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Abstract The Carpathian Basin is a lowland plain

located mainly in Hungary. Due to the nature of the

bedrock, alluvial deposits, and a bowl shape, many

lakes and ponds of the area are characterized by high

alkalinity. In this study, we characterized temporal

changes in eukaryal and bacterial community dynam-

ics with high throughput sequencing and relate the

changes to environmental conditions in Lake Velence

located in Fejér county, Hungary. The sampled Lake

Velence microbial populations (algal and bacterial)

were analyzed to identify potential correlations with

other community members and environmental param-

eters at six timepoints over 6 weeks in the Spring of

2012. Correlations between community members

suggest a positive relationship between certain algal

and bacterial populations (e.g. Chlamydomondaceae

with Actinobacteria and Acidobacteria), while other

correlations allude to changes in these relationships

over time. During the study, high nitrogen availability

may have favored non-nitrogen fixing cyanobacteria,

such as the toxin-producing Microcystis aeruginosa,

and the eutrophic effect may have been exacerbated by

high phosphorus availability as well as the high

calcium and magnesium content of the Carpathian
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Basin bedrock, potentially fostering exopolymer pro-

duction and cell aggregation. Cyanobacterial bloom

formation could have a negative environmental impact

on other community members and potentially affect

overall water quality as well as recreational activities.

To our knowledge, this is the first prediction for

relationships between photoautotrophic eukaryotes

and bacteria from an alkaline, Hungarian lake.

Keywords Lake ecology � Alkaline lake �
Phytoplankton � Algae � Eutrophication �
Cyanobacteria bloom � Microcystin � Microcystis

Introduction

The shallow lakes of the Carpathian Basin in Hungary

are some of the most alkaline in the world (Boros et al.

2014). The basin is surrounded by slowly eroding

mountains composed of limestone and carboniferous

granite with high magnesium and calcium carbonate

content deposited into the lakes and ponds that have

formed on top of an ancient alluvial fan formed by the

Danube, Drava, and Tisza Rivers (Horváth et al. 2004;

Borics et al. 2016). Despite the extreme alkaline

conditions, high carbon availability supports produc-

tive microbial communities in the region’s lakes and

ponds (Ács et al. 1994, 2003; Vörös et al. 2006; Grant

2006; Felföldi et al. 2009; Pálffy et al. 2014; Szabó

et al. 2017).

Lake Velence, located in Fejér county, is the third

largest lake in Hungary (24.17 km2). Shallow, with a

mean depth ranging from 0.5 to 2 m, Lake Velence is

an endorheic or terminal lake supplied by two streams

and catchment runoff (Horváth et al. 2004; Záray et al.

2005; Boromisza et al. 2014). Adjacent basement

springs make limited contributions to the lake, evident

in several recorded desiccation periods (Horváth et al.

2004). The lake has a unique limnogeology charac-

terized by concentrated calcium carbonate inputs that

reflect the region’s carbonaceous bedrock. These

factors contribute to characteristically high pH

(8.5–9.9), sodium (* 300 mg L-1), bicarbonate

(* 680 mg L-1), magnesium (* 420 mg L-1) and

sulfate (* 670 mg L-1) concentrations (Horváth

et al. 2004; Borsodi et al. 2005; Haas 2012; Boromisza

et al. 2014).

Submerged macrophytes differentiate the western

portion of the lake from the open water of the eastern

portion with close proximity to Budapest (50 km

southwest), making the lake a popular holiday desti-

nation and recreational resource (Boromisza et al.

2014). Due to agricultural runoff, the lake has become

eutrophic over the last century and highly susceptible

to large cyanobacterial blooms (Water Management

Directorate of VITUKI Environmental Protection and

Water Management Research Institute on behalf of the

Ministry for Environment and Water 2006).

Certain non-nitrogen fixing cyanobacteria, such as

Microcystis aeruginosa isolated from Lake Velence,

capitalize on high nitrogen availability and form large

visible blooms capable of producing the toxin micro-

cystin (MC) (Habermehl et al. 1997; Reskóné and

Torokne 2000). MC occurs in different forms, of

which MC-LR is the most toxic to lake organisms,

wildlife, livestock, and humans inhibiting liver protein

phosphatases leading to hemorrhaging (Runnegar

et al. 1995; Gupta et al. 2003; Paerl and Otten 2013).

Blooms may be augmented by the high availability of

soluble calcium and magnesium, enhancing lectin

activity, a key constituent of extracellular polymeric

substances (EPS) important in bloom formation (Zhao

et al. 2011).

Large cyanobacterial blooms threaten biodiversity

by limiting light, oxygen, and nutrient availability, and

although cyanobacteria release oxygen as a byproduct

of photosynthesis, oxygen is consumed when these

large blooms begin to decompose (Paerl and Otten

2013). Elevated global temperatures and increased

eutrophication may additively increase toxic bloom

frequency and extent (Davis et al. 2009; De Senerpont

Domis et al. 2012; Paerl and Otten 2013; Harke et al.

2016; Wood et al. 2016; Hamilton et al. 2016).

Fluctuations in community members in response to

bloom frequency can reduce biodiversity, ecosystem

function, and be indicative of larger global trends such

as climate change (Strayer and Dudgeon 2010; Dodds

et al. 2012; Paerl and Paul 2012).

