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Abstract

Lake Balaton is the largest European shallow lake, which underwent cultural eutrophication in the “70-80s. Therefore, strict
pollution control measures were introduced and the water quality has become meso-eutrophic since the millennium. Due to
the touristic significance and change in trophic levels of the lake, numerous ecological studies were carried out, but none of
them was focused on both benthic and planktonic microbial communities at the same time. In our study, an attempt was made
to reveal the spatial bacterial heterogeneity of the Lake Balaton and Zala River by 16S rDNA terminal restriction fragment
length polymorphism fingerprinting and Illumina amplicon sequencing methods in the summer of 2017. According to the
molecular biology results, mostly well-known freshwater microorganisms, adapted to nutrient-poor conditions were found
in the pelagic water column. The LD12 subclade member Fonsibacter ubiquis, the cyanobacterial Synechococcus sp. and
unknown Verrucomicrobia species were abundant in the less nutrient-dense basins, while the hgcl clade members showed
various distribution. In the estuary and in the nutrient-dense western part of the lake, some eutrophic conditions preferring
cyanobacteria (filamentous Anabaena and Aphanizomenon species) were also detectable. The benthic microbial community
showed higher diversity, according to the observed appearance of microorganisms adapted to the deeper, less aerated layers
(e.g. members of Desulfobacteraceae, Nitrosomonadaceae).

Introduction

Lake Balaton, with a surface area of 594 km? and an average
depth of 3.2 m, is the largest central European shallow lake.
The Balaton lakebed is 2-3 m deep at the north coast and
gradually drops towards the south. The deepest points are
usually located 1-1.5 km from the south shoreline where the
shallow coastal zone (1-1.5 m) deepens relatively quickly
down to 4 m depth. The upper sediment (10-30 cm) is gener-
ally very soft colloidal, whereas, due to the wave breaking
effect, large grain sediment is observable at the shallow part
of the southern coast. Both sediment types are well aerated
and frequently suspended during strong wind events [1]. A
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total of 51 watercourses feed the Balaton, but only 20 have
a permanent discharge. Among them, the largest Zala River,
with 6 m%/s average discharge, drains the 45% of the catch-
ment area and contributes to approximately half of the total
phosphorus and nitrogen load of the lake. The sole outflow is
a highly regulated channel at the eastern part, while the Zala
River discharges to the westernmost part of the lake, which
results in a trophic gradient from west to the east.
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Due to the high external nutrient loads, the lake became
hypertrophic in the “70s, and a west—east gradient of trophic
state developed, and therefore strict water conservation
regulations were introduced. Additionally, the Kis-Balaton
Water Protection System was designed on the lower part
of River Zala. The first stage of the system was introduced
in 1985, while the second has been partly operating since
1992. Finally, for the more efficient removal of nutrients and
flexible operation opportunities, modifications were accom-
plished in the second phase between 2011 and 2014. In the
last decades, due to the beneficial changes in agriculture,
wastewater treatment and the nutrient retaining effect of the
water protection system, a reoligotrophication was observ-
able and the values stayed between meso- and eutrophic.

Nowadays, climate change (i.e. warming and rising of
evaporation) is a rising problem of concern for the life of the
lake. Between the years 2000 and 2017, there were 7 years
of negative water balance in the water supply of the Bala-
ton. Therefore, the summer water level was artificially raised
with 10 cm with an allowed fluctuation of 5 cm. The impact
assessments have shown that regulation can be beneficial for
tourism and agriculture. However, the test run has also high-
lighted the fact that reed swamps, which are ecologically
important and ensure good water quality of Lake Balaton,
require more water level fluctuations and periodically low
water levels [2].

Since microorganisms play a key role in the lake’s bio-
geochemical, ecological processes and respond quickly to
environmental disturbances, the exploration of their diver-
sity is essential. Due to the touristic significance, changing
trophic and water levels of the lake, numerous ecological
researches were carried out, but none of them was focused
on both benthic and planktonic microbial variabilities at the
same time.

Our first hypothesis was that there is a link between the
nutrient level and both planktonic and benthic microbial
communities of the examined shallow lake. We also pre-
sumed that the planktonic and benthic microbial community
of the main inflow (Zala River) is remarkedly differ from
the lake and that there is an observable difference across
the trophic gradient moving away from the nutrient-rich
inlet (from west to the east) or among the coastal and the
pelagic samples. Our last hypothesis was that the spatial het-
erogeneity of planktonic and benthic bacterial communities
is remarkedly differ from each other. Our hypotheses were
chosen to give answers for urgent questions on a sensitive
shallow lake facing challenges like climate change and to
support actions for maintaining the oligotrophic state and
ensuring good water quality.

Materials and Methods

Sampling Methods and Measurement of Field
Parameters

To reveal the spatial heterogeneity of planktonic and
benthic bacterial communities, 16 sampling areas were
marked out on Lake Balaton and the inflow Zala River.
On 27th of June 2017, five—five cross-section composite
water samples were collected into 1L sterile bottles in the
Siofok-, Szemes- and Szigliget basins of the lake and one
additionally at the Zala River mouth (Fig. 1). Four chosen
sampling points were checked for water chemistry param-
eters, too, marked with an asterisk in Fig. 1. The sampling
strategy was based on the international standard ISO 5667-
4:2016 using three parallel transects crossing the basins
from inlet to outlet designed for long-term multifunctional
monitoring on the chosen shallow lake as it was suggested
[3]. At the time of the sampling, following the summer
operating practices, effluent water from the Kis-Balaton
Water Protection System was highly retained, hence, the
water inflow to the lake was only 2.2 m%/s. The effect of
the natural sediment perturbation on the lake was marginal
since the wind flow velocity was lower than 5 m/s during
the day. Sediment cores from the same area were taken
with an improved Ekman-Birge bottom mud sampler. After
homogenization, the sediment samples were distributed
into 200 mL sterile, brown-coloured glass bottles. Both
water and sediment samples were cooled until laboratory
processing. The physical and chemical parameters of the
water (temperature, pH, conductivity, dissolved oxygen)
were measured on-site using a HANNA HI9828 instru-
ment (HANNA Instruments®, USA).

Analytical Methods

Analytical methods followed the protocol described previ-
ously [4] and are shortly summarized below.

The total suspended solids (TSS) content was meas-
ured gravimetrically. Water samples (10-150 mL) were
filtered through a pre-dried and pre-weighed GF-5 glass
fiber filter (Whatman; pore size: 0.4 pm), were dried at
105 °C for 2 h and were reweighed. The TSS content was
calculated based on the volume of the filtered sample. The
CDOM content was expressed as platinum units (mg Pt/L).
Water samples were filtered with a 0.45-pm pore size cel-
lulose acetate filter and were buffered with borate buffer
(pH=28.0). Measurement of sample absorbance was per-
formed at 440 and 750 nm wavelengths using a Shimadzu
160A UV-Vis (Japan) spectrophotometer with buffered
Milli-Q ultrapure water as a blank. CDOM content was
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Fig. 1 Location of the sampling site in Hungary, and the position of 16 sampling areas on Lake Balaton and the inflow Zala River (map of Hun-

gary: https://d-maps.com/carte.php?num_car=3563&lang=en)

calculated as it was described previously [5]. For the
measurement of DOC concentration, water samples were
filtered through a pre-combusted GF-5 filter. Samples for
TOC and DOC analysis were acidified to pH 2.0 using HCl
and bubbled with air to remove dissolved inorganic car-
bon (3 replicates). TOC and DOC were measured with a
High-TOC analyser (Elementar Analysensysteme, Hanau,
Germany). The total nitrogen (TN) concentration was
determined with the digestion of samples in the presence
of NaOH and K,S,0q (three replicates) in an autoclave
at 110 °C for 2 h. Such treatment converts most nitrogen
forms to nitrate. After pre-treatment, nitrate concentration
was determined via reduction to nitrite using a previously
described method [6].

