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Lake Balaton, a large shallow freshwater lake in Hungary, exhibits diverse bacterioplankton 
communities influenced by various environmental factors. This study aims to evaluate the bacterial 
diversity in Lake Balaton using the long-read approach to 16 S rRNA gene sequencing. Water samples 
were collected from a wide network of 33 locations across the lake’s four basins and analyzed for 
bacterial community composition. Sequencing results revealed a high taxonomic diversity with 
significant zonal variations. Dominant families included Comamonadaceae, Burkholderiaceae, and 
Methylophilaceae. Environmental parameters such as temperature, pH, and CDOM were found to 
significantly correlate with bacterial abundance and diversity. The study underscores the utility and 
portability of using the long-read sequencing technology in assessing microbial diversity and provides 
insights into the ecological dynamics of bacterioplankton in freshwater lakes.
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One of the least understood and the most underestimated components of aquatic ecosystems is bacterioplankton. 
In freshwater lakes, bacterioplankton communities are highly variable in both space and time and are influenced by 
a wide range of factors1–4. Studying bacterioplankton has always relied heavily on technological advancements due 
to their microscopic nature. Over the years, methods have evolved from microscopy to culture-based techniques, 
each with its own limitations, such as the inability to cultivate a significant portion of microbial communities5. 
PCR allowed for the amplification of specific DNA sequences but introduced biases and contamination risks. 
The recent advent of next-generation sequencing (NGS) has revolutionized bacterioplankton research, enabling 
comprehensive analysis of microbial communities directly from environmental samples without the need for 
cultivation. This technology provides a more accurate depiction of microbial diversity but comes with challenges, 
including data processing and interpretation, biases in sequencing, and the need for substantial computational 
resources6. Despite these challenges, NGS continues to enhance our understanding of bacterioplankton and 
their ecological roles, which is crucial for the conservation and management of freshwater ecosystems.

Europe is particularly dependent on its shallow lakes for essential resources such as water and tourism 
due to their limited number across the continent. These shallow lakes are critical to the sustainability of local 
ecosystems and economies, and provide essential services, including water supply for drinking, agriculture, and 
industry, especially in regions where other water sources are scarce. In addition, lakes are vital for tourism, 
offering unique recreational opportunities that attract millions of visitors each year. The economic impact of 
tourism associated with shallow lakes can be substantial, contributing to the livelihood of local communities and 
supporting conservation efforts. Since Hungary adopted the EU Water Framework Directive in 2006, biological 
variables have gained increased importance in water quality assessments7.

Lake Balaton, with a large surface area of 596 km2 and a length of 78 km, exhibits a remarkable diversity of 
environments ranging from micro- to mesoscale variations8. This is the largest freshwater lake in Central Europe 
and is a renowned tourist destination, characterized by its shallow depth, averaging 3.0–3.6 m (Fig. 1A, B). The 
lake’s water is continuously mixed by wind action, which leads to the resuspension of sediments9,10. The lake’s 
water quality has been monitored regularly both mostly for algological studies11–13.
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The combination of ecological factors creates a highly diverse habitat mosaic within Lake Balaton, which 
provides an ideal environment for bacteria to thrive. Bacteria, including bacterioplankton, play an important 
role in nutrient cycling, organic matter decomposition, and overall ecosystem functioning14,15. The abundance 
and diversity of bacterioplankton in Lake Balaton are influenced by the complex interactions between these 
environmental factors, shaping the microbial communities and their ecological functions16,17. Several features 
determine variability, of which the west-east trophic gradient is the most prominent. The eutrophic conditions 
in the western part of Lake Balaton are attributed to the largest inflow, the River Zala that historically was 
bringing nutrients into the lake13,18(Fig.  1B). This inflow also brings water rich in colored dissolved organic 
matter (CDOM) to the lake, contributing to the unique environmental conditions17,19. The prevailing north-
westerly winds create specific physical and chemical environments that contribute to the overall diversity of the 
lake’s environment18,20,21.

Picoeukaryotes dominate the phytoplankton in Lake Balaton during the winter, even under ice-covered 
conditions, growing at temperatures as low as 1–2 °C22. Along the shores of Lake Balaton, there are large stands 
of macrophytes, both emergent and submerged21,23. These macrophytes serve as important habitats, providing 
shelter, nutrients, and structural complexity. The macrophyte communities further enhance the ecological 
heterogeneity of the lake. Conversely, it has been reported in the literature that throughout the spring-autumn 
period, the phycocyanin and phycoerythrin-rich Cyanobacteria are the predominant phytoplankton with 
eukaryotes becoming negligible24,25.

Monitoring lake water quality at the global scale is increasingly important for understanding the ecological 
consequences of climate change, eutrophication, and anthropogenic pressures26. Understanding the interplay 
between different environmental factors and the dynamics of bacterioplankton in a lake is crucial in our 
understanding of microbial ecology and contributes to a broader understanding of the ecological processes 
and resilience of shallow lakes27,28 such as Lake Balaton. Most of these studies focused on specific taxa and 
locations or regions of Lake Balaton, which may not fully represent the microbial diversity across the entire lake. 
In contrast, the influence of environmental factors on microbial communities were mostly understudied. With 
this limited study design, the variations in environmental conditions and microbial communities in other parts 
of the lake would be overlooked.

Previous microbiological studies determined regional specificities and temporal dynamics of bacteria in 
Lake Balaton29,30. The most recent studies used a combination of short-read NGS, targeted PCR assays, and 
microscopy cell counting to explore the prokaryotic community structure in the littoral and pelagic regions of 
Lake Balaton30–33 while other studies assessed the association of bacterial communities with fish and zooplankton 
communities34,35. However, there has never been a survey of the microbial profile across the entire lake basin.

The diverse environmental conditions across the basins of Lake Balaton, present an optimal setting for 
investigating the feasibility of a long-read sequencing approach to monitor bacterioplankton communities in 
a large freshwater lake. In this study, we address the limitations of the previous studies by including water from 
33 locations distributed across littoral and pelagic zones in all four basins, to capture the variability in microbial 
populations influenced by different trophic gradients, inflows, and physical-chemical conditions.

