiologia
16. VGI, Budapest.

Fmeay, B.J. (2002): Global dispersal of free—living
microbial eukaryote species. — Science 296:
1061-1063.

Goopwin, T.W. (ed.) (1976): Chemistry and
biochemistry of plant pigments. — 235 pp.,
Academic Press, London.

GuiLrou, L., CHRETIENNOT-DINET, M.J., MEDLIN, L.K.
et al (1999): Bolidomonas: a new genus with
two species belonging to a new algal class, the
Bolidophyceae (Heterokonta). — J. Phycol. 35:
368-381.

HucHes Martiny, J.B., Bonannan, B.J.M., Brown,
J.H., CorweLL, R.K., FunrmaN, J.A., GREEN,
J.L., HorRNErR—DEVINE, MC., KANE, M., KRUMINS,
J.A., Kuskg, C.R., MoriN, PJ., NAEem, S.,
OVrEAs, L., REysenBacH, A—L., SmitH, VH. &
StaLEY, J.T. (2006): Microbial biogeography:
putting microorganisms on the map. — Nat.Rev.



112

Microbiol. 4: 102—-112.

Kim, E., WiLcox, L., Granam, L. & GraHAM, J.
(2004): Genetically distinct populations of
the dinoflagellate Peridinium Ilimbatum in
neighboring Northern Wisconsin lakes. —
Microbial. Ecol. 48: 521-527.

Kiss, AK., Acs, E., Kiss, K.T. & Torok, J.K. (2009):
Structure and seasonal dynamics of the
protozoan community (heterotrophic flagellates,
ciliates, amoeboid protozoa) in the plankton
of a large river (River Danube, Hungary). —
European Journal of Protistology doi:10.1016/j.
€jop.2008.08.002

Kiss, K.T. (1986): Species of the Thalassiosiraceae in
the Budapest section of the Danube. Comparison
of samples collected in 1956-63 and 1979-83.
— In: Ricarp, M. (ed.): Proceedings of the 8th
International Diatom Symposium. — pp. 23-31,
0. Koeltz, Koenigstein.

Kiss, K.T. (1987): Phytoplankton studies in the
Szigetkdz section of the Danube during 1981—
1982. — Arch. Hydrobiol. 78 Algological Studies
47: 247-273.

Kiss, K.T. (1994): Trophic level and eutrophication of
the River Danube in Hungary. — Verh. internat.
Verein. Limnol. 25: 1688—1691.

Kiss, K.T. (2000): Novekedett—e a Duna trofitasi szintje
a Bosi—vizlépcsé hatasara?. [Has the trophic
level of the River Danube increased as an effect
of the Gabcikovo (Bds) barrage?]. — Hidrologiai
Koz16ny 80: 316-318.

Kiss, K.T. & Genkar, S.I. (1993): Winter blooms of
centric diatoms in the River Danube and in
its side arms near Budapest. — Hydrobiologia
269/270: 317-325.

Kiss, K.T. & Scumit, A. 1998. Changes of the
Chlorophyta species in the phytoplankton of the
Hungarian Section of the Danube river during
the last decades (1961-1997). — Biologia 53:
509-518.

Kruskopr, M. & Frynn, K.J. (2006): Chlorophyll
content and fluorescence responses cannot be
used to gauge reliably phytoplankton biomass,
nutrient status or growth rate. — New Phytologist,
169: 841-842.

Lerranc, M., THeNoT, A., LEPERE, C. & DEBROAS, D.
(2005): Genetic diversity of small eukaryotes in
lakes differing by their trophic status. — Appl.
Environ. Microbiol. 71: 5935-5942.

Leperg, C., BOUCHER, D., JARDILLIER, L., Domaizon, 1. &
DEgroas, D. (2006): Succession and regulation
factors of small eukaryote community
composition in a lacustrine ecosystem (Lake
Pavin). — Appl. Environ. Microbiol. 72: 2971—
2981.

Logares, R. (2006): Does the global microbiota consist
of a few cosmopolitan species? — Ecologia
Austral 16: 85-90.

SzaBo etal.: Microeukaryote communities in River Danube

LocGAREs, R., SHALcHIAN—TABRIZI, K., BoLTOVSKOY, A. &
RENGEFORS, K. (2007): Extensive dinoflagellate

phylogenies indicate infrequent marine—
freshwater transitions. — Mol. Phylogenet. Evol.
45: 887-903.

