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Summary 

The advent of Next-Generation Sequencing (NGS) is helping to reveal much of 

the vast, yet hidden biodiversity of microbial communities in various habitats on Earth. 

Using DNA extracted from environmental samples, researchers now have access to 

phylogenetic and functional information, and thus to composition, dynamics and 

abiotic and biotic interactions of the microorganisms that make up these communities. 

The amount of information accumulated is enormous and allows worldwide 

comparisons. However, the accurate and optimal processing of such large NGS 

datasets is still an intensive field in development.  

Throughout this thesis, DNA sampling and NGS has been established and 

applied to the description of the microbial plankton community of the epilimnion of Lake 

Constance, while pushing scientific boundaries to optimise processing and accurately 

analysing these datasets. 

Planktothrix rubescens, a red-pigmented toxin-producing cyanobacterial 

species has regularly formed blooms in Alpine and pre-Alpine lakes. Lake Constance, 

however, has remained largely unaffected by blooms of this toxic cyanobacterium. The 

observation of red biomass on plankton filters collected from summer onwards in 2019 

and 2020 raised the suspicion whether it was prominently present also in Upper Lake 

Constance (Überlinger See). DNA extraction and NGS sequencing of cyanobacteria-

specific 16S-rDNA amplicons as well as Sanger sequencing of the mcy gene for toxin 

production, confirmed the presence of P. rubescens in Lake Constance, though at very 

low abundance. Two types of microcystin toxins were also detectable, though at 

extremely low concentrations. Indeed, Synechococcus spp. were responsible for the 

high abundance of red-pigmented biomass, and our phylogenetic analysis linked them 

to Lake Constance isolates already described in 2003. 

Plankton filtration for collecting biomass for DNA extraction is traditionally 

performed with a fixed sample volume, resulting in different amounts of biomass and 

thus DNA depending on the plankton density of the water samples. Further, this 

introduces a so-called ‘filtration bias’ into the NGS community analysis. A new filtration 

approach was developed, using flowrate as a proxy for biomass loading and clogging 

of the filters. The new method successfully collected equivalent amounts of DNA 
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regardless of plankton density, and the NGS results showed no ‘filtration bias’ when 

tested. This filtration method was used to collect plankton biomass for DNA extraction 

in the following study. 

The composition of the nanoplankton (here, organisms with 180 – 5 µm in 

diameter) and picoplankon (5 – 0.2 µm in diameter) of the epilimnion of Upper and 

Lower Lake Constance was analysed every two weeks from March 2018 to March 

2019. Therefore, DNA was extracted from plankton samples taken of the water column 

between 0 – 20 m depth (integrated sample) and 18S- and 16S-rDNA amplicons were 

sequenced by NGS. While the temporal dynamics of the microbial community showed 

a similar seasonal pattern for both sampling sites, the phylogenetic analysis revealed 

specific taxa that were more abundant or even uniquely present in either Upper or 

Lower Lake Constance, which could be attributed to specific environmental factors in 

these different parts of the lake. For example, in Upper Lake Constance, the vertical 

mixing in winter brought a hypolimnion community into the epilimnion, while for Lower 

Lake Constance, a hypoxic event during summer and autumn allowed also for 

anaerobic microorganisms to thrive. The presence of several taxa capable of 

mixotrophy or predation at either the one or the other sampling site, also indicated 

specific predator-prey interactions in the different parts of the lake. 

The frequentist statistics used in biology have limitations that can affect the 

accuracy of the results and, by extension, the full analysis. The main problem is the 

lack of consideration of the statistics in the experimental design. Joint Species 

Distribution Models (JSDM) and Bayesian inference, which are widely used in (non-

microbial) ecology, are less sensitive to such limitations. My aim was to apply this 

approach to the temporal dynamics of the microbial plankton community in ULC 

described above, with emphasis on the effects of winter vertical mixing and biotic 

interactions. Vertical mixing was confirmed to affect a high and diverse proportion of 

the plankton community, with for example Actinobacteria being highly sensitive. A 

large network of biotic interactions was observed, confirming known interactions such 

as the mycoloop or the association of Proteobacteria and Bacteroidota with specific 

phytoplankton species. The models also revealed additional, predicted interactions 

that require further experimental analysis. Hence, the models showed conclusive 

results, indicating that JSDM is applicable also to the NGS-based analysis of microbial 

communities 
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Zusammenfassung 

 Next-Generation Sequencing (NGS) Methoden ermöglichen, die riesige, bisher 

verborgene Vielfalt mikrobieller Gemeinschaften in den verschiedenen Lebensräumen 

der Erde aufzudecken. Die Verwendung von DNA aus Umweltproben gibt Zugang zu 

phylogenetischer und funktioneller Information und damit zur Zusammensetzung, 

Dynamik und Interaktion der Mikroorganismen in solchen Lebensgemeinschaften. Die 

Menge der gesammelten Informationen ist enorm und ermöglicht weitläufige 

Vergleiche. Die optimale Analyse solcher NGS-Datensätze steht jedoch immer noch 

unter kontinuierlicher Entwicklung.  

 Im Rahmen dieser Arbeit wurden erstmals DNA-Probenahmen etabliert und 

NGS-Methoden genutzt zur Beschreibung der mikrobiellen Planktongemeinschaft des 

Epilimnions des Bodensees, wobei auch die Optimierung der Analysen dieser 

Datensätze im Fokus stand. 

Planktothrix rubescens, ein rot-pigmentiertes Toxin-produzierendes 

Cyanobakterium, bildet in alpinen und voralpinen Seen regelmäßig Blüten. Der 

Bodensee ist jedoch weitgehend verschont geblieben. Rote Biomasse auf 

Planktonfiltern im Sommer und Herbst 2019 und 2020 ließ den Verdacht aufkommen, 

dass P. rubescens auch im Bodensee (Überlinger See) in hoher Abundanz vorkommt. 

DNA-Extraktion und NGS-Sequenzierung von Cyanobakterien-spezifischen 16S-

rDNA PCR-Produkten sowie Sanger-Sequenzierung des mcy-Gens für die 

Toxinproduktion bestätigten das Vorhandensein von P. rubescens im Bodensee, 

wenn auch in sehr geringer Abundanz. Microcystin-Toxine waren ebenfalls 

nachweisbar, wenn auch in extrem niedriger Konzentration. Tatsächlich waren rot-

pigmentierte Synechococcus spp. abundant, die bereits 2003 beschriebenen wurden. 

Planktonfiltration zur DNA-Extraktion wird traditionell mit einem festen 

Probenvolumen durchgeführt, was je nach Planktondichte der Wasserproben zu 

unterschiedlichen Mengen an Biomasse und damit DNA führt. Außerdem führt dies zu 

einem so genannten "Filtrations-Bias" bei der Analyse der Gemeinschaft anhand NGS. 

Es wurde eine neue Filtrationsmethode entwickelt, bei der die Durchflussrate als Proxi 

für die Biomassebeladung der Filter verwendet wird. Mit der neuen Methode konnten 

in etwa gleiche DNA-Mengen unabhängig von der Planktondichte gesammelt werden, 
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und die NGS-Ergebnisse zeigten keinen "Filtrations-Bias". Die Methode wurde in der 

folgenden Studie der saisonalen Plankton-Sukzession des Bodensees angewendet. 

Die Zusammensetzung des Nanoplanktons (hier Organismen mit 180 - 5 µm 

Durchmesser) und Picoplanktons (5 - 0,2 µm Durchmesser) im Epilimnion des Ober- 

und Untersees wurde alle zwei Wochen von März 2018 bis März 2019 analysiert. Dazu 

wurde DNA aus Planktonproben der Wassersäule zwischen 0 - 20 m Tiefe (integrierte 

Probe) extrahiert und 18S- und 16S-rDNA PCR-Produkte mittels NGS sequenziert. 

Während die zeitliche Dynamik der Zusammensetzung des Planktons für beide 

Seeteile ein ähnliches saisonales Muster zeigte, ergab die phylogenetische Analyse 

spezifische Taxa und Organismengruppen, die entweder im Ober- oder Untersee 

häufiger oder sogar ausschließlich vorhanden waren und die auf spezifische 

Umweltfaktoren in diesen Seeteilen zurückgeführt werden können. Im Obersee 

beispielsweise brachte die Winterdurchmischung eine Hypolimnion-Gemeinschaft ins 

Epilimnion, während eine Hypoxia im Untersee ab Sommer auch anaerobe 

Mikroorganismen auftreten ließ. Unterschiedliche Taxa, die zur Mixotrophie oder 

Prädation fähig sind, deuten auf spezifische Räuber-Beute-Interaktionen in den 

verschiedenen Seeteilen hin. 

