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THEORETICAL BACKGROUND

Picophytoplankton (PPP) includes picocyanobacteria and eukaryotic cells within the size

range of 0,2-2 µm disposing photosynthetic pigments, they are distributed worldwide and

ubiquitous in all types of lakes and oceans having different trophic state (Stockner, 1991).

Eukaryotic picophytoplankton cells are generally larger than picocyanobacterial cells, due to

their more complex internal cell structures (Callieri, 2007), (Fig. 1)

A B

Figure 1. Transmission electron micrographs of Synechococcus sp. (A), (Terry Beveridge, 2012)

and Chloroparva pannonica (B), (Somogyi et al., 2011), C = chloroplast; W = cell wall; T=

Thylacoid membranes M = mitochondrion; N = nucleus; G = plastoglobule; P= plasma

membrane; V = vacuole, scale bar = 0,5 µm.

The widespread occurrence of pico-sized algae was discovered in the early 1980s, thanks

to the new techniques of epifluorescence microscopy and flow cytometry (Callieri and Stockner,

2002). Using these techniques it was possible to quantify PPP routinely. Three cell types were

found: yellow autofluorescing phycoerythrin (PE) rich picocyanobacteria and red

autofluorescing phycocyanine (PC) rich picocyanobacteria and picoeukaryotes. The

picophytoplankton term is generally used for solitary living unicells, however in freshwater
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environments microcolonies (up to 50 cells) of non blooming species are included in the

picophytoplankton (Stockner et al., 2000; Callieri, 2007). The colonial forms of the PPP are

more typical for lakes, in seas and oceans the presence of colonial PPP is not characteristic

(MacIsaac & Stockner, 1993). The cell size of the eukaryotic PPP usually is greater than the cells

size of the picocyanobacteria, but generally the abundance of the picoeukaryotes is smaller with

an order of magnitude (Callieri, 2007). In oceans and seas the abundance of the PPP generally is

1.5-3.5 times smaller than in lakes with similar trophic conditions (Bell & Kalff, 2001).

The underwater light climate is a major influencing factor in the occurrence and

distribution of picocyanobacteria. In water bodies the underwater light quality rapidly changes

with depth because of the spectral selectivity of water itself and of the dissolved and particulated

material suspended in it (Kirk, 1992). The underwater light spectrum is one of the key element

which determines the photosynthetical pigment dominance of picocyanobacteria. In oligo- and

mesotrophic lakes and in the pelagial zone of the oceans, the blue light absorbing phycoerythrin-

rich picocyanobacteria are dominant, while in eutrophic conditions (shallow lakes, fish ponds,

littoral zones) the phycocyanin-rich picocyanobacteria are the dominant prokaryotic PPP (Vörös

et al., 1998; Stomp et al., 2007). Beside the light spectrum the light intensity also determines the

phytoplankton distribution in aquatic environment.

The picophytoplankton has a great advantage against the micro- and nanoplankton due to

their small size. The intracellular photosyntethic pigment concentration is decreasing with

increased cell size (Bricaud et al., 1988) to prevent the autoshading effect of the chloroplasts.

From this reason smaller cells absorb more light in respect to their volume than bigger cells and

have competitive advantages in light limited environments (Agustí, 1991). The simple structure

and small cell size have a decisive role in the ecological success of the PPP in nutrient poor,

oligotrophic environments.

It was found that the relative importance (percent of the PPP biomass in the total

phytoplankton biomass) of the PPP declines with the increasing trophic of status of the aquatic

environment both marine waters and lakes (Fig. 4, Bell & Kalff, 2001).
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Figure 4. Relationship between the percent contribution of picophytoplankton biomass to

total phytoplankton biomass and total phytoplankton biomass (µg Chl-a L-1). The solid

regression line is for freshwater data, and the dashed line is for marine data (Bell & Kalff, 2001).

Methodological problems of the picophytoplankton investigation

In many cases, morphological features of picophytoplankton are insufficiently distinct to

provide any basis for taxonomic discrimination (Callieri, 2007). Ultrastructural studies,

ecological analysis and, in particular, molecular methods have substantially improved the criteria

for classification of the PPP. The combination of molecular and ecophysiological approaches

offers the most favorable approach to understanding picophytoplankton diversity (Callieri,

2007).