To determine total phosphorus (TP) concentration,
samples were digested in the presence of 5% K,S,04 to
convert all phosphorous forms to PO,>~ (three replicates).
Phosphate and SRP concentration from the GF-5 filtered
lake water was then determined using a stannous chloride
method [7]. Chlorophyll a concentration was determined
in freshly collected samples. Depending on the optical
density of the sample, 100—1000 mL of lake water was fil-
tered through a GF-5 filter, from which chlorophyll a was
subsequently extracted using a hot methanol method. Chl a
concentration was determined spectrophotometrically [8].

@ Springer

DNA Isolation and Community Fingerprinting

Total community DNA samples were extracted from
500 mL water and 250 mg sediment samples using the
DNeasy PowerSoil Kit (QIAGEN, Venlo, Netherlands),
according to the manufacturer’s instructions.

The spatial heterogeneity of the bacterial community
was investigated by the previously described, slightly mod-
ified terminal restriction fragment length polymorphism
(T-RFLP) fingerprinting method [9]. In brief, the ampli-
fication of 16S ribosomal RNA (rRNA) T-RFLP analysis
was carried out using the bacterial primers fluorescently
labelled (VIC)27F (5'-AGA GTT TGA TCM TGG CTC
AG-3") and non-labelled 1492R (5'-GGT TAC CTT GTT
ACG ACT T-3"). Amplification was performed in a Pro-
Flex PCR System (Life Technologies, Carlsbad, USA)
with cycling conditions as follows: 3 min initial denatura-
tion at 95 °C, 32 cycles of amplification (30 s at 95 °C,
30sat52°C,70s at 72 °C), and 7 min terminal extension
at 72 °C. PCR mixture contained 5 pLL DreamTaq Green
buffer, 1 U of DreamTaq Green DNA Polymerase, 0.2 mM
dNTP (Thermo Fisher Scientific, Waltham, USA), 0.3 pM
of forward and reverse primers, 1 pL of template DNA,
and molecular-grade water to a final volume of 25 pL.
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The VIC-labelled 16S ribosomal DNA products were
checked by electrophoresis on ethidium-bromide stained
1% agarose gels. The amplicons were digested with the
restriction enzyme Alul (AG|CT) (Thermo Fisher Scientific,
Waltham, USA) in a ProFlex PCR System (Life Technolo-
gies, Carlsbad, USA) for 90 min at 37 °C. The 10 pL reaction
mixture contained 1 pL 10 X Tango Buffer, 1 U of restriction
enzyme (Thermo Fisher Scientific, Waltham, USA), 8.9 pL
of the template, and ultrapure water. Samples were ethanol
precipitated and resuspended in sterile ultrapure water. Puri-
fied digested DNA of 0.3—-1 pL was added to 10 pL forma-
mide and 0.2 pL Genescan Liz 1200 size standard (Thermo
Fisher Scientific, Waltham, USA). Fragments were separated
on a Model 3130 Genetic Analyzer (Applied Biosystems,
Waltham, USA), while the primary evaluation of electro-
pherograms was performed using GeneMapper 4.0 software
(Applied Biosystems, Waltham, USA). Terminal restriction
fragment (T-RF) peaks with a peak height below 100 relative
fluorescence units or with a peak abundance contribution
below 1% were excluded from further analysis. For consen-
sus profiles, duplicate electropherograms from each sample
were aligned with each other using the T-Align program [10]
at a 0.5-bp confidence interval. PAST 3.26 software [11] was
used to compare the microbial community structures by the
UPGMA method based on the normalized T-RFLP matrix
and Bray—Curtis similarity. Diversity calculations based on
the determination of Shannon—Weaver diversity index (H’)
for each T-RFLP electropherogram. According to the results,
4-4 water and sediment samples were chosen for 16S rDNA
amplicon sequencing.

lllumina 16S rDNA Amplicon Sequencing
and Bioinformatics Analysis

IMlumina 16S rDNA amplicon sequencing was used to
precisely assess the bacterial community composition of
the chosen samples. For paired-end 16S rDNA amplicon
sequencing, the variable V3 and V4 regions of the 16S rRNA
gene were amplified using forward (5'-TCGT CGGCAGCGT
CAGATGTG TATAAGAGACAGCCTA CGGGNGGC
WGCAG-3') and reverse (5'-GTCT CGTGGGCT CGGAGA
TGTGTATAAGAGAC AGGACTACHVGGGTATCTAATC
C-3") primers with Illumina adapter overhanging oligonu-
cleotides [12]. PCR reaction was contained 12.5 ng of DNA,
0.2 pM of each Illumina 16S primers and 12.5 pL of 2X
KAPA HiFi HotStart Ready Mix (KAPABiosystems, Lon-
don, UK) supplemented with molecular-grade water to 25
pL final volume. The temperature profile was the following:
initial denaturation for 5 min at 95 °C, 25 cycles of ampli-
fication (30 s at 95 °C, 30 s at 55 °C, 30 s at 72 °C). The
last step was a final extension for 5 min at 72 °C. All ampli-
fications were carried out in a ProFlex PCR System (Life
Technologies, Carlsbad, USA). Amplicons were analysed by

agarose gel electrophoresis. Paired-end fragment reads were
generated on an Illumina MiSeq sequencer using MiSeq
Reagent Kit v3 (600-cycle). Read numbers ranged between
68,526 and 94,833. Primary data analysis (base-calling)
was carried out with Bbcl2fastq” software (v2.17.1.14,
Illumina). Reads were quality- and length-trimmed in CLC
Genomics Workbench Tool 9.5.1 using an error probabil-
ity of 0.05 (Q13) and a minimum length of 50 nucleotides
as the threshold. Trimmed sequences were processed using
mothur v 1.41.1 [13] as recommended by the MiSeq SOP
page (https://www.mothur.org/wiki/MiSeq_SOP) [14]. The
sequence assortment based on the alignment with the SILVA
132 SSURef NR99 database [15]. Chimera detection was
performed with the mothur’s uchime command [16]. The
‘split.abund’ command was used to remove singleton reads
[17]. The standard 97% similarity threshold was used to
determine operational taxonomic units (OTUs) as it was
suggested for prokaryotic species delineation [18]. Venn
diagrams were generated by the mothur’s venn command.
Raw sequence reads were deposited in NCBI SRA under
BioProject ID PRINA601652. Rarefaction curves (Fig. S1)
showed high sequencing coverage in all samples. The most
abundant OTUs were also identified using the EzBioCloud
16S rDNA database [19].

Correlation between the 10 most abundant OTUs of
planktonic samples (revealed by next-generation sequenc-
ing), environmental variables (TSS, DOC, TOC, TN, TP,
SRP, chlorophyll, humic substances), and sampling areas
(Si6fok Basin, Szemes Basin, Szigliget Basin, and Zala
River) was calculated with canonical correspondence analy-
sis (CCA) using PAST 3.26 software [11].

Results
Limnological Results

Measured physical and chemical parameters reflected typi-
cal early summer values of the lake (Table 1). A phospho-
rus gradient was observable from west to the east, which is
an expected outcome of the Zala River contribution to the
nutrient load of the lake, while the distribution of nitrogen
and carbon was not so specific at the time of sampling. A
similar phosphorus gradient was also detected earlier in the
interstitial water of the sediments [20].

At the time of our investigation, based on chlorophyll
(2.5-5.9 pg/L) and phosphorus (18-31 pg/L) values, Balaton
could be classified into a mesotrophic state. In the western
basin, depending on water temperature and the duration of
sunlight, chlorophyll generally increases up to 30—60 pg/L
average value during the late summer and early autumn.