Here, we investigated fluctuations in microbial

community composition and diversity by observing

the environmental conditions of Lake Velence during

a toxic M. aeruginosa bloom. Over several weeks,

increases in water temperature and nutrient availabil-

ity contributed to optimal conditions for large and

toxic bloom formation. By constructing a predictive

inter-domain population network, our findings depict
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potential relationships within the microbial commu-

nity. Abiotic variables, such as cations present in the

bedrock, may have exacerbated bloom formation

facilitating cell aggregation through EPS synthesis.

By investigating these connections we can improve

our understanding of toxic bloom formation and

develop effective mitigation strategies.

Materials and methods

Site description

Lake Velence, located in Fejér county, Hungary, is

approximately 50 km southwest of the capital,

Budapest. The lake is considered endorheic, with no

outlets and a shallow depth (0.5–1.6 m) that impedes

seasonal nutrient exchange between the epilimnion

and hypolimnion characteristic of deeper lakes. Sam-

ples were collected from a single location and are only

representative of a small portion of the larger system.

Figure 1 illustrates the sampling location

(47�1403.48100N, 18�37051.45600E) on a dock located

in the northwestern corner of the lake, approximately

10 m southeast of the swimming access. The north-

west area of the lake is one of the most developed,

providing easy access for recreation, and highly

susceptible to toxic bloom formation.

Sample collection

To analyze biotic and abiotic microbial community

dynamics in this portion of Lake Velence, limnolog-

ical chemistry and biological samples were collected

at six timepoints (1—5/18, 2—5/25, 3—6/1, 4—6/8,

5—6/13, and 6—6/21) approximately 1 week apart

(every 5–8 days) at mid-day from the same location

during the spring of 2012 (May 18th–June 21st). Due

to the shallow depth of this portion of the lake (0.5 m),

only surface water samples (0–0.25 m) were collected

using sterile polypropylene bottles (Nalgene Roche-

ster, NY, USA). Samples for chemical and community

analyses (1 L) were kept at 4 �C for transport back to

the laboratory for processing described in detail

below. Biomass was also collected on June 8th from

a large bloom that persisted for approximately

10 days. Samples were kept frozen until being

lyophilized for mass spectrometer analysis described

below.

MALDI-TOF MS analysis

Biomass was collected with a 50 lm mesh size

plankton net, lyophilized, and assayed for microcystin

with matrix-assisted desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF MS) accord-

ing to methods described by Farkas and others (Farkas

Fig. 1 Location of Lake

Velence within Hungary and

the sampling location

(indicated by the star)
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et al. 2014). Five milligrams of lyophilized biomass

and 200 lL of 50% aqueous methanol were homog-

enized, sonicated for 5 mins, and incubated at room

temperature for 1 h. Samples were analyzed utilizing a

Bruker Biflex MALDI-TOF mass spectrometer (Bru-

ker Daltonics Inc., Billerica, MA, USA) in positive-

ion mode equipped with delayed-ion extraction. A

nitrogen laser desorbed/ionized molecules at 337 nm.

An average of [ 100 spectra readings was acquired

with 19-kV accelerating and 20-kV reflectron voltage.

The instrument was calibrated with an external

standard as per Farkas and others (Farkas et al.

2014). Compounds were identified by referencing the

mass of [M 1 H]? peak. Post-source decay (PSD)

measurements were performed following the identifi-

cation of mass values taken from the same microcystin

and peptide template.

Chemical analyses

For chemical analyses, the guidelines given in Stan-

dard Methods for the Examination of Water and

Wastewater were followed (Eaton and Franson 2005).

Temperature at 0.25 m was recorded using a HI 9033

multimeter (Hanna Instruments, Woonsocket, RI,

USA). Immediately following sample collection and

transport to the lab, pH and conductivity were

measured (Radelkis OP-264 m, Budapest, Hungary).

Subsequently, aliquots from water samples were

filtered through a 0.22 lm membrane filter prior to

the determination of the following parameters.

Concentration of dissolved organic carbon (DOC),

dissolved inorganic carbon (DIC) and total nitrogen

(TN) was measured with a Multi N/C 2100S analyzer

(Analytik Jena, Jena, Germany). Ammonium (ASTM

4500-NH3-D), nitrite (ASTM 4500-NO2-B), nitrate

(ASTM 4500-NO3-B) and, sulfate (ASTM 4500-SO4

2-E) ion concentrations were measured by spectrom-

etry. For ammonium ion quantification, 100 mL of

each sample was acidified with 1 mL of 1 M sulfuric

acid for conservation, and samples were neutralized

just before the analysis. Reactive phosphate and total

phosphorus (TP) were both examined with the ascor-

bic acid method. Before the TP measurement, persul-

fate oxidation was carried out (ASTM 4500-P-E).

Sulfide was measured by an iodometric method

(ASTM 4500-S-E). Sodium and potassium ion content

was determined with a PFP-7 flame photometer

(BUCK Scientific, East Norwalk, USA). Prior to

analysis, samples were acidified with nitric acid to a

0.15% final concentration. Hardness was determined

with the standard ethylenediamine-tetraacetic acid

(EDTA) titrimetric method.

DNA extraction and sequencing

DNA extraction

Within an hour of collection, 1 L water samples were

filtered in the lab on 0.22 lm polyethersulfone

membrane filters (Corning Inc., Corning, NY, USA)

and stored at - 80 �C for later DNA extraction. Filters

were immediately stored at - 80 �C until transported

on dry ice from Hungary to the USA for DNA analysis.

