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I. Introduction 

 

In the last few decades, the discovering and recognizing the importance of picophytoplankton 

(planktonic algae smaller than 2-3 µm) have changed our view of the ecological processes in 

aquatic habitats. These tiny phototrophic microorganisms can be found in almost every surface 

water, and in many cases, they are significant contributors of primary production and therefore 

play an important role in the nutrient cycle of aquatic habitats and constitute a relevant part of 

the food-web. 

 The examination of picocyanobacterial genetic diversity in continental water bodies 

gained less attention compared with seas and oceans, and studies have focused mainly on isolates. 

Studies of natural communities were restricted to a few habitats (subalpine lakes, Lake Superior 

and some lakes in England). Our knowledge in connection with the species composition of 

freshwater picoeukaryotic algae are more incomplete, studies dealing with the detailed seasonal 

changes of individual picophytoplankton genotypes are virtually absent from the scientific 

literature. 

 Therefore, characterization of the planktonic picoalgal communities with molecular 

biological methods in Hungarian shallow lakes, revealing their composition, diversity and internal 

dynamics are important issues in our country, and these investigations contribute also to the 

general scientific view of picophytoplankton. 

 

 

II. Objectives 

 

Although, picophytoplankton investigations are traditional in Hungary, the true diversity of 

aquatic picoalgal communities in Hungary was previously unknown. This issue is not only of local 

significance, since e.g. the highest picophytoplankton cell abundance values ever observed were 

found in the soda ponds of the Kiskunság Region. The objectives and guidelines of our study 

could be summarized as follows: 

(i) to survey the genetic diversity of picophytoplankton in the hypertrophic, turbid soda 

ponds of the Carpathian Basin, that sometimes have extraordinarily high picoalgal productivity; in 
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more detail, to focus on the planktonic picoalgae of Lake Fertő (Neusiedler See), that of the most 

intensively studied soda lake in Hungary; 

(ii) to study the genetic diversity, the temporal changes of individual genotypes and their 

relation to physicochemical parameters in Lake Balaton, the biggest and algologically (including 

picoalgae) most characterized shallow lake in Hungary; 

(iii) we kept in mind, that in case of continental water bodies, diversity studies were 

focused not only on the 16S rRNA gene, but some phylogenetic groups were constructed based 

solely on phycocyanin operon sequences; therefore to have a more precise picture of the 

phylogenetic relationship of picocyanobacteria, in many cases, both genetic regions were 

analyzed; 

(iv) during the selection of the applied methods, comparability with the results of previous 

studies and possibility of methodological improvements (rapid and cost-effective methods in case 

of high sample numbers) were also considered. 

 

 

III. Materials and methods 

 

Samples originated from nine soda ponds (seven ponds are located in the Kiskunság Region and 

two in Vajdaság), from Lake Fertő and from four sampling stations in Lake Balaton. On the 

whole, 47 samples were analyzed with different methods. Additionally, eight unicyanobacterial 

picocyanobacteria from Lake Balaton were characterized with molecular biological analysis. Three 

types of PCR-based methods were used for the diversity studies of picoalgae: (i) cloning and 

sequencing, that relies on sequence analysis of individual DNA fragments; (ii) DGGE (denaturing 

gradient gel electrophoresis), that relies on the melting behavior of the DNA fragments; and (iii) 

LH(’length heterogeneity’)-PCR, that relies on the length polymorphism of different genomic 

regions. We focused on two regions of the genomic DNA, the gene that encodes the small 

subunit ribosomal RNA (16S rDNA) (this gene can be found ubiquitously in all living organisms) 

and the phycocyanin operon (cpcBA-IGS-t). Results of parallel investigations (epifluorescence 

microscopy and physicochemical measurements) performed by the colleagues in the Balaton 

Limnological Research Institute of the Hungarian Academy of Sciences (HAS) were also included 

in the data analysis. 

Sampling and sample preparation. Surface water samples were collected from the soda ponds, 

while in case of Lake Fertő and Lake Balaton, integrated pelagic samples (vertical samples from 

the whole water column) were collected. Samples were concentrated by centrifugation or 
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filtration. Size fractionation was not performed with the samples, distinction of picoplankton 

genotypes from larger cyanobacteria was conducted based on the information available in 

connection with the closest isolates of identified genotypes. 