Saline lakes in the Transylvanian-Basin

In the Transylvanian Basin a thick salt stratum was formed during the Badenian period

(middle Miocene), at this time the Transylvanian Basin partly separated from the Paratethys sea

and the precipitation of high purity salt (NaCl) has begun. Nowadays it is a single, concave

shaped salt layer in the Transylvanian Basin in different depth and variable thickness. The
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thickness of the salt horizon ranges between a few meters to a couple of hundred meters, with an

average of 250-300 m. The salt stratum is situated at the surface or near the surface in the edges

of the basin, while on the middle of the basin is approximately at 2-4 km depth (Irimuş, 1998,

Alexe, 2010). In the Transylvanian Basin saline lakes emerged in high number after the collapse

and flooding of abandoned salt mine pits (Tab. 4). These lakes are situated within settlements

and are used as very popular spas during summer. The inflow water of this lake is mainly

rainwater. Relatively many articles were published about these salt lakes, dealing with their

appearance, physiochemical properties of the water, microbial and enzymological

characterization of the mud and algological investigation (Irimuş, 1998, Alexe, 2010, Muntean et

al, 1996, Alinei et al, 2006, Nagy & Péterfi, 2008), most of them in Romanian.
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OBJECTIVES

Although, the phytoplankton research has a great tradition in Romania both in freshwater and

saline environments, the picophytoplankton communities were not studied, therefore the

occurrence and diversity of the picophytoplankton in the hypersaline lakes of our country also

remained unknown. From this reasons our objectives in this study were as follows:

 To determine the major physical and chemical properties of the saline lakes in the

Transylvanian Basin and to elucidate the stratification conditions of these meromictic

lakes in summer and winter.

 To determine the trophic state of some hypersaline lakes in the Transylvanian basin.

 To describe the occurrence, abundance, dynamics and importance of the

picophytoplankton in these hypersaline lakes.

 To evaluate the unknown genetic diversity of phototrophic plankton assemblages in

distinct salt lakes with special emphasis on the prokaryotic and eukaryotic

picophytoplankton.
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MATERIAL AND METHODS

Lakes differing in surface area, depth, salt concentration and ecological condition were

choosen as study sites. These lakes are situated in the Transylvanian Basin (Romania, Central

Europe), within 150 km distance from Cluj-Napoca (Fig. 15).

Figure 15. Geographical location of the sampling sites: Ocna Dej: Lake Cabdic (1), Sic: Lake

Băilor (2) and Lake Săpat (3), Cojocna: Lake Băilor Cojocna (4) and Lake Durgău Cojocna (5),

Turda: Lake Tarzan (7), Lake Ocnei (8) and Lake Rotund (9), Ocna Sibiului: Lake Ocniţa-

Avram Iancu (6) and Lake Fără Fund (10). Squares represent some main cities and full circles

mark sampling sites (with the numerical codes of lakes in parentheses).



11

The major physicochemical characteristics of the water such as temperature,

conductivity, pH, dissolved oxygen concentration, Secchi-disk transparency, and ice-thickness

were determined in the field. The chlorophyll a concentration, the abundance and the biomass of

the phytoplankton were determined in laboratory. The abundance and composition of

picophytoplankton was determined with epifluorescence microscopy, in the case of

nanoplankton the composition and abundance were determined with inverted (plankton)

microscope. Molecular biology techniques (DGGE, cloning, sequencing) were applied for the

identification of phytoplankton taxa.
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RESULTS

Ion composition of the lakes

The major ion composition of the mixed surface water from Lake 1 and Lake 4 collected

in the summer of 2010 is shown in Table 8. In the investigated lakes, among cations, Na+ is

clearly dominant, among anions, Cl- is the major ion. The amount of total dissolved solids (TDS)

was greater in Lake 4 representing 284.9 g L-1, whereof 277.75 g L-1 is given by NaCl (97.5%

from total TDS). In Lake 1 the ion composition was similar to Lake 4, the TDS was 208.51 g L-1

with a 206.03 g L-1 share of NaCl (98.8 % from total TDS).

Table 8. Major ion composition of Lake 1 and Lake 4 of the mixed surface water collected in the
summer of 2010.

Major ions
(g L-1)

Lake 1 Lake 4

K+ 0.03 0.845
Na+ 102.62 138.49
Ca2+ 1.388 2.0
Mg2+ 0.217 1.1
CO3

2- 0.004 0.003
HCO3

- 0.316 0.372
Cl- 103.41 139.26
SO4

2- 0.526 2.847

Stratification

The thermal and chemical stratification is a very characteristic phenomenon for
hypersaline lakes which can define the biodiversity of these formally meromictic lakes.

During winter the investigated lakes were highly stratified, this phenomenon in most

cases was not observable in summer. The stratification of the upper layers (3-4 m depth) was

hindered in summer by the extremely intensive bathing. For example, in the summer of 2010,

during the sampling in the Lake 4 (Lake Bailor, Cojocna) the abundance of bathers was 1164

people/ha. In Lake 5, which is ~10 0m farther from Lake 4, this value was  “only” 675 people/ha.
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The bathers were present in similar density in all of the lakes during summer, except for Lake 10,

where, in the summer of 2011, the trespassing to the lake was denied for bathers.