Biomass collected on the filter was resuspended with

the MO BIO PowerMaxTM Soil DNA Isolation Kit

PowerBead Solution (MO BIO Laboratories Inc.,

Carlsbad, CA, USA) followed by cycles of grinding/

free-thaw with sand and liquid nitrogen to achieve cell

lysis (Zhou et al. 1996; Bowen De León et al. 2012;

Bell et al. 2016). DNA was then isolated using the MO

BIO PowerMaxTM Soil DNA Isolation Kit. Extracted

DNA was cleaned and concentrated with the Wizard�

SV Gel and PCR Clean-Up System (Promega Corpo-

ration, Madison, WI, USA) according to the manu-

facturer’s protocol.

Bar-coded pyrosequencing

Pyrosequencing was used to characterize the micro-

bial population of the lake samples via PCR amplifi-

cation of the V1–V3 region of the SSU rRNA gene

sequences. Each sample was labeled with a unique 10

nucleotide-barcode for multiplexing. The SSU rRNA

gene sequences for Eukarya and Bacteria were

amplified via 25 cycles of PCR with the following

barcoded primers; 7F (50-ACCTGGTTGATCCTGC-

CAG-30) and 591R (50-GGAGCTGGAATTACCG-30)
for Eukarya and FD1 (5�AGAGTTTGATCCTGG

CTCAG-3�) and 529R (5�-CGCGGCTGCTGGCA

C-3�), which targeted the V1–V3 region of Bacteria

(Bowen De León et al. 2012). An attempt to amplify

archaeal sequences was made separately from Bacte-

ria using a nested approach with non-barcoded 21F

(50-TTCYGGTTGATCCYGCCRGA-30) and 1492R

(50-CGGTT ACCTTGTTACGACTT-30) for 20 cycles

followed by an additional 20 cycles with barcoded

751F (50-CCGACGGTGAGRGRYGAA-30) and

123

2428 Antonie van Leeuwenhoek (2018) 111:2425–2440



1204R (50-TTMGGGGCATRCNKACCT-30) primers

(Baker et al. 2003; Barnhart et al. 2013). Viral dsDNA

was amplified by targeting the major capsid protein

(MCP), highly conserved within the Phycodnaviridae

family, via touchdown PCR using a pair of degenerate

primers mcpF (50-GGYGGYCARCGYATTGA-30)
and mcpR (50-TGIARYTGYTCRAYIAGGTA-30) as

described previously reported (Larsen et al. 2008).

PCR products of the correct size were confirmed using

a 1% agarose gel for all amplimers. Eukaryotic and

bacterial products were cut from the gel and pooled

using an Ultrafree�-DNA gel extraction column

(Millipore Corporation, Bedford, MA, USA). The

gel extract was cleaned and concentrated using the

Wizard� SV Gel and PCR Clean-Up System, and

dsDNA was quantified with a Qubit fluorometer

(Invitrogen, Carlsbad, CA, USA). Adaptors for 454

sequencing were ligated to the eukaryotic and bacte-

rial amplicons and were sequenced on a 454 GS-Junior

(454 Life Sciences, Branford, CT, USA). Roche’s

image analysis identified sequences by barcode.

Sequences were trimmed to one standard deviation

below the mean length or removed if shorter.

Employing the Phred score filter, 15% of the

nucleotides were allowed to be below Q27, and

removed if primer errors or Ns were observed (Bowen

De León et al. 2012). Sequences are publicly available

through the Sequence Read Archive (SRA) as acces-

sion PRJNA480706.

Processing of pyrosequencing data and community

analysis

Data analysis was performed with default settings

using the Quantitative Insights into Microbial Ecology

(QIIME) software package, version 1.4.0 (Caporaso

et al. 2010b). Parameter settings for demultiplexing

were at a default of minimum 200 base pairs and

maximum 1000 base pairs in length. Metadata files

were prepared according to a QIIME compatible

template taking into account environmental data. The

sequencing libraries were split according to barcode

for each of the respective domains (Bacteria and

Eukarya). Sequences were then concatenated for data

normalization needed in downstream analysis. Oper-

ational taxonomic units (OTUs) were assigned using

the open reference OTU picking protocol. Clusters

were referenced against the Silva 108 database and

pre-clustered at 97% identity using UCLUST (Edgar

2010).

Sequence reads that matched a Silva reference

sequence at 97% identity were clustered within an

OTU defined by a reference sequence. OTU assign-

ment (and all subsequent steps) was performed for the

combined Bacteria and Eukarya reads. The singleton

OTUs were discarded. The centroid sequence in every

cluster was selected to represent the cluster and

aligned with the Silva core set using PyNAST

(Caporaso et al. 2010a). Chimeric sequences, identi-

fied with Chimera Slayer (Haas et al. 2011) and reads

that failed to align with PyNAST were excluded from

subsequent analyses. PyNAST (version 1.1) was used

for sequence alignment and filtering through QIIME

using default parameters.

Taxonomic assignments were additionally made

using the retrained RDP Classifier (Wang et al. 2007)

on the Silva 108 database for phylogenetic resolution

at the genus level. Accounting for the phylogenetic

structure of the microbial community, rarefied OTU

tables for Bacteria and Eukarya were analyzed with

UniFrac (Lozupone and Knight 2005). Diversity was

quantified by calculating the effective number of

OTUs, or Hill Number, using the R package ‘‘rioja’’

(Hill 1973; Jost 2006; Juggins 2012). Shannon and

Simspson diversity indexes were also calculated.