Die in der Biologie häufig verwendete frequentistische Statistik weist 

Einschränkungen auf, die sich negativ auf die Ergebnisse und damit auf die gesamte 

Analyse auswirken können. Das Hauptproblem ist eine mangelnde Berücksichtigung 

der Statistik bei der Versuchsplanung. Gemeinsame Artenverteilungsmodelle (JSDM) 

und Bayes'sche Statistik, die in der Ökologie weit verbreitet sind, sind weniger anfällig 

für solche Einschränkungen. Mein Ziel war es, diesen Ansatz auf die zeitliche Dynamik 

der mikrobiellen Planktongemeinschaft im Obersee anzuwenden, wobei die 

Schwerpunkte auf den Auswirkungen der Winterdurchmischung und den biotischen 

Interaktionen lag. Es wurde bestätigt, dass die vertikale Durchmischung einen großen 

und vielfältigen Anteil der Planktongemeinschaft beeinflusst. Es wurde ein komplexes 

Netz biotischer Interaktionen beobachtet, das bekannte Interaktionen wie den 

Mykoloop oder die Interaktion von Proteobakterien und Bacteroidota mit 

Phytoplankton bestätigt. Die Modelle zeigten auch zusätzliche, vorgesagte 

Interaktionen auf, die weitere experimentelle Analysen erfordern. Die Modelle ergaben 

also schlüssige Ergebnisse, die bestätigen, dass JSDM auch für NGS-basierte 

Analysen mikrobieller Gemeinschaften anwendbar ist.
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General introduction 

The freshwater microbial plankton 

 Freshwater microbial plankton is a very broad term that includes a large 

diversity of microorganisms that can be divided into bacterioplankton and 

microeukaryotes (Figueiras et al. 2020; Cabrerizo et al. 2022). Members of the 

bacterioplankton are prokaryotic cells belonging to bacteria and archaea, mostly 

showing a heterotrophic lifestyle, with the exception of some autotrophic groups 

dominated by cyanobacteria (Newton et al. 2011; Callieri et al. 2016; Salmaso et al. 

2018). The microeukaryotes are a much broader assemblage of microorganisms 

related to plants, fungi or animals, making it neither monophyletic nor a uniform 

functional group (Urry et al. 2017; del Campo et al. 2020). For example, this 

phylogenetic diversity has led to a diversity of feeding behaviours with autotrophic, 

heterotrophic or mixotrophic microeukaryotes, such as autotrophic organisms such as 

diatoms or Chlotophyta, predatory Ciliophora and saprophytic/parasitic fungi, , or 

mixotrophic dinoflagellates or Cryptophyta (Anderson 1988; Pålsson and Granéli 

2003; Hammer and Pitchford 2006; Banerji et al. 2018; Frenken et al. 2020). Although 

these organisms are extremely small, they are central to the functioning of freshwater 

ecosystems. The autotrophic microbial community, known as phytoplankton, captures 

carbon dioxide and inorganic matter to produce biomass and release dioxygen into 

the ecosystem (Jones 1998). This activity is the first trophic level as it keeps the 

ecosystem stable and able to support oxygen-breathing organisms and produce 

organic matter used by heterotrophic microorganisms but also the zooplankton as a 

food source (Ducklow et al. 1986). The mineralization of organic matter into inorganic 

constituents and the recycling of nutrients for renewed growth of the phytoplankton is 

catalysed by heterotrophic microorganisms. Furthermore, the heterotrophic 

microorganisms themselves serve as food for e.g. ciliates, thereby linking their 

biomass directly to higher trophic levels, a process known as the microbial loop (Cole 

et al. 1988; Jetten 2008; Fenchel 2008). Finally, at the community level, the taxonomic 

composition and total biomass of the microbial plankton community is highly dynamic 

in space and time due to environmental changes and biotic interactions (Alavi 2004; 

Heil et al. 2005; Munir et al. 2013; Frenken et al. 2016; Woodhouse et al. 2016; 

Woodhouse et al. 2018).  
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Threat to the freshwater microbial plankton 

 Lake ecosystems have been described as sentinels of environmental change 

(Adrian et al. 2009), and the same observation can be made for the freshwater 

microbial plankton community. Many large and long-term effects on the community as 

a result of environmental change have already been observed. For example, the 

resurgence of the cyanobacterium Planktothrix rubescens, which forms toxic blooms 

in Alpine and pre-Alpine lakes, correlates with changes in the trophic state of these 

lakes (Jacquet et al. 2005; Garneau et al. 2015). Acidification of water, another major 

environmental change resulting from increased atmospheric carbon dioxide, has been 

correlated with lower phytoplankton (Geelen and Leuven 1986) and bacteria richness 

(Griffiths et al. 2000). The so called “dead zone”, increasing in occurrence in aquatic 

ecosystems, are area of oxygen depletion resulting from a combination of 

environmental factors and anthropogenic activities (Dodds 2006; Rocke et al. 2013). 

Recurring seasonal hypoxic event happen naturally in freshwater lakes like Lake Erie 

(Conroy et al. 2011) or Lake Constance (Chapter III). However, some hypotheses that 

anthropogenic activities: direct with nutrient runoff and indirect with climate change, 

could intensify the occurrence and length of such event (Conroy et al. 2011).  

 Hence, studying the resistance and resilience capacity of microbial 

communities is an intense field of work, sometimes showing contrasting results 

depending on the community or ecosystem studied (Shade et al. 2012a; Shade 2023). 

Nevertheless, the high diversity, plasticity and functional redundancy of the microbial 

plankton community tend to indicate a certain level of resistance and resilience to 

disturbance (Shade et al. 2011; Shade et al. 2012b; Mandakovic et al. 2018; Avila-

Jimenez et al. 2020). However, anthropogenic activities and their associated 

environmental changes will continue to pose a threat to such ecosystems. More 

studies, both correlational and experimental, must be promoted to further increase our 

knowledge of microbial plankton communities, firstly to satisfy scientific curiosity and 

secondly but probably more importantly, to increase our predictive capacity for such 

complex ecosystems. 

Technologies to disentangle microbial plankton communities 

 The study of microbial plankton communities has always been limited by their 

small size. Microscopic counting techniques have primarily been used to distinguish 
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individual species and the composition of phytoplankton communities, with species 

assignment based on the morphology of taxa (Sommer 1986; Gaedeke and Sommer 

1986; Rodriguez et al. 2002; Chalar 2009; Su et al. 2016). This is time consuming and 

requires expertise to correctly differentiate the species. However, morphological 

variability of the species leads to inequalities in taxonomic affiliation and the detection 

capability of rare species is low: Next-Generation Sequencing (NGS) analysis has 50 

to 83% higher richness (Naselli-Flores 2014; Xiao et al. 2014). Furthermore, the 

presence of human variability - in respect to the persons doing the counting - must be 

taken into account, as only 43% of taxonomic affiliation consensus was observed 

when comparing phytoplankton counting experts (Culverhouse et al. 2003).  

 For the next smaller size class than the phytoplankton, the lack of 

morphological variation between bacteria and archaea cells and thus different taxa 

and species makes the use of microscopic differentiation to study their community 

structure impossible. Methods for analysing bacterioplankton communities can be 

divided into two categories: culture-dependent and culture-independent techniques. 

Culture-dependent techniques are based on the isolation, e.g., of bacterial colonies 

on agar plates, which are used for molecular analysis such as Sanger sequencing. 

This method, applied to large and diverse communities, is time and energy consuming 

as isolation of pure bacterial colonies is a long and tedious process. Furthermore, 

cultivation is a bottleneck as it is estimated that only 0.1 to 1% of environmental 

bacterial species can be considered to be cultivable under laboratory conditions 

(Steen et al. 2019). In respect to freshwater lakes, some important taxonomic groups 

are also difficult to cultivate, such as the freshwater Actinobacteria acI lineage, which 

was isolated for the first time in 2019, despite being an highly abundant and thus 

important bacterioplankton lineage in lakes (Kim et al. 2019a; Kim et al. 2021); the 

same applies for the SAR11-sister clade LD12 in freshwater lakes (Salcher et al. 

2011b). Therefore, culture-dependent approaches underestimate community richness 

and bias community composition (Hugenholtz et al. 1998; Vaz-Moreira et al. 2011). 