Recent developments in long-read sequencing technology have significantly improved our ability to 
characterize microbial communities in complex environments. While short-read platforms (e.g., Illumina-
based 16 S rRNA sequencing) have been widely used, their limited read length (~ 250–300 bp) often constrains 
taxonomic resolution, frequently resulting in ambiguous classifications or an inability to discern closely related 
taxa36,37. By contrast, long-read sequencing platforms, such as Oxford Nanopore and PacBio, enable nearly full-
length 16 S rRNA gene sequencing (~ 1,500 bp), facilitating more robust classification at the species level36,38. 
This extended read length also helps mitigate PCR biases and allows for better detection of rare or novel taxa, 
providing a more comprehensive view of microbial diversity39,40. Moreover, the portability, real-time data 

Fig. 1.  (A) Map of Europe showing Hungary (dark grey) and Lake Balaton (blue polygon). (B) Map of Lake 
Balaton and its division into basins. Red dot in the westernmost basin (1) shows the inflow (River Zala), yellow 
dot in the easternmost basin (4) shows the outflow (Sió canal).
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streaming, and cost-effectiveness of certain long-read platforms (e.g., Oxford Nanopore MinION) have distinct 
advantages for field-based studies, enabling on-site sequencing and reducing sample handling biases41–43.

Long-read sequencing technologies, such as those developed by Oxford Nanopore Technologies, offer 
significant advantages over traditional short-read sequencing methods, particularly in monitoring microbial 
communities in complex environments like freshwater lakes6. In general, using long-read sequencing 
technologies to monitor microbial communities in freshwater lakes represents a significant advancement in 
microbial ecology. By providing a deeper and more accurate understanding of microbial diversity, functional 
potential, and ecological interactions, long-read sequencing is cost-effective method can enhance our ability to 
protect and manage freshwater ecosystems44. Therefore, we selected a long-read sequencing approach to achieve 
a higher-resolution analysis of bacterioplankton communities and to capture microbial diversity that might 
otherwise be underrepresented with short-read methods.

This study covered a range of spatial scales of bacterioplankton communities in a single large freshwater 
lake: the mesoscale (basin level) and local variability (littoral and pelagic zones, northern and southern shores). 
Utilizing Oxford Nanopore long-read sequencing technology, we intended to conduct a comprehensive analysis 
of bacterioplankton communities, enabling accurate identification and classification of microorganisms, 
including those closely related species that are often indistinguishable from short-read sequences. The following 
hypotheses were tested: (i) the bacterioplankton community in Lake Balaton exhibits high taxonomic diversity; 
(ii) there are distinct zonal variations in the composition and abundance of bacterioplankton in different 
regions of Lake Balaton; (iii) major environmental factors significantly influence the structure and diversity 
of bacterioplankton communities in Lake Balaton. Finally, by setting up a mobile lab on-site, we wanted to 
demonstrate the utility of the portability of long-read sequencers in a field setting and its ability to generate and 
analyze data in real-time, providing rapid and detailed insights into the lake’s microbial diversity.

Results
Water transparency of Lake Balaton is low (average Secchi depth at the time of sampling was ~ 33 cm, Table 1); 
thus, high light attenuation results in low euphotic depths. The lake has a great number of inflows, with the main 
tributary, the Zala River, flowing into the westernmost, basin 1, while the outflow of the lake is situated on the 
southern shore of basin 4 (Fig. 1B).

The long-read sequencing analysis revealed a substantial number of bacterioplankton taxa, with an average of 
147 families in samples across the lake, which was supported by the Chao and ACE indices (Tables 2, 3). The lake 
had moderate variability (H = 2.47 ± 0.03) and low dominance (D = 0.16 ± 0.01, Tables 2, 3). Figure 2 shows the 
distribution of bacterioplankton families in Lake Balaton, showing the average percentages of different families. 
Three families (Comamonadaceae, Burkholderiaceae, and Methylophilaceae) constituted the majority (62.48%) 
of the families (Fig. 2). In addition, there were 136 families representing 17.77% of the total bacterioplankton 
community.

Bacterial taxa were detected at the family level and could be interpreted at in the context of ecological and 
health related conditions. The bacterioplankton community was dominated by three families, which together 
constituted 62.48% of the total families. In addition, Ilumatobacteraceae, a family of Actinomycetota (or 
Actinobacteria), and Cryomorphaceae, a family of bacteria in the order Flavobacteriaceae, phylum Bacteroidota 
are also abundant. Overall, 136 families represented 17.77% of the total community, indicating a rich microbial 
diversity (Fig. 2). While some bacterial species are associated with health risk, the presence of Bacillota and 
Spirochaetota in basin 1 (Fig. 2) can also indicate nutrient-rich conditions as they are often found in environments 
with high organic matter, as they play crucial roles in the decomposition of organic material and nutrient cycling 
within aquatic ecosystems.

The long-read sequencing results from this study also indicate that, in addition to the clear differentiation in 
the bacterioplankton abundance on the basin basis, Lake Balaton shows some differences in diversity indices as 
well, as the difference between the basin with the lowest (basin 4) and highest (basin 3) Shannon indices were 
merely 13% apart (Tables 2, 3; Fig. 3). Basins 1, 2, and 4 showed relatively similar levels of family abundance and 
species diversity (Fig. 3; Tables 2, 3).

Balaton Basin 1 Basin 2 Basin 3 Basin 4

Surface (km2) 596 38 144 186 228

Average depth (m) 3.7 2.7 3.3 3.7 4.1

Volume (km3) 1.95 0.09 0.42 0.62 0.82

Temperature (°C) 14.9 ± 0.9 14.6 ± 0.4 13.6 ± 0.3 15.7 ± 0.2 14.5 ± 0.8

pH 8.6 ± 0.1 8.6 ± 0.1 8.6 ± 0.0 8.6 ± 0.0 8.7 ± 0.0

Conductance (mV) 729 ± 9 736 ± 7 731 ± 4 730 ± 7 723 ± 11

Chlorophyl-a (µg l−1) 5.1 ± 2.3 6.0 ± 1.5 7.6 ± 2.8 5.3 ± 2.1 2.8 ± 0.7

CDOM (mg l−1) 9.2 ± 5.5 17.8 ± 7.5 9.9 ± 1.4 7.7 ± 1.7 5.0 ± 1.2

Secchi (cm) 32.7 ± 10.8 33.7 ± 9.5 17.8 ± 6 30.2 ± 7.8 43.9 ± 6.2

TSM (mg l−1) 38.8 ± 37.7 26.4 ± 8.5 96.2 ± 91.7 37.0 ± 12.8 22.8 ± 4.3

Table 1.  Major Geomorphological parameters and physical Limnological characteristics (at the time of 
sampling, average ± sd, n = 16–64) of lake Balaton and its basins.
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The spatial distribution of families captured by the long-read sequencing analysis across the basin shows a 
remarkable variability (Fig. 3; Tables 2, 3). Not only there is a more than 3x difference between the most diverse 
and the least diverse sampling sites (central pelagic part of the basin 3 vs. western pelagic part of the basin 2: 224 
vs. 63 families, Fig. 3), but there was a 70% difference between the least diverse and most diverse basin of the 
lake (basin 1 vs. basin 3; 111 ± 13 and 188 ± 5 families respectively, Tables 2, 3). The captured genetic variability 
of bacterioplankton (Fig. 3) suggests complex interaction of ecological dynamics and environmental factors that 
influence the distribution of microbial communities in the lake.