The co-occurrence of community members and

similarity between timepoints was quantified using the

Pearson correlation and illustrated in a heat-map using

the R vegan package version 2.0-10 (Oksanen 2011).

Some taxa had a 0% relative abundance at certain

timepoints; therefore, 0.1 was added to all values to

allow a log transformation. To enhance the visual

distribution of taxa, log transformed values were

cubed and resulting values plotted (log (relative

abundance ? 0.1)3). Linear regressions were utilized

to evaluate statistical correlations. A SparCC analysis

was subsequently used to construct community corre-

lation networks by estimating linear correlation values

between log transformed abundances based on the

absolute number of sequences for an OTU rather than

a relative abundance (Friedman and Alm 2012; Berry

and Widder 2014). The key advantage of this analysis

was that the ratio of the fractions of two OTUs was

independent of the fluctuations in other OTUs

included in the analysis (i.e., subcompositional coher-

ence) (Friedman and Alm 2012).
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Statistical analysis

Regression analysis and p values were calculated

using Matlab Statistics Toolbox release 2012a (The

MathWorks, Inc., Natick, Massachusetts, United

States). Only regressions with p B 0.01 were consid-

ered significant. To incorporate taxonomic data, the

direct-gradient ordination technique, Canonical Cor-

respondence Analysis (CCA) was used, which con-

currently showed lake taxa (based on UniFrac

distances), timepoints, and water chemistry (Hall and

Smol 1992). The CCA ordination is appropriate when

assessing community dynamics because it does not use

Euclidean based metrics that assume linear trends in

community change. Not only does the ordination show

environmental factors correlating to community

changes, but the results suggest potential interactions

between taxa (Amaral-Zettler et al. 2010). All axes are

constrained to present a linear combination of the

water chemistry that maximizes the dispersion of taxa

(Hall and Smol 1992).

Results and discussion

Chemical analyses

Chemical parameters (excluding calcium, magne-

sium, sodium, and potassium which were measured

at the start of sampling) were sampled once per week

over the course of 6 weeks from May 2012 to June

2012 at the same location of the lake. Over the tested

timepoints, conductivity, nitrate, nitrite, DOC, DIC,

and TP remained relatively constant (Table 1). The

sulfate concentrations increased in the last 2 weeks,

and the ammonium-N levels fluctuated between

\ 0.01 and 0.30 mg L-1 (Table 1). The phosphate

(mg L-1) increased in weeks two and three. The

temperature increased from 14 to 20 �C in week two,

fluctuated between 20 and 23 �C up to week 5, and

increased to almost 30 �C in the sixth week (Table 1).

Concentrations of calcium, magnesium, sodium, and

potassium were 30, 420, 297 and 46 mg L-1,

respectively.

Biotic activity likely contributed to some chemical

fluctuations. The pH increase between week three and

four could have been indicative of higher photoau-

totrophic primary productivity. Alkaline conditions

were not only the result of geochemistry but could be

exacerbated by photosynthetic carbon fixation elevat-

ing pH as observed in similar systems (Imhoff et al.

1979; Wetzel 2001; López-Archilla et al. 2004).

Decreases in the concentration of dissolved inorganic

carbon (DIC), negatively correlated with pH

(R2 = 0.75), lend support to the role of productivity

in elevated pH (Hem 1985; López-Archilla et al.

2004). Subsequent increases in DIC at weeks five and

six coincided with declines in pH and were further

indicative of overall decreases in photoautotrophic

activity during this time.

Phosphate concentrations in sampling timepoints

four, five, and six were lower than that of two and

three, and these results could allude to an interplay

between biological storage and different rates of biotic

utilization/replenishment and require further study

(Hudson et al. 2000). Due to generally high nutrient

concentrations in Lake Velence, especially nitrate, the

lake can be characterized as eutrophic-hypertrophic

suggesting that phytoplankton were not limited by

nutrients during a majority of the sampling period

(Wetzel 2001). Elevated nitrogen, phosphorus, and

sulfate concentrations likely originated from an

allochthonous source (i.e., the nutrient load provided

by surrounding agriculture in addition to aquatic bird

feces), as demonstrated in the case of other shallow

alkaline lakes of the Carpathian Basin (Baldi and

Kisbenedek 2000; Boros et al. 2008).

Sequencing and community analysis

The SSU rRNA gene sequences for Bacteria and

Eukarya were amplified and sequenced for each of the

samples (five samples in the case of Eukarya).

Archaeal sequences were either absent or did not

amplify and only Eukaryal and Bacterial amplicons

were sequenced. Archaea may be insignificant mem-

bers of the prokaryotic community in Lake Velence, as

demonstrated recently in another soda lake in the

Carpathian Basin (Szabó et al. 2017). After screening

of the sequence raw data (see Methods), 118,593

quality gene sequences with a valid barcode were

retrieved. Sequences with a 97% identity were clus-

tered within an OTU totaling 7533 observed OTUs in

Bacteria and Eukarya combined. Taxonomy tables are

provided in the Supplementary Materials (Table IV

and V).

Amplification of eukaryotic DNA resulted in low

concentration and subsequently poor quality 18S reads
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for the fourth timepoint and were discarded (data for

this 18S timepoint were removed from the statistical

analysis). By conducting tandem 16S and 18S pyro-

sequencing, the first to be conducted on a Hungarian

lake, we were able to identify major taxa and

population distributions during the spring of 2012 at

six timepoints with each approximately 1 week apart.