Culture-independent techniques overcome the limitation of cultivation while providing 

a more accurate representation of complex microbial community structure. The first 

type of analysis was the community fingerprinting techniques, which employ a unique 

characteristics of a universal component or section of a biomolecule (molecular 

markers) to differentiate taxa and provide a profile of the community (Zwisler et al. 
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2003; Hewson and Fuhrman 2004; Schwalbach et al. 2005; Kan et al. 2006). However, 

the size or composition of the targeted biomolecules may be so similar between 

individual microbial taxa that they are indistinguishable. Therefore, these techniques 

usually do not have enough resolution to accurately represent a microbial community 

in its natural diversity, and the phylogenetic information derived from these analyses 

is often insufficient to make an unequivocal taxonomic assignment (Popa et al. 2009; 

Portillo et al. 2011). The development of DNA-based taxonomic markers, for example 

using the 16S and 18S rRNA gene sequences, and of NGS technologies has allowed 

a huge step forward in analysing microbial plankton communities, as detailed in the 

following. 

Sequencing revolution 

 The first generation of DNA sequencing, developed by Sanger in 1977, 

revolutionised molecular biology by providing access to genomic information (Sanger 

et al. 1977) and this technology has evolved rapidly since then. It took almost 30 years 

to develop the second generation, also called High Throughput Sequencing (HTS) or 

Next-Generation Sequencing (NGS) (Margulies et al. 2005), while only five to ten 

years separate the second and third generations, also called long-read sequencing 

(Eid et al. 2009; van Dijk et al. 2018). The development of these technologies has 

opened up new ways of studying the microbial community. Sanger sequencing is able 

to process only an individual DNA sequence of a single species, meaning that if the 

DNA came from a mixed culture, the sequencing results cannot be interpreted.  

 One of the major advances of NGS is the ability to process millions of different 

DNA sequences in parallel in a single run (Voelkerding et al. 2009). As with 

fingerprinting techniques, NGS allows culture-independent analysis of communities, 

while overcoming the limitations of the fingerprinting approach. Indeed, by using the 

sequence information of an amplified DNA fragment rather than comparing its size or 

composition (without knowing it), coupled with the ability to process millions of DNA 

sequences in parallel, the resolution of NGS overcame the limited representation of 

highly diverse microbial communities and the low phylogenetic information of 

fingerprinting approaches (Karczewski et al. 2017).  

 While the Human Genome Project took 13 years, 20 institutions and three 

billion dollars to sequence the entire human genome, it currently takes three days and 
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costs US$ 1000 (Li and Chen 2014). This decrease in price and time, combined with 

the diversification of sequencing technologies adapted to a wide range of applications, 

has led to the democratisation of sequencing technologies (Hugoni et al. 2013b; 

Hugoni et al. 2017; Debroas et al. 2017; Salmaso et al. 2018; Cabello-Yeves et al. 

2020; Salmaso et al. 2020; Wu et al. 2020; Klotz et al. 2022). Genomic and 

metagenomic approaches have become so commonplace that we are now producing 

information on a massive scale (Figure 1) This new form of information production has 

propelled biology into the -omics or big data era, bringing exciting opportunities but 

also challenges to overcome (Li and Chen 2014; Gauthier et al. 2019). One of the 

challenges is how to handle such large amounts of information. 

Bioinformatics: change of approach in biology 

 Bioinformatics existed before the advent of the omics era. The first recorded 

bioinformatics software was COMPROTEIN, created in 1962 to study primary protein 

structure (Dayhoff and Ledley 1962) and the first DNA analysis software was 

developed in 1979 to analyse Sanger sequence reads (Staden 1979). Looking at the 

history of bioinformatics, molecular biology and bioinformatics have developed in 

parallel. With the development of more sensitive and diverse molecular biology 

Figure 1: Sequence Read Archive (SRA) data growth. SRA is an online database 
release in 2009 that stores sequence data from NGS technology. Since its opening, 
the dataset has grown exponentially, reaching 73 petabytes in 2022. 
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techniques, software was developed to analyse these new types of data, while 

computational power continuously increased (Gauthier et al. 2019). Bioinformatics 

was strongly influenced by the free software philosophy, which started in 1985, and 

participated in its dissemination at an early stage (Williams 2011). With the 

democratisation of the personal computer, informatics became accessible to more 

people and software was copied and shared for free on demand, and this mindset still 

follows today, with most bioinformatics software being open source and freely 

accessible (Rice et al. 2000; Bolyen et al. 2019; R core team 2021). The same applies 

to online data repositories such as ENA, NCBI or DDBJ, where sequence data is 

stored and accessible to anyone. The mass production of information that followed the 

second generation of sequencing has required a greater reliance on bioinformatics 

than ever before. Between 1990 and 2017, approximately 23000 pieces of software 

have been developed that are accessible to researchers without computer skills 

(Clément et al. 2018). This democratisation of bioinformatics tools, combined with 

advances in molecular biology techniques and the volume of information generated, 

has led to a major shift in biology. While the laboratory used to be the nerve centre of 

any type of study, whether experimental or environmental, (bio)informatics 

approaches have also taken a dominant place, placing the computer at the heart of 

biology. Until now, bioinformatics and biology have been considered as two separate 

"fields of study". However, the ubiquitous place that computers have taken in biology 

leads some researchers to hypothesise that in the near future, the term bioinformatics 

will be obsolete, as the division between bioinformatics and biology will no longer exist 

(Brown 2014; Gauthier et al. 2019).  

Biostatistics in microbial ecology 

 Similar to the growth of bioinformatics, biostatistics has become a necessity in 

microbial ecology. Initially, there was a translation of statistics used in community 

ecology, hence the existence of equivalent terminology such as alpha, beta and 

gamma diversity, and the use of diversity indices such as Bray-Curtis distances or the 

Shannon-Wiener diversity index (Bray and Curtis 1957; Spellerberg and Fedor 2003). 

However, the nature of the data differs between observational ecological data, which 

provide quantitative data, and sequence-based microbial ecology data, which provide 

qualitative or compositional data (Aitchison 2003). This difference in nature is 

important when analysing the data, and previously named ecological indices, as well 
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as microbial ecology indices such as Unifrac (Lozupone et al. 2011), do not take this 

into account (Gloor et al. 2017). Unfortunately, there is still a long way to go, as 

biostatistics are still often used unthinkingly (Gloor et al. 2016b; Carr et al. 2019; Jia 

et al. 2022), and an increase in the recognition of statistics in microbial ecology is 

necessary.  

 The development started a few years ago with the recognition of the importance 

of the nature of the dataset, which allowed a first development of the statistics used in 

microbial ecology, while still maintaining the thought of the process present in 

ecological studies (Aitchison 2003; Fernandes et al. 2013; Gloor et al. 2016b; Gloor et 

al. 2017). However, the lack of consideration of statistics in experimental design is still 

an obstacle to the correct use of statistics(Halsey et al. 2015; Pollard et al. 2019). In 

ecology, joint species distribution models (JSDMs) are used to find statistical 

relationships between the occurrence or abundance of species and their biotic or 

abiotic environment (Ovaskainen and Abrego 2020). Such models have proven to be 

powerful analytical tools (Clark et al. 2014; Ovaskainen and Abrego 2020; Zhang et al. 

2020; Poggiato et al. 2021; Elo et al. 2021) , but have been limited in microbial ecology 

because such models are too computationally intensive for sequence-based datasets. 

As they are based on Bayesian inference rather than frequentist statistics, their 

sensitivity to the initial experimental design is less important (van de Schoot et al. 

2014; van de Schoot et al. 2015). Slowly but surely, such models have started to 

appear in microbial ecology, thanks to some precursors and the increase in 

computational power (Minard et al. 2019; Odriozola et al. 2021). These models may 

provide an alternative to frequentist statistics for microbial ecology studies in the near 

future. I hope that we will soon reach a stage where bioinformatics and biostatistics in 

microbial ecology reach a certain “maturity”, where researchers start to better 

understand and use statistics to make better and more accurate scientific contributions. 

Lake Constance 

Lake Constance is a pre-Alpine oligotrophic and monomictic lake located at the 

border between Germany, Switzerland and Austria and is ecologically and 

economically central to the region due to its geographical location between three 

countries and its size, being the second largest European pre-alpine lake. Its 

landscape is dominated by agriculture, as it is the largest grape growing area in 
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Germany, while at the same time acting as a drinking water reservoir for 5 million 

people. It is also one of the most important wetland habitats in Central Europe in terms 

of biodiversity, with more than 300 bird species and 36 fish species, including an 

endemic fish species thought to be extinct but rediscovered in the 2010s (Petri 2006; 

Doenz and Seehausen 2020). Like most pre-alpine lakes, Lake Constance underwent 

eutrophication in the 1970s due to agricultural intensification and lack of wastewater 

treatment, and is now re-oligotrophic thanks to intensive efforts. 