@ Springer


https://www.mothur.org/wiki/MiSeq_SOP

4020

M. Farkas et al.

Table 1 Physical and chemical

: Sampling area Siofok basin Szemes basin Szigliget Zala River

parameters of water samples in basin
June 2017

GPS coordinate 46°59'09.4" N 46°50'39.7" N 46°45'06.7" N 46°42' 06.7" N

18°04'44.8" E 17°44'35.7"E 17°25'08.7"E 17°15'30.7"E

Water temperature (°C) 25.6 26.2 25.8 25.0

pH 8.7 8.6 8.6 8.4

Dissolved oxygen (mg/L) 8.1 8.0 8.7 4.1

Conductivity (uS/cm) 790 755 751 831

ORP (mV) 206 193 226 126

Chlorophyll (ug/L) 25 32 59 254

CDOM (mg Pt/L) 4.0 5.7 14.1 103.0

T.S.S (mg/L) 4.7 7.7 11.5 4.7

SRP (ug/L) 3.0 43 5.6 96.6

TP (ug/L) 18 20 31 179

TN (ug/L) 914 858 895 1674

DOC (mg/L) 8.9 9.1 9.0 19.7

TOC (mg/L) 9.9 9.3 10.2 20.4

Accordingly, the lake can reach eutrophic status by late
summer.

16S rDNA T-RFLP Profiles of Planktonic and Benthic
Samples

Results of the T-RFLP fingerprinting are shown in the
UPGMA dendrogram (Fig. 2). The Shannon—Weaver
indexes of the water samples of the entire eastern basin and
in the middle of the Szemes basin were low (2.24-2.48),

water samples

while samples of the near-coastal areas and the western
basin showed higher diversity values (2.58-2.78). The
diversity index of the sediment samples ranged between 2.60
and 3.27, but there was no observable difference across the
trophic gradient neither from west to the east nor among
the coastal and the pelagic samples. T-RFLP fingerprints
of the low diversity water samples (Si6fok basin, and Sze-
mes basin 2-3) clustered together with a similarity value
of ~75%. The remaining water samples formed two distinct
clusters (Szigliget basin 1-4 and the rest of the samples).

sediment samples
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Fig.2 UPGMA dendrogram of 16S rDNA T-RFLP fingerprints of planktonic and benthic bacterial communities based on Bray—Curtis similar-
ity index. The different sampling sites are indicated with different colour and number
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Among all, Zala River 16S rDNA fingerprints had the most
unique profiles, since both planktonic and benthic samples
considerably differed from the lake ones. Most of the lake
sediment samples were composed of soft, grey-coloured,
calcite-rich colloids. Still, samples from different basins
formed significantly distinct groups. However, in the case
of the Szemes 1 sediment sample, we found a large amount
of heavier particles dominated by quartz-rich clastic depos-
its (due to its near-shore location and the wave breaking
effect), which observation explained its outlying nature at
the UPGMA dendrogram. The Szigliget 5 sediment sample
was also distant from the others since it is originated close to
the estuarine area of Lesence-, Kétoles- and Tapolca streams
delivering a significant amount of organic material into the
lake.

To uncover the bacterial diversity, 4—4 water, and sedi-
ment samples were chosen for 16S rDNA amplicon sequenc-
ing originating from the Zala River and the middle sampling
points of the Siéfok-, Szemes- and Szigliget basins (marked
with no. 3 on Fig. 1).

lllumina 16S rDNA Amplicon Sequencing Results

The Shannon—Weaver diversity indexes calculated by the
16S amplicon sequencing data showed the same distribu-
tion as the T-RFLP indicated. The OTU cluster analysis
revealed that the eight samples were clustered into four dif-
ferent groups. The lake sediment and water samples formed
two distinct clusters, while Zala River samples had more
unique community profiles (Fig. S2).

Diversity indexes of the planktonic samples were the low-
est at Si6fok basin sampling points and increased along the
trophic gradient to Zala River (3.6-3.76-3.9-4.1), whereas
diversity indexes of benthic communities were almost equal
at the four sampling sites (5.74-5.84). Venn diagrams were
generated to compare the similar and different OTUs among
the water and sediment samples, respectively (Fig. 3). In the
case of planktonic communities, the number of sampling
point-specific OTUs ranged from 20 (Si6fok basin) to 171
(Zala River) and the rate of shared OTUs was more than 10%
(41 from the total 399). At the same time, the number of site-
specific OTUs of benthic microbial communities was higher

Fig.3 The number of exclusive
and shared bacterial OTUs iden-
tified by 16S Illumina amplicon
sequencing retrieved from water

(a) and sediment (b) samples \

\
|

PN
|20 - 171
- R
( 9 \\0
32 5

(381-817) and the rate of shared OTUs was less significant
(139 from the total 3013).

Microbial Diversity of the Planktonic Samples

Bacterial communities of the water samples were dominated
by members of Proteobacteria (28-39%), Bacteroidetes
(12-16%), Cyanobacteria (10-29%), and Verrucomicrobia
(7-12%). Actinobacterial lineages (24—29%) were abundant
only in the Lake Balaton samples (Fig. 4).

Within the Proteobacteria phylum, a different com-
position could be observed among the samples: the ratio
of Alpha- and Gammaproteobacteria were nearly equal
(between 18 and 13%) in the case of the lacustrine samples,
while mainly the latter class dominated (32%) the riverine
one. Most of the alphaproteobacterial sequences belonged to
the freshwater LD 12 subclade member Fonsibacter ubiquis
(Table S1). We have noticed a slightly decreasing abundance
of this lineage along the trophic gradient (15% in the eastern
basin, 13% in the middle- and 11% in the western basin),
and the result of the canonical correlation analysis (CCA)
also suggested that this genus prefers lower nutrient density
(Fig. 5).

The gammaproteobacterial sequences belonged to several
genera of the Betaproteobacteriales. Among all, the typical
planktonic freshwater genus Limnohabitans was the most
abundant (3—5%) in all samples. The dominant genotype
showed 99.1% 16 s rDNA sequence similarity to Limnohab-
itans planktonicus II-D5T. At the Zala River, unknown mem-
bers of Methylococcales were highly represented (10%), and
an unknown Azovibrio-related bacterium was also present in
a notable amount (5%).

Within the Bacteroidetes phylum, several genera (e.g.
Flavobacterium, Fluviicola, Candidatus Aquirestis, Ter-
rimonas, Dinghuibacter, NS11-12 marine group) were
detected in a low abundance (1-3%). The Flavobacterium
genus represented less than 0.5% of the lake planktonic
diversity, while in the river sample it was more abundant
(2.5%). The NS11-12 marine group and the Fluviicola spe-
cies showed a more homogenous distribution; however, the
latter bacteria were more frequent in the estuarine area.
Members of the genera Terrimonas, Candidatus Aquirestis,

£ 459 817 | Zala River
,/ 116 \ Szigliget basin
/ \ Szemes basin
\ 381 404 /

Siofok basin

\ 22/
BOS ()
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sampling areas

and Dinghuibacter were only abundant in the lacustrine
samples.

The number of primary producer Cyanobacteria was
higher in the nutrient-dense River Zala (27%) and in the
western basin of the lake (16%), which is close to the estua-
rine area. In the riverine sample, this phylum was dominated

@ Springer

by a member of the Anabaena genus (A. scheremetievi
with a 99.8% 16S rDNA sequence similarity), while in the
Szigliget basin, the also filament-forming Aphanizomenon
flos-aquae was the most abundant. According to the CCA
plot, A. scheremetievi showed a positive correlation with the
growing quantity of nutrients (Fig. 3). Members of the genus
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Microcystis were also found in a notable rate (2.8%) in the
Zala River, but not in the lake. In the relatively nutrient-poor
middle and eastern basins of the lake, the abundance of pico-
planktonic members of Cyanobacteria was higher (8-9%)
than in the nutrient-rich Szigliget basin (4%). The dominant
sequences showed 99% pairwise similarity to the phycocya-
nin producing Synechococcus sp. MAO607K, which was pre-
viously isolated from the Great Mazurian Lakes system [21].