In most of the lakes a reverse double stratification was observable during winter, but this

was not detectable in summer. The depth profiles of the lakes were characteristic to winter and

summer and the pattern of the profiles were similar between the lakes.

Water stratification in Lake 7 (Turda, Lake Tarzan)

During summer (2010), in the case of Lake 7, the upper layer, which had a thickness of 3

m, there was a constant conductivity and temperature, 32.3 mS cm-1 (~22.9 g L-1 NaCl) and 28.8

°C, respectively. Below 3m, the conductivity increased while the temperature decreased

proportionally with the increasing depth. At 9m depth the SC reached 98.5 mS cm -1 (~73.3 g L-1

NaCl) and the temperature decreased to 17.9 °C. The Chl-a concentration ranged between 3.5-

4.35 9 µg Chl-a L-1 in the upper 1.5m thick layer. The dissolved oxygen concentration was not

measured (Fig. 23)

Figure 23. Depth profile of Lake 7 in summer of 2010. SC– specific conductivity of the water,
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In the case of Lake 7 in the winter of 2011 the SC in the surface water was 35.6 mS cm-1

(~24.4 g L-1 NaCl) and this value did not change significantly in the 1.5m thick upper water

layer. At 6 m depth the conductivity increased slightly, reaching 58.2 mS cm-1 (~37.8 g L-1

NaCl). The halocline was present between 6 and 8 m depth, at 10 m the SC rose up to 180 mS

cm-1 (~190 g L-1 NaCl). The temperature on the surface was -0.6 °C, which did not show

significant changes in the upper water layer, similar to the SC. Below 1.5 m, the temperature

increased proportionally with the depth, reaching 15 °C at 8 m depth (Fig. 24/A). The Chl-a

concentration showed a maximum value at 3 m depth representing 8.7 µg Chl-a L-1. The

dissolved oxygen concentration in the upper layers ranged between 14.6-15.1 mg L-1. Below 1.5

m the oxygen concentration started to decline and the water became anoxic from 4 m depth (Fig.

24/B).

A B

Figure 24. Depth profiles of Lake 7, in winter of 2011. SC– specific conductivity of the water,

Chl-a – concentration of chlorophyll-a.

Water stratification in Lake 10 (Ocna Sibiului, Lake Fără-Fund)

In the case of Lake 10, during winter the SC was 101 mS cm-1 (~76 g L-1 NaCl) on the

surface, within 0,5 and 2 m depth the SC was approximately 185 mS cm-1 (~200 g L-1 NaCl),
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representing the first halocline. The second halocline was present between 2-3 m depth; below

this the water was saturated (~359 g L-1 NaCl) with salt. The changes in the temperature profile

were parallel with the salinity profile. On the surface the water temperature was -0.4°C, at 0.5 m

depth the temperature increased to 6.5 °C, from 0.5 m to 2 m the temperature did not change

significantly. Starting from 2 m, the temperature increased proportionally with depth, until it

reached 13.5°C at 4 m (Fig. 27/A). High Chl-a values were detected in Lake 10, with a

maximum at 1.5 m depth, were the Chl-a concentration was 116 µg L-l (Fig. 27/B). The oxygen

concentration was not measured in this case. The pH ranged between 9-9.4 in the surface water

and was 6.7 from 3 m below.

A B

Figure 27. Depth profiles of Lake 10 in winter of 2011. SC– specific conductivity of the water,

Chl-a – concentration of chlorophyll-a.

During the summer season (2011) in Lake 10, the SC was ~190 mS cm-1 (209.5 g NaCl L-

1) and the temperature was ~25.5°C, at a depth of 2m. The halocline was situated between 2-3 m.

Below this, the water became nearly saturated with salt. In the zone of the halocline a significant

increase of temperature was detectable; here the temperature rose from 25.5 °C to 29 °C at 2.25

m (Fig. 28/A). Below this point the temperature decreased proportionally with the depth to 14.5
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°C at 6 m depth. In Lake 10, at 9 m depth, the difference in temperature between winter and

summer measurements was ~l °C. In the zone of the halocline a Chl-a and an oxygen peak was

detected. The oxygen peak appeared at 2 m depth, being 10.6 mg L-1, approximately five times

greater than in the surface water. The Chl-a peak was located 0.5 m deeper than the oxygen peak.

At 2.5 m depth the Chl-a concentration was 19.1 µg Chl-a L-1. Below the Chl-a peak, at 3 m the

water suddenly became anoxic (Fig. 28/B).

The pH decreased gradually with depth from 7.2 to 5.4.

A B

Figure 28. Depth profiles of Lake 10 in summer of 2011. SC– specific conductivity of the water,

Chl-a – concentration of chlorophyll-a.