Being such central economically and ecologically, Lake Constance has been 

and is studied extensively. Since its foundation in 1919, the Limnological Institute of 

Constance has host numerous researchers that have observed, recorded, analysed 

and accumulated data about every aspect of Lake Constance limnology: physical, 

chemical and biological (Lauterborn 1925; Stabel 1986; Grossart and Simon 1993; 

Schmidt and Conrad 1993; Straile and Geller 1998; Sabel et al. 2020; Straile 2021; 

Ogorelec et al. 2022). Yet, amidst this accumulation of information, the microbial 

plankton community of Lake Constance, and particularly its prokaryote component, 

remains a black box. Microeukaryotes were and are well studied, but remain analysed 

through microscopic approach (Sommer 1985; Sommer et al. 1993; Sommer et al. 

2012). To the best of my knowledge, the only record of bacterioplankton community 

composition analyses of the bacterioplankton was in 2003 and performed using 

fingerprinting techniques (Zwisler et al. 2003). The NGS approach has yet to be 

introduced in Lake Constance to study its microbial plankton community. 
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Objectives 

 

 One major aim of this thesis was the development and optimization of a new 

nano- and picoplankton DNA-sampling procedure as part of the plankton routine 

sampling on the Robert Lauterborn research ship of the Limnological Institute of 

University of Konstanz. This included the development of an alternative filtration 

method that normalizes for a ‘filtration bias’ impacting the microbial plankton 

community analysis. Furthermore, it included the development and optimization of an 

appropriate DNA extraction method. 

 The samples collected every two weeks at two different sites (Upper and Lower 

Lake Constance) were conserved as DNA repositories of the seasonal succession of 

the microbial plankton community, and used for an NGS approach, employing PCR 

and 16S and 18S rRNA gene-fragment amplicon sequencing, which had to be 

developed as a second major aim of this thesis. 

 As a third major aim, a bioinformatics and biostatistics pipeline, necessary to 

process and analyse large NGS dataset, had to be established. This field of microbial 

ecology is in intense expansion with numerous new approaches developed or existing 

ecological models being transposed to microbial ecology; the necessity of applying 

newly developed methods to NGS datasets was central in the work presented in this 

thesis. 

 The final aim of this thesis was a first and fundamental, 16S and 18S rRNA 

gene-fragment based analysis of the temporal and spatial dynamics of the microbial 

plankton communities in Lake Constance. 
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Key Contribution: Deep-water, red-pigmented cyanobacterial blooms in Lake 

Constance were characterized by phylogenetic community sequencing during 

summer 2019 and 2020, demonstrating the presence of low abundances of 

Planktothrix spp. and a predominance of picoplanktic phycoerythrin-rich 

Synechococcus spp., as well as very low concentrations of cyanobacterial toxins on 

individual sampling days. In response to climate change, changes of the 

physiochemical and biological parameters of the lake may in future support the 

establishment of toxic Planktothrix spp. blooms and/or mass developments of 

potentially toxic picocyanobacteria. 
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Abstract 

 Recurring blooms of filamentous, red-pigmented and toxin-producing 

cyanobacteria Planktothrix rubescens have been reported in numerous deep and 

stratified pre-alpine lakes, with exception of Lake Constance. In a 2019 and 2020 Lake 

Constance field-campaign, we collected samples from a distinct red-pigmented 

biomass maximum below the chlorophyll-a maximum, determined via fluorescence-

probe measurements at depths between 18-20 m. Here, we report the characterization 

of these deep red-pigment maxima (DRM) as cyanobacterial blooms. Using 16S rRNA 

gene-amplicon sequencing we found evidence that the blooms indeed were 

contributed by Planktothrix spp., but that phycoerythrin-rich Synechococcus taxa 

constituted most of the biomass (>96% relative read abundance) of the cyanobacterial 

DRM community. With UPLC-MS/MS, we also detected toxic microcystins (MCs) in 

the DRM at individual sampling days at concentrations of ≤ 1.5 ng/L. We next re-

evaluated fluorescence-probe measurements collected over the past decade and 

found that in summer DRM have been present in Lake Constance at least since 2009. 

Our study highlights the need of a continuous monitoring program targeting also the 

cyanobacterial DRM in Lake Constance and of future studies on the competition of the 

different cyanobacterial taxa in relation to climate-change driven physiochemical and 

biological parameters of the lake. 
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Introduction 

 The formation of cyanobacterial blooms is a complex interplay of regional and 

biological variables and blooms have been reported worldwide with an increasing 

frequency (Huisman et al. 2018; Mantzouki et al. 2018). Albeit it has been shown that 

climate change and eutrophication are major contributors to bloom formation, the 

mechanisms with which nutrients and temperature interact to amplify blooms is still 

not fully understood (Mantzouki et al. 2018). The filamentous cyanobacterial genus 

Planktothrix occurs preferentially in pre-alpine and alpine lakes in temperate regions 

and has been responsible for many blooms in the past, for example in Lake Zurich 

(Walsby and Schanz 2002; Van den Wyngaert et al. 2011), Lake Bourget (Jacquet et 

al. 2005), Lake Garda (Salmaso 2010) and Mondsee (Kurmayer et al. 2004), where 

its mass occurrence can evolve to becoming a major factor within the food web (Posch 

et al. 2012). The success of Planktothrix spp. is attributed to its adaptability, for 

example its ability to regulate buoyancy and the use of phycobilins in addition to 

chlorophyll a (Salcher et al. 2011a; Kurmayer et al. 2016) as chromophores. By virtue 

of the phycobilins, phycocyanin and phycoerythrin, Planktothrix spp. can absorb light 

in large parts of the light spectrum, specifically blue and green light, thus conferring its 

red appearance. Consequently, the free-floating Planktothrix spp. usually develop 

blooms at depths of 9 – 15 m (Walsby et al. 2004; Kurmayer et al. 2016). Bloom depths 

within a stratified lake can be influenced by internal waves and can impact the growth 

of Planktothrix spp. by changing light availability (Cuypers et al. 2011). Similar to many 

other cyanobacterial species, Planktothrix spp. mass occurrences are supported by 

warmer water temperature, mediating more stable stratification of lakes in summer 

(Paerl and Huisman 2008; Posch et al. 2012). The genus Planktothrix is currently 

distinguished in nine species including red and green phenotypes, the most prominent 

representatives being P. rubescens and P. agardhii, respectively, which mostly occur 

in freshwater ecosystems of temperate regions (Komárek and Anagnostidis 2005). 

Like many other cyanobacteria, Planktothrix spp. are capable of producing 

microcystins (MCs), known to be toxic to humans as well as other mammalian and 

non-mammalian species (Dietrich and Hoeger 2005; Ernst et al. 2009; Chorus and 

Welker 2021). Hence, cyanobacterial blooms are often associated with the detection 

of increased intra- and extracellular toxin(s) (Buratti et al. 2017). Despite a plethora of 

efforts, neither the trigger for toxin production nor the factors resulting in the 
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development of toxic cyanobacterial blooms have been elucidated. Irrespective of the 

latter, the potential adverse impact of toxic cyanobacterial blooms on human health, 

society, economy and ecology highlights the importance of an improved understanding 

of cyanobacterial bloom formation with/without concomitant toxin production (Berry et 

al. 2017a). 

 Microcystins (MCs) share one common monocyclic structure with a molecular 

weight of approx. 1 kDa, composed of seven amino acids, amongst which are three 

D-amino acids, a N-methyldehydroalanine, two L-amino acids at the hypervariable 

positions 2 and 4 and the unique amino acid ADDA (Meriluoto et al.). Variations in 

amino acid composition and modifications such as methylations make up for a huge 

structural diversity, of which at least 279 different congeners have been reported 

(Bouaïcha et al. 2019). MC synthesis is encoded by 9-10 genes constituted as one 

mcy gene cluster (Tillett et al. 2000). Toxicity of MCs is induced by covalent binding 

and inhibition of ser/thr protein phosphatases and the concomitant 

hyperphosphorylation of cellular proteins (MacKintosh et al. 1990; Eriksson et al. 1990; 

MacKintosh et al. 1995), whereby the toxicodynamically relevant biological availability 

of MCs highly depends on the route of exposure and the respective MC congener 

(Feurstein et al. 2009; Fischer et al. 2010; Feurstein et al. 2010). MC concentrations 

<35 µg/L were reported in Planktothrix spp. blooms (Yéprémian et al. 2007; Catherine 

et al. 2008). When considering the current WHO guideline value of 1 µg MC/ L drinking 

water, which translates to approx. 10 µg/L raw water, largely depending on the type of 

water treatment used (Hoeger et al. 2002; Hoeger et al. 2004), it becomes obvious 

that toxin producing Planktothrix spp. blooms must be taken as a serious threat to 

freshwater systems serving as drinking water resources.  