The abundance of the ubiquitous Verrucomicrobia bac-
teria increased from the estuarine area to the east (from 6 to
12%). The two most abundant OTUs belonged to the uncul-
tured members of Puniceicoccales, and Chthoniobacterales.
According to the spatial distribution of these bacteria, they
may prefer more oligotrophic conditions.

The actinobacterial sequences showed a wide vari-
ety, although most of them affiliated with the hgcl clade
(also known as acl clade), such as Nanopelagicus abun-
dans (7-8%), Planktophila limnetica (~2%), and two, yet
uncultured microorganisms (1.3 and 3.1%, respectively). A
considerable quantity (1.8-2.6%) of unknown Ilumatobac-
teraceae bacteria (CL500-29 marine group) was also detect-
able in the lacustrine samples.

Microbial Diversity of the Benthic Samples

The benthic samples were dominated by members of Pro-
teobacteria (40-45%), Bacteroidetes (7—-18%), Chloroflexi
(6-9%), Verrucomicrobia (6-9%), Nitrospirae (1-8%),
Planctomycetes (4—6%), and Acidobacteria (3—6%).

Within the Proteobacteria phylum, Gammaproteobacteria
were highly dominant (23-30%) and an unknown Steroi-
dobacterales bacterium was the most abundant in all sam-
ples (2.3-3.5%). Sequence reads recovered in the present
study showed a 99.6% 16S rRNA gene similarity to clones
detected in the sediment of shallow hypereutrophic lakes
in Japan [22] and China [23]. The closest cultivated rela-
tive (Steroidobacter agariperforans) shares only a 93.5%
16S rDNA similarity with sequences presented in our work
(Table S2).

In the Zala River, the family of Rhodocyclaceae was the
most dominant gammaproteobacterial group (6%), repre-
sented mainly by Dechloromonas denitrificans-related bac-
teria (with a 98.8% 16S rRNA gene homology). The second
abundant group was the type I methanotroph family Methy-
lococcaceae (4.5%) (mainly methane-oxidizing Methylo-
bacter tundripaludum, 97.8%). An unknown Thiobacillus
(with a 97.8% similarity to Thiobacillus denitrificans) was
also abundant in the estuary and the eastern basin of the
lake. The members of the family Nitrosomonadaceae were
found primarily (3-3.6%) in the lake samples, but not in the
riverine sample.

The abundance of Alphaproteobacteria was ten times
less (~2%) in the benthic samples than in the planktonic

ones, while the abundance of Deltaproteobacteria (12—18%)
showed an increased level. In the lake sediment samples,
the most abundant deltaproteobacterium (2-3%) was an
unknown Desulfarculaceae species (with only 94% similar-
ity to Desulfatiglans aniline). The related sequence reads
showed a 99.6% similarity to 16S rDNA clones detected in
the sediment of the aforementioned shallow hypereutrophic
lake in Japan [22] and another shallow lake in China [24].
An unknown Desulfobacteraceae bacterium was detectable
in all the samples (~2%), while Geobacteraceae-related bac-
teria were only notable in the River Zala.

Bacteroidetes were abundant in the river sediment (18%)
and decreased alongside the trophic gradient (13-12-8%,
respectively). Within the phylum, more than 600 OTUs were
detectable but only an unknown Ignavibacteriaceae (clos-
est relative Ignavibacterium album with a 93.6% similar-
ity) was abundant in the lake sediment samples (1.5-2.5%).
The Chloroflexi- and Verrucomicrobia-related OTUs also
showed a great diversity: in the first phylum, unknown mem-
bers of the methanogenic Anaerolineaceae family (3-3.7%),
while in the latter, unknown members of Pedosphaeraceae
family were detectable in a significant amount. Most of
the Nitrospira-related reads showed 98.5% similarity with
Nitrospira nitrificans, a species which’s genome encodes
all enzymes necessary for ammonia oxidation via nitrite to
nitrate [25]. The abundance of this group was low in the
river (0.06%) and increased from east to west (1-1.8-3.2%)
in the lake sediments.

Planctomycetes phylum was more abundant in benthic
(4-6%) than in planktonic samples (1-2%). Sequences
showed a wide variety (681 different OTUs) and most of
them belonged to the Pirellulaceae family.

Discussion

By the time of writing, only a few studies have investigated
the planktonic and benthic microbial diversities of the larg-
est central European shallow lake and its main inflow. So
far, studies have mainly focused on the picophytoplankton
members of the microbial community or relied on culturing
methods and 16S DGGE fingerprinting [20, 26]. To the best
of our knowledge, the present study provides the first com-
prehensive analysis of the planktonic and benthic bacterial
communities of the Lake Balaton and the main inflow Zala
River. Based on molecular biological (16S rDNA T-RFLP
fingerprinting and amplicon sequencing) analysis, the plank-
tonic and benthic microbial communities of the lake formed
two distinct clusters, while Zala River samples have more
individual profiles (Figs. 2, S2) which is supporting our ini-
tial hypotheses.

The planktonic microbial communities were domi-
nated by Proteobacteria, Bacteroidetes, Cyanobacteria, and
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Verrucomicrobia in all samples. At the same time, the Act-
inobacterial lineages were less abundant in the water body
of the river, similar to a previous study on the abundance of
actinobacteria in Danish streams and fish ponds [27]. Within
Proteobacteria, the ratio of Alpha- and Gammaproteobacte-
ria were nearly equal among the lacustrine samples, while
in the riverine sample mainly members of the latter class
were found. The alphaproteobacterial sequences primarily
belonged to the LD12 subclade member F. ubiquis. This
bacterium was a frequent bacterial community member (up
to 25% abundance) in several shallow and deep lakes, but
only low proportions of LD12 bacteria were detectable in
deep waters [28]. F. ubiquis was also abundant in Lake Bala-
ton in 2013 summer [29]. This small oligotrophic bacterium
usually feeds on dissolved organic carbon and nitrogen and
seems to prefer relatively high pH and low DOC/TP val-
ues [30]. Our observation also suggests that this bacterium
prefers lower nutrient density, since the abundance of this
lineage was slightly decreasing along the trophic gradient.

The Gammaproteobacteria-related bacteria were revealed
in a wide variety. Members of the Betaproteobacteriales
showed the highest diversity, among which L. planktoni-
cus was the most abundant. This bacterium, along with L.
parvus, belongs to the R-BT lineage which may give up
to 30% of free-living bacteria in a broad range of shallow
freshwater habitats including nonacidic lakes, ponds, and
rivers [31, 32]. According to previous findings [33], these
R-BT lineage members may play a key role in carbon flow
from algal-derived substrates to the plankton grazers. We
also found a positive correlation between the presence of
this species and the chlorophyll values (Fig. 5).

In anoxic sediments, a significant amount of methane can
be released by methanogenic archaea, which is consecutively
being oxidized in the water column and on the surface of the
sediment, mainly by aerobic alpha- or gammaproteobacterial
methane-oxidizing bacteria [34]. This process was mediated
by the latter class in the planktonic community of Zala River
since unknown members of Methylococcales were highly
abundant (10%). The presence of methanotrophic Gam-
maproteobacteria can be a result of benthic-pelagic exchange
due to sediment re-suspension as it was previously described
in the oligotrophic Lake Constance [35]. Unfortunately, the
used primer set is not able to amplify the archaeal sequences,
and the concentration of methane was not investigated, so
this presumption needs further investigation.

Planktonic bacteria belonging to the phylum Bacteroi-
detes also showed a high versatility since several genera
(e.g. Flavobacterium, Fluviicola, Candidatus Aquirestis,
Terrimonas, Dinghuibacter, NS11-12 marine group) were
found in a low abundance (1-3%). Most of them were pre-
viously detected in other Hungarian shallow lakes [36, 37].
The massive presence of the mostly chemoorganotrophic
Bacteroidetes-related bacteria in shallow freshwater habitats
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is often related to the high level of dissolved organic car-
bon concentration derived by algal blooms or from external
inputs [38, 39]. Since in Lake Balaton the chlorophyll and
the DOC values were relatively low at the time of sampling
(early summer) (Table 1), the low rate of the above-men-
tioned genera is understandable.