Differences in bacterioplankton abundance were observed across the lake’s basins. Basins 3 and 4 showed the 
highest and lowest Shannon indices, respectively, with a 13% difference. Basins 1, 2, and 4 exhibited similar levels 
of family abundance and species diversity (Tables 2, 3; Fig. 3). The most diverse sampling site (central pelagic 
part of basin 3) had 224 families, while the least diverse (western pelagic part of basin 2) had 63 families, showing 
significant spatial variability (Fig. 3).

The microbiota of Lake Balaton featured 253 microbial families overall and could be divided into four 
separate basins (Figs. 1 and 4). The long read sequencing approach has identified different numbers of taxa for 
each basin: Basin 1 contained 230 taxa, Basin 2–222, Basin 3–248, and Basin 4 had 244. A Venn diagram was 
generated to illustrate the similarities and differences in family compositions found among the basins (Fig. 4). 
Most of these (209 taxa – 83%) were shared across all basins, suggesting a high degree homogeneity and a core 
microbiome essential for shallow lakes functioning, nutrient cycling and organic matter decomposition. Only 
Basin 3 and 4 contained unique families, with three (Desulfurobacteriaceae, Hafniaceae and Parvularculaceae) 
and two (Bernardetiaceae and Rubritaleaceae) families, respectively. There were also taxa shared only by two 
basins. For example, basins 3 and 4 shared 17 taxa. Specific overlaps in composition of the microbiota between 
the basins may indicate potential similarities in environmental conditions or microbial exchange due to 
hydrological connectivity.

The β-diversity of bacterioplankton in Lake Balaton in the whole lake was moderate to high (for example, 
Whittaker: 0.71 and Wilson-Shmida: 11.3, Table 4). This suggests that there were differences in bacterioplankton 
composition between sites within Lake Balaton, with some areas exhibiting a higher degree of turnover in species 
composition compared to others. For example, the westernmost basin 1 had the highest β-diversity indices 
(Whittaker: 1.07 and Wilson-Shmida: 3.8), indicating that the bacterioplankton composition showed the most 
pronounced differences between sites within basin 1, while basin 3 exhibited the lowest indices (Whittaker: 0.32 

Basins Shore Zone

Taxa (S) 15.50** 1.02 0.39

Dominance (D) 3.84 1.07 2.05

Shannon (H) 6.56 0.21 2.53

Brillouin 6.60 0.59 1.83

Menhinick 8.93* 3.91* 0.38

Margalef 19.22*** 0.89 0.15

Fisher (a) 21.00*** 0.68 0.05

Chao-1 15.84** 0.93 0.46

ACE 18.66*** 1.43 0.40

Table 3.  Kruskal-Wallis (Kruskal-Wallis one way analysis of variance on Ranks) comparison of the studied 
parameters based on the 4 basins of lake Balaton, the Southern and Northern parts, and the pelagic and 
Littoral zones of lake Balaton. * - shows significance P < 0.05, ** - shows significance P < 0.01, *** - shows 
significance P < 0.001.

 

Balaton

Basins Shores Zones

1 2 3 4 Southern Northern Littoral Pelagic

n 33 6 4 14 9 16 17 17 16

Taxa (S) 147 ± 8 111 ± 13 114 ± 29 188 ± 5 151 ± 12 153 ± 11 142 ± 11 152 ± 11 142 ± 11

Dominance (D) 0.16 ± 0.01 0.17 ± 0.02 0.15 ± 0.01 0.15 ± 0.01 0.18 ± 0.01 0.16 ± 0.01 0.17 ± 0.01 0.17 ± 0.01 0.15 ± 0.01

Shannon (H) 2.47 ± 0.03 2.44 ± 0.06 2.52 ± 0.10 2.57 ± 0.05 2.37 ± 0.05 2.49 ± 0.04 2.46 ± 0.05 2.43 ± 0.05 2.52 ± 0.04

Brillouin 2.45 ± 0.03 2.4 ± 0.06 2.45 ± 0.13 2.57 ± 0.05 2.36 ± 0.05 2.47 ± 0.05 2.42 ± 0.05 2.4 ± 0.05 2.49 ± 0.04

Menhinick 0.88 ± 0.06 1.07 ± 0.16 1.14 ± 0.15 0.77 ± 0.02 0.71 ± 0.08 0.80 ± 0.06 0.96 ± 0.09 0.86 ± 0.09 0.91 ± 0.08

Margalef 14 ± 1 11 ± 1 12 ± 2 17 ± 0 14 ± 1 14 ± 1 14 ± 1 14 ± 1 14 ± 1

Fisher (a) 20 ± 1 16 ± 1 17 ± 3 24 ± 1 19 ± 1 20 ± 1 19 ± 1 20 ± 1 19 ± 1

Chao-1 177 ± 8 142 ± 14 138 ± 30 217 ± 6 182 ± 11 183 ± 11 170 ± 11 182 ± 11 171 ± 12

ACE 175 ± 8 141 ± 13 136 ± 30 217 ± 6 181 ± 11 182 ± 11 169 ± 11 180 ± 11 170 ± 12

Table 2.  Bacterial abundance and α-diversity mean and standard deviation (SD) at lake Balaton, the four 
basins of lake Balaton, the Southern and Northern parts, and at the pelagic and Littoral zone of lake Balaton.
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and Wilson-Shmida: 1.93), thus this basin was the most homogeneous, showing the least variation in species 
composition between sites (Table 4).

To fully understand the dynamics of bacterioplankton communities in Lake Balaton, it is crucial to examine the 
spatial distribution and variability of these microorganisms across different regions of the lake. Spatial variability 
can reveal how environmental factors, and localized conditions influence the composition and abundance of 
microbial populations. This variability can be visualized using principal component analysis (PC, Fig. 5), where 
PC-1 and PC-2 combined explain over 50% of the total variation. Regional differences are likely attributed 
to local environmental conditions and territorial influences. Although the PCA shows substantial differences 
between the basins, these differences were not statistically significant (P > 0.05), indicating together with the 
content of Fig. 4 that the bacterioplankton community of Lake Balaton is largely uniform across the basins, 
with only minor local variations, that this consistency, along with the observed spatial differences, suggests a 
stable microbial community that is resilient to environmental fluctuations, and that more detailed studies are 
needed to understand the underlying causes of spatial distribution patterns. The basins have been designated 
in the past based on the limnological data. Since there may not be a strict congruence between the limnological 
basins and the representative microbiota we identified with the new approach. In this context, the distribution of 
representation of six most widespread families across the entire basin using the percentage of sequencing reads 
representing each taxon (Fig. 6) illustrates the significant spatial heterogeneity of bacterioplankton within Lake 
Balaton. While some bacterial families, such as Methylophilaceae and Cryomorphaceae, are evenly distributed 
throughout the lake, others like Comamonadaceae and Burkholderiaceae show localized abundance, being 
prevalent in certain areas and scarce in others.