 Unlike other pre-alpine lakes, Lake Constance, a drinking water reservoir for 

more than four million inhabitants, has so far not seen prominent and recurring, well-

documented blooms of Planktothrix spp. Although P. rubescens has the capability to 

dominate entire lake ecosystems even at low nutrient concentrations (e.g. Lac de 

Bourget (Jacquet et al. 2005)), analyses of Lake Constance samples revealed only 

low abundances of Planktothrix spp. to date (Posch et al. 2012; Limnologischer 

Zustand des Bodensees). The first prominent appearance of Planktothrix rubescens 

in Lake Constance was documented in 2016, when P. rubescens filaments were 
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observed at various sampling sites of Lake Constance (SK 2016; Limnologischer 

Zustand des Bodensees).  

 No molecular phylogenetic studies have been conducted to date to evaluate 

the composition of the red-pigmented cyanobacterial community in Lake Constance in 

water depths typical for blooms of Planktothrix spp., i.e. below the chlorophyll-a 

maximum. In a field-campaign in the Überlingen embayment of Lake Constance 

(47.7571°N 9.1273°E), we observed reddish-colored plankton filters for samples taken 

at 18 m water depth in summer 2019. Subsequently, water samples were taken at the 

depths of maximal red-pigment (phycoerythrin) concentration, as determined by a 

fluorescence probe, on each of the fortnightly sampling days between June to October 

2019, and July to September 2020. The composition of the cyanobacterial community 

at this deep-water red-pigment maximum (DRM) was assessed by Illumina PCR-

amplicon sequencing using cyanobacteria-specific primers while UPLC-MS/MS 

analyses were applied to determine toxin concentrations. Potentially toxin-producing 

species were identified and quantified via quantitative PCR using Planktothrix- and 

microcystin-biosynthesis-specific (mcy) primers and Sanger sequencing.

Results 

Bloom of red-pigmented phytoplankton at water depths below the chlorophyll-a 

maximum in Lake Constance 

 Multi-wavelength fluorometer profiles (FP) using a Moldaenke FluoroProbe 

were taken along the water column and evaluated right on the ship to determine the 

depths of the maxima of green pigment (chlorophyll-a maximum; predominantly 

diatoms and green algae) and red pigment concentration (deep-water red-pigment 

maximum, DRM). An example of a depth profile for all recorded fluorescence channels 

as well as of the interpretation of the abundance of different algae classes, as 

calculated by the Moldaenke FluoroProbe, is depicted in Figure I.1. An increased 

abundance of red-pigmented cyanobacteria, such as phycoerythrin-rich Planktothrix 

spp. or Synechococcus spp. was suggested by an elevated fluorescence intensity at 

570 nm (and 525 nm) excitation wavelength (Figure I.1). According to the distinction 

of algae-classes via the Moldaenke FluoroProbe used, these phycoerythrin-rich algae 

were roughly attributed to represent ‘cryptophyta’.  
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Phycoerythrin-rich Synechococcus phylotypes dominated the DRM cyanobacterial 

community in 2019 and 2020, while Planktothrix spp. were detectable at low 

abundance  

 In order to characterize the cyanobacterial community composition presumably 

present at the DRM, plankton biomass at the DRM was collected on Whatman GF6 

glass fiber filters. The filters appeared reddish, compared to yellow-green filters 

obtained from the chlorophyll-a maximum sample (see supplementary file, Figure 

SI.1). Total DNA was extracted from the filters and a fragment of the 16S rRNA gene 

was amplified using the cyanobacteria-specific primers CYA359F and CYA784R 

(Nübel et al. 1997). Illumina sequencing with 300 bp paired-end reads was employed. 

These primers amplified cyanobacteria phylotypes, which allowed for collecting 

phylogenetic information at a finer resolution, of also low abundant cyanobacteria at 

the DRM. Taxonomic affiliation was done using two different reference databases, 

SILVA 138 and Greengenes. Cyanobacteria taxonomy was consistent between SILVA 

and Greengenes, with the exception of the Synechococcus genus in Greengenes 

(replaced by Cyanobium_PCC-6307 in SILVA; Cyanobium_PCC-6307 is a heterotypic 

synonym of Synechococcus sp PCC-6307).  

 

Figure I.1. Representative depth profile recorded with a Moldaenke FluoroProbe multi-
channel fluorometer indicating a high abundance of red-pigmented biomass at a water depth 
below the chlorophyll-a maximum in Lake Constance on July 1st, 2019. A: Absolute 
fluorescence intensities recorded at the different excitation wavelengths. B: Abundance of the 
different algae classes as attributed by FluoroProbe. Red-pigmented cyanobacteria can be 
attributed to ‘cryptophyta’. In this example (taken on July 1st, 2019), the chlorophyll-a maximum was 
determined between 8 - 10 m water depth (Figure I.1A, 470 nm) and a second maximum, indicating 
a red-pigmented biomass, at approx. 18 - 20 m water depth (Figure I.1A, 570 nm; 1B, cryptophyta). 
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Figure I.2. Krona plot of the DRM cyanobacterial community composition as determined by 
16S rRNA gene-amplicon sequencing across the sampling periods in 2019 (A) and 2020 (B). 
The community analysis was done by filtration of DRM water samples, total DNA extraction of the 
filters, and PCR amplicon sequencing of the cyanobacteria-specific 16S rRNA gene region V3-V4 
(380 bp length). For this Krona plot and as an overview, the results shown are from all samples 
combined per year. Taxonomic affiliation was carried out using the Greengenes reference database 
and all taxonomic ranks are represented in the plot. Amplicon sequence variants (ASVs) as output 
of the Dada2 software package used (see Materials and Methods) distinguish also sequence 
variations by a single nucleotide, giving ASVs a higher resolution than the operational taxonomic 
units (OTUs) typically used. Therefore, ASVs were used as the deepest taxonomic rank in our study. 
Total relative abundance was calculated by dividing the number of reads affiliated to an ASV in a 
sample by the total number of reads in the sample. 
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 Subsequent to bioinformatics processing and the removal (filtering) of the 

extremely low abundant phylotypes (i.e., phylotypes represented by less than four 

read in at least 20% of all samples; see Material and Methods), 35 amplicon sequence 

variants (ASVs) were detected in 2019, and 37 ASVs in 2020 (Figure I.2). Each ASV 

was affiliated at the level of either genus or order, as the last common taxonomic rank 

between SILVA and Greengenes databases (note that species rank could not be 

affiliated by the amplicon sequencing we used). 

 For both the 2019 and 2020 sampling campaigns, the genus Synechococcus 

clearly dominated the cyanobacterial DRM community, as examined by amplicon 

sequencing, occupying 96% (SILVA) or 98% (Greengenes) of the total relative read 

abundance and representing 65.7% (SILVA) and 67.6% (Greengenes) of the detected 

ASVs in the community (see supplementary file, Table SI.1). For 2019, five 

Synechococcus ASVs represented 78% of the total relative abundance, with ASV13 

being the most abundant with 21% total relative abundance (Figure I.2A). For 2020, 

only three ASVs affiliated to Synechococcus contributed 77% of the total relative read 

abundance, with ASV4 contributing almost half (45%) throughout the year (Figure 

I.2B).  

 Although Synechococcus dominated the cyanobacterial community at the DRM 

in 2019 and 2020, each of the two ASVs affiliated to Planktothrix could be detected in 

both years. Planktothrix (Oscillatoriaphycideae) with 0.4% (2019) and 0.9% (2020) of 

the total relative abundance (Figure I.2A and 2B), represented only low abundant taxa 

together with Nostocophycea. In addition, two Microcystis spp. ASVs were detected in 