The primary producer Cyanobacteria was simultaneously
abundant in the nutrient-dense River Zala (27%) and the
western basin of the lake (16%). In these areas, the phylum
was dominated by members of the filament-forming Ana-
baena and A. flos-aquae species. Interestingly Anabaena
genus was found mainly in the estuarine area while A. flos-
aquae species were exclusively observed in the Szigliget
basin (Table S1). A. scheremetievi, the most dominant spe-
cies showed a positive correlation with the increasing level
of nutrients (Fig. 5). The presence of these Cyanobacteria
corresponds to an earlier finding on the seasonal pattern of
the algal community in Lake Balaton. According to former
studies, during the spring period (with low temperature and
high light intensity) A. flos-aquae becomes dominant, while
during the summer period, the self-shading effect of the
increased algal biomass is favourable for other heterocytic
species (e.g. A. issatschenkoi and Anabaena) with a lower
light requirement. In late summer and early autumn, Cylin-
drospermopsis raciborskii becomes dominant since their
lower light requirement is an advantage over other N,-fixing
cyanobacteria [40].

Microcystis species of Cyanobacteria were detected in a
significant proportion (2.8%) in the Zala River only. In the
‘60 s, as a result of high external nutrient load, the members
of this genus (Microcystis aeruginosa and M. flos-aquae),
together with the A. flos-aquae, frequently caused cyanobac-
terial blooms in the Lake Balaton. Since then, strict water
quality regulations have been introduced, therefore only
one local blooming of Microcystis flos-aquae was observed
along the northern coastline of the eastern basin in 2015
[41]. Our findings are verifying the long-term effect and the
success of these regulations.

In the frame of our work, the picoplanktonic members
of Cyanobacteria were also detected. Due to their high
surface-area-to-volume ratio, these bacteria usually prefer
meso- and oligotrophic conditions [42]. Thus, with the
decrease of trophy towards the Siéfok Basin, the role of
Synechococcus picoalgae in the total production increased
(from 4% in the nutrient-dense Szigliget basin to 8-9%
of the sequence reads in the middle and eastern basins).
Our results are consistent with previous measurements on
the lake performed in 2006, which showed that in Lake
Balaton, like in other lakes, there is an inverse relation-
ship between the proportion of picoalgae and the nutrient
density of the water column [43]. A previous population
dynamics study [44] revealed that the Synechococcus
genus showed a growing period in spring and had one or
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two abundance peaks until autumn. In Lake Balaton, the
high abundance of Synechococcus-related picocyanobac-
teria was demonstrated during summer [26].

The number of ubiquitous Verrucomicrobia bacteria
increased from the estuarine area to the east (from 6 to
12%), like picoalgae. Despite the high relative abundance
(2-20%) found worldwide in freshwater ecosystems, the
role of these bacteria remains unclear. According to a few
studies based on Verrucomicrobia metagenome-assembled
and single-cell amplified genomes, this clade contains a
wide variety of microbes. Small, general heterotrophs
and large copiotrophs, with polysaccharide degrading
pathways, and some with special features such as green-
light absorbing rhodopsins and nitrogen-fixing gene sets
were found among them [45]. The particle-associated
verrucomicrobial communities appeared to be primarily
influenced by phytoplankton richness, rotifer abundance,
and inorganic nutrients, whereas the free-living fraction
was correlated with the biomass dynamics of some phy-
toplankton classes (Chlorophyceae, Chrysophyceae, Des-
midiaceae, and Zygnemataceae) [46].

Most of the actinobacterial sequences affiliated with
the hgcl clade (also known as acl clade) member N. abun-
dans, P. limnetica, and two yet unknown microorganisms.
A considerable quantity of unknown Ilumatobacteraceae
bacteria (CL500-29 marine group) was also detectable.
The actinobacterial hgcl clade was found to be common in
a wide range of freshwater habitats, and it could account
for>50% of planktonic microbial communities in lakes [47].
The clade members usually have extremely small cell and
genome size that has been explained by metabolic depend-
ency between this type of co-occurring, free-living bacteria.
The ‘Ca. Nanopelagicales’ have been found mostly in the
epilimnion, showing seasonal dynamics that correlate to
algal, picocyanobacterial blooms, and the high occurrence of
heterotrophic nanoflagellates [48]. ‘Ca. P. limnetica’ is also
a frequent planktonic representative of fresh- and possibly
slightly oligosaline inland waters [49]. Both microorganisms
possess actinorhodopsins, which can generate energy from
the green light and this photoheterotrophic metabolism helps
them to survive in the oligotrophic environment. The higher
organic matter concentration might have negative effects on
the abundance of acl clade and CL500-29 marine group
members [50]. Moreover, these bacteria were more abundant
in the less nutrient-dense pelagic zone in the second largest
shallow lake of Hungary, Lake Fert6 [37]. In our case, the
presence of three hgcl clade members was also higher in the
relatively nutrient-poor middle and eastern basins but none
of them showed a characteristic distribution. Interestingly
one yet unknown clade member was abundant in the western
basin and decreased alongside the trophic gradient.

In the benthic samples, microorganisms adapted
to less aerated deeper layers were observable. Within

Proteobacteria, the Gammaproteobacteria class was highly
abundant (23-30%). At the species level, an unknown Ster-
oidobacteraceae bacterium was the most frequent in all sam-
ples, which was previously detected in the sediment of two
Hungarian shallow soda pans, situated at a nature conserva-
tion area [51]. The presence of Methylococcales was high in
the planktonic samples and similarly, it was remarkable in
the sediments. However, the abundance of this family was
only high in the estuarine area (4.5%), while in the lacustrine
samples only a low amount of related species was observ-
able (0.2-0.5%). This finding also supports our hypothesis,
that methanogenic archaea should be abundant members of
the riverine benthic microbial community. In the River Zala
sediment, Rhodocyclaceae species were also detected in a
large number, and the sequences were closely related to the
facultative anaerobe denitrifier D. denitrificans. The mem-
bers of this family are typical in microbial communities of
freshwater sediments [52].

The aerobic ammonia oxidizer Nitrosomonadaceae fam-
ily were found primarily (3-3.6%) in the lake samples, but
not in the riverine sample. Interestingly, the distribution of
the ammonia oxidizer Nitrospira genus was quite similar.
Moreover, the other well-known ammonia-oxidizing gen-
era (Nitrosolobus and Nitrosovibrio) were also absent in the
riverine samples. Because of that, the ammonia oxidation
in the benthic region of River Zala should be carried out by
archaeal species.

Due to the presence of diverse sulphate-reducing bacteria
(~6% in all samples), the abundance of Deltaproteobacteria
(12-18%) in benthic environments was higher than in plank-
tonic samples. Desulfarculales were abundant in lacustrine
and Desulfuromonadales in riverine samples, while Desul-
fobacteraceae were frequent in both areas.

The abundance of Bacteroidetes-related bacteria was the
highest in the river sediment and decreased alongside the
trophic gradient. Within the phylum, more than 600 OTUs
were detectable, but only an unknown Ignavibacteriaceae
was abundant. Its 16S rDNA sequence showed 93.8% simi-
larity with the only valid species, I. album, of the genus.
According to the low similarity, the environmental role of
this species in our samples is unclear. The Chloroflexi- and
Verrucomicrobia-related OTUs also showed great diver-
sity. However, in the first phylum, unknown members of the
methanogenic Anaerolineaceae family (3-3.7%), while in
the latter, unknown members of the Pedosphaeraceae family
were detectable in a significant amount. These two fami-
lies were widely distributed in the benthic communities of a
large shallow eutrophic lake in China [53].