Trophic state of the investigated water bodies

The maximum Chl-a and total phosphorus (TP) concentration of the lakes during the

investigation period are presented on Figure 29. The maximum Chl-a concentration ranged

between 6.15 (Lake 5) and 1713 µg L-1 (Lake 3). According to OECD (Organisation for

Economic Co-operation and Development) trophic categories, based on Chl-a concentrations,

one (Lake 5) of our lakes is mesotrophic, two (Lake 7, 8) of them are eutrophic and seven lakes
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detected. The oxygen peak appeared at 2 m depth, being 10.6 mg L-1, approximately five times

greater than in the surface water. The Chl-a peak was located 0.5 m deeper than the oxygen peak.

At 2.5 m depth the Chl-a concentration was 19.1 µg Chl-a L-1. Below the Chl-a peak, at 3 m the

water suddenly became anoxic (Fig. 28/B).

The pH decreased gradually with depth from 7.2 to 5.4.
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Figure 28. Depth profiles of Lake 10 in summer of 2011. SC– specific conductivity of the water,

Chl-a – concentration of chlorophyll-a.
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(Lake 1, 2, 3, 4, 6, 9, 10) are hypertrophic. The concentration of TP ranged between 37 (Lake 3)

and 531 µg L-1 (Lake 5). Based on the TP value, Lake 3 and Lake 7 is considered eutrophic, the

rest of our water bodies are categorized as hypertrophic lakes according to OECD trophic

categories.

A

B

Figure 29. Maximum Chl-a concentrations (A) and the total phosphorous concentrations (B) in

the investigated lakes.

Phytoplankton abundance and composition of the saline lakes

Summarized results regarding to algological investigation are presented in Table 9.

Within the picocyanobacteria (PCy) fraction mostly phycocyanin rich cells were present in the

water (Tab. 9), phycoerythrin-rich picocyanobacteria was only observable in negligible number

(data not shown) in Lake 7 during summer. The number of nanoplankton species was very low.
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Beside the PPP, Dunaliella, Rhodomonas/Cryptomonas, Chaetoceras and Dinophyta species and

unidentified pico-size eukaryotic flagellates were present in the investigated saline lakes.

Phytoplankton in Lake 1 (Ocna Dej, Lake Cabdic)

The highest picophytoplankton (PPP) abundance (~7.3 million cells ml-1), represented by

picocyanobacteria (PCy, Fig. 30) was detected in Lake 1 in the summer of 2010 from the mixed

surface layer, when the water temperature was 28.2 ºC and the Chl-a content was 104 µg L-1.

Picoeukaryotic (PEu) cells were not detectable. The PCy biomass was 3797 µg L-1 while

nanoplankton (NP) biomass made up to 570 µg L-1. The contribution of PCy to total

phytoplankton biomass (TPB) was 86.9 %. In the following winter, the number of PPP,

represented by PEu cells was smaller by an order of magnitude (161,837 cells mL-1), but their

biomass (1,864 µg L-1) was half as the PC in the previous summer due to the larger cell volume

of the PEu cells. The PEu was present in high biomass (1,864 µg L-1) in contrast with NP (90 µg

L-1). The PEu predominated the TPB by 95.4 %. In the summer of 2011, the PPP was composed

exclusively by PEu. During this time the biomass of NP was 2,313 µg L-1 composed by

Rhodomonas/Cryptomonas and diatoma, while the PE was present in scant (217 µg L-1).

A B

Figure 30. Epifluorescence micrographs (magnification= 1000x) of picoyanobacteria dominated

the plankton of Lake Cabdic, in summer of 2010, (A= Blue-Violet excitation, B= Green

excitation).
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Phytoplankton in Lake 4 (Cojocna, Lake Băilor)

In the summer of 2010 the water temperature was high, 30.5 ºC, and the phytoplankton

was composed almost exclusively by PEu cells (Fig. 31), consisting 99.7% from TPB at high

Chl-a concentration (247 µg L-1). In the following summer the water temperature was 28 ºC and

the PEu cells also dominated the phytoplankton (7 million cells mL-1, 99,9 %) in the lake with

the highest recorded Chl-a concentration (431 µg L-1). During the winter of 2010, the PPP was

present with 0.44 million PE cells mL-1 at -0.5 ºC water temperature. Dunaliella and Dinophyta

species were present in variable numbers in the lakes during the investigated period. Small (<4

µm) unidentified flagellates were also present.

A B

Figure 31. Epifluorescence micrographs (magnification= 1000x) of picoeukaryote dominated

plankton of Lake Băilor, in summer of 2010, (A= Blue-Violet excitation, B= Green excitation).

Molecular diversity of the phytoplankton

A total of 27 samples from ten hypersaline lakes (Tab. 10) were investigated with DGGE

analysis using the 16S rRNA and 18S rRNA genes. Overall, both PCR-DGGE protocols were

highly specific for the phototrophic community, cyanobacteria and eukaryotic algae.
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Reamplification and sequencing of representative 16S rRNA bands resulted in 15

sequences of unambiguous quality related to cyanobacteria and eukaryotic plastids (Fig. 32; Fig.

33). According to the 16S rRNA analysis, sequence C17 from summer surface water of Lake 1

was grouped with marine Synechococcus isolates (100 % pairwise sequence similarity with

Synechococcus sp. RS9918 from clade VIII sensu Fuller et al. 2003; Fig. 33, Tab. 11).

Another 16S rRNA gene sequence group retrieved that was related to pico-sized algae

contained sequence C2 originating from Lake 6 in summer and sequence C8 from Lake 4 in

winter (Fig. 33, Tab. 11). These sequences were closely related (99.4% pairwise similarity) to

Picochlorum sp. (Chlorophyta) plastids.
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Figure 33. Neighbour joining phylogenetic tree of sequences recovered from 16S rRNA gene-

based DGGE. Evolutionary distances were calculated using the Maximum Composite Likelihood

method. The tree is based on 297 unambiguously aligned nucleotide positions. Bootstrap values

lower than 70 were removed from the branches. Sequences determined in this study appear in

bold letters. Lake codes are given in square brackets.

The presence to Picochlorum (Chlorophyta) genus was also verified by means of the 18S

rRNA analysis: sequences E19 and E20 (from Lake 1 in winter) as well as sequence E12 (from
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Lake 6 in summer) showed 100% nucleotide similarity to Picochlorum oklahomense UTEX

2795 (Fig. 34 and Fig. 35, Tab. 11).

Fig. 35. Neighbour joining phylogenetic tree of sequences recovered from 18S rRNA gene-based

DGGE. The tree is based on 331 unambiguously aligned nucleotide positions. Bootstrap values

lower than 70 were removed from the branches. Sequences determined in this study appear in

bold letters. Lake codes are given in square brackets.

Sequence C7 and C13 from the winter sample of Lake 5 showed moderate similarity

(95.6 %) to Rhizochromulina sp. CCMP 1253 (Heterokontophyta) and to an undescribed pico-

sized flagellate, dictyochophyte sp. RCC332 (Heterokontophyta) (Fig. 33, Tab. 11). Plastid 16S

rRNA gene sequences of these strains were completely identical within the investigated region,

even though they differ significantly in their morphology and their 18S rRNA sequences (online
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available, unpublished data from Roscoff Culture Collection; Vaulot et al. 2004). Therefore,

sequence C7 and C13 may represent an unknown dictyochophyte genotype (a potential

picoflagellate) but the identification of these microorganisms was not possible based on their 16S

rRNA gene.

Other genotypes detected in this study were closely or distantly related to larger

eukaryotic algae. Plastid 16S rRNA gene sequences were affiliated with members of the genera

Guillardia (Cryptophyta), Isochrysis (Haptophyta), Amphora and Navicula (Heterokontophyta;

Table 3). Guillardia theta was found with 99.1 % pairwise similarity from Lake 1 and Isochrysis

sp. were identified with 100% pairwise similarity from Lake 8 and 9 in winter (Fig. 32 and Fig.

33, Tab. 11). Based on the investigated region of the plastid 16S rRNA gene, the retrieved

diatom sequences were indistinguishably closely related, to a clade formed by members of the

genera Amphora, Cymbella and Navicula.
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Table 11. Phylogenetic affiliation of sequences obtained from DGGE bands and origin of most

related isolates. Picoplanktonic taxa were marked with asterisk.

Sequence
(Lake code)

Closest relatives
(Accession number)

Similarity
(%) Division Habitat Reference

C17 (1) Synechococcus sp. RS9918
(AY172828)* 100 Cyanobacteria Marine Fuller et al. 2003

C5 (1) Guillardia theta (AF041468) 99.1 Cryptophyta Marine Douglas and
Durnford 1989

C9 (8),
C11 (9)

Isochrysis sp. SAG 927-2
(X75518) 100 Haptophyta Marine Huss et al.,

unpublished

C18 (8),
C1, C3, C15,
C20 (6)

Amphora coffeaeformis C107
(FJ002183) 99.7 Heterokontophyta Marine/

Brackish Rampen et al. 2009

C10, C19 (10) Navicula phyllepta C15
(FJ002222) 100 Heterokontophyta Marine Rampen et al. 2009

C7, C13 (5)

Rhizochromulina sp.
CCMP1253 (AY702125) 95.6 Heterokontophyta Marine Fuller et al. 2006

Dictyochophyte sp. RCC332
(AY702151)* 95.6 Heterokontophyta Marine Fuller et al. 2006

E12 (6),
E19, E20 (1)

Picochlorum oklahomense
UTEX 2795 (AY422073)* 99.7 Chlorophyta Hypersaline Henley et al. 2004

C2 (6),
C8 (4)

Picochlorum sp. RCC289
(AY702148)* 99.4 Chlorophyta Marine Fuller et al. 2006

Nannochloris sp. 2-RCC13
(AY702135)* 99.4 Chlorophyta Marine Fuller et al. 2006

E3 (8),
E18 (1)

Chlamydomonas pulsatilla
CCCryo 038-99 (AF514404) 100 Chlorophyta Marine/

Snow
Leya et al.,
unpublished

Chlamydomonas kuwadae
NIES-968 (AB451190) 100 Chlorophyta Freshwater Nakada and Nozaki

2009

E5 (6)

Dunaliella salina SAG 19-3
(EF473739) 99.7 Chlorophyta Hypersaline Di Giuseppe and

Dini, unpublished

Dunaliella tertiolecta CCAP
19/27 (EF473747) 99.7 Chlorophyta unknown Di Giuseppe and

Dini, unpublished

Dunaliella salina SAG 19-1
(DQ009763) 99.7 Chlorophyta Saline lake Buchheim et al.,

unpublished

E24, E25, E28
(2)

Ankyra judayi SAG B17.81
(U73469) 99.7 Chlorophyta Freshwater Buchheim et al. 2001

E21, E22 (2) Hormotila blennista
(U83123) 98.8 Chlorophyta Freshwater Booton et al. 1998
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Based on the Chlorophyta-specific 18S rRNA gene analysis, we found sequences related

to the genera Chlamydomonas, Dunaliella, Ankyra and Hormotila/Chlorococcum (Fig. 35, Tab.

11). Some of these taxa also harbor species that inhabit marine or saline aquatic habitats

Regarding the 18S rRNA gene-based DGGE (Fig. 35), the band representing the genus

Chlamydomonas (E3) was observable in most of the samples investigated, while Ankyra- and

Hormotila-related genotypes were restricted to a few samples (bands E21, E22, E24, E25 and

E28).

DISCUSSION

Physiochemical properties of the lakes

Investigating the ion composition of our lakes we found the expected results that Na+ and

Cl- were dominant. Our results fit well with the findings of Poplăcean (2007) who reported

similar ion composition and content in the saline lakes from Ocna Sibiului. In our investigated

lakes the salt concentration exceeded the salinity of the world oceans (e.g. Atlantic ocean, Puyate

& Rim-Rukeh, 2008) and can be categorized as hypersaline water bodies based on many salt lake

classification systems (Covardin et al, 1979, Hammer, 1986).

Analyzing the temperature profiles of Lake 10 from the summer of 2011, we found a

slight but definite heliotermy. The appearance of heliotermy coincides with the disappearance of

human disturbance. If the bathers- and their mixing- effect ceases from the lake, the essential

conditions - like thin diluted surface water layer- for heliotermy can be developed. We conclude

that the intensive bathing during summer significantly influence the formation of natural

stratification in these hypersaline environment. In Lake Ursu the heliotermy is maintained by the

continuous inflow of freshwater and the well regulated bathing periods. We note the fact that in

the absence of continuous freshwater input, developing and maintaining of the heliothermic

conditions is more difficult in our investigated lakes than in lake Ursu, if there is such a intention

on the part of lake management.
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Phytoplankton in the hypersaline lakes of the Transylvanian-Basin

Trophic state

In the majority of our investigated lakes the total phosphorous concentrations indicate

hypertrophic conditions, which is undoubtable result of the high human disturbance. The highest

TP concentration was measured in Lake 4 where in the time of sampling the abundance of

bathers were the highest per unit lake surface (1164 persons/ha). According to our results the

recreational uses of these lakes significantly modify the physical structure of the water body.

Furthermore the high density of humans significantly increase the nutrient concentration

resulting in heavy phytoplankton blooms, where the Chl-a concentration can be extremely high,

for example in Lake 3 the Chl-a concentration was 1713 µg L-1 in the summer of 2010. The

observed high phytoplankton biomass values (Chl-a concentration) are very rare in natural

aquatic habitats they are more characteristics for highly productive fish ponds. In marine

environments the bloom of toxic dinoflagellates (red tide) is a worldwide phenomenon as a result

of the eutrophication. These algae seriously deteriorate the water quality and they are harmful for

the marine aquaculture and the humans. Fortunately in these saline lakes we have never detected

the occurrence of these toxic dinoflagellates.

Picophytoplankton

During the study period, picocyanobacteria and picoeukaryotes were both present in the

investigated lakes at least one time in except of Lake 3 which was sampled only in summer of

2010. Despite the extremely high salt concentration in the investigated lakes, high Chl-a

concentrations and PPP in high abundance and biomass was detected. The PPP communities

were present in these lakes with high abundance, comparable to saline lakes found in literature

(Tab. 12)
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Table 12. The maximal PPP abundance of some well studied saline lakes compared with our

results

Maximum PPP abundance
(106 cells mL-1)

Origin Reference

0.03 (picoeukaryotes) Tibetian hypersaline lake Wu et al., 2009
0.09 (picoeukaryotes) Saline mining lakes Zippel &Schimmele, 1998
0.48 (picocyanobacteria) Deep hyposaline lake Okada et al., 2007
1.4 (picocyanobacteria and
picoeukaryotes)

Coastal lagoon Schapira et al., 2010

1.6 (picocyanobacteria and
picoeukaryotes)

Warm monomictic
tropical saline lake

Macek et al., 2009

7.06 (picoeukaryotes) Transylvanian
hypersaline lakes

This study

7.30 (picocyanobacteria) Transylvanian
hypersaline lakes

This study

8.0 (picocyanobacteria) Saline Antarctic lake Powel et al., 2005

We found that the PPP dominated the phytoplankton in the lakes at least in one case

during the investigation, with a relative large contribution ranging between 63-100%, in except

of the Lake 3 were no PPP cells were detected and in Lake 6 were the maximum contribution of

the PPP to the total phytoplankton biomass was only 18%. We compared our data on the relative

importance of the PPP biomass with 91 literature data (22 freshwater and 69 marine studies)

synthesized by Bell & Kalff (2001). Our results show that the PPP from the Transylvanian Basin

does not follow the generally accepted trend expressed in many publications (Szelag-

Wasielewska, 1997, Bell & Kalff, 2001), that the relative abundance of the PPP decreases with

the increasing trophic level of aquatic habitats (marine, freshwater), (Fig. 36).

In the studied hypersaline lakes the relative importance of PPP does not show changes

with the increasing trophic level. The PPP can dominate the phytoplankton community (up to

100%) even at a very high trophic condition (99% at 431 µg Chl-a L-1, Tab. 9.).
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Figure 36. Relationship between the contribution (log%) of picophytoplankton (PPP) to total

phytoplankton biomass (µg Chl a L-1) based on literature data (lines) and in the Transylvanian

hypersaline lakes (dots). Solid line represents PPP contribution from freshwater-, dashed line for

PPP contribution from marine environment (Bell and Kalff, 2001)

Phytoplankton along a salinity gradient

The vast majority of algal studies in hypersaline systems showed the prevalence of

Dunaliella spp. and cyanobacteria (Kirkwood & Henley, 2006). The 23 species of the genus

Dunaliella are wall-less flagellate eukaryotic algae found in saline environments and exhibiting

optimal growth at different salt concentrations with varying abilities to turn orange–red under

particular environmental conditions (Massyuk, 1973, García et al, 2007). It was found that

Dunaliella species are able to grow over an extremely wide range of salinities and at extreme

salinities of up to NaCl saturation (∼5 M NaCl) was due to their production of glycerol. Our

findings are in accordance with these statement as Dunaliella species occurred in all of the

investigated water bodies, covering a wide range of salinity form 32 mS cm-1 to 354 mS cm-1

(23-311 g NaCl L-1), (Fig. 39).
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Figure 39. Box plot of the occurrences of different phytoplankton taxa along the salinity

gradient in the Transylvanian hypersaline lakes.

The second most halotolerant microorganisms were the picoeukaryotes (Fig. 39). They

occurred between 25 mS cm-1 to 200 mS cm-1(19-230 g NaCl L-1) The less halotolerant

microorganisms were picocyanobacteria and cryptophytes, they were detectable up to 80 mS cm -

1 (55 g NaCl L-1), (Fig. 39). Schapira et al. (2010) investigated the distribution of PPP along a

salinity gradient from brackish to hypersaline (salinity:18-155 g L-1) water, in coastal lagoons.

They observed that the abundance of PPP was the highest (1,3 million cells ml-1) between a

salinity of 80-110 g L-1. This salinity interval corresponds well with the salinity of our lakes, but

the upper limit of the salt tolerance of the picophytoplankton in our lakes were much higher (230

g NaCl L-1 instead of 150 g NaCl L-1) than in the coastal lagoons in Australia. In spite of these

differences it seems that the salinity optimum of the picophytoplankton did not differ

significantly between the Transylvanian hypersaline lakes and Australian coastal lagoons. Our

results suggest high difference between the halotolerance of picocyanobacteria and

picoeukaryotic algae, but further research is needed to get further evidences.
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Phylogenetic diversity of the phytoplankton

According to the 16S rRNA gene analysis we found that the prokaryotic fraction of the

picophytoplankton was composed by marine Synechococcus species from clade VIII sensu Fuller

et al. (2003). Members of the picocyanobacterial genus Synechococcus are commonly distributed

worldwide, many strains have been isolated and studied (sometimes under incorrect names) and

their whole taxonomy awaits comprehensive revision (Komárek, 2010). Picocyanobacterial

sequences retrieved from continental habitats are separated from the obligate marine

picophytoplankton clade (comprising Prochlorococcus and marine Synechococcus) (Crosbie et

al. 2003). Previous reports on saline or hypersaline environments, such as the Great Salt Lake

(UT, USA), the hypersaline Mono Lake (CA, USA), East Tibetan saline lakes (China) or

hyposaline soda pans (Hungary), have indicated that the members of their picocyanobacterial

communities were distantly related to the above-mentioned marine clade (Budinoff and

Hollibaugh 2007; Xing et al. 2009; Wu et al. 2010; Felföldi et al. 2011a). Synechococcus

phylotypes of the marine picophytoplankton clade are well known inhabitants of seas and oceans

(e.g. Fuller et al. 2003; Zwirglmaier et al. 2008), although the saline environment and the high

dispersive potential of these microorganisms could explain their presence in the investigated

continental lakes.

Picochlorum oklahomense UTEX 279 found in Lake 6 was isolated from an ephemeral

saline pool (Henley et al. 2004). Members of the picoeukaryotic genus Picochlorum were found

in various marine and saline environments (Henley et al. 2004), and were also detected in the

heliothermal Lake Ursu that is located in Sovata, Romania. The presence of this genus in the

hypersaline lakes of the Transylvanian Basin corresponds well with the broad halotolerance of P.

oklahomense (Henley et al. 2002).

In the present study, we detected marine cryptophytes and haptophytes, as well as

members of the marine picocyanobacteria for the first time in hypersaline lakes. The presence of

some taxa detected in the Transylvanian lakes by our analysis (e.g. Picochlorum and Dunaliella)

agrees well with former studies on hypersaline environments; but additionally, we have retrieved

that marine taxa (cryptophytes, haptophytes and picocyanobacteria) are also characteristic

inhabitants of these aquatic ecosystems.
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CONCLUSIONS

The Transylvanian hypersaline lakes are under high human impact, they serve as popular

spas in summer. The intensive bathing destroys their thermal stratification. The thermal and

chemical stratification can develop after the bathing season. In one lake, where the bathing was

restricted, heliotermy was observable in summer. In winter a well expressed inverse stratification

was detectable in these meromictic lakes.

In all of our investigated lakes the total phosphorus concentrations indicate hypertrophic

conditions which are undoubtable result of the high human disturbance. According to the high

total phosphorus content these lakes are rich in planktonic algae. The nanophytoplankton was

composed by the common halotolerant algal species. Dunaliella sp. dominated the nanoplankon

in most of these lakes.

Picocyanobacteria and picoeukaryotic algae occurred in all of the lakes. At least in one

case they became the dominant phytoplankters, even in hypertrophic conditions. The seasonal

dynamics of the picophytoplankton in these lakes is different from the most of the lakes of the

temperate zone, where the picocyanobacteria dominates the picophytoplankton fraction during

summer and the picoeukaryotes are dominant in winter. In the Transylvanian hypersaline lakes

summer blooms of picoeukaryotes are common phenomenon. According to our result these lakes

has unique character as they not follow the general trend as the relative contribution of

picophytoplankton to the total phytoplankton biomass did not decrease with the increasing

trophic state. The observed highest abundance values are amongst the published maximum

picophytoplankton abundances from saline (NaCl dominated) environments.

In summary, to the molecular investigation of the Transylvanian hypersaline lakes the

PCR-DGGE method was highly specific to cyanobacteria and green algae, and no heterotrophs

were retrieved in our analysis (that could be a significant bias in similar analyses). We found

eleven algal taxa in the Transylvanian saline lakes and these taxa were related mainly to marine

or hypersaline species. PPP was represented by the marine picophytoplankton clade of

Synechococcus (Cyanobacteria) and the marine/hypersaline genus Picochlorum (Chlorophyta).

This is the first record for both groups in Central Europe. Additionally, a putative dictyochophyte

picoflagellate may also present. Within larger algae, the occurrence of marine cryptophytes and
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haptophytes was also verified. The presence of the identified marine and hypersaline species

could be explained by wind, precipitation and waterfowl transfer. However, this latter could have

smaller importance because of the small surface and urban environment of the studied lakes.
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