LorEz—GaRrcia, P. & Morera, D. (2008): Tracking
microbial biodiversity through molecular and
genomic ecology. — Research in Microbiology
159: 67-73.

Lorez—GaRrcia, P., RobpRiGUEZ—VALERA, F., PEDROS—
A1, C. & Morera, D. (2001): Unexpected
diversity of small eukaryotes in deep—sea
Antarctic plankton. — Nature 409: 603—-607.

Lorez—GaRrcia, P., PuiLipPE, H., GALLE, F. & MOREIRA,
D. (2003): Autochtonous eukaryotic diversity
in hydrothermal sediment and experimental
microcolonizers at the Mid—Atlantic Ridge. —
PNAS 100: 697-702.

Lozupong, C.A. & KnigHT, R. (2007): Global patterns in
bacterial diversity. — PNAS 104: 11436-11440.

Lunp, J.W.G., KirLiNG, C. & LE CreN, E.D. (1958): The
inverted microscope method of estimating algal
numbers and the statistical basis of estimations
by counting. — Hydrobiologia 11: 143—170.

Massana, R., BaLaGut, V., GuiLLou, L., Romari, K.,
GROISILLIER, A., VALENTIN, K. & PEDROsS—ALIO,
C. (2004): Picoeukaryotic diversity in an
oligotrophic coastal site studied by molecular
and culturing approaches. — FEMS Microbiol
Ecology 50: 231-243,

MoONTRESOR, M., ScGrosso, S., Procaccmni, G. &
Kooistra, W.H.C.F. (2003): Intraspecific
diversity in Scrippsiella trochoidea
(Dinophyceae): evidence for cryptic species. —
Phycologia 42: 56-70.

MOON—VAN DER STAAY, S.Y., DE WACHTER, R. & VAuLoOT,
D. (2001): Oceanic 18S rDNA sequences from
picoplankton reveal unsuspected eukaryotic
diversity. — Nature 409: 607-610.

MogsTrUP, O. & THoMSEN, H.A. (1980): Preparation
of shadow—cast whole-mounts. — In: GNATT,
E. (ed.): Handbook of phycological methods.
Developmental and cytological methods. — pp.
385-390, Cambridge University Press 1980,
Cambridge.

MSZ ISO 7150-1:1992 (1992): Determination of
ammonium in water.

NEEFs, J.M., VAN DE PEER, Y., DE Ruk, P., CHAPELLE,
S. & DE WAcHTER, R. (1993): Compilation of
small subunit RNA structures. — Nucleic Acids
Research, 21: 3025-3049.

Romari, K. & Vauror, D. (2004): Composition
and temporal variability of picoeukaryote
communities at a coastal site of the English
Channel from 18SrDNA sequences. — Limnol.
Oceanogr. 49: 784-798.

SHaLcHIAN-TABRIZI, K., Bratg, J., LoGARres, R.,
Kraveness, D., BErNeEy, C. & JAKOBSEN,



Fottea 10(1): 99-113, 2010

K.S. (2008): Diversification of unicellular
eukaryotes: cryptomonad colonizations of
marine and freshwaters inferred from revised
18S rRNA phylogeny. — Environ. Microbiol.
10: 2635-2644.

SuanNoN, C.E. & WEAVER, W. (1949): The mathematical
theory of communication. — 117 pp., Univ.
Illionis Press Urbana II1, Illionis.

Statistica (StatSoft, Inc. (2005). STATISTICA (data
analysis software system), version 7.1. www.
statsoft.com.)

SzaBo, K.E., Acs, E., Kiss, K.T., EILER, A., MAKK, J.,
Toth, B. & BERTILSSON, S. (2007): Periphyton—

113

based water quality analysis of a large river
(River Danube, Hungary): exploring the
potential of molecular fingerprinting for
biomonitoring. — Arch. Hydrobiol. Suppl. Large
Rivers 17: 365-382.

UtermOHL, H. (1958): Zur Vervollkommnung der
quantitativen Phytoplankton-Methodik. — Mitt.
Internat. Verein. Limnol. 9: 1-38.

© Czech Phycological Society
Received April 25, 2009
Accepted August 11, 2009