DNA extraction. DNA extraction was based on the physical disruption of cells (with mixer 

mill in CLS-Y solution, Bio101 Systems, Q-Biogene), that was followed by a silicate-based 

purification step (Bacterial Genomic DNA Mini-Prep Kit, V-gene or G-SpinTM Genomic DNA 

Extraction Kit, Intron). The extracted genomic DNA was stored at –20 oC. 

PCR amplification. DNA fragments were amplified with PCR, performing reactions specific 

for cyanobacteria and chloroplasts (16S rRNA gene) or specific for the picophytoplankton clade 

of Cyanobacteria (cpcBA-IGS). The approximate size and quantity of amplicons were checked in 

1 (m/V)% agarose gel. Prior to cloning and sequence analysis, the PCR products were purified 

(PCR-MTM Clean Up System, Viogene). 

DGGE. Electrophoresis was performed in 8 (m/V)% polyacrylamide gel containing 40%-

60% concentration of denaturants, at 100 V and 60 °C for 15 hours (phorU-2 electrophoresis 

system, Ingeny). The gel was stained with ethidium-bromide, and photographed under UV 

transillumination. Selected bands were excised with a sterile scalpel, the DNA was extracted and 

reamplified from the gel, that was followed by sequence analysis. 

Cloning. Cloning was performed with a method based on blue-white selection (TOPO TA 

Cloning® kit, that contained pCR®2.1-TOPO® vector, Invitrogen). Clones were grouped with 

BsuRI and Hin6I restriction endonucleases. Selected clones were subjected to sequence analysis. 

Sequence analysis and phylogenetic reconstruction. The sequencing reaction (BigDye® Terminator 

v3.1 Kit, Applied Biosystems) was followed by purification with ethanol precipitation. Capillary 

electrophoresis was performed by Biomi Ltd. (Gödöllő, Hungary). Chromatograms were checked 

manually using the Chromas software (Technelysium Pty Ltd). Determined sequences were 

compared with the Blast program to the GenBank and EzTaxon DNA sequence databases. 

Phylogenetic reconstruction was performed with the Mega 4 software. 

Length heterogeneity PCR (LH-PCR). PCR with fluorescently labeled primers was followed 

by purification with ethanol precipitation. Chromatograms of capillary electrophoresis (ABI 

PrismTM 310 Genetic Analyzer, Applied Biosystems) displayed the fluorescently labeled amplicons 

as individual peaks, that represent one (or a few) member(s) of the community, while peak areas 

correspond to the relative abundance. Individual peaks in the chromatograms were treated as 

OTUs (operational taxonomic units). Determination of the length of DNA fragments 

corresponding to individual peaks was aimed by parallel electrophoresis with a size standard and 

with various picocyanobacterial isolates. 
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Statistical analysis. Diversity indices (Shannon- and Simpson-index) were calculated 

according to general formulas from the relative abundance of picocyanobacterial OTUs. 

Correlation analysis was performed with the PAST program. 

 

 

IV. Results and discussion 

 

Diversity and seasonal dynamics of picophytoplankton in soda lakes 
 

Twenty-four samples taken from nine soda ponds located in the regions Kiskunság (Hungary) 

and Vajdaság (Serbia) were analyzed with DGGE based on the 16S rRNA gene. A diverse 

pattern was revealed and sequence analysis of the DNA from 28 excised bands resulted in 16S 

rRNA gene sequences that were related exclusively to cyanobacteria and eukaryotic algae. DGGE 

analysis was supplemented with a detailed analysis of one sample by cloning. On the whole, 76 

clones were investigated and sequence analysis was performed with 12 clones that were selected 

based on their restriction patterns. Among the sequenced clones, three distinct groups of the 

picophytoplankton clade of Cyanobacteria were found. Significant genetic heterogeneity was also 

revealed among the phylotypes (DGGE bands) that were detected in the same sample, while 

picocyanobacteria from other samples were almost or completely identical. When samples from 

different sampling dates of the same lake were compared, picocyanobacteria could be affiliated to 

at least two different phylogenetic groups. The detected genetic diversity in these soda ponds is a 

very interesting feature, since the picoalgal community is faced with rapid changes of conductivity 

in these water bodies. Beside the genetic diversity observed in some of the soda ponds, signs 

indicating seasonal dynamics of the planktonic picoalgae were also observed by comparing the 

DGGE patterns of the same pond. In other words, in some ponds, seasonal changes of 

temperature, conductivity, turbidity etc. were reflected in the community changes of picophyto-

plankton. Based on the comparison of microscopic and molecular biological findings, we 

hypothesized that all detected picocyanobacterial phylotypes had phycocyanin pigment 

dominance, since this cell type had been observed exclusively by epifluorescence microscopy.  