2019, at 0.06% of the total relative read abundance. Only one Microcystis spp. ASV 

was detected in 2020, with a very low total relative abundance of 0.008%. Although 

the respective relative abundances of Planktothrix and Microcystis species are low, 

the strong bioinformatic filtration confirms the biological significance of these amplicon 

sequencing results. The ASVs of most abundant Synechococcus spp. as well as the 

Planktothrix spp. and Microcystis spp. ASVs were used for further analyses.  
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Figure I.3. Illustration of the phylogenetic relationship of the Synechococcus spp. taxa 
observed in 2019 and 2020. The phylogeny is based on the cyanobacteria-specific V3-V4 
(380 bp) 16S rRNA gene region. Colors correspond to the origin of the sequences, with green 
for ASVs observed in 2019 and blue for ASVs observed in 2020 (sampling year also in 
brackets). Sequences from Synechococcus spp. taxa isolated previously from Lake Constance 
(Ernst et al. 2003) and sequences of Synechococcus rubescens strain SAG3.81 and 
Cyanobium gracile PCC 6307 from NCBI were used as references (indicated in black). IQ-
TREE was used for phylogenetic inference using maximum likelihood. The model of nucleotide 
substitutions used was TPM2+F+I (Minh et al. 2020), determined as best-fit model by 
ModelFinder (Kalyaanamoorthy et al. 2017) based on the Bayesian information criterion scores 
and weights. Numbers at the internal nodes represent the percentage support of this specific 
node in a 1000-bootstraps testing. The tree was rooted using the sequences of the 
cyanobacterium Anacystis nidulans PCC 6301 as an outgroup (not shown). The reference 
sequences are identified by their accession number in brackets.  
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Synechococcus rubescens and Cyanobium gracile clusters in 2019 and 2020  

 We examined the phylogenetic relationship of the main Synechococcus ASVs 

detected in 2019 and 2020 with reference sequences of (i) all cultivated phycoerythrin-

rich Synechococcus spp. of Lake Constance, as established by Ernst and colleagues 

in 2003 (Ernst et al. 2003), and (ii) with NCBI reference sequences of Synechococcus 

rubescens and phycoerythrin-rich Cyanobium gracile (Figure I.3). The relationship 

was established using the appropriate sequence fragments, representing the PCR 

amplicon of 380 bp, and the program IQ-TREE (Minh et al. 2020), when doing a 

phylogenetic inference using maximum likelihood coupled with ModelFinder to 

determine the best fitted nucleotide substitution model (Kalyaanamoorthy et al. 2017). 

Although the target sequence is shorter than the full 16S rRNA gene sequences 

established by Ernst et al., 2003, the phylogenetic relationship between the reference 

sequences remained the same, thereby confirming our analyses. The ASVs from this 

study were always grouped in pairs, with one ASV from 2019 (Figure I.3, green font) 

and another from 2020 (Figure I.3, blue font), as a reflection of re-occurring 

Synechococcus phylotypes across the two years, further confirming our analysis.  

 Overall, the ASVs grouped into two main clusters, either more closely related 

to the S. rubescens or to the C. gracile reference sequence (Figure I.3). The top-three 

most abundant ASVs for 2019 (ASV13, ASV14 and ASV15; see Figure I.2 and below) 

and the top-two most abundant for 2020 (ASV4 and ASV7; Figure I.2), were more 

closely related to the Synechococcus rubescens NCBI reference sequence. For this 

group, also two reference sequences of Lake Constance, phycoerythrin-rich 

Synechococcus isolates (Ernst et al. 2003), were available (Figure I.3; BO8807 and 

BO9404), while for the C. gracile-group, reference sequences of seven Lake 

Constance isolates were available (Figure I.3).  

 Megablast results were analogous to the phylogenetic tree shown, with the 

same 2019 and 2020 ASVs being affiliated closer to either Synechococcus rubescens 

or Cyanobium gracile (Table SI.2a and SI.2b), with the exception of ASV18 of 2019 

and ASV10 of 2020, which showed identical percentage identities and E-values in 

megablast to both S. rubescens and C. gracile (Table SI.2a and SI.2b) and, hence, 

grouped in between both clusters (Figure I.3). 
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Figure I.4. Dynamics of relative abundance changes for the Synechococcus ASVs 
observed during the sampling campaigns 2019 and 2020. Shown are heatmaps across all 
sampling dates (A, C) and the ASV’s average relative abundances (B, D) for each year (bars) 
with each individual data point indicated (grey dots). For the y-axes of heatmaps (A, C) and 
average relative abundances (B, D), the different ASVs were ordered from the more abundant 
(top) to the least abundant (bottom). The heatmap data was log10 transformed from the read 
count matrix, and to avoid introducing infinity for zero read counts, we added one artificial read 
to every cell prior to log10 transformation (log10[x + 1]). Color schemes vary between dark 
blue for low log10 value to bright orange for high log10 value; a higher log10 value means a 
higher relative abundance. Please note that the y-axes for B and D do not have the same scale. 
The average relative abundance across all samples of each year was calculated as for the 
Krona plot (see Figure I.2). Standard deviation was also calculated and represented for each 
ASV; if the graphical representation of the standard deviation was below 0, the minimal error-
bar value was set to 0.  
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Dynamics of Synechococcus ASVs in 2019 and 2020 

 We examined the change in relative abundance over time of the 

Synechococcus ASVs detected. Figure I.4 illustrates the dynamics of the 

Synechococcus ASVs as a heatmap using relative abundance data after log10 

transformation (Figure I.4A and 4C) and the data distribution (Figure I.4B and 4D) as 

the mean and standard deviation of relative abundances in a combined bar and jitter 

plot, where each dot represents the relative abundance of the taxa at a specific date 

(relative abundance values (%) per ASV across sampling dates are shown in Table 

SI.4a and SI.4b). 

 Overall, the observed changes in the phylogenetic structure across the 

sampling dates suggested a high degree of successional change within the 

Synechococcus spp. community at the DRM. Some ASVs varied from being almost 

undetectable in the beginning to a relative-abundance maximum later in the year, or 

showed the opposite trend, being abundant at the beginning or in the middle of the 

sampling campaigns, while other ASVs showed a comparatively stable (and low) 

relative abundance across the sampling campaigns. Indeed, while 10 ASVs were 

noted for 2019, only 9 ASVs were registered for 2020 (Figure I.4A and 4C). Thus, 

different ASVs appeared to dominate and therefore provide for a successional change 

in the two field campaigns. For example, ASV13 as the most prominent ASV in 2019 

(Figure I.4C), had its maximum in July (up to 36%, Figure I.4A) and decreased 

thereafter in its relative abundance (to about 10%) at the end of September, while the 

two second most abundant ASVs in 2019, ASV 14 and 15 (Figure I.4C), had their 

maxima in mid-August and later in the year (see Figure I.4A and Table SI.4a). 

Similarly, for 2020, ASV7 represented almost 50% of the total relative abundance in 

early July but decreased to about 6% by mid-August, while the most abundant taxon 

in the 2020 sampling campaign, ASV4 (Figure I.4D), had its peak end of August (68%) 

and decreases to about 23% by the end of the campaign (Figure I.4B); further, the 

third most abundant ASV21 in 2020 represented only about 1% of the total relative 

abundance at the beginning of the sampling campaign, but almost 20% at its end (see 

(Figure I.4C, Table SI.4b). 

 The statistical relevance of the difference in Synechococcus ASV relative 

abundance was confirmed by a Kruskal-Wallis analysis of variance, with p-value far 

below the threshold of 0.05 (p-value of 3.95e-10 and 1.27e-5 for 2019 and 2020, 
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respectively). In an attempt to group taxa according to their relative abundance 

differences, a post-hoc Conover-Iman test was performed with a Benjamini Yekutieli 

p-value adjustment method for False Discovery Rate control (Table SI.3). 

  

Figure I.5. Relative abundance of the Planktothrix and Microcystis ASVs observed 2019 
and 2020 and of microcystin concentrations as determined for samples taken in 2019. 
The bar plots represent the total relative abundance observed for the two Planktothrix ASVs 
(red bars) detected in 2019 (A) and 2020 (B) and for the two Microcystis ASVs (blue bars) 
detected in 2019 and of the single Microcystis ASV detected in 2020. The x-axes represent the 
different sampling dates and the right y-axis the relative abundance (%). The error bars in B 
represent the standard deviation of the relative abundance as calculated from biological 
triplicates (n = 3); no error-bars are represented for 2019, as only one sample was collected 
per sampling date. The left y-axis represents the toxin concentration (ng/L) determined for 
independently collected DRM filters, for which the microcystin variant concentrations are 
indicated by dashed lines in black (MC-LR) and grey (MC-YR) (see main text). The text on top 
of each bars indicates the results of PCR amplification of the microcystin synthesis gene mcyE 
(+, detected; -, not detected) and of the phylogenetic affiliation of the mcyE consensus 
sequence to either Planktothrix or Microcystis, as established by Sanger sequencing of the 
PCR amplicons (see main text).  
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For 2019, the results suggested two groups. First, a group comprising ASVs that 

comparatively stably dominated the cyanobacterial community at the DRM throughout 

July and October (together 63% to 87% of the total relative abundance), i.e., ASV13, 

14, 15, 28 and 29. A second group statistically differed from the first group, i.e., ASV17, 

18, 22, 30 and 33, for which abundance differences appeared to be larger and/or 

occurred within shorter time intervals: For example, ASV22 had its high relative 

abundance of 15% only at two sampling dates (in September and October, Figure I.4A 

and Figure SI.4a),as also discussed above. For 2020, the Conover-Iman test did not 

significantly separate the ASVs into two groups as for 2019 (Table SI.3), even though 

visually (Figure I.4B); ASV4 dominated the cyanobacterial community with an average 

relative abundance of 45% throughout 2020. 