In addition to the basins, the contrast between the studied areas (northern and southern shores as well as 
littoral zone and pelagic zone) of Lake Balaton showed moderate to high β-diversity, indicating the higher 
variability of bacterioplankton communities in these limnological areas than in some basins (Table  4). In 
particular, the Wilson-Shmida index showed that the β-diversity of these mesoscale limnological areas (the 
littoral zone of Lake Balaton is 240 km long) could be higher than the basin-level biodiversity (the most diverse 
basin 1 is merely 8 km wide) (Table 4). Although some of the families may be associated with specific niches, 

Fig. 2.  Relative frequency of bacterioplankton community of Lake Balaton and its basins, showing only 
families exceeding 1%.
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they were observed in Lake Balaton’s littoral and pelagic zones, resulting in a nearly identical bacterioplankton 
footprint of the studied zones (Fig. 7A).

In addition, some minor differences were also observed between the bacterioplankton communities of the 
southern and northern shores of Lake Balaton (Fig. 7B). The similarity of the community composition was also 
supported by the very similar α- and β-diversity parameters (Tables 2, 3 and 4). These results suggest quite a 
homogenous bacterioplankton community within the whole of Lake Balaton.

The in situ determined limnological parameters in Lake Balaton, including temperature, pH, conductivity, 
chlorophyll-a, CDOM, Secchi depth, TSM, showed varying degrees of correlation with the abundance of different 
bacterioplankton families (Table 5). The observed levels of correlations provide valuable insights into the level 
of influence of environmental parameters of the lake on the distribution of the bacterioplankton communities 
within Lake Balaton. For example, the amount of dissolved organic matter (CDOM) was significantly correlated 
with the abundance of 46% of the dominant bacterioplankton families and was the only factor significantly 
(negatively) correlated with total bacterioplankton abundance. In contrast, pH, conductivity, and suspended 
matter were only marginally correlated with family abundance (Table 5).

Discussion
The study of bacterioplankton communities in Lake Balaton using long-read sequencing has provided significant 
insights into the diversity and distribution of microbial life within the lake, bringing attention to the taxonomic 
diversity and spatial variability with this lake. The findings indicate a high taxonomic richness as 253 microbial 
families were identified, ruling our first hypothesis supported. This high diversity underscores the complexity 
of ecological interactions and the dynamic nature of microbial ecosystems in large freshwater bodies as well as 
advantage of the use of long-read sequencing technologies in examining bacterioplankton communities that led 
to significant improvements in taxonomic resolution compared to previous studies30,31 the ability to detect rare 
species, and the acquisition of valuable functional insights on microbial communities. These advancements are 
essential for comprehending the dynamics of microbial populations in freshwater environments.

The α-diversity indices revealed a moderate diversity of bacterioplankton across the lake and a relatively 
even distribution of species, with no single taxon overwhelmingly dominating the community. This balance 
may be crucial for the ecological stability of Lake Balaton, allowing for effective nutrient cycling and organic 
matter decomposition45,46. The presence of three predominant families (Comamonadaceae, Burkholderiaceae, 
and Methylophilaceae, comprising 62.5% of the community), indicates that these groups may play key roles in 
the lake’s microbial processes. These data suggest that the specificity of Lake Balaton, dominated by mesoscale 
environmental factors (temperature, light availability, geomorphology, etc.), plays the dominant shaping role. 
However, significant local variations were observed at the basin level. For example, basin 3 had the highest 

Fig. 3.  The spatial variability of bacterioplankton abundance in Lake Balaton in May 2019. The black straight 
lines delineate the borders of the basins.
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α-diversity, with a greater number of taxa and a more even distribution of species, indicative of stable, 
oligotrophic conditions, whereas the westernmost basin 1 had the lowest α-diversity, indicating a less diverse 
community, consistent with eutrophic conditions of the basin8,21,47. These differences in α-diversity suggest that 
local environmental factors specific to each basin (trophic states, sediment characteristics, etc.) also influence 
the composition of their bacterioplankton communities.

The moderate to high β-diversity indicates high community turnover across the lake. Basin 1, exhibiting the 
highest β-diversity, suggests significant variability in species composition across its sites, a high degree of species 
turnover connected to great spatial environmental heterogeneity within this basin. This outstanding variability 
is related to the inflow from Kis-Balaton Water Protection System, as its wetland provides a significant amount 
of organic matter (CDOM), nutrients (phosphorus, nitrogen), which are consumed in the westernmost basin of 
Lake Balaton and probably specific bacterial communities from the wetlands. In contrast the meso-oligotrophic 
basin 3 is more homogeneous despite being nearly 5 times larger, with a more consistent bacterioplankton 
composition across its sampling sites. This diversity in community composition could be influenced by factors 
such as water movement, lack of significant nutrient influx, and habitat homogeneity. Moreover, the meso-scale 
limnological areas, such as the littoral or pelagic zone had lower β-diversity compared to the β-diversity of basin 

Fig. 4.  A Venn diagram illustrating the numbers of shared and unique microbial families among 4 basins of 
Lake Balaton (a verbose explanation of intersections is included in Figure S2).
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1. Moreover, while basin 3 was the most homogenous, it also emerged as the most taxonomically rich, hosting 
188 ± 5 families, indicating that while the basin harbors a high number of taxa, the environmental conditions 
allow these taxa to be evenly distributed, leading to a consistent, stable community structure, showing that on 
the bacterioplankton community basis the basin 3 is a strong and resilient ecosystem. Contrary to this, basin 1 
had the lowest taxa abundance (111 families), implying a more unbalanced ecosystem in the basin.

Differences between southern and northern shores were not pronounced despite the specificities of the 
southern (more intensive wave impact, sandy shoreline, lower organic content) and northern (deeper waters, 
clayey sediments, higher nutrient content) shore23. More importantly, quite similar diversities were also observed 
between the pelagic and littoral zones, although the pelagic zone showed slightly higher diversity indices. 
The littoral zone showed reduced diversity, probably due to physical peculiarities and selective pressure from 
human recreational use. Although principal component analysis revealed clustering trends among lake basins, 
complementary non-parametric comparisons did not reveal statistically significant differences in community 
structure. This suggests that the bacterioplankton community remains largely stable across the lake, and future 
research should focus on potential functional differentiation using metagenomic or transcriptomic approaches.