Planctomycetes phylum was more frequent in sediment
(4-6%) than in water samples (1-2%), since these bacte-
ria prefer a surface-attached lifestyle. Study of four lakes
in north-eastern Germany, showed a complete absence
of Planctomycetes was found among the free-living
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microorganisms, while the group appeared abundant among
the sediment surface colonizers [54].

Conclusion

In Lake Balaton, a phosphorus gradient was observable
from west to the east, which is a verification of our hypoth-
esis and an expected outcome of the Zala River contribu-
tion to the nutrient load of the lake. At the time of sam-
pling, the distribution of nitrogen and carbon was not so
specific. The effect of the main inflow Zala River on the
composition of the microbial community during the study
period was even less significant since the lacustrine and
the riverine samples had markedly different profiles. Only
a slight difference was observable across the trophic gradi-
ent moving away from the nutrient-rich inlet (from west
to the east) or among the coastal and the pelagic samples.
The marginal impact of the river may be explained by the
summer operating practice, namely that the water of Zala
River was intensively retrained, so the inflow discharge to
the lake was low. Nevertheless, the difference could be a
result of the higher level of nutrients as well.

The planktonic microbial community was mainly domi-
nated by species detected in shallow waters. According to
the molecular biological results, mostly well-known fresh-
water microorganisms, adapted to nutrient-poor conditions
(Verrucomicrobia, hgcl clade members of Actinobacteria,
LD12 subclade members of Alphaproteobacteria) were
found in the pelagic water column. Eutrophic conditions
preferring filamentous cyanobacteria species were also
detectable in the estuary (Anabaena sp.) and the west-
ern part of the lake (A. flos-aquae). The benthic microbial
community showed higher diversity, and the appearance of
microorganisms adapted to less aerated deeper layers was
also observable. Members of the sulphate-reducing Des-
ulfarculales, Desulfobacterales and Syntrophobacterales,
the nitrite-oxidizing Nitrospira genus, and the surface
colonizer, mainly aerobe Planctomycetes phylum domi-
nated these samples. Our findings on the composition of
planktonic and benthic microbial communities support our
last hypothesis since they are remarkably different from
each other.

Our study confirmed, that (i) the LD12 subclade member
F. ubiquis and the (ii) cyanobacterial Synechococcus spp.
prefer low nutrient density, (iii) hgcl clade members show
various distribution indicating that higher organic matter
concentration does not necessarily have a negative influ-
ence on their abundance, (iv) Steroidobacteraceae can be
common members in sediment microbial communities of
the examined shallow freshwater lake.

@ Springer

Author Contributions Funding acquisition: BK and SS; conceptualiza-
tion: BK, SS, AF and AT; project administration: AF; formal analysis,
investigation and methodology: MF, EK, JR, JH, GT and PH, VL and
ZL; visualization and writing—original draft: MF; writing—review
& editing: all authors.

Funding Open access funding provided by Szent Istvan University.
This research was supported by GINOP-2.3.2-15-2016-00004 and the
Thematic Excellence Program (NKFIH-831-10/2019) of Szent Istvan
University, awarded by Ministry for Innovation and Technology Con-
flict of interest. We would like to thank Vilmos J6zsa and Attila Mozsar
for help with sample collection.

Data Availability Raw 16S rRNA Illumina sequence reads were depos-
ited in NCBI SRA under BioProject ID PRINA601652.

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical Approval The submitted work is original and have not been
submitted to other journals.

Consent to Participate The authors have agreed to be listed and
approved the submitted version of the manuscript.

Informed Consent The authors hereby consent for the article publica-
tion in Current Microbiology journal.

Research Involving Human and Animal Participants This article does
not contain any studies with humans or animal.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Zlinszky A, Molnar G, Székely B (2010) Mapping bathymetry
and thickness of lacustrine deposits of Lake Balaton (Hungary),
using lake seismic profiles. Foldtani Kozlony 140:429-438

2. Zlinszky A (2013) Mapping and conservation of the reed wetlands
on Lake Balaton. PhD Dissertation, E6tvos Lorand University,
Budapest, Hungary

3. Kratochvil B, Peak J (1989) Sampling techniques for pesticide
analysis. Adv Anal Tech 17:1-33. https://doi.org/10.1016/B978-
0-12-784317-9.50004-6

4. Szab6-Tugyi N, Voros L, V-Balogh K, Botta-Dukat Z, Bernat G,
Schmera D, Somogyi B (2019) Aerobic anoxygenic phototrophs


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/B978-0-12-784317-9.50004-6
https://doi.org/10.1016/B978-0-12-784317-9.50004-6

Planktonic and Benthic Bacterial Communities of the Largest Central European Shallow Lake,...

4027

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

are highly abundant in hypertrophic and polyhumic waters. FEMS
Microbiol Ecol 95:fiz104. https://doi.org/10.1093/femsec/fiz104
Cuthbert ID, Del Giorgio P (1992) Toward a standard method of
measuring color in freshwater. Limnol Oceanogr 37:1319-1326.
https://doi.org/10.4319/10.1992.37.6.1319

Elliott RJ, Porter AG (1971) A rapid cadmium method for the
determination of nitrate in bacon and curing brines. Analyst
96:522-527. https://doi.org/10.1039/AN9719600522

Murphy J, Riley JP (1962) A modified single solution method for
the determination of phosphate in natural waters. Anal Chim Acta
27:31-36. https://doi.org/10.1016/S0003-2670(00)88444-5
Iwamura T, Nagai H, Ichimura S-E (1970) Improved methods for
determining contents of chlorophyll, protein, ribonucleic acid, and
deoxyrib1lonucleic acid in planktonic populations. Int Revue Ges
Hydrobiol 55:131-147. https://doi.org/10.1002/iroh.1970055010
6

Liu W, Marsh T, Cheng H, Forney L (1997) Characterization
of microbial diversity by determining terminal restriction frag-
ment length polymorphisms of genes encoding 16S rRNA.
Appl Environ Microbiol 63:4516-4522. https://doi.org/10.1128/
AEM.63.11.4516-4522.1997

Smith CJ, Danilowicz BS, Clear AK, Costello FJ, Wilson B,
Meijer WG (2005) T-Align, a web-based tool for comparison of
multiple terminal restriction fragment length polymorphism pro-
files. FEMS Microbiol Ecol 54:375-380. https://doi.org/10.1016/].
femsec.2005.05.002

Hammer @, Harper DAT, Ryan PD (2001) PAST: paleontologi-
cal statistics software package for education and data analysis.
Palaeontol Electron 4:9

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M,
Glockner FO (2013) Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Res 41:el. https://doi.
org/10.1093/nar/gks808

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hol-
lister EB, Lesniewski RA, Oakle BB, Parks DH, Robinson CJ,
Sahl JW, Stres B, Thallinger GG, Van Horn DJ, Weber CF (2009)
Introducing mothur: open-source platform-independent commu-
nity-supported software for describing and comparing microbial
communities. Appl Environ Microbiol 75:7537-7541. https://doi.
org/10.1128/AEM.01541-09

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD
(2013) Development of a dual-index sequencing strategy and
curation pipeline for analyzing amplicon sequence data on the
MiSeq Illumina sequencing platform. Appl Environ Microbiol
79:5112-5120. https://doi.org/10.1128/AEM.01043-13

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P,
Peplies J, Glockner FO (2013) The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools.
Nucleic Acids Res 41:590-596. https://doi.org/10.1093/nar/gkt12
09

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011)
UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 27:2194-2200. https://doi.org/10.1093/bioinforma
tics/btr381

Kunin V, Engelbrektson A, Ochman H, Hugenholtz P (2010)
Wrinkles in the rare biosphere: pyrosequencing errors can lead
to artificial inflation of diversity estimates. Environ Microbiol
12:118-123. https://doi.org/10.1111/j.1462-2920.2009.02051.x
Tindall BJ, Rossello-Méra R, Busse HJ, Ludwig W, Kiampfer P
(2010) Notes on the characterization of prokaryote strains for
taxonomic purposes. Int J Syst Evol Microbiol 60:249-266. https
://doi.org/10.1099/1js.0.016949-0