Diversity was quantified by calculating Hill num-

bers, the effective number of taxa, for Bacteria and

Eukarya for each timepoint. Trends in the fluctuation

of bacterial and eukaryotic diversity were not corre-

lated to one another (R2 = 0.13). Bacterial diversity

was generally higher than eukaryotic diversity with

the exception of the 5th timepoint (Table 2). Values

for both the Simpson and Shannon indexes are

provided in the supplementary materials and paral-

leled the Hill number trends (Supplementary Tables II

and III).

Eukaryotic diversity

Eukaryotic diversity based on Hill number fluctuated

over the course of the sampling period peaking during

the fifth timepoint (Table 2). Diversity had a small

negative correlation with the relative abundance of the

cyanobacteria Microcystis (R2 = 0.17) discussed in

greater detail in below. The relative abundance of

Arthropoda (mainly composed of two taxa from the

subphylum Crustacea) was highest during the first

3 weeks and suggestive of low suspended solids

benefitting filter feeders (Vörös et al. 2006) (Fig. 2).

In contrast, the relative abundances of Cryptophyta,

Pavlova, and Ciliophora increased during the final

2 weeks (sampling timepoints five and six), when

Microcystis abundance was the highest. Cryptophyta,

which was identified via light microscopy in prior

surveys of Lake Velence, demonstrated strong corre-

lations with sulfate and DOC (R2 = 0.84, R2 = 0.53),

confirming previous observations of sulfate tolerance

in Cryptophyta and incorporation of available carbon

into biomass (Ács et al. 1994; Camacho et al. 2001;

Ács et al. 2003). Pavlova appeared to respond to

carbon availability, positively correlating with DOC

(R2 = 0.56). Previous research associated ciliate com-

munities to the presence of reeds, ubiquitous on the

western portion of the lake (Mieczan 2008; Boromisza

et al. 2014).

The community was also dominated by sequences

closely related to unidentified Chlorophytes, an unde-

scribed genus of Chlorella, and a Thalassiosira related

diatom. The first sampling timepoint had low algal

Table 1 Summary of water

chemistry analysis at six

timepoints taken

approximately every week

for 6 weeks

DOC dissolved organic

carbon, DIC dissolved

inorganic carbon, TP total

phosphorus, TDS total

dissolved solids

Parameter 1 2 3 4 5 6

pH 8.76 8.29 9.60 9.14 8.36 8.26

Conductivity (mS cm-1) 2.93 2.71 2.60 2.36 2.76 2.79

Sulfate (mg L-1) 630 679 639 647 721 705

Ammonium-N (mg L-1) 0.30 \ 0.01 0.06 0.09 0.10 \ 0.01

Nitrate–N (mg L-1) 1.8 2.4 2.1 1.9 1.6 1.8

Nitrite-N (mg L-1) \ 0.01 0.02 0.03 0.01 0.02 0.01

DOC (mg L-1) 27.7 37.9 35.2 28.6 43.1 35.2

DIC (mg L-1) 179 175 116 137 164 166

Phosphate (mg L-1) \ 0.01 0.11 0.15 0.02 0.02 0.05

TP (mg L-1) \ 0.01 1.15 1.74 1.25 1.35 1.03

TDS (g L-1) 1.63 1.62 1.52 1.64 1.63 1.64

Secchi depth (cm) 40.6 43.0 48.3 58.4 48.3 47.0

Temperature (�C) 14.1 20.0 21.1 23.1 21.9 29.7

Table 2 Hill numbers showing changes in the diversity of

Bacteria and Eukarya over the sampling period

Timepoint Bacteria hill number Eukarya hill number

1 12.0 3.20

2 11.0 7.20

3 9.10 2.40

4 12.2 NA

5 4.90 6.80

6 8.80 4.15

Additional metrics are provided in supplementary materials
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relative abundance except for Pseudoschroederia sp.,

in the Characiaceae family. Other members of this

family have been identified within the Carpathian

Basin (Hindák and Hindáková 2008). Overall, algal

relative abundance (e.g., Chlorophyta) within the

eukaryotes increased with time, particularly during the

last 2 weeks. After the third week, Chlorophyta

exhibited the highest relative abundance for all

detected 18S gene amplicon sequences at which time

the pH ranged from 8.26 to 9.6. Relative fluctuations

in both DOC and DIC may have been partially derived

from (and further promoted) the growth of green algae

and some bacterial phototrophs (Bertilsson and Jones

2003).

Differences in temperature, pH, DIC, and DOC

were the major drivers of statistical variation between

taxa and the chemical composition of sampling

timepoints in Lake Velence (Fig. 3). Eukaryotic

diversity was positively correlated with DIC and

DOC (R2 = 0.3 and R2 = 0.5, respectively), particu-

larly sequences indicative of green algae and diatoms.