The lack of a statistically significant difference in bacterioplankton composition between the basins of Lake 
Balaton suggests a high degree of connectivity and homogenization across the lake. Lake Balaton is a relatively 
shallow, wind-driven system with strong water circulation that facilitates the mixing of bacterioplankton 

Fig. 5.  PCA biplot with families’ arrows (green lines) of Lake Balaton bacterioplankton based on the 11 most 
frequent families (over 1%). The detailed distribution of bacterioplankton families in the basins 1 and 4 of Lake 
Balaton are described in Figures S3 and S4.

 

Balaton

Basins Shores Zones

1 2 3 4 Southern Northern Littoral Pelagic

n 33 6 4 14 9 16 17 17 16

Whittaker 0.71 1.07 0.95 0.32 0.61 0.62 0.75 0.64 0.73

Harrison 0.016 0.097 0.189 0.025 0.051 0.030 0.034 0.029 0.035

Cody 1657 420.5 293 356 481 857 782.5 828 826

Routledge 0.141 0.186 0.156 0.081 0.130 0.130 0.146 0.134 0.144

Wilson-Shmida 11.3 3.8 2.6 1.9 3.2 5.6 5.5 5.4 5.8

Mourelle 0.26 0.34 0.51 0.15 0.26 0.27 0.25 0.25 0.28

Harrison 2 0.003 0.011 0.019 0.008 0.009 0.005 0.006 0.005 0.008

Williams 0.108 0.109 0.086 0.097 0.098 0.097 0.109 0.100 0.138

Table 4.  Bacterioplankton β-diversity at lake Balaton, the four basins of lake Balaton, the Southern and 
Northern Shores, and at the pelagic and Littoral zone of lake Balaton.
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communities across basins. This hydrological connectivity is likely to reduce spatial differentiation by dispersing 
microorganisms across the lake. Furthermore, despite some local variations, key limnological parameters driven 
by the uniform environmental background of the lake (geomorphology, temperature, light availability) are 
broadly similar across the basins, creating the idiosyncrasy of Lake Balaton. The presence of a stable, functionally 
important core bacterioplankton community that thrives in all basins suggests that environmental filtering 
selects for taxa that are well adapted to the overall conditions of the lake. This common core community may 
contribute to the observed similarity in diversity indices and underlies the bacterial resilience of the lake.

The observed bacterioplankton variability could be contextualized within the ecological history and 
management of Lake Balaton. The lake’s west-east trophic gradient, historically shaped by differential nutrient 
loading from the Zala River, remained a key driver of algal community structure8,21,47. Successful restoration 
efforts, such as the Kis-Balaton Water Protection System, reduced external phosphorus inputs and shifted the 
lake from hypertrophic to meso-eutrophic, but affected the westernmost Basin 1 with additional organic matter 
(CDOM) loading and bacterial colonization from its wetlands. In addition, climate change, with its projected 
warming and increased evaporation, could intensify thermal stratification and alter oxygen and nutrient 
dynamics in the pelagic zone, particularly in the westernmost basin 148. The study provided valuable insights 
into the ecological factors influencing the distribution of microbial communities by correlating key limnological 
parameters with bacterioplankton abundance in Lake Balaton. It was shown that changes in temperature and 
CDOM correlated with the distribution of major families, suggesting their possible role in shaping microbial 
communities, possibly by influencing growth conditions. Chlorophyll-a concentration showed a significant 
correlation with several families. These correlations may indicate direct or indirect relationships between 
phytoplankton and bacterioplankton, where higher chlorophyll-a may favor some bacterial groups while others 
may decline due to competition or a predator-prey relationship. Other measured limnological parameters 
(conductivity, pH, and total suspended solids) showed only marginal correlations with the abundance of 

Fig. 6.  Spatial distribution of bacterioplankton families in Lake Balaton. distribution of representation of 
six most widespread families (Comamonadaceae, Burkholderiaceae, Methylophilaceae, Ilumatobacteraceae, 
Alcaligenaceae, and Cryomorphaceae) across the entire basin using the percentage of sequencing reads 
representing each taxa.
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bacterial families, probably due to the spatial uniformity of these conditions in Lake Balaton. These results 
highlight the importance of considering these interactions when assessing the ecological status and functioning 
of the lake and when formulating strategies for water quality management.

The high degree of shared taxa across all basins (209 taxa, 83%) suggests the presence of a core microbiome 
essential for the lake’s ecosystem functioning. This core microbiome likely plays a vital role in maintaining 
ecological processes such as nutrient cycling and organic matter decomposition, which are crucial for the lake’s 

Fig. 7.  Family level variability in relative abundance between the bacterioplankton communities in the littoral 
and pelagic zone (A), and the northern and southern shores (B) of Lake Balaton.
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health and stability. At the same time, the different groups identified between basins in lake water suggest a 
complex microbial ecosystem and highlight the need for ongoing monitoring to assess potential health risks and 
ecological changes26.

This study reveals Lake Balaton as a dynamic microbial ecosystem characterized by high diversity and complex 
spatial variability ruling our second hypothesis supported. The observed patterns of bacterioplankton diversity 
and distribution are influenced by a combination of environmental factors and hydrological connectivity. 
Understanding these dynamics is critical for managing and preserving the ecological health of large freshwater 
shallow lakes, like Lake Balaton. Future research could focus on the functional roles of dominant and unique 
taxa and their responses to environmental changes to gain deeper insights into microbial ecosystem functioning.

The use of Oxford Nanopore MinION sequencing technology (ONT) in this study of Lake Balaton has 
provided unprecedented insights into the genetic diversity and distribution of bacterioplankton across the lake. 
The application of this sequencing method has enabled the detailed characterization of microbial communities, 
revealing a total of 253 microbial families distributed among the lake’s various areas. This technological 
advancement has allowed for a more comprehensive understanding of the bacterioplankton diversity than 
previous studies, highlighting the potential of long-read sequencing to uncover complex ecological patterns in 
aquatic environments.

While short-read next-generation sequencing (NGS) methods—particularly Illumina-based platforms—
have been foundational in microbial ecology, several studies have demonstrated critical limitations in their 
application to environmental microbiome analysis. However, the major drawback of the NGS for analyzing 
microbiota is their restricted read length (typically ~ 250–300  bp), which limits phylogenetic resolution, 
especially at the species or strain level36,42. This often results in ambiguous or incorrect taxonomic assignments, 
particularly among closely related taxa. Moreover, short-read 16 S rRNA sequencing relies on the amplification 
of hypervariable regions (e.g., V3–V4), which are not uniformly informative across all bacterial clades and can 
introduce biases due to primer mismatches6,49. In highly diverse and novel ecosystems such as freshwater lakes, 
this leads to the underrepresentation of rare or uncultured taxa and a skewed community profile38. Short-read 
sequencing also struggles to resolve full-length 16 S gene structures, thereby limiting downstream applications 
such as genome-resolved metagenomics or strain tracking. These limitations have motivated the adoption 
of long-read platforms like Oxford Nanopore and PacBio, which can sequence the entire 16  S rRNA gene 
(~ 1,500 bp) or even full operons, greatly improving taxonomic resolution and minimizing PCR biases37,40. The 
improved accuracy of long-read technologies makes them a viable and often superior option for characterizing 
complex and poorly studied environmental microbiomes.