Dynamics of Planktothrix and Microcystis ASVs, the abundance of microcystin 

biosynthesis genes and the concentration of microcystins in samples taken during 

2019 and 2020. 

 In both the 2019 and the 2020 amplicon-sequencing datasets, we detected two 

ASVs affiliated to the Planktothrix genus. The relative abundance of Planktothrix ASVs 

in 2019 increased from July to late September, with a peak on July 31st, where 0.75% 

of the total cyanobacterial community were Planktothrix ASVs (Figure I.5A). Likewise, 

in 2020 Planktothrix ASVs were abundant from the end of July to the end of September 

with a maximum of approx. 2% relative abundance on July 21st (Figure I.5B). While 

one of the Planktothrix ASVs was affiliated to Planktothrix rubescens, a toxin-

producing Planktothrix species, amplicon sequencing of the cyanobacteria-specific 

16S rRNA gene fragment of the other ASVs did not allow for the taxonomical 

distinction at the species level, i.e. between the mostly non-toxin producing P. agardhii 

and toxin-producing P. rubescens. For example, a Megablast alignment of the 

Planktothrix ASVs suggested Planktothrix agardhii and Planktothrix rubescens as top 

hits with identical query coverage and E-values, while the percentage identity varied 

between 99.70% and 100% for P. agardhii and 99.38% to 99.74% for P. rubescens.  

 Beyond the Planktothrix ASVs, two ASVs affiliated to the genus Microcystis 

were detected in 2019, however only one Microcystis ASV was detected in 2020. As 

both genera, Planktothrix and Microcystis, are renowned for their toxin producing 

species, more in-depth analyses were carried out regarding the toxin producing 

potential of the species found in the Überlingen embayment.  
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 To confirm the detection of the genus Planktothrix in Lake Constance at very 

low levels, especially when compared to Synechococcus, quantitative PCR (qPCR) 

was performed to estimate the abundance of toxin-producing Planktothrix genotypes. 

Specifically, we used Planktothrix-specific primer pairs for the 16S rDNA gene and the 

mcyBA1 gene, as described by Ostermaier & Kurmayer, 2009 (Ostermaier and 

Kurmayer 2009). Planktothrix mcyBA1 encodes for the first adenylation domain in non-

ribosomal peptide synthase (NRPS) gene cluster and is present only in species 

capable of toxin production. Briefly, we created a standard curve using a dilution series 

of Planktothrix DNA (0.00001-100% Planktothrix DNA diluted in Microcystis DNA) and 

then calculated the relative abundance of Planktothrix DNA in our samples using a 

linear regression. The calculated relative abundance of Planktothrix ranged between 

0.1 and 0.6% in 2019 and 0.01% in 2020 (Figure SI.2). Although the calculated relative 

abundance by qPCR differs from the relative abundances found with amplicon 

sequencing (Figure SI.2 and Figure I.5), the trend aligned well between both methods. 

Statistical analyses of the difference between 16S-rRNA gene and mcyBA1 

amplifications (ANOVA, see Ostermaier & Kurmayer, 2009) showed no significant 

difference in abundance with respect to toxin-producing or non-toxin producing 

Planktothrix genotypes, suggesting that there is only one genotype of Planktothrix 

present in 2019 and 2020. To confirm the presence of toxin-producing cyanobacterial 

species in Lake Constance, we used universal mcyE-specific PCR primers (HEPF/R, 

(Jungblut and Neilan 2006)). Being a member of the MC production gene cluster, 

mcyE is partly responsible for the synthesis of the ADDA chain in microcystins as well 

as the incorporation and synthesis of D-Glu (Christiansen et al. 2003). For the 2019 

sampling campaign, the PCR yielded amplicons for every sample tested, suggesting 

the presence of potential microcystin producers throughout the year. Subsequent 

Sanger sequencing of the PCR products and analysis of the consensus sequences 

with Megablast attributed toxin-producing capabilities to Planktothrix species (Figure 

I.5A), except for the sample taken on September 24th, 2019, where the mcyE 

consensus sequence had the highest alignment scores with Microcystis, thus 

matching the date with the highest relative abundance of the Microcystis-affiliated 

ASV. For 2020, mcyE amplicons were observed less consistently than in 2019, but as 

seen in 2019, Sanger sequencing of these amplicons attributed the toxin-producing 

capabilities to Planktothrix spp. (Figure I.5B). 
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 Collectively, we provide evidence that toxin-producing Planktothrix spp. (and/or 

Microcystis spp.) are present in the Überlingen embayment of Lake Constance. 

However, our data did not allow to conclude whether or not toxin production took place 

during the sampling campaigns as many species can carry the gene cluster without 

actively producing the toxins (Beversdorf et al. 2015). Consequently, we analysed the 

biomass samples collected independently on filters from the DRM for microcystins 

using UPLC-MS/MS (Figure I.5A and 5B). A peak in microcystin concentration was 

detected at the end of September 2019, where in total approximately 1.5 ng/L 

intracellular microcystins were found. The microcystin variants present were MC-LR 

(leucine and arginine in hypervariable region) and MC-YR (leucine and tyrosine in 

hypervariable region), with MC-LR being almost solely responsible for the peak in toxin 

concentration in September 2019 (Figure I.5A). Strikingly, for the samples collected 

during 2020, no toxins were detected under the conditions we used. 

Retrospective evaluation of depth profiles for the Lake-Überlingen routine sampling 

site  

 During our sampling campaigns 2019 and 2020 (and the ongoing 2021 

campaign), prominent DRM were observed from June onwards, especially after long 

and stable good-weather periods. This is illustrated best on July 1st, 2019, when we 

observed a first, prominent DRM at 18.4 m depth at the routine sampling site 

‘Wallhausen’ in the Überlingen embayment of Lake Constance. This DRM showed up 

after the weather presented with a stable window of approx. two weeks with 

predominant sunshine and no precipitation, low wind and elevated temperatures, as 

depicted in Figure SI.4, Figure SI.6 and Figure SI.7.  

 Three-dimensional (3D) plots of the FluoroProbe depth profiles for ‘cryptophyta’ 

content as proxy in the water column from 0-40 m depth (Figure I.1) across the 

sampling campaigns 2019 and 2020 are depicted in Figure I.6A. Furthermore, we 

retrospectively evaluated the ‘cryptophyta’ depth profiles as collected in the past years 

from the routine sampling site and transformed these into 3D plots using MATLAB (for 

years 2009 – 2018, see Figure SI.5). During the past twelve years, DRM have occurred 

multiple times (Figure SI.5, plots from 2011 and 2015 – 2020). Specifically, in 2016, 

we observed a prominent DRM in the summer, with maximum ‘cryptophyta’ 

concentrations of 6 µg/L on September 6th and September 20th (Figure I.6B). 

Corresponding to the DRM, a high abundance of Planktothrix rubescens has been 
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reported at various sampling sites of Lake Constance in 2016 (SK 2016; 

Limnologischer Zustand des Bodensees). 

 Overall, prominent DRM can be observed from July – October, with maximum 

‘cryptophyta’ content of about 2 – 4 µg/L (as estimated based on the FluoroProbe 

calibration) and at water depths ranging between 10 and 20 m (Figure I.6A, Figure 

SI.5). The observed variation of the DRM depths likely follows the lake’s internal 

waves, as previously found in Lake Ammer in Germany and Lac de Bourget in France 

(Cuypers et al. 2011; Hingsamer et al. 2014). Although we could speculate that these 

tree peaks represent high abundances of P. rubescens in the Überlingen embayment, 

the absence of appropriate samples allowing for DNA or toxin analyses available from 

that time preclude any corroboration. 