However, a different green algae sequence group

(Chlorophyceae 2) and Botryococcus sequence group

appeared to not respond as strongly to DIC, DOC, and

temperature. Lying almost parallel to axis 1, changes

in temperature accounted for the most variation

between taxa and timepoints, and negatively corre-

lated with eukaryotic diversity (R2 = 0.56). The

relative abundance of the flagellate Euglenida

increased with decreases in pH suggesting the organ-

ism may have a lower pH optimum. Increases in

Chlorophyta correlated best with increases in

Fig. 2 Heat map of

Eukaryotic taxa. The upper

dendogram shows the co-

occurrence of Eukaryotic

taxa (listed as genera when

possible) with[ 2% relative

abundance based on

UniFrac analysis. The

dendogram on the left shows

similarities in community

composition and abundance

between timepoints. Note

that no Eukaryotic

sequences were amplified

for week 4
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temperature, DIC, and DOC, and the combination of

increased carbon availability and temperature likely

contributed to increased occurrence of certain OTUs

and an overall decrease in diversity. Previous studies

have shown that increases in inorganic compounds

essential for growth will increase overall productivity,

but a tipping point exists at which further increases

depress basic cellular functions leading to decreased

microbial diversity (and/or evenness) (Odum et al.

1979; Fields et al. 2005, 2006).

Bacterial diversity

The abundance of bacterial taxa varied during the six

sampling timepoints (Figs. 4, 5) but was more con-

sistent over the sampled time period compared to 18S

sequences. However, notable changes were observed

for the Cyanobacteria and Actinobacteria groups.

Diversity, based on Hill number, negatively correlated

with DOC (R2 = 0.75). Anaeroplasmatales, an order

of Mollicutes often found in the human gut, increased

with time (Stearns et al. 2011). This could be the result

of the sampling location which was adjacent to

swimming access utilized more frequently as spring

progressed into summer. In the first 3 weeks Acti-

nobacteria was the most abundant phylum of bacteria

with a positive correlation to elevated pH. A large

visible bloom, primarily containing M. aeruginosa

that was previously isolated from Lake Velence, was

observed on the fourth and fifth timepoints (June 8th

and June 13rd) during the lowest observed bacterial

diversity and suspended cell aggregates green in color

were observed in all water samples from these

timepoints (Kós et al. 1995). Microcystis abundance

negatively correlated with bacterial diversity (Hill

number) (R2 = 0.6). Specifically, a decline in the

relative abundance of Actinobacteria was observed

during the bloom and negatively correlated with

Microcystis abundance (R2 = 0.79). This could have

been the result of Microcystis outcompeting Acti-

nobacteria taxa, such as Actinomycetales, for nitrogen

and phosphorus as indicated by the CCA in Fig. 5.

Previous research conducted month long incubations

of Microcystis in phosphorus enriched mesocosms,

enhancing nitrogen limited conditions, but failed to

invoke the succession of nitrogen-fixing taxa, such as

Fig. 3 Canonical

Correspondence Analysis

(CCA) plotting

physiochemical variables

that statistically accounted

for variation in Eukaryotic

genera (with[ 2% relative

abundance based on

UniFrac analysis) and

sample points. Algae

generally correlated to

increases in temperature and

DOC, potentially

contributing to the latter

(CCA1 = 62%,

CCA2 = 36%)

123

Antonie van Leeuwenhoek (2018) 111:2425–2440 2433



Actinobacteria (Paerl et al. 2014). This suggests that

Microcystis can effectively compete for nutrients even

when conditions favor nitrogen-fixers (Paerl et al.

2014; Harke et al. 2016).

Due to the inability of Microcystis to fix nitrogen, it

is often associated with eutrophication, benefitting

from high nitrogen availability (Paerl et al. 2011;

Gobler et al. 2016; Harke et al. 2016; Hamilton et al.

2016). Declining nitrate concentrations correlated

with Microcystis abundance (R2 = 0.65). Although

we did not observe a correlation between ammonium

concentrations and Microcystis abundance, ammo-

nium concentrations declined during bloom formation

from 0.11 mg L-1 at the fourth timepoint to

\ 0.01 mg L-1 by the sixth timepoint and is generally

incorporated into biomass more rapidly than nitrate

(Flynn 1998). The bloom may have also benefitted

from elevated pH and the availability of calcium and

magnesium sourced from the bedrock possibly con-

tributing to extracellular polysaccharide (EPS) forma-

tion facilitating M. aeruginosa cell aggregation and

bloom formation (Haas 2012; Gobler et al. 2016;

Harke et al. 2016).

Increased temperature could have also been an

influential variable, as M. aeruginosa isolates have

been shown to be limited by temperatures lower than

15 �C (Robarts and Zohary 1987; Jiang et al. 2008).

Robarts and Zohary observed that growth rate

increased with temperature and had an optima of

25 �C or higher (Robarts and Zohary 1987). Such

blooms can pose a threat to public safety because they

could release the compound, microcystin (MC), which

can be lethal to humans and other biota (Paerl et al.

2001; Paerl and Otten 2013). We detected three

Fig. 4 Heat map of

Bacterial phyla. The upper

dendogram shows the co-

occurrence of phyla with

[ 2% relative abundance

based on UniFrac analysis.

The dendogram on the left

shows similarities in

community composition and

abundance between

timepoints
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chemical forms of microcystin in collected biomass,

MC-LR, MC-YR, and MC-WR totaling 3.342 mg g-1

dry weight (DW) of MC-LR equivalent (Farkas et al.

2014). MC-LR and MC-YR was not detected in Lake

Velence until 1997, but were likely responsible for

widespread skin, stomach, and eye ailments related to

a very large Microcystis bloom in 1992, which resulted

in restricted access to Lake Velence and other infected

waters (Habermehl et al. 1997). Research has demon-

strated that the growth of the toxic strain, unique in

containing microcystin synthesis genes (mcyA-mcyJ),

was exacerbated by warmer water temperatures

(25–30 �C) (Davis et al. 2009). The peak of the large

bloom in Lake Velence (June 13rd) occurred at

21.9 �C, and by the following week the water

temperature had risen an additional 7.8 �C providing

ideal conditions for not only large Microcystis blooms,

but the synthesis of microcystin. The highest relative

abundance of the toxic strain also coincided with high

total phosphorus availability (1.35 mg L-1) further

conducive to bloom formation in Lake Velence (Davis

et al. 2009).