Recent advancements in long-read sequencing have improved its feasibility for microbial community 
analysis despite historical concerns regarding higher error rates and costs. Short-read sequencing technologies, 
such as Illumina, exhibit error rates as low as 0.24% ± 0.06%, making them highly reliable for high-throughput 
applications50. However, short-read methods often struggle to resolve closely related taxa beyond the genus 
level due to read length limitations. In contrast, PacBio HiFi sequencing has reached reported accuracy levels 
of up to 99.9%, offering species- and strain-level taxonomic resolution crucial for microbiome studies36,37,51. 
While Oxford Nanopore Technology (ONT) initially exhibited error rates between 15% and 40%, continual 
improvements in flowcell chemistry (e.g., R10.4.1) and base-calling algorithms have substantially increased its 
accuracy, now approaching 99% for species-level microbial profiling52,53. Although long-read sequencing is still 
more expensive per-gigabase basis, its ability to capture full-length 16 S rRNA gene sequences reduces the need 
for complex computational assembly. It helps minimize biases introduced by primer selection40. Comparative 
studies have further demonstrated that full-length 16  S sequencing, coupled with well-curated reference 
databases, significantly enhances microbial community profiling—especially in complex environmental and 
clinical settings38,39. Thus, while short-read platforms remain cost-effective and precise for many large-scale 

Temp. pH Conduct Chl_a CDOM Secchi TSM

Comamonadaceae 0.475** 0.175 −0.297 −0.321 −0.466** 0.256 −0.081

Burkholderiaceae −0.184 −0.156 0.390* 0.665*** 0.782*** −0.557*** 0.300

Methylophilaceae 0.062 0.046 −0.123 −0.076 0.021 0.292 −0.269

Ilumatobacteraceae −0.083 −0.045 0.066 0.218 0.204 −0.278 0.294

Alcaligenaceae −0.455** 0.439* −0.214 −0.473** −0.290 0.566*** −0.628***

Cryomorphaceae −0.424* 0.261 −0.190 −0.393*** −0.291 0.250 −0.260

Microbacteriaceae 0.427* −0.117 −0.141 0.026 −0.103 −0.161 0.338

Cytophagaceae 0.063 0.103 −0.378* −0.644*** −0.554*** 0.787*** −0.640***

Oxalobacteraceae 0.559*** 0.070 −0.268 −0.151 −0.432** −0.168 0.349

Rhodobacteraceae 0.519** 0.021 0.042 −0.430** −0.441** 0.179 −0.091

Chitinophagaceae 0.304 −0.129 0.101 −0.040 −0.102 −0.070 0.215

Total runs 0.302 −0.025 −0.270 −0.138 −0.353* 0.223 0.006

Table 5.  Spearman rank order correlation coefficients and significance between the measure Limnological 
parameters and bacterioplankton abundance in lake Balaton in May of 2019. * - shows significance P < 0.05, ** 
- shows significance P < 0.01, *** - shows significance P < 0.001.
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projects, the increasing accuracy and resolution of long-read platforms make them an attractive complement for 
achieving higher taxonomic resolution in microbiome research.

One remarkable aspect of the ONT long-read sequencers is their portability, enabling their use in diverse 
settings. Unlike typical, large, benchtop sequencing devices, these small long-read sequencing devices can be 
directly plugged into a laptop and have been employed in unconventional environments42, from the International 
Space Station54 to remote field sites during disease outbreaks41, showcasing their adaptability and potential for 
rapid response in monitoring microbial populations. The design of our study took advantage of this portability 
by setting up a mobile lab with a minimal setup that moved a portable sequencer to the research site at Lake 
Balaton. This allowed us to generate and analyze sequencing data for each sample in real time, providing results 
much more quickly than typical short-read sequencing technologies. While short-read sequencing technologies 
offer higher throughput due to their ability to multiplex many more samples on one sequencing run, the rapid 
response and detailed insights provided by long-read sequencing were invaluable for our study.

Several challenges remain before the long read sequences can be used to routinely monitor the lake 
microbiota. One of these is in the use of PVDF membranes for primary genetic analysis, which focused on 
bacterial profiles smaller than 0.1 μm. This approach inherently limits our analysis to smaller bacterial species, 
potentially excluding larger bacteria from comprehensive genetic profiling. To account for this, we employed 
additional pre-filtering with GF-C membranes (Millipore Sigma, Massachusetts, USA), which were stored at 
−20 °C for comparison with the 0.1 μm PVDF membranes. As anticipated, this fraction was overwhelmingly 
dominated by Cyanobacteria (Table S2). However, it is important to note that Cyanobacteria are large enough 
to be effectively counted and analyzed using alternative methods such as microscopy, which raises questions 
about the necessity and efficiency of using genetic analysis for such large organisms. The other major factor is 
the comparatively higher cost of long-read vs. short-read sequencing which can be a barrier for some research 
programs. In addition, there is an issue of accuracy - the long-read technologies historically have higher 
error rates compared to short-read sequencers55. Finally, there is an issue of advanced analysis of long-read 
sequencing, because this type of data requires specialized bioinformatics tools and expertise. Developing user-
friendly software and pipelines will be essential for integrating long-read sequencing into routine environmental 
monitoring. However, long-read sequencing technologies are constantly improving and gradually closing the gap 
in terms of accuracy and costs56, and continuous improvements in base-calling algorithms and error-correction 
methods are mitigating these issues. Efforts to reduce costs and increase the accessibility of these technologies 
are crucial for broader adoption in ecological studies.

We recognize that long-read sequencing can theoretically provide genus- or species-level taxonomic 
resolution36,37. However, environmental microbiomes frequently include novel or uncultured taxa with 
highly similar 16 S rRNA gene sequences, making species-level assignments challenging even with long-read 
platforms38,39. Moreover, our study utilized older Oxford Nanopore flow cells (R9.4) and a previous base-caller 
(Guppy), which present higher error rates than the latest chemistries40. Consequently, to maximize reliability and 
reduce false positives, we focused on reporting family-level identifications in our primary analysis. Nonetheless, 
for transparency and potential further exploration, we have provided the full taxonomic dataset (family, genus, 
and species assignments) in Table S3. This supplementary material enables researchers to get into the higher-
resolution classifications where databases and methodological improvements allow.