Yoon SH, Ha SM, Kwon S, Lim J, Kim Y, Seo H, Chun J (2017)
Introducing EzBioCloud: a taxonomically united database of 16S

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

rRNA and whole genome assemblies. Int J Syst Evol Microbiol
67:1613-1617. https://doi.org/10.1099/ijsem.0.001755

Szabé G, Khayer B, Rusznyak A, Tatrai I, Dévai GY, Marialigeti
K, Borsodi A (2011) Seasonal and spatial variability of sediment
bacterial communities inhabiting the large shallow Lake Bala-
ton. Hydrobiologia 663:217-232. https://doi.org/10.1007/s1075
0-010-0574-3

Jasser I, Krolicka A, Karnkowska-Ishikawa A (2011) A novel
phylogenetic clade of picocyanobacteria from the Mazurian
lakes (Poland) reflects the early ontogeny of glacial lakes.
FEMS Microbiol Ecol 75:89-98. https://doi.org/10.111
1/j.1574-6941.2010.00990.x

Tsuboi S, Yamamura S, Imai A, Satou T, Iwasaki K (2014) Link-
ing temporal changes in bacterial community structures with the
detection and phylogenetic analysis of neutral metalloprotease
genes in the sediments of a hypereutrophic lake. Microbes Envi-
ron 29:314-321. https://doi.org/10.1264/jsme2.ME14064

Zhao D, Huang R, Zeng J, Yan W, Wang J, Ma T, Wang M,
Wu QL (2014) Diversity analysis of bacterial community com-
positions in sediments of urban lakes by terminal restriction
fragment length polymorphism (T-RFLP). World J Micro-
biol Biotechnol 28:3159-3170. https://doi.org/10.1007/s1127
4-012-1126-y

Song H, Li Z, Du B, Wang G, Ding Y (2012) Bacterial com-
munities in sediments of the shallow Lake Dongping in
China. J Appl Microbiol 112:79-89. https://doi.org/10.111
1/§.1365-2672.2011.05187.x

van Kessel MAHJ, Speth DR, Albertsen M, Nielsen PH, Op den
Camp HJM, Kartal B, Jetten MSM, Liicker S (2015) Complete
nitrification by a single microorganism. Nature 528:555-559.
https://doi.org/10.1038/nature 16459

Felfoldi T, Duleba M, Somogy B, Vajna B, Nikolausz M, Présing
M, Mirialigeti K, Voros L (2011) Diversity and seasonal dynam-
ics of the photoautotrophic picoplankton in Lake Balaton (Hun-
gary). Aquat Microb Ecol 63:273-287. https://doi.org/10.3354/
ame(01501

Klausen C, Nicolaisen MH, Strobel BW, Warnecke F, Nielsen
JL, Jgrgensen NOG (2005) Abundance of actinobacteria and pro-
duction of geosmin and 2-methylisoborneol in Danish streams
and fish ponds. FEMS Microbiol Ecol 52(2):265-278. https://doi.
org/10.1016/j.femsec.2004.11.015

Salcher MM, Pernthaler J, Posch T (2011) Seasonal bloom dynam-
ics and ecophysiology of the freshwater sister clade of SAR11
bacteria ’that rule the waves’ (LD12). ISME J 8:1242-1252. https
://doi.org/10.1038/ismej.2011.8

Borsodi AK, Szab6 A, Krett G, Felfoldi T, Specziar A, Boros
G (2017) Gut content microbiota of introduced bigheaded
carps (Hypophthalmichthys spp.) inhabiting the largest shallow
lake in Central Europe. Microbiol Res 195:40-50. https://doi.
org/10.1016/j.micres.2016.11.001

Newton RJ, Jones SE, Eiler A, McMahon KD, Bertilsson S
(2011) A guide to the natural history of freshwater lake bacte-
ria. Microbiol Mol Biol Rev 75:14-49. https://doi.org/10.1128/
MMBR.00028-10

Zwart G, Crump BC, Kamst-van Agterveld MP, Hagen F, Han SK
(2002) Typical freshwater bacteria: an analysis of available 16S
rRNA gene sequences from plankton of lakes and rivers. Aquat
Microb Ecol 28:141-155. https://doi.org/10.3354/ame02814 1
Simek K, Kasalicky V, Jezbera J, Jezberova J, Hejzlar J, Hahn
MW (2010) Broad habitat range of the phylogenetically narrow
R-BTO065 cluster representing a core group of the betaproteobacte-
rial genus Limnohabitans. Appl Environ Microbiol 76:631-639.
https://doi.org/10.1128/AEM.02203-09

Simek K, Kasalicky V, Zapomélovd E, Hornidk K (2011) Alga-
derived substrates select for distinct betaproteobacterial line-
ages and contribute to niche separation in limnohabitans strains.

@ Springer


https://doi.org/10.1093/femsec/fiz104
https://doi.org/10.4319/lo.1992.37.6.1319
https://doi.org/10.1039/AN9719600522
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1002/iroh.19700550106
https://doi.org/10.1002/iroh.19700550106
https://doi.org/10.1128/AEM.63.11.4516-4522.1997
https://doi.org/10.1128/AEM.63.11.4516-4522.1997
https://doi.org/10.1016/j.femsec.2005.05.002
https://doi.org/10.1016/j.femsec.2005.05.002
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1093/nar/gkt1209
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1111/j.1462-2920.2009.02051.x
https://doi.org/10.1099/ijs.0.016949-0
https://doi.org/10.1099/ijs.0.016949-0
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1007/s10750-010-0574-3
https://doi.org/10.1007/s10750-010-0574-3
https://doi.org/10.1111/j.1574-6941.2010.00990.x
https://doi.org/10.1111/j.1574-6941.2010.00990.x
https://doi.org/10.1264/jsme2.ME14064
https://doi.org/10.1007/s11274-012-1126-y
https://doi.org/10.1007/s11274-012-1126-y
https://doi.org/10.1111/j.1365-2672.2011.05187.x
https://doi.org/10.1111/j.1365-2672.2011.05187.x
https://doi.org/10.1038/nature16459
https://doi.org/10.3354/ame01501
https://doi.org/10.3354/ame01501
https://doi.org/10.1016/j.femsec.2004.11.015
https://doi.org/10.1016/j.femsec.2004.11.015
https://doi.org/10.1038/ismej.2011.8
https://doi.org/10.1038/ismej.2011.8
https://doi.org/10.1016/j.micres.2016.11.001
https://doi.org/10.1016/j.micres.2016.11.001
https://doi.org/10.1128/MMBR.00028-10
https://doi.org/10.1128/MMBR.00028-10
https://doi.org/10.3354/ame028141
https://doi.org/10.1128/AEM.02203-09

4028

M. Farkas et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Appl Environ Microbiol 77:7307-7315. https://doi.org/10.1128/
AEM.05107-11

Hanson RS, Hanson TE (1996) Methanotrophic bacte-
ria. Microbiol Rev 60:439-471. https://doi.org/10.1128/
MMBR.60.2.439-471.1996

Bornemann M, Bussmann I, Tichy L, Deutzmann J, Schink B,
Pester M (2016) Methane release from sediment seeps to the
atmosphere is counteracted by highly active Methylococcaceae
in the water column of deep oligotrophic Lake Constance. FEMS
Microbiol Ecol 92:fiw123. https://doi.org/10.1093/femsec/fiw12
3

Korponai K, Szabé A, Somogyi B, Voros L, Vajna B, Boros E,
Felfoldi T (2016) Seasonal dynamics of the planktonic bacte-
rial community in two distinct types of soda pans. Hidroldgiai
Ko6z16ny 96:44-52

Szuréczki S, Szabd A, Korponai K, Felfoldi T, Marialigeti K, Toth
E (2018) Bacterial communities inhabiting the water and sediment
of Lake Fert6 as revealed by nextgeneration DNA sequencing.
Hidrolégiai K6z16ny 98:78-83

Zeder M, Peter S, Shabarova T, Pernthaler J (2009) A small pop-
ulation of planktonic Flavobacteria with disproportionally high
growth during the spring phytoplankton bloom in a prealpine
lake. Environ Microbiol 11:2676-2686. https://doi.org/10.111
1/j.1462-2920.2009.01994.x

Parulekar NN, Kolekar P, Jenkins A, Kleiven S, Utkilen H,
Johansen A, Sawant S, Kulkarni-Kale U, Kale M, Sabg M (2017)
Characterization of bacterial community associated with phyto-
plankton bloom in a eutrophic lake in South Norway using 16S
rRNA gene amplicon sequence analysis. PLoS ONE 12:e0173408.
https://doi.org/10.1371/journal.pone.0173408

Kovacs WA, Téth VA, Voros L (2012) Light-dependent germina-
tion and subsequent proliferation of N2-fixing cyanobacteria in a
large shallow lake. Ann Limnol - Int J Limnol 48:177-185. https
://doi.org/10.1051/1imn/2012010

Palmai T, Selmeczy GB, Szabd B, Téth LG, Padisak J (2016)
Photosynthetic activity of Microcystis flos-aquae in the eastern
basin of Lake Balaton in the summer of 2015. Hidroldgiai kozlony
96:75-78

Greisberger S, Dokulil MT, Teubner K (2008) A comparison of
phytoplankton size-fractions in Mondsee, an alpine lake in Aus-
tria: distribution, pigment composition and primary production
rates. Aquat Ecol 42:379-389. https://doi.org/10.1007/s1045
2-007-9095-1

Somogyi B, Voros L (2006) Photosynthetic parameters of pico-
plancton in shallow lakes. Hidrol6giai K6zlony 86:110-112
Ruber J, Geist J, Hartmann M, Millard A, Raeder U, Zubkov
M, Zwirglmaie K (2018) Spatio-temporal distribution pattern
of the picocyanobacterium Synechococcus in lakes of different
trophic states: a comparison of flow cytometry and sequencing
approaches. Hydrobiologia 811:77. https://doi.org/10.1007/s1075
0-017-3368-z

Cabello-Yeves PJ, Ghai R, Mehrshad M, Picazo A, Cama-
cho A, Rodriguez VF (2017) Reconstruction of diverse

@ Springer

46.

47.

48.

49.

50.

51.

52.

53.

54.

verrucomicrobial genomes from metagenome datasets of fresh-
water reservoirs. Front Microbiol 8:1-17. https://doi.org/10.3389/
fmicb.2017.02131

Parveen B, Mary I, Vellet A, Ravet V, Debroas D (2013) Temporal
dynamics and phylogenetic diversity of free-living and particle-
associated Verrucomicrobia communities in relation to environ-
mental variables in a mesotrophic lake. FEMS Microbiol Ecol
83:189-201. https://doi.org/10.1111/j.1574-6941.2012.01469.x
Warnecke F, Sommaruga R, Sekar R, Hofer JS, Pernthaler J
(2005) Abundances, identity, and growth state of Actinobac-
teria in mountain lakes of different UV transparency. Appl
Environ Microbiol 71:5551-5559. https://doi.org/10.1128/
AEM.71.9.5551-5559.2005

Neuenschwander SM, Ghai R, Pernthaler J, Salcher MM (2018)
Microdiversification in genome-streamlined ubiquitous freshwater
Actinobacteria. ISME J 1:185-198. https://doi.org/10.1038/isme;j
.2017.156

Jezbera J, Sharma AK, Brandt U, Doolittle WF, Hahn MW (2009)
‘Candidatus Planktophila limnetica’, an actinobacterium repre-
senting one of the most numerically important taxa in freshwater
bacterioplankton. Int J Syst Evol Microbiol 59:2864-2869. https
://doi.org/10.1099/1js.0.010199-0

Lindh MV, Lefébure R, Degerman R, Lundin D, Andersson A,
Pinhassi J (2015) Consequences of increased terrestrial dissolved
organic matter and temperature on bacterioplankton community
composition during a Baltic Sea mesocosm experiment. Ambio
44:402-412. https://doi.org/10.1007/s13280-015-0659-3

Bedics A, Csitari B, Szab6 A, Székely AJ, Boros E, Felfoldi T
(2019) Bacterial communities and their salt tolerance in differ-
ent type of soda pans of the Kiskunsag National Park, Hungary.
Hidroldgiai Kozlony 99:36—41

Wang Y, Sheng HF, He Y, WuJY, Jiang YX, Tam NFY, Zhou HW
(2012) Comparison of the levels of bacterial diversity in freshwa-
ter, intertidal wetland, and marine sediments by using millions of
illumina tags. Appl Environ Microbiol 78:8264—-8271. https://doi.
org/10.1128/AEM.01821-12

Zhang L, Cheng Y, Gao G, Jiang J (2019) Spatial-temporal vari-
ation of bacterial communities in sediments in Lake Chaohu, a
Large, Shallow Eutrophic Lake in China. Int J Environ Res Public
Health 16:3966. https://doi.org/10.3390/ijerph16203966
Allgaier M, Grossart HP (2006) Diversity and seasonal dynam-
ics of Actinobacteria populations in four lakes in northeastern
Germany. Appl Environ Microbiol 72:3489-3497. https://doi.
org/10.1128/AEM.72.5.3489-3497.2006

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1128/AEM.05107-11
https://doi.org/10.1128/AEM.05107-11
https://doi.org/10.1128/MMBR.60.2.439-471.1996
https://doi.org/10.1128/MMBR.60.2.439-471.1996
https://doi.org/10.1093/femsec/fiw123
https://doi.org/10.1093/femsec/fiw123
https://doi.org/10.1111/j.1462-2920.2009.01994.x
https://doi.org/10.1111/j.1462-2920.2009.01994.x
https://doi.org/10.1371/journal.pone.0173408
https://doi.org/10.1051/limn/2012010
https://doi.org/10.1051/limn/2012010
https://doi.org/10.1007/s10452-007-9095-1
https://doi.org/10.1007/s10452-007-9095-1
https://doi.org/10.1007/s10750-017-3368-z
https://doi.org/10.1007/s10750-017-3368-z
https://doi.org/10.3389/fmicb.2017.02131
https://doi.org/10.3389/fmicb.2017.02131
https://doi.org/10.1111/j.1574-6941.2012.01469.x
https://doi.org/10.1128/AEM.71.9.5551-5559.2005
https://doi.org/10.1128/AEM.71.9.5551-5559.2005
https://doi.org/10.1038/ismej.2017.156
https://doi.org/10.1038/ismej.2017.156
https://doi.org/10.1099/ijs.0.010199-0
https://doi.org/10.1099/ijs.0.010199-0
https://doi.org/10.1007/s13280-015-0659-3
https://doi.org/10.1128/AEM.01821-12
https://doi.org/10.1128/AEM.01821-12
https://doi.org/10.3390/ijerph16203966
https://doi.org/10.1128/AEM.72.5.3489-3497.2006
https://doi.org/10.1128/AEM.72.5.3489-3497.2006

	Planktonic and Benthic Bacterial Communities of the Largest Central European Shallow Lake, Lake Balaton and Its Main Inflow Zala River
	Abstract
	Introduction
	Materials and Methods
	Sampling Methods and Measurement of Field Parameters
	Analytical Methods
	DNA Isolation and Community Fingerprinting
	Illumina 16S rDNA Amplicon Sequencing and Bioinformatics Analysis

	Results
	Limnological Results
	16S rDNA T-RFLP Profiles of Planktonic and Benthic Samples
	Illumina 16S rDNA Amplicon Sequencing Results
	Microbial Diversity of the Planktonic Samples
	Microbial Diversity of the Benthic Samples

	Discussion
	Conclusion
	References