In the case of Lake Velence, the increasing

frequency and toxicity of blooming Microcystis could

cause disease and possibly mortality in lake biota,

potentially altering the ecosystem, its biodiversity, and

severely limiting recreational activities. Microcystin

has also been detected in several other Hungarian

lakes and ponds suggesting the increasing probability

of more toxic blooms throughout the region blooms

promoted by ongoing eutrophication and temperature

increases (Vasas et al. 2006; Davis et al. 2009; Vasas

et al. 2010, 2013).

Algal and bacterial dynamics

The relative algal abundance declined over the course

of the 6-week sampling period (May 18th–June 21st,

2012) likely due in part to competition. The simulta-

neous decline in phosphorus concentration with an

increase in the relative abundance of cyanobacteria,

particularly Microcystis, supports the efficiency of

phosphorus uptake by this cyanobacterium, especially

following periods of limitation (Ritchie et al. 2001;

Shen and Song 2007) (Fig. 5). Phosphorus uptake

could be exacerbated by a large bloom, further

limiting phosphorus availability to other community

members. It is possible that the aforementioned

Fig. 5 Canonical

Correspondence Analysis

(CCA) plotting chemical

variables that drive variation

in Bacterial genera (with

[ 2% relative abundance

based on UniFrac analysis)

and sample points. Taxa

were most influenced by

increases in available

nitrogen in the first weeks of

sampling (CCA1 = 43%,

CCA2 = 14%)
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Microcystis bloom could have outcompeted algae for

nitrogen as well, but there was no significant negative

correlation observed between alga taxa and Microcys-

tis. Rather, we observed positive correlations between

Microcystis and an alga, Komma sp. (R2 = 0.44).

Some members of the algal community may have

benefitted from cyanobacteria potentially supplying

important growth promoting hormones like auxins

(Tarakhovskaya et al. 2007; Foster et al. 2011; Amin

et al. 2012). In addition to the possible exchange of

growth promoting metabolites, the Komma sp. could

have been more efficient at sequestering and storing

phosphorus at low concentrations, possibly giving the

alga a competitive advantage over other taxa.

Viral infection could have also impacted the algae

population. Several previous studies emphasized the

pivotal role these viruses play in aquatic systems (Van

Etten et al. 1991; Hill et al. 1998; Wilhelm and Suttle

1999; Wommack and Colwell 2000; Brussaard 2004;

Martı́nez et al. 2007; Rhodes and Martin 2010; Short

2012; Weitz and Wilhelm 2012). We amplified the

region for the major capsid protein (MCP) that is

highly conserved in Phycodnaviridae, the family of

double-stranded DNA (dsDNA) viruses that infect

algae (Larsen et al. 2008). The results indicate the

presence of dsDNA algal viruses in Lake Velence.

However, due to the very limited availability of these

viral genomes, we were only able to qualitatively

confirm presence of the viruses via gel electrophoresis

of amplified products from timepoints one, four, five,

and six (See Supplementary Figure 1). Although we

cannot state to what degree, if any, viral infection

impacted the algal community, the potential that

population dynamics and resource allocation were

influenced should be acknowledged. Further work is

needed to understand the potential role in algal

population dynamics as well as nutrient cycling.

Early increases in the observed Crustacea popula-

tions showed correlations to a-Proteobacteria. Specif-

ically, a significant positive correlation was observed

between a-Proteobacteria and Unk. Crustacea 1

(R2 = 0.87) and Unk. Crustacea 2 (R2 = 0.63).

Known members of the a-Proteobacteria can be

endosymbionts and/or intracellular parasites (Newton

et al. 2011). Half of the a-Proteobacteria OTUs

present in the Lake Velence samples belonged to the

Rickettsiales order (50.7%), a taxon that frequently

has symbiotic relationships with crustaceans (Fritsche

et al. 1999). These results suggest that the

corresponding increase between a-Proteobacteria,

Unk. Crustacea 1, and Unk. Crustacea 2 could

represent linked population dynamics through coop-

eration or competition. The algae that could be

available as potential food sources, coupled with

increases in pH and sulfate, may have directly or

indirectly benefitted the two observed Crustacea taxa

(pH: R2 = 0.84 and sulfate: R2 = 0.86).

SparCC correlation network analysis was employed

to identify possible correlations between community

members (Friedman and Alm 2012). As observed in

Fig. 6, the only significant alga taxa in the SparCC

correlation network was an unknown Chlamydomon-

daceae. Members of Chlamydomondaceae have also

been observed in neighboring systems, and in this case

had a positive correlation (R2 = 0.99, p\ 0.05) with

the bacterial OTUs ACK-M1 (an Actinomycetales)

and C111 (an Acidimicrobiales) (Borics et al. 2012).

Previous studies have observed members of both

Actinobacteria and Acidobacteria living in close,

physical association with algae (e.g., the phycosphere

or EPS of an alga cell) (Goecke et al. 2013; Green et al.

2015). This association is believed to supply key

metabolites to the alga while providing carbon to the

bacterium (Bell 1983; Sapp et al. 2007; Ramanan et al.

2015). Establishment of the phycosphere in this case

could have been further encouraged by aqueous

geochemistry due to the carbonaceous bedrock char-

acteristic of the Carpathian Basin (Haas 2012). As

previously discussed, the high availability of calcium

and magnesium can promote EPS production, foster-

ing cell aggregation and physical association (Kalak-

outskii et al. 1990; Zhao et al. 2011). However, both of

these bacterial phyla can occur in soils and the gut of

domestic livestock (Lauber et al. 2009; Shepherd et al.

2011; Reti et al. 2013). Therefore, we cannot deter-

mine whether the positive correlation is due to an

actual physical association with the alga, or is the

byproduct of agricultural runoff and/or the aquatic

bird population living in the reed islands of Lake

Velence (Baldi and Kisbenedek 2000; De Jesús-Laboy

et al. 2012).

In contrast, a negative correlation between Sphin-

gobacteria, common in freshwater lakes, and two

algal taxa was observed (R2 = 0.72 for Unk. Chloro-

phyceae 1 and R2 = 0.79 for Thalassiosira sp.) similar

to a previous observation of Sphingobacteria succes-

sion during Thalassiosira rotula late stationary phase

(Grossart and Simon 2007). Despite known algacidal
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properties for some members of this group (Sphin-

gobacteria), results suggested that bacteria flourished

on deceased algae exudates, but did not directly

contribute to algal decline (Grossart and Simon 2007).

Such findings indicate that a negative correlation

between an alga and bacterium does not necessarily

suggest predation but could also be indicative of

opportunism. However, the nature of these relation-

ships are subject to change with time and algal growth

phases; i.e. in some instances bacteria can promote

algal growth during early exponential phase, but at

later points may transition into competitors or para-

sites (Seyedsayamdost et al. 2011). It is therefore

critical to consider the duality of these relationships,

both positive and negative, occurring in the

phycosphere.

Conclusions

Characterization of the bacterial and eukaryotic

microbial communities of Lake Velence indicated

complex and potentially influential relationships

between community composition and measured abi-

otic parameters during a cyanobacterial bloom. The

findings reported here showed the rise of optimal

conditions, specifically increases in temperature and

nutrient concentration, for the formation of a toxic

Microcystis bloom over 6 weeks. Eutrophic systems

like Lake Velence, characterized by bedrock with high

magnesium and calcium content that exacerbate cell

aggregation, may be more vulnerable to large bloom

formation. When put in the context of increasing lake

eutrophication, supportive of bloom formation, and

increasing global temperatures that ultimately favor

toxin production, blooms in Lake Velence and similar

system are likely to become more frequent with

negative implications for biodiversity and potentially

human health.
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supported by the János Bolyai Research Scholarship of the

Hungarian Academy of Sciences. Additional support was

provided by the National Research, Development, and

Innovation Office of Hungary (Grant Number K 116275).

G. Vasas was supported by the National Research,

Development, and Innovation Office of Hungary (NKFIH-

119647).

Conflict of interest The authors declare no conflict of interest.

Fig. 6 SparCC network

map showing significant

(p\ 0.05) interactions with

a 0.99 correlation between

different OTUs

incorporating each

timepoint. All lines are

indicative of positive

interactions. Spotted circles

denote bacterial taxa while

grey are eukaryotic

123

Antonie van Leeuwenhoek (2018) 111:2425–2440 2437



References
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et al (2003) Algological and bacteriological investigations

on reed periphyton in Lake Velencei, Hungary. Hydrobi-

ologia 506:549–557

Amaral-Zettler LA, Zettler ER, Theroux SM, Palacios C,

Aguilera A, Amils R (2010) Microbial community struc-

ture across the tree of life in the extreme Rı́o Tinto. ISME J

5:42–50

Amin SA, Parker MS, Armbrust EV (2012) Interactions

between diatoms and bacteria. Microbiol Mol Biol Rev

76:667–684

Baker GC, Smith JJ, Cowan DA (2003) Review and re-analysis

of domain-specific 16S primers. J Microbiol Methods

55:541–555

Baldi A, Kisbenedek T (2000) Bird species numbers in an

archipelago of reeds at Lake Velence, Hungary. Glob Ecol

Biogeogr 9:451–461

Barnhart EP, De León KB, Ramsay BD, Cunningham AB,

Fields MW (2013) Investigation of coal-associated bacte-

rial and archaeal populations from a diffusive microbial

sampler (DMS). Int J Coal Geol 115:64–70

Bell WH (1983) Bacterial utilization of algal extracellular

products. III: the specificity of algal-bacterial interaction.

Limnol Oceanogr 28:1131–1143

Bell TAS, Prithiviraj B, Wahlen BD, Fields MW, Peyton BM

(2016) A lipid-accumulating alga maintains growth in

outdoor, alkaliphilic raceway pond with mixed microbial

communities. Front Microbiol 6:497

Berry D, Widder S (2014) Deciphering microbial interactions

and detecting keystone species with co-occurrence net-

works. Front Microbiol 5:219

Bertilsson S, Jones BJ (2003) Supply of dissolved organic

matter to aquatic ecosystems. In: Findlay SEG, Sinsabaugh

RL (eds) Aquatic ecosystems. Academic Press, New York,

pp 3–24
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Vasas G, Szydlowska D, Gáspár A, Welker M, Trojanowicz M,
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