 

Figure I.6. Depth-profiles recorded with the FluoroProbe across the sampling campaigns 

2019 and 2020 (A) in comparison to the year 2016 in which P. rubescens blooms were 

reported for Lake Constance (B). Depicted are the FluoroProbe profiles for ‘cryptophyta’ 

abundance (cf. Figure I.1) (expressed in µg chlorophyll-a per liter) recorded as proxy of red-

pigment abundance in the water column from 0-40 m depth at the routine sampling site 

‘Wallhausen’ in the Überlingen embayment of Lake Constance. Prominent DRM are highlighted 

with date and water depths. Coordinates of the study site: 47.7571°N 9.1273°E; for an 

illustration see Figure SI.3. In 2016, blooms of P. rubescens were reported for Lake Constance 

in September-October at various sampling sites, i.e. of the German, Austrian and Swiss 

sections of Lake Constance (SK 2016; Limnologischer Zustand des Bodensees). For 2016, 

FluoroProbe data is available for the Überlingen embayment of Lake Constance (B). 
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Discussion 

 The characterization of recurring blooms of red-pigmented cyanobacteria in the 

Überlingen embayment of Lake Constance at water depths of 15 – 20 m by amplicon 

sequencing demonstrated the presence of Synechococcus, Planktothrix and 

Microcystis. Briefly, the relative abundance data suggested that Synechococcus taxa 

predominated the community (96 – 98%) at these water depths, while Planktothrix and 

Microcystis taxa were detectable only at very low abundances. For example, in 2020 

up to 45% of the total relative abundance was represented by a single Synechococcus 

ASV (Figure I.2B and Figure I.4CD; ASV4). Moreover, the observed changes in 

relative abundance of Synechococcus ASVs across the sampling dates suggest a high 

degree of successional change within the Synechococcus spp. community at the DRM 

(Figure I.4). 

 Isolated phycoerythrin-rich Synechococcus species from Lake Constance have 

been investigated in the past, and similar to Planktothrix spp., they can express a large 

variety of phycobilins, thereby exploiting diverse light conditions (Ernst et al. 2003; Six 

et al. 2007). Interestingly, the highest abundant Synechococcus taxa found in our 

studies in 2019 and 2020 are closely related to either S. rubescens or C. gracile, 

forming two main clusters (Figure I.3, Table SI.2a and SI.2b). For the 2019 and 2020 

sequences, a discrimination between S. rubescens and C. gracile is difficult (Figure 

I.3), as the 380 bp PCR amplicon used in this study is cyanobacteria specific and 

allows to affiliate taxa with high confidence only up to the genus rank. However, each 

Synechococcus taxon detected in 2019 is paired with a taxon detected in 2020, and 

their sequence alignment showed a 100% identity with no gap, suggesting recurring 

phylotypes/ecotypes at least across the two years. The close association of our 

sequences with those from the early 2000s (Ernst et al. 2003) suggests a stable deep-

water cyanobacterial community in Lake Constance. The latter interpretation is 

supported by the earlier finding that different lineages of Synechococcus spp. can 

adapt to and thrive in specific ecological niches (Salazar et al. 2020).  

 Predominance of Synechococcus species over other cyanobacterial genera 

was reported for experimental co-cultures of Synechococcus and Microcystis strains 

as well as varying phosphate and nitrogen concentrations (Tan et al. 2019b; Tan et al. 

2019a). Indeed, at low nutrient concentrations, which could also mirror the currently 
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oligotrophic conditions of Lake Constance (Limnologischer Zustand des Bodensees), 

Synechococcus outcompeted Microcystis in growth rate and final biomass (Tan et al. 

2019b; Tan et al. 2019a). The predominance of Synechococcus may be explained its 

seemingly higher affinity for orthophosphates, more efficient nutrient uptake due to a 

larger surface-to-volume ratio as well as by potential competitive inhibition via quorum 

sensing/quenching molecules between the two strains (Verity et al. 1992; 

Santhakumari et al. 2016; Tan et al. 2019b; Tan et al. 2019a). The latter laboratory 

findings were also corroborated in natural habitats, at least in their trend (Ruber et al. 

2018). 

 Despite the seemingly stable predominance of Synechococcus in the deep 

cyanobacterial community observed in Lake Constance the past two decades (Ernst 

et al. 2003), de novo occurrence of Planktothrix spp. in 2016 and reconfirmation of this 

earlier finding with our samples of 2019 and 2020 could suggest that Planktothrix spp. 

is in the process of establishing a stable presence in the Überlingen embayment of 

Lake Constance. The latter is of critical importance as mass occurrences of toxin 

producing cyanobacteria at water depths >20 m could become a threat to the water 

intake for the Sipplingen water treatment plant (https://www.bodensee-

wasserversorgung.de) serving > 4 million people with drinking water. Indeed, we 

detected a low abundance of possibly MC-producing Planktothrix spp. by amplicon 

sequencing as well as by genus Planktothrix-specific qPCR for 2019 and 2020 (Figure 

I.5 and Figure SI.2). Furthermore, presence of the microcystin-biosynthesis gene 

cluster mcy was detected by PCR amplification of mcyE (Figure I.5). Subsequent 

Sanger sequencing of these amplicons identified Planktothrix spp. to be the main 

contributor to this gene sequence in our samples, except for September 24th, 2019, 

when the amplified mcyE consensus sequence showed highest alignment scores to 

Microcystis spp. In Planktothrix spp., the mcy gene cluster can be inactivated by 

various mutations, e.g. insertions or deletions, and thus non-toxic strains can develop 

(Christiansen et al. 2006). Non-toxic strains are less successful in competition than 

their toxic relatives, and thus Planktothrix blooms are usually dominated by toxic 

strains (Ostermaier and Kurmayer 2009). Corresponding to the presence of mcyE in 

2019, low amounts of the microcystins MC-LR and MC-YR were detected by UPLC-

MS/MS. In 2020, although mcyE amplicons were detectable for some of our samples, 

concentrations of microcystins were below the detection levels of the UPLC-MS/MS 

https://www.bodensee-wasserversorgung.de/
https://www.bodensee-wasserversorgung.de/
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used (LOD of UPLC-MS/MS method: 0.5 ng/mL (Altaner et al. 2019), therefore the 

resulting LOD in our water samples: 62 pg/L lake water). Despite the low abundance 

of Planktothrix spp. and low concentrations of detected toxins, the question does arise 

whether the latter is a sign of a fundamental change in water body dynamics in the 

Überlingen embayment of Lake Constance, e.g. resulting from global warming. 

Indeed, greater and prolonged stratification of water bodies in conjunction with lowered 

nutrient levels would promote deep-water euphotic ecosystem encompassing low-light 

specialized species such as the picocyanobacterial Synechoccocus spp. and 

Planktothrix spp. (Paerl and Huisman 2008; Posch et al. 2012), as was reported for 

other pre-alpine lakes e.g. Lake Zurich (Van den Wyngaert et al. 2011), Mondsee 

(Kurmayer et al. 2004) or Lac de Bourget (Jacquet et al. 2005).  

 As Planktothrix spp. are stimulated by increased temperature (Paerl and 

Huisman 2008), the continuous shift toward higher overall temperatures could favor 

the perseverant establishment of toxin producing Planktothrix spp. to the disadvantage 

of today’s Synechococcus-dominated DRM ecosystems. Considering that 

Synechococcus spp. currently are markedly outcompeting other cyanobacterial 

species occurring at these water depths may suggest that allelopathic compounds 

from Synechococcus spp. can have an adverse effect on co-occurring species. 

Indeed, such effects have been observed for freshwater Synechococcus spp., which 

were able to impact the growth of other freshwater cyanobacteria or green algae 

(Kovács et al. 2018; Bubak et al. 2020). Adverse effects caused by allelopathic 

compounds from marine Synechococcus spp. were also observed on various marine 

invertebrates (Costa et al. 2015) as well as other bacterial species (Santhakumari et 

al. 2016). In conclusion, the described effects suggest a widespread production of 

allelopathic compounds by Synechococcus species that can even influence bacteria, 

plants and invertebrates. 

 In most cases, co-occurrence of species occupying the same or a similar 

ecological niche leads to dominance of one species, largely depending on the 

individual species competitive advantage e.g. nitrogen fixation, uptake of inorganic 

phosphorus, regulation of buoyancy, allelopathic compounds, etc. as also shown by 

suggesting that if Synechococcus outcompetes Planktothrix in its ecological niche, 

amongst other factors allelopathic compounds such as toxins may be used to compete 

against the respective other species. Indeed, allelopathic activity is one of the major 
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competitive strategies of freshwater Synechococcus against coexisting phytoplankton 

species (Bubak et al. 2020), further supporting the potential role of picocyanobacterial 

exudates in the competition with other cyanobacteria, such as Planktothrix. Counter-

intuitively, some freshwater Synechococcus spp. possess a positive allelopathic 

activity towards Microcystis spp. and no effect on Phormidium spp., whereby 

Phormidium spp. like Planktothrix spp. is part of Oscillatoriaceae (Bubak et al. 2020), 

suggesting that Synechococcus spp. could even promote growth of toxin producing 

species. Such complex interplay of species competition implied for Lake Constance 

emphasizes the urgent need of further studies regarding co-occurrence and 

dