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Abstract: Microbial communities living in stratified lakes are known to be early indicators of ecosystem 
disturbances. Based on information available up to date it was hypothesized that structures of heterotrophic 
bacteria and phytoplankton assemblages in the eutrophic lake are shaped by different, yet interrelated 
physicochemical parameters and both groups significantly influence each other. To verify this hypothesis, 
the species distribution of these groups along the environmental gradients in a eutrophic lake (Lake 
Góreckie, NW Poland) was investigated. During the study 198 phytoplankton and 26 bacteria taxa were 
detected in 84 samples. The analysis of their temporal and spatial distribution revealed that phytoplankton 
and bacteria respond to ecological gradients in a roughly independent manner. Temperature, NH4

+ and total 
phosphorus turned out to be the most important environmental gradients for the phytoplankton, while of 
concentrations oxidized nitrogen forms (NO3

-, NO2
-) were more relevant for heterotrophic bacteria. The 

results obtained in this study allowed us to identify cluster of culturable bacteria connected with high 
concentrations of chlorophyll a (and thus with the presence of phytoplankton). The group of phytoplankton-
associated bacteria includes strains identified as Bacillus megaterium, B. simplex, Paenibacillus 
amylolyticus, Enterobacter cancerogenus and all the detected members of genus Exiguobacterium. These 
results are the next step towards an understanding of the microbial food web functioning in eutrophic lakes; 
an understanding which is crucial in the context of the protection and management of these ecosystems. 
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1. INTRODUCTION 
 

Eutrophication affects now significant portion 
of European lakes (Kajak, 2001; Lyche Solheim et 
al., 2012; Pop et al., 2013) and often leads to the loss 
of biodiversity and ecosystem productivity 
(Reynolds, 1987; Yang et al., 2008; Conley et al., 
2009). Moreover, the phytoplankton blooms that 
may cause further depletion of nutrients and oxygen 
or a deterioration of light conditions are commonly 
associated with eutrophication (Harris, 1978; 
Reynolds, 1980; Shaw et al., 2003; Gołdyn et al., 
2013). This problem is certainly connected with the 
human activity (Wetzel, 2001; Yang et al., 2008; 

Conley et al., 2009) and increased supply of 
nutrients (mainly phosphorous and nitrogen) is 
considered as its most important driving factor 
(Caron, 1994; Conley et al., 2009). Nevertheless, the 
microflora is not without an impact on this process. 
Nitrogen fixation by cyanobacteria, removal of this 
element via coupled nitrification/denitrification or 
release of phosphorus from sediments by phosphate 
solubilizing bacteria are just a few examples of such 
influence (Fisher & Wood, 2004; Arhonditsis & 
Brett, 2005; Vymazal, 2007; Qian et al., 2010).  

Relationships between heterotrophic bacteria 
and phytoplankton are among the most discussed 
subjects in contemporary hydrobiology (Eiler & 
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Bertilsson, 2004; Sapp et al., 2007; Tijdens et al., 2008; 
Berg et al., 2009; Shen et al., 2011; Šimek et al., 2011; 
Leão et al., 2012). The reason for such an interest is the 
prevalence of both groups and the role which they play 
in ecosystems. In most ecosystems these groups are 
dominant groups in terms of their biomass and 
contribution to matter and energy flow (Azam et al., 
1983; Whitman et al., 1998; Schmidt & Schaechter, 
2011). The phytoplankton is responsible for most of 
primary production and the heterotrophic bacteria are 
main decomposers, remineralizers and primary 
consumers. According to microbial loop theory they 
utilize most of the dissolved organic matter (DOM) 
produced by phytoplankton. This matter is partially 
incorporated into their biomass and transferred to 
higher trophic levels by zooplankton grazing (Azam et 
al., 1983; Azam, 1998; Cho & Azam, 1990). 

While phytoplankton and heterotrophic 
bacteria often compete for environmental resources 
(Drakare, 2002; Sigee, 2005) they constitute a 
functionally complementary system which plays an 
important role in energy flow, cycling of elements 
and biogeochemistry. The fact that discussed groups 
influence each other is widely recognized but the 
exact role of each partner in the relationship is not 
always clear and the question of bacterial impact on 
phytoplankton blooming remains controversial. 

Results of earlier studies (Kent et al., 2007; 
Tijdens et al., 2008; Berg et al., 2009; Mazur-
Marzec et al., 2009; Wilhelm et al., 2011; Šimek et 
al., 2011; Eiler et al., 2012; Leão et al., 2012) 
allowed hypothesize that:  
• the structures of phytoplankton and 
heterotrophic bacteria assemblages are shaped by 
partially different sets of physical and chemical 
parameters,  
• the composition of phytoplankton 
communities significantly influences the structure of 
heterotrophic bacterioplankton and vice versa.  
In order to validate these hypotheses purpose was to 
establish: 
• what are the most important ecological 
factors shaping the structure of communities of 
phytoplankton and culturable heterotrophic bacteria, 
• what are the relationships between structures 
of these communities.  

 
2. METHODS 

 
2.1. Study site 

 
The research was carried out on Lake Góreckie 

– a postglacial, ribbon lake situated in the central part 
of the Wielkopolski National Park (Western Poland, 
see Figure 1). Surface area of the reservoir is 101.6 ha, 

average depth is 8.5 m and maximum depth reaches 
16.6 m. The basin is divided into two sub-basins, a 
deep northern one (10-15 m) and a shallower southern 
one (5-10 m). About 59% of slopes forming the 
catchment are covered by pine and oak forests and a 
small part is under agricultural use (Kolendowicz et al., 
2008; Sobczyński et al., 2012). The lake is supplied by 
ground waters and atmospheric precipitation. 

A narrow littoral zone is dominated by reeds, 
mainly Phragmites australis and Typha angustifolia. 
The composition of underwater macrophytes is 
characteristic for highly eutrophic lakes. While small 
patches of Najas marina and Potamogeton 
perfoliatus can be found, submerged vegetation is 
weakly developed due to light limitations caused by 
intense phytoplankton blooming. 

Lake water quality has been gradually 
changing from a meso-eutrophic (in the late 1980s) to 
a strongly eutrophic (Burchardt et al., 2000; 
Kolendowicz et al., 2008). Eutrophication was 
connected with the influx of sewage from the nearby 
sanatorium (functioning for over forty years) (Lubner, 
1988; Sobczyński & Joniak, 2009) but elimination of 
most of anthropogenic nutrient sources (including the 
sanatorium) did not stop the process. 

 
2.2. Sample collection 
 
Field works were conducted between June 2009 

and April 2010. Samples were collected every month 
(except January and February 2010 when unstable ice 
cover made the collection impossible). We studied the 
vertical profile from deepest part of the lake (15 m, 
figure 1). Samples for microbiological, phycological 
and chemical analyzes were collected from depths of 
0.5, 2.0, 3.0, 5.0, 7.0, 10.0, 13.0, 14.0, and 15 m using 
a “Gigant” centrifugal pump (Eijkelkamp). Samples of 
water from above the sediment were extracted with a 
Kajak sediment sampler (Kajak et al., 1965). Samples 
for chemical analyses were poured into plastic 
containers. Two of each tree were immediately 
preserved (one with CHCl3 and the other with H2SO4). 
To each sample for the phytoplankton analysis (1.5 l), 
2 ml of Lugol's solution was added to preserve algae 
and cyanobacteria until examination. Samples 
collected for microbiological (heterotrophic bacteria) 
analysis (6 ml) were immediately transferred to sterile 
plastic tubes and mixed with 4 ml of transport medium 
(LB broth). pH, electric conductivity (EC), water 
temperature (Temp), concentration of dissolved 
oxygen (DO) and oxygen saturation (OS) were 
measured in situ with a YSI6600 multiparameter sonde 
(YSI Corporation, Yellow Springs, OH, USA). Water 
transparency was determined using the standard Secchi 
disk method (with a 30 cm diameter white disc). 
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Figure 1. Location of the sampling site (marked with a star). 

 
2.3. Laboratory analysis 

 
Chemical analyses were performed according 

to standard methods for hydrochemical analyses 
(APHA, 1998). Concentrations of the ammonia 
(NH4

+), nitrate (NO3
-), nitrite (NO2

-), total nitrogen 

(TN), phosphate (PO4
3-) and total phosphorus (TP) 

were measured. Chlorophyll a (Chl-a) concentration 
was determined in ethanol extracts from material 
deposited on the GF/F filters according to the ISO 
10260 standard method. Descriptive statistics of the 
recorded variables are summarized in table 1. 

 
Table 1. Descriptive statistics of the physicochemical properties of water in the analyzed profile, between June 2009 

and April 2010 (n=84). 

Parameter (unit) Symbol Min. Max. Mean Std. Dev. 
Depth (m) Deep 0 15 7.1 4.9 
Temperature (°C) Temp 4.9 23.1 11.1 5.8 
pH pH 6.45 9.04 7.81 0.59 
Oxygen saturation (%) OS n.d. 99 32.9 25.8 
Dissolved oxygen (mg×l–1) DO n.d. 9.0 3.3 2.6 
Electric conductivity (µS×cm–1) EC 252 602 478.8 53.2 
Nitrite (mg×l–1) NO2 0.001 0.007 0.002 0.002 
Nitrate (mg×l–1) NO3 0.001 0.950 0.187 0.319 
Ammonium (mg×l–1) NH4 0.412 6.537 1.406 1.171 
Total phosphorus (mg×l–1) TP 0.013 0.716 0.169 0.126 
Phosphates (mg×l–1) PO4 0.001 0.713 0.140 0.149 
Chlorophyll a (µg×l–1) Chl-a 0.01 38.62 14.42 9.61 
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2.4. Phytoplankton analysis 
 

Natural units (e.g. single cells, colonies, and 
trichomes) of particular phytoplankton species were 
counted under a light microscope (magnification 
200× and 400×) in five different grid quadrants 
chosen at random across the counting chamber. 
Thread-like forms were distinguished by the 
presence of 100 µm trichom. The biomass of algae 
was determined using the volumetric method (Edler, 
1979; Rott, 1981) and the species richness was 
described as the number of algal taxa in each 
sample. The identification of species was carried out 
based on current taxonomical criteria (Bucka & 
Wilk-Woźniak 2002; Burchardt 2014 and included 
other references there). 
 

2.5. Bacteria isolation and identification 
 

200 µl of each sample was spread onto a Petri 
dish containing culture medium (Water Plate Count 
Agar). Bacteria were cultured overnight at 37°C and 
(in the case of samples collected from the surface 
and above the sediment) at 20°C. Colonies of 
culturable bacteria were counted and pure cultures 
obtained.  

Cells from a single colony were lysed with 
detergent (0.5% IGEPAL CA - 630 in 10 mM Tris-
HCl buffer pH 8.5) and high temperature (95°C, 10 
min). The mixture was cooled in ice (5 min) and the 
cell debris was removed by centrifugation. Clear 
supernatant (containing DNA) was collected, diluted 
(5×) and used as a template for polymerase chain 
reaction. Each reaction mixture contained 2.0 μl of 
the lysate, 0.6 U of recombinant Taq DNA 
Polymerase (EP0404, Fermentas), 1×Buffer for Taq 
Polymerase (with (NH4)2SO4), 30 nM of MgCl, 40 
pM of each deoxyribonucleotide triphosphate and 20 
nM of each primer in a final volume of 20 μl. For 
primers and cycling conditions see table S1 (Online 
Resources) (Weisburg et al., 1991; Edwards et al., 
1989). The PCR product was purified with a 
QIAquick PCR Purification Kit (Qiagen) and 
sequenced with a 3130x Genetic Analyzer (Applied 
Biosystems) in the Faculty of Biology, Adam 
Mickiewicz University in Poznań (using the same 
set of primers as in PCR). The obtained sequences 
were compared with those available in the GenBank 
database using a megaBLAST tool (NCBI) (Zhang 
et al., 2000; Sayers et al., 2009). 
 

2.6. Numerical analyzes 
 

Ordination methods were used to find the 
relationships between chemistry of the water, 

phytoplankton and the bacteria. Detrended 
correspondence analysis (DCA) was performed in 
order to determine the most important ecological 
gradients for each group of organisms. Species-
environment relationships of phytoplankton and 
bacteria were explored by redundancy analysis 
(RDA). Because of the skewed distributions of most 
variables, square root transformation was performed 
on data to normalize their distribution. To reduce the 
number of variables a forward selection procedure 
using the Monte Carlo test with 999 permutations 
was performed (variables were discarded until a 
significance threshold of p<0.05 was reached). 
Variables with significance levels below p<0.05 
were passively projected into diagrams. The 
ordination was performed using the CANOCO 
software package (ter Braak, 1998). 

 
3. RESULTS 

 
3.1. Diversity and density 

 
198 different phytoplankton taxa were found in 

the studied profile. They belonged to classes: 
Chlorophyceae (47), Bacillariophyceae (38), 
Cyanophyceae (31), Trebouxiophyceae (18), 
Conjugatophyceae (16), Dinophyceae (14), 
Euglenophyceae (12), Cryptophyceae (9), 
Xanthophyceae (5), Chrysophyceae (4), 
Klebsormidiophyceae (3) or Nephrophyceae (1). The 
species density of phytoplankton is clearly connected 
with depth and sampling time. The smallest number 
(25) of taxa was observed in December 2010, and the 
greatest (50) in July 2009. The observed number of 
natural units per milliliter varied between 1,726 and 
42,454 (10,699 on average). The highest abundance 
was recorded in the surface layer of the water column 
(27,234 units×ml–1). From early spring to autumn 
algal communities were dominated by 
Cyanobacteria. Planktothrix agardhii was detected in 
all samples collected during summer. Also, 
Aphanizomenon flos-aquae, Limnotrix redekei and 
Pseudanabaena limnetica were commonly observed. 
For further information see figure 2. 

241 bacteria isolates were collected during the 
study. The sequences of the 16S rRNA region were 
obtained for 114 of them. Among the identified 
bacteria we found members of the genera: 
Acinetobacter, Aeromonas, Enterobacter, Hafnia, 
Pantoea, Pseudomonas, Shewanella, Bacillus, 
Paenibacillus, Carnobacterium, Exigobacterium, 
Flavobacterium and Deinicoccus. The most often 
detected species were Bacillus pumilus, 
Pseudomonas fluorescens or members of Aeromonas 
hydrophila and Enterobacter cloacae complexes. A 
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full list of phytoplankton and bacterial taxa is 
presented in table S2 (Electronic Supplementary 
Material). 

The number of colony forming units (cfu) of 
culturable bacteria varied with sampling date and 
depth. Generally, larger counts were obtained during 
summer months. Titer reached a maximum in 
August 2009 (average count 426 cfu×ml–1) and 
minimum in December 2009 (average 11 cfu×ml–1). 
The highest counts were obtained for samples of 
water collected above the sediment (average 642 
cfu×ml–1), but in samples collected between the 1st 
and the 4th meter they were also relatively high 
(average 359 cfu×ml–1). The observed abundance of 
culturable bacteria was much lower at a depth of 5 
meters (average 58 cfu×ml–1) and the dropped to 26 
in the zone between the 6th and 15th meter 
(probably because of the predominance of strictly 
anaerobic microflora).  

3.2. Phytoplankton structure and 
environmental gradients 

 
Monte Carlo tests revealed that temperature, 

concentration of ammonium and total phosphorus 
are only independent environmental gradients 
significantly related to the composition of 
phytoplankton assemblages (p < 0.05, see Table 2).  

The contents of ammonium and phosphorus 
were also correlated with the first of the DCA axes 
(along with the concentration of PO4

3-, p<0.001) and 
the second axis was associated with temperature, 
NO2

- and NO3
- (see Table 2). Comparison of Monte 

Carlo test results with correlation coefficients 
suggests that temperature and ammonium 
concentration were the two most important 
independent factors explaining the distribution of 
phytoplankton species. 

 
Table 2. Results of the forward selection of environmental parameters (Monte Carlo permutation test in RDA, p < 0.05 

are statistically significant and given in bold). 

Parameter Phytoplankton Bacteria 
λ F P λ F P 

Chl-a 0.02 1.74 0.131 0.26 11.99 0.001 
NO3 0.02 1.28 0.245 0.06 2.96 0.002 
NO2 0.02 1.81 0.102 0.07 3.39 0.016 
EC 0.00 0.52 0.771 0.06 3.37 0.007 
Depth 0.01 1.35 0.222 0.02 1.38 0.173 
pH 0.01 0.43 0.824 0.02 1.13 0.306 
OS 0.02 2.44 0.037 0.01 0.75 0.598 
DO 0.01 1.49 0.187 0.02 0.64 0.717 
Temp 0.04 3.77 0.004 0.01 0.52 0.812 
TP 0.10 8.80 0.001 0 0.32 0.965 
NH4 0.08 8.14 0.001 0.01 0.4 0.881 
PO4 0.00 0.48 0.821 0.01 0.49 0.859 