16S rRNA gene sequences related to eukaryotic algal plastids formed two separate groups, 

both within the family Trebouxiophyceae (Chlorophyta), a group that contains most of the pico-

sized green algae of freshwaters. The determined sequences were related to the genera Chlorella 

and Koliella.  

No geographical separation was observed among the detected picoalgal phylotypes, that 

is, picoalgae from the ponds located in regions Kiskunság and Vajdaság did not form separate 
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clusters in the phylogenetic tree. This coincides with the phenomenon, that some 

picocyanobacterial groups contain members that were retrieved from various geographical 

locations or habitats. In other words, the diffuse distribution of soda pond picocyanobacterial 

genotypes in the phylogenetic tree it seems that there is no correlation between the 'saline' 

ecotype of picocyanobacteria and their phylogenetic position. 

Two phytoplankton communities, originating from two open water sampling sites of 

Lake Fertő, sampled on the same date in the spring, were characterized by cloning. Both samples 

were studied based on 16S rRNA gene-targeted PCRs specific to pro- and eukaryotic algae. More 

than 150 clones were investigated per sample and 16 or 10 selected clones were subjected to 

sequence analysis, respectively. One of the samples was also characterized based on the 

phycocyanin operon by cloning with primers specific to the Synechococcus community. Based on 

the restriction patterns of 69 clones, nine clones were subjected to sequence analysis. The 

majority of the clones were affiliated with non-marine groups (’Group A’, ’B’, ’C’ and ’PD1’) 

within the picophytoplankton clade of Cyanobacteria. Additionally, at least two previously 

unknown picocyanobacterial groups were detected in the lake.  

 

Diversity and seasonal dynamics of picophytoplankton in Lake Balaton 
 

In case of Lake Balaton, clone libraries were constructed using samples taken from two different 

sites at four different sampling dates. In this investigation, comparability of samples was not a 

primary consideration, rather to gain the most complete picture about the diversity of 

picophytoplankton in Lake Balaton using a reduced number of samples (samples taken from 

various locations at various periods of the year; one sample had the highest picoeukaryotic algal 

abundance ever observed in the lake). Based on their restriction patterns, 13-33 clones were 

subjected to sequence analysis per sample. The majority of our clones were related to various 

groups within the picophytoplankton clade of Cyanobacteria, but the clones of the winter sample, 

that were characterized with picoeukaryotic dominance, showed the highest pairwise similarity 

values to the members of the family Trebouxiophyceae (Chlorophyta). 

Based on the two different genomic regions, the presence of ‘Group B’ and ‘MH305 

cluster’ was observed in Lake Balaton. Among the 16S rDNA clones, members of ‘Group LB03’ 

and ‘Group PD1’ were also detected. In addition, eight other groups were present, most of them 

showing low pairwise similarity values to database sequences, indicating that in Lake Balaton, 

several groups of picocyanobacteria could be found that were previously unknown. Based on the 

sequence analysis of the cpcBA-IGS clones, besides the two common groups, ‘Group A’, ‘C’, ‘D’ 

and ‘E’ within the picophytoplankton clade and six other phylotypes were detected. The only 
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phycoerythrin-rich isolate, ACT 9807, was related to ‘Group B’. Based on both genomic regions, 

the seven other picocyanobacterium strains were affiliated to ‘Group A’. 

Combining the results of clone library analyses and picocyanobacterial isolates, we can 

conclude that at least 13 different groups of picocyanobacteria had been detected in Lake 

Balaton, which seems to be a high number, knowing the diversity of larger cyanobacteria in the 

lake, since the number of detected picoalgae was comparable with the species number of larger 

blue-greens.  

Most of the phototrophic clones in the winter sample were related to Chlorophyta 

isolates and formed three distinct groups. These strains are the members of the family 

Trebouxiophyceae, and some of these genera have species with pico-sized cells (Chlorella and 

Parachlorella). 