The genetic analysis has uncovered significant differences in bacterioplankton diversity and distribution among 
the basins of Lake Balaton, with basin 3 identified as the most taxonomically rich and homogeneous, indicating 
an existing stable ecosystem that support a wide array of bacterioplankton families. In contrast, basin 1 was 
found to have the lowest bacterial abundance and the highest β-diversity, suggesting an unbalanced ecosystem 
characterized by considerable variability in community composition. These findings underscore the importance 
of spatial heterogeneity in shaping microbial communities and highlight the need for targeted management 
strategies tailored to the unique conditions of each basin. The stable and diverse bacterioplankton communities 
observed in Basin 3 suggest that existing environmental conditions should be preserved to maintain ecological 
resilience. Management practices should prioritize protecting water quality and preventing disturbances that 
could disrupt the balanced ecosystem. Conversely, Basin 1 requires attention to address its unbalanced microbial 
community and high variability. Management efforts should focus on stabilizing environmental conditions by 
reducing nutrient, dissolved organic matter inputs and mitigating potential stressors, such as pollution and 
habitat disturbance.

In contrast to previous studies of Lake Balaton that used short-read sequencing (e.g., Illumina) or T-RFLP, 
which generally reported findings at the family or higher taxonomic levels (Farkas et al., 2020; Tóth et al., 2020), 
our application of full-length 16 S rRNA gene sequencing enabled higher-resolution taxonomic assignments. 
Specifically, we identified over 120 distinct genera and 200 species across all samples. In contrast, earlier 
investigations typically reported fewer bacterial taxa due to the constraints of shorter read lengths and less 
comprehensive reference alignments. This expanded resolution is critical for elucidating the ecological roles 
of closely related or low-abundance taxa within Lake Balaton’s bacterioplankton community. By capturing 
this finer-scale diversity, long-read sequencing facilitates more accurate assessments of community structure, 
potential functional capabilities, and the detection of rare organisms that may substantially influence nutrient 
cycling and other lake-wide processes.

Beyond taxonomic resolution, the observed microbial diversity in Lake Balaton plays a fundamental role in 
shaping ecosystem function. The high Shannon diversity in some basins suggests greater functional redundancy, 
which enhances resilience against environmental fluctuations. In contrast, distinct beta diversity patterns 
across basins indicate potential niche specialization, where taxa are differentially adapted to varying CDOM 
concentrations, hydrological inputs, and nutrient availability. A substantial body of research has demonstrated 
that CDOM (or its derivatives, such as humic substances or dissolved organic matter, amongst others) exerts a 
significant influence on the abundance and production of bacterioplankton and its community composition57–60. 
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Such spatial heterogeneity underscores the role of bacterioplankton in sustaining key biogeochemical processes, 
including organic matter degradation and nitrogen cycling, which are crucial for maintaining freshwater 
ecosystem balance.

From a limnobacterial perspective, the study demonstrates that bacterioplankton diversity is influenced by 
environmental factors, though our study highlighted only the dissolved organic matter content of the water. 
The high degree of taxonomic richness and the presence of a core microbiome across the lake suggest that 
Lake Balaton still harbors a resilient microbial ecosystem capable of maintaining essential ecological functions. 
However, the variability observed in certain basins indicates that some areas may be more susceptible to 
environmental disturbances and may require focused management efforts to enhance ecological balance and 
stability.

Methods
Study area
Lake Balaton is a large (596 km2) lake in Central Europe located in the western part of Hungary (N 46.83°, 
E17.71°, Fig. 1A). Lake Balaton is 78 km long, with a width of between 1.4 and 15.3 km; its average water depth 
is 3.7 m, with the deepest point of 12 m. Lake Balaton is traditionally divided into 4 basins due to the dominant 
geomorphological and limnological features (Fig. 1B; Table 1). The shoreline of the lake is 240 km long, with 
110 km covered with emergent macrophytes (mostly common reed, ~ 14 km2), while nearly all of its shoreline 
has submerged macrovegetation.

The 5765 km2 catchment has a moderately developed industry, while the dominant land use is agriculture 
(arable and mixed cropping, orchards and vineyards), with tourism prevailing near Lake Balaton. Lake Balaton 
has one main (61% of the inflows) tributary, the Zala River, and a large number of smaller inflows (Fig. 1B). 
While Lake Balaton is mainly fed by the Zala River in the westernmost basin 1, and its only outlet is the Sió Canal 
(easternmost basin 4), resulting in a water residence time of about 4–5 years (Table 6).

Water sampling
Water samples were collected from Lake Balaton at 45 locations that were distributed over all four basins 
of the lake (Table S1, Figure S5), at the end of May and beginning of June 2019. This period was specifically 
chosen because of the lower abundance of cyanobacteria in the lake. Samples were categorized by basin, nearest 
shoreline (north and south) and distance from shore: samples collected less than 500 m from the shoreline were 
considered littoral, while samples collected at least 2 km from the shoreline were considered pelagic. The water 
samples were collected as depth-integrated over the upper 2 m of the water column into previously sterilized 
one-liter bottles, one bottle for genetic analysis, and one bottle for limnological analysis. The bottles were kept 
in a cooling box to maintain their original temperature and brought to the laboratory for further analysis within 
2 h.

For genetic analysis, 400 mL of water were filtered under low vacuum pressure in the laboratory first through 
a Whatman GF-C coarse filter (Sigma Aldrich, Missouri, USA) and then through a Durapore PVDF membranes 
fine filter (MilliporeSigma, Massachusetts, USA). The PVDF membranes were used for primary genetic analysis 
focusing on the bacterial profile > 0.1 μm. In addition, pre-filtering GF-C (Millipore Sigma, Massachusetts, USA) 
membranes were stored at −20 °C for comparison with the 0.1 μm PVDF membranes.

Total suspended matter (TSM) was measured gravimetrically after filtering the water through a previously 
dried and pre-weighed GF-5 fiberglass filter (nominal pore size = 0.4 μm), drying for 2 h at 105 °C, then weighing 
again and subtracting the filter weight from the total weight. TSM concentration was calculated based on the 
predetermined volume of the filtered sample. The concentration of colored dissolved organic matter (CDOM) 
was measured spectrophotometrically at 440 nm (Hitachi, U-2900) after filtering the water through a cellulose 
acetate filter (pore size 0.45 μm) and was expressed as Pt (platina) units (mg Pt l−1)61. Chlorophyll-a of the water 
column was determined from freshly collected samples. 1 L of sampled water was filtered through Whatman 
GF-5 filter papers, and pigments were analyzed following extraction in 60  °C methanol and clarification by 
centrifugation (10,000 rpm for 10 min)62.

Extraction of metagenomic DNA
For each location, the total DNA was extracted from a 0.1-micron Durapore™ PVDF membranes filter 
(MilliporeSigma, Massachusetts, USA) using DNeasy PowerWater Kit from QIAGEN (#14900, QIAGEN LLC, 
Maryland, USA) optimized to increase genomic DNA yields from low biomass samples like the filtered water 
samples, including turbid water. The extraction protocol was modified by cutting the membranes, adding 20 
µL of 20 mg/mL Proteinase K (AM2546, ThermoFisher, Massachusetts, USA), adding either 500 µL or 1000 

Lake Balaton Basin 1 Basin 2 Basin 3 Basin 4

Area (km2) 38 144 186 228

Volume (million m3) 82 413 600 802

Average depth (m) 2.7 3.4 3.7 4.2

Length (km) 8 14 32 24

Width (km) 6 8 8 10

Table 6.  Geomorphological characteristics of the individual basins of lake Balaton. The parameters shown are 
long-term (> 20 years) averages.
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µL of Tris-buffered saline (TBS, 10x diluted into 1x, pH 7.4) (BP2471-100, Fisher Scientific, Massachusetts, 
USA) to the extraction beaded vials, incubating samples in a water bath for at least 8 h (overnight) at 65 °C and 
diluting the DNA in 80 µL solution of elution buffer (EB) (Supplemental Table 1). DNA was extracted from 
all 0.1-micron Durapore™ PVDF membrane filters. The DNA quality and concentrations were assessed by an 
IMPLEN Nanophotometer (IMPLEN, München, Germany).

Targeted 16S rRNA sequencing
The extracted DNA samples, E. coli DNA (positive control) and negative control, were divided into groups of 
twelve and subjected to targeted long-read sequencing on the MinION platform (Oxford Nanopore Technologies, 
Oxford, UK). A total of 44 samples were sequenced (Table S1). The library preparation, which includes PCR 
amplification of 16 S rRNA genes, was carried out by allocating each sample to a barcoded from twelve available 
in the Oxford Nanopore 16 S Barcoding DNA kits (SQK-RAB204) as per manufacturer’s instructions using NEB 
LongAmp Taq 2X master mix (New England, Biolabs, USA). The protocol was modified by extending the PCR 
program from 25 to 30 cycles. Cycling conditions were the following: an initial denaturation at 95 °C for 1 min, 
followed by 30 cycles of 95 °C denaturation for 20 s, 55 °C annealing for 30 s, and 65 °C extension for 2 min, 
with a 65 °C final extension for 5 min. The 1.5k bp amplicons were purified using Agencourt AMPure X beads 
(Beckman Coulter, Brea, CA), pooled together, and normalized to a total of ~ 200 ng (16.7 ng/sample). Long read 
1D sequencing was directly performed using R9.4 flow cells (Oxford Nanopore Technologies, Ltd) by loading 
75 µL of sequencing mix to the SpotON port of the MinION Mk1B device run using MinKNOW 3.1.19 (Oxford 
Nanopore Technologies, Ltd., 2019).

Sequence quality control
In ONT-based sequencing, reads frequently display lower Phred scores relative to short-read technologies. 
To balance accuracy with read retention, we evaluated multiple Phred score cutoffs (Q > 7, Q > 10, Q > 15, and 
Q > 20) by examining their impact on total read counts and resulting taxonomic profiles. We ultimately chose 
Q > 7 (≈ 80% base accuracy) as our primary filter, following recommended practice in several environmental 
microbiome studies using older ONT chemistries40,42.

Data processing and analysis
Sequencing was performed for 48 h on a MinION platform using version R9.4 flow cell (FLO-MIN106). Read 
processing and base calling of nanopore signals were performed locally on a MiniIT portable PC (Oxford 
Nanopore Technologies, Ltd. 2019, ARM processor 6 cores, 256 Core GPU, 8 GB RAM, 512 GB SSD) via 
MinKnow GUI, using base caller Guppy v2.3.5 pipeline63. At the time of sequencing, the Phred quality score was 
applied to the raw data. Reads with a Phred score of Q > 7 (representing a base accuracy of > 80%) were separated 
from the rest and labeled as passed the initial Quality Control Step.

The fastq files that passed QC were uploaded into EPI2ME64 using the “FASTQ 16s” taxonomic classifier 
workflow, which is based on Centrifuge software65,66 against the NCBI Bacterial 16  S taxonomic database 
(accession No.: PRJNA33175). Output data from the EPI2ME 16 S pipeline was analyzed using the CSVNanopore-
master python script, which filters by accuracy > 80%, QC score > 7, e- value and read length > 1400 and < 1700 bp 
and retrieves the phylum and family name from the NCBI taxonomy IDs67. Frequencies of all taxonomic units 
(families and phyla) used in the analysis (Table S2). We have provided the full taxonomic dataset (family, genus, 
and species assignments) accessible in Table S3. The .csv files from the script were used to generate a taxonomic 
abundance table for further statistical analyses. Nanopore sequencing data from all available sequences has been 
deposited at the European Genome-Phenome Archive (ENA, PRJEB80228).

In this study, bacterioplankton abundance was defined as the number of sequencing reads assigned to 
bacterial taxa. This approach provides a relative measure of bacterioplankton abundance and community 
composition, reflecting the proportion of different taxa within the sampled microbial assemblage. Although 
read counts do not directly correspond to absolute cell numbers due to potential biases in DNA extraction and 
sequencing efficiency, they provide a robust comparative metric for assessing spatial and taxonomic variation in 
bacterioplankton communities across Lake Balaton.

Statistical analysis
Bacterial community dissimilarities between basins, zones, and shores were calculated by comparing abundance 
and α-diversity indexes obtained from the vegan package in R-studio68. Data transformation and visualization 
were performed using R Studio packages and Python programming language’s data processing and visualization 
libraries. Statistical analyses, α- and β- diversity calculations for bacteria at the family level were performed 
with the ‘vegan’ package in R using R-Studio Version 1.2.133568. To assess differences in α-diversity between the 
basins of Lake Balaton, the Kruskal-Wallis one-way analysis of variance on ranks was performed using R version 
4.3.269. This non-parametric test was chosen due to the non-normal distribution of the α-diversity metrics, as 
determined by the Shapiro-Wilk normality test. Families with less than 5 reads per basin were removed, and 
samples were rarefied to assess whether the sequencing effort was sufficient to capture the diversity present in 
the sample (‘ggiNEXT’ package R) (Figure S1)70.

Data availability
All available sequences has been deposited at the European Genome-Phenome Archive (ENA, PRJEB80228).
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