  

 
Figure 2. Abundance and taxonomic structure of the phytoplankton community in Lake Góreckie during the study. 
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RDA biplots for phytoplankton and 
environmental factors (Fig. 3) showed that the 
occurrence of Planktothrix agardhii (the most 
abundant species) was connected with high 
temperatures and substantial oxygenation, but a low 
level of the nutrients. Two other cyanobacteria: 
Chroococcus minutissimus and Merismopedia 
glauca or the diatom Fragilaria ulna could be 
associated with warm waters, rich in phosphorus and 
ammonium while chlorophytes Monoraphidium 
contortum and Koliella spirotaenia or cryptomonad 
Chroomonas acuta occupied habitats with a high 
NO2

- and NO3
- content. 

 
3.3. Heterotrophic bacteria and 

environmental factors 
 

According to the results of the Monte Carlo 
tests (Table 2), nitrate and chlorophyll a 
concentrations are the only independent 
environmental gradients significantly related to the 
species structure of heterotrophic bacteria. One 
pronounced gradient determines the majority of this 
structure. The first DCA axis representing the 
gradient correlates with concentrations of NO2

- and 
NO3

- (p <0.005) while the second axis only with 
conductivity (see Table 3).  

RDA analysis revealed the environmental 
requirements of individual taxa and allowed their 
distribution into different ecological groups (see Fig. 

4). The presence of several Pseudomonas species was 
strongly connected with high concentrations of NO2

-, 
oxygen and a more alkaline pH. The occurrence of 
Bacillus pumilus, bacteria from B. cereus group, 
Enterobacter amnigenus or E. aerogenes seems to be 
connected with a cool, ammonium and phosphate-rich 
environment that can be found in greater depths, 
while Bacillus megaterium, B. simplex, Paenibacillus 
amylolyticus, Enterobacter cancerogenus, 
Deinococcus aquaticus and all detected members of 
the genus Exiguobacterium constitute a cluster of 
microorganisms associated with high concentrations 
of chlorophyll a (and thus with phytoplankton), high 
temperature and more oxygenated water (Fig. 3). 

 
3.4. Relationships between bacteria and 

phytoplankton 
 

No significant correlation was found between 
DCA axes of phytoplankton and heterotrophic bacteria 
(Table 3). Nevertheless, analysis of species-
environment relationships using the Monte Carlo test 
revealed that the concentration of chlorophyll a is one 
of the most important factors relating to the 
composition of bacterial communities (Table 2, as 
mentioned above). Also, the presence of several 
cyanobacteria species (e.g. Planktothrix agardhii, 
Limnothrix redekei or Pseudanabaena limnetica) was 
strongly correlated with this parameter, suggesting that 
they may be a primary source of the pigment (Fig. 3). 

 
Table 3 Pearson’s correlation coefficients between DCA ordination scores (first three axes) for phytoplankton (DCA 

phy1. DCA phy2. DCA phy3), bacteria (DCA bac1. DCA bac2. DCA bac3) and environmental factors (n = 84). 
 

Significance levels: *** p< 0.001; **p< 0.01; *p< 0.05; n.s. – not significant. 

Axis or parameter 

Phytoplankton Bacteria 
DCA phy1 
Eigenvalue: 

0.52 

DCA phy2 
Eigenvalue: 

0.18 

DCA phy3 
Eigenvalue: 

0.06 

DCA bac1 
Eigenvalue: 

0.24 

DCA bac2 
Eigenvalue: 

0.15 

DCA bac3 
Eigenvalue: 

0.10 
DCA phy1 - n.s. n.s. n.s. n.s. n.s. 
DCA phy2 n.s. - n.s. n.s. n.s. n.s. 
DCA phy3 n.s. n.s. - n.s.  n.s. 
DCA bac1 n.s. n.s. n.s. - n.s. n.s. 
DCA bac2 n.s. n.s. n.s. n.s. - n.s. 
DCA bac3 n.s. n.s. n.s. n.s. n.s. - 

Depth -0.59** n.s. 0.39* n.s. n.s. n.s. 
pH 0.44* n.s. -0.55** n.s. n.s. n.s. 
EC -0.48* n.s. 0.50** n.s. 0.40* -0.39* 
DO n.s. n.s. n.s. n.s. n.s. 0.45* 
OS n.s. n.s. n.s. n.s. n.s. n.s. 

Temp n.s. -0.43* n.s. n.s. n.s. 0.48* 
PO4 -0.79*** n.s. n.s. n.s. n.s. n.s. 

Chl-a n.s. n.s. n.s. n.s. n.s. n.s. 
NH4 -0.81*** n.s. 0.56** n.s. n.s. n.s. 
NO2 n.s. 0.60** -0.47* 0.72*** n.s. n.s. 
NO3 n.s. 0.65*** 0.49* 0.56** n.s. n.s. 
TP -0.67*** n.s. n.s. n.s. n.s. -0.39* 
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Figure 3. Biplots of redundancy analysis (RDA) of phytoplankton species (only species that reached 5% frequency 
threshold were shown). The variables that remained significant after forward selection (Temp, TP, NH4

+) are shown 
with solid arrowheads, while the variables that projected passively, with hollow arrowheads. Species list: Chroacu – 
Chroomonas acuta, Cryptero – Cryptomonas erosa, Cryptgra – Cryptomonas gracilis, Cryptmar – Cryptomonas 
marssonii, Cryptova – Cryptomonas ovata, Cryptros – Cryptomonas rostrata, Rhodmin – Rhodomonas minuta, 
Erkesuba – Erkenia subaequiciliata, Gymnaer – Gymnodinium aeruginosum, Peridber – Peridiniopsis berolinense, 
Peridcun – Peridinium cinctum, Peridelp – Peridiniopsis elpatiewskyi, Anabele – Anabaenopsis elenkinii, Anabfl-aq – 
Anabaena flos-aquae, Anabpla – Anabaena planctonica, Aphfl-aq – Aphanizomenon flos-aquae, Aphiss – 
Aphanizomenon issatschenkoi, Aphainc – Aphanocapsa incerta, Chroominu – Chroococcus minimus, Chrootur – 
Chroococcus turgidus, Cyaferr – Cyanogranis ferruginea, Cylinraci – Cylindrospermopsis raciborski, Lemmpal – 
Lemmermaniella pallida, Limlau – Limnothrix lauterbornii, Limred – Limnothrix redekei, Merigla – Merismopedia 
glauca, Meripun – Merismopedia punctata, Micaer – Microcystis aeruginosa, Phorgran – Phormidium granulatum, 
Plancon – Planktolyngbya contorta, Planlim – Planktolyngbya limnetica, Plaaga – Planktothrix agardhii, Lyngbya – 
Lyngbya sp., Pseulim – Pseudanabaena limnetica, Pseuart – Pseudanabaena articulata, Romleo – Romeria 
leopoliensis, Spirlax – Spirulina laxissima, Cycrad – Cyclotella radiosa, Fragcro – Fragilaria crotonensis, Fragul-ang – 
Fragilaria ulna var. angustissima, Ankgra – Ankistrodesmus gracilis, Coepla – Coenocystis planctonica, Cosreg – 
Cosmarium regnellii, Dictypul – Dictyosphaerium pulchellum, Eutepol – Eutetramorus polycoccus, Kirchcon – 
Kirchneriella contorta, Kolspi – Koliella spirotaenia, Lagegen – Lagerheimia genevensis, Micrcra – Micractinium 
crassisetum, Monocon – Monoraphidium contortum, Monogri – Monoraphidium griffithii, Monokom – Monoraphidium 
komarkovae, Ooclac – Oocystis lacustris, Descom – Desmodesmus communis, Sidefus – Siderocystopsis fusca, Tetracro 
– Tetradesmus crocini, Tetramin – Tetraedron minimum. 
 

4. DISCUSSION 
 

4.1. Bacteria isolation and identification 
techniques 

 
Culturable bacteria usually represent only a 

fraction of microbial diversity (in many cases less 
than 1%) and culture-dependent methods usually fail 
to detect important freshwater taxa including many 
aquatic Actinobacteria, Alphaproteobacteria, 
Betaproteobactertia and Verrucomicrobia (Muyzer 
et al., 1993; Amann et al., 1995; Pernthaler & 
Amann, 2005; Newton et al., 2011). 

On the other hand, results of comparative 
studies using culture-dependent as well as 

independent methods show that culturable bacteria 
are as responsive to environmental gradients and 
changes as the rest of community (Kisand & 
Wikner, 2003; Camu et al., 2008; Rodrigues et al., 
2013). This suggest that simple and inexpensive 
culture-dependent approach may be sufficient for the 
purposes of some ecological studies that aim in 
understanding of relationships and changes rather 
than the diversity itself.  

To sum up, obtaining a complete picture of a 
lake microflora would require broader approach, but 
chosen methodology allows to draw meaningful 
conclusions concerning relationships between 
environmental variables, phytoplankton and certain 
groups of bacteria. 
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Figure 4. Biplots of redundancy analysis (RDA) of bacteria species. The variables that remained significant after 
forward selection (NO3

-, Chl-a) are shown with solid arrowheads, while the variables that projected passively, with 
hollow arrowheads. Species list: AcLw – Acinetobacter lwoffii, AcSp – Acinetobacter sp., AhGr – Aeromonas 
hydrophila group, BaLi – Bacillus licheniformis, BaMe – Bacillus megaterium, BaPu – Bacillus pumilus, BaSi – 
Bacillus simplex, BaSp – Bacillus sp., BcGr – Bacillus cereus group, CaMa – Carnobacterium maltaromaticum, CiKo – 
Citrobacter koseri, DaAq – Deinococcus aquaticus, EcCc – Enterobacter cloacae complex, EnAe – Enterobacter 
aerogenes, EnCa – Enterobacter cancerogenus, EnSp – Enterobacter sp., EsCo – Escherichia coli, ExAc – 
Exiguobacterium acetylicum, ExSi – Exiguobacterium sibiricum, ExSp – Exiguobacterium sp., FlJo – Flavobacterium 
johnsoniae, HaAl – Hafnia alvei, MoMo – Morganella morganii, PaAg – Pantoea agglomerans, PaAm – Paenibacillus 
amylolyticus, PsAe – Pseudomonas aeruginosa, PsFl – Pseudomonas fluorescens, PsJe – Pseudomonas jessenii, PsMa 
– Pseudomonas mandelii, PsMi – Pseudomonas migulae, PsSP – Pseudomonas sp., ShBa – Shewanella baltica, ShSp – 
Shewanella sp., SpKi – Sphingobacterium kitahiroshimense. 
 

4.2. Phytoplankton along the ecological 
gradients 

 
Overall distribution of phytoplankton species 

was shaped mostly by temperature, total phosphorus 
and the ammonium concentration. The later relation 
could be explained by the fact that, while some 
cyanobacteria (e.g. Aphanizomenon flos-aquae) utilize 
dinitrogen, many phytoplankton species preferably 
consume the ammonium instead (South & Whittick, 
1996; Whitton & Potts, 2000; Ferber et al., 2004). 

Almost constant blooms of cyanobacteria 
become one of the hallmarks of the studied reservoir. 
At the time of the summer stratification Planktothrix 
agardhii blooms in well-oxygenated surface zones of 
the lake. During spring and autumn it is replaced by 
Aphanizomenon flos-aquae and Pseudanabaena 
limnetica and these species (usually found in colder, 
rich in nutrients deep zones of the lake) dominate in 
the whole vertical profile (Pełechata et al., 2009). 
This scenario is reflected in the results of redundancy 
analysis. They indicate that the occurrence of 
Planktothrix agardhii is connected with high 
temperatures, while presence of Aphanizomenon flos-
aquae and Pseudanabaena limnetica seems to be 
dependent on high nitrate concentrations. 

4.3. Culturable heterotrophic bacteria 
along the ecological gradients 

 
Observed composition of bacterial 

communities suggest that we couldn’t avoid the bias 
typical for all culture-dependent studies. As 
expected, neither Actinobacteria, 
Alphaproteobacteria, Betaproteobactertia nor 
Verrucomicrobia were detected – these bacteria are 
abundant in freshwater habitats but relatively 
difficult to culture (Newton et al., 2011). The cause 
of apparent underrepresentation of phylum 
Bacteroidetes (as compared to studies using culture 
independent approaches) may be similar. Relative 
abundance of Gammaproteobacteria may be 
connected with copiotrophic lifestyle that favors 
their disproportionate isolation (Zavarzin et al., 
1991; Newton et al., 2011). On the other hand, large 
number of detected members of phylum Firmicutes 
may not be incidental. We cannot rule out that they 
are overrepresented (due to their nutrient preferences 
or ability of some members to form endospores) but 
there are indications that these bacteria are 
undersampled in many 16S rDNA libraries. Resilient 
gram-positive cell wall seems to hinder DNA 
extraction and hence they may be omitted in studies 
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adhering solely to culture independent methodology 
(Frostegård et al., 1999; Pernthaler & Amann, 2005). 

Structure of culturable fraction of the bacterial 
community was predominantly dependent on the 
gradient set by concentrations of NO2

- and NO3
-. 

Importance of these ions (and other forms of 
inorganic nitrogen) was previously highlighted by 
studies assessing bacteria community composition in 
eutrophic and meso-eutrophic lakes (Shade al., 
2007; Rösel et al., 2012). Relationship between 
bacterioplankton composition and the content of 
oxidized nitrogen forms may be connected with the 
ability of some bacteria (including the members of 
the genera Bacillus and Pseudomonas that 
represented 25.7% and 14.8% of our identifications) 
to utilize NO2

- and NO3
- for respiratory purposes. 

This seems to be the case, especially considered the 
anaerobic conditions commonly found in deeper 
zones of eutrophic lakes. 

 
4.4. Relationships between phytoplankton 

and bacteria  
 

During the study, phytoplankton and culturable 
heterotrophic bacteria responded to environmental 
gradients in a roughly independent manner. While 
distribution of both groups was connected with 
nitrogen content, they seem to rely on different forms 
of this element (NH4

+ and NO3
- for phytoplankton; 

NO2
- and NO3

- for bacteria). This suggests that 
production of the studied communities may be 
determined by an interplay between nitrogen fixation 
by cyanobacteria and coupled 
nitrification/denitrification. It remains unclear what 
may shape the equilibrium between these processes. 
In case of the studied lake it might be the above 
mentioned factors that control microbial communities 
in bottom-up fashion. On the other hand, balance may 
also be regulated by top-down acting factors like 
zooplankton grazing or viral lysis – phage epidemic 
that affected one of Bacillus strains was even 
observed in spring and summer of 2010 (Barylski et 
al., 2014). 

Information available up to date support the 
hypothesis that the phytoplankton assemblages 
strongly affect heterotrophic bacteria and vice versa 
(Eiler & Bertilsson, 2004; Berg et al., 2009; Mazur-
Marzec et al., 2009; Šimek et al., 2011; Leão et al., 
2012). One mechanism of such influence is connected 
with the release of extracellular products (EPP) by the 
autotrophic organisms (Baines & Pace, 1991; Sundh, 
1992). Since solitary filamentous species such as 
Planktothrix agardhii, Limnothrix redekei and 
Pseudanabaena limnetica are adapted to small light 
intensity, compounds released from their cells may be 

a significant source of carbon for bacteria in dark 
waters of the studied lake.  

Studies concerning cyanobacteria-associated 
heterotrophic bacteria often emphasize importance of 
Bacteroidetes, Betaproteobactertia (especially from 
genus Limnohabitans) and Alphaproteobacteria or 
(less frequently) Actinobacteria and 
Gammaproteobacteria (Eiler & Bertilsson, 2004; 
Berg et al., 2009; Šimek et al., 2011; Eiler et al., 
2012; Bagatini et al., 2014). During this study we 
identified a group of culturable microorganisms 
connected with high concentrations of chlorophyll a 
and thus with presence of the phytoplankton. The 
group of chlorophyll-related bacteria comprises 
members of the genera Bacillus, Exiguobacterium 
and Deinococcus. Related strains had previously been 
associated with cyanobacteria. They were reported 
either as promoting their growth (Berg et al., 2009; 
Ya-Ping et al., 2010) or, to the contrary, inhibiting it 
and killing their cells (Wright & Thompson, 1985; 
Nakamura et al., 2003; Berg et al., 2009). 
 

5. CONCLUSIONS 
 

Paradoxical as it may seem, in the nitrogen-
rich environment of a eutrophic lake nitrogen may 
still be a limiting factor for the development of some 
phytoplankton and bacterial taxa. This phenomenon 
can be explained as a result of the dynamic 
equilibrium between the energy consuming process 
of nitrogen fixation and the removal of this element 
via coupled nitrification/denitrification. Our work 
highlights the importance of microbial communities 
as driving factors of the nitrogen cycling. It is the 
next step towards an understanding of the 
functioning of the microbial food web in eutrophic 
lakes, an understanding crucial in the context of the 
protection and management of these ecosystems.  
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