The phycocyanin operon-based length heterogeneity investigation revealed the presence 

of nine picocyanobacterium OTUs in the samples taken at two different sites in Lake Balaton 

(close to Keszthely and Tihany). According to the relative abundance of all OTUs, characteristic 

seasonal changes were observed. On the basis of the phycocyanin operon sequence analysis (Lake 

Balaton clones and picocyanobacterial isolates), the probable phylogenetic position of the 

members of five OTUs were also determined. Comparison of samples taken at the same date 

revealed notable spatial heterogeneity in the genetic composition of the Lake Balaton 

picocyanobacterial community.   

Seasonal and spatial inhomogeneity could have several reasons. The two major driving 

forces are the annual cycle (temperature parallel with quantitative and qualitative changes in the 

algal community, or the concentration of available nutrients) and the trophic gradient (increasing 

from East to West) along the longitudinal axis of Lake Balaton. For a more accurate exploration 

of the possible effects, correlation analysis was performed among some physicochemical and 

biological variables and the OTUs constructed based on the phycocyanin operon. The relative 

abundance of one OTU correlated positively, another OTU negatively with temperature, while 

the importance of a third OTU showed positive correlation with the concentration of nitrogen 

forms. However, the ratio of individual picoalgal genotypes could be affected by several other 

factors (e.g. viral control, sediment resuspension, predation, interspecies relationships). 

 

Diversity and seasonal dynamics of picophytoplankton in continental water bodies 
 

The phenomenon of intensive internal dynamics in the planktonic picoalgal community (that 

seemed uniform by classical methods) was recognized first in continental aquatic habitats. The 
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spatial distribution of individual geno-/phylotypes was more intensively studied than the seasonal 

dynamics of these groups. 

 Most picocyanobacterial groups were detected in Lake Balaton, while the least number of 

these groups were observed in Lake Fertő, the lake from which also the least number of samples 

were taken. The highest number of previously defined groups was also detected in Lake Balaton, 

while the fewest were retrieved from the soda ponds. In comparison with other water bodies, 

Lake Balaton seems to be one of the lakes having the most diverse picocyanobacterial 

community. This conclusion might be incorrect, since (similarly to some other lakes) Lake 

Balaton was investigated with several methods (strain isolation, cloning) using two regions of the 

genomic DNA (16S rRNA gene and phycocyanin operon), and the samples were also taken at 

various dates. Therefore, we hypothesize that in the case of habitats having less diversity, 

undersampling could have a special importance. 

 The trend in the last decade indicates that undersampling could also have an effect on the 

detection of unique groups. With the inclusion of habitats or periods that were not investigated in 

previous investigations (or using new PCR primers), may reduce the number of defined unique 

groups and may show a more ubiquitous distribution of them, while processing new samples may 

result in the discovery of novel picocyanobacteria. Closely related phylotypes and isolates 

retrieved from different habitats and distinct geographical locations however illustrate the high 

adaptive potential and evolutionary success of the picoalgal groups. 

 

  

V. Conclusions 

 

The genetic diversity of picophytoplankton inhabiting Hungarian shallow lakes was previously 

unknown. Based on molecular biological analysis of photoautotrophic picoplankton of the soda 

pans in the Kiskunság Region, of Lake Fertő (Neusiedlersee) and of Lake Balaton, the results of 

this study could be summarized as follows: 

 (i) diversity of planktonic picoalgae was significantly higher in the investigated lakes  than 

previously known based on epifluorescence microscopic investigations; 

 (ii) in these water bodies, picoalgal phylotypes were retrieved that were characteristic in 

fresh- and continental waters; picocyanobacteria were affiliated to the picophytoplankton clade  

of Cyanobacteria, eukaryotic picoalgae were the members of the family Trebouxiophyceae 

(Chlorophyta); 
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 (iii) the genetic diversity of picocyanobacteria in Lake Balaton was comparable with the 

diversity of larger cyanobacterial morphospecies; 

 (iv) no strong relationship was found between the ’saline’ picocyanobacterial ecotype and 

phylogenetic position; 

 (v) in the soda pans, seasonal changes of temperature, conductivity and turbidity were 

reflected by the changes in the picophytoplankton community structure; 

 (vi) significant seasonal changes and spatial heterogeneity were also observed in the 

genetic composition of Lake Balaton picocyanobacterial community; 

 (vii) unambiguous relationships were determined between the relative abundance of some 

picocyanobacterial genotypes and environmental parameters (temperature, concentration of 

nitrogen forms); 

(viii) a novel, length polymorphism-based method was introduced for the specific 

detection of picocyanobacteria and to follow changes in their community structure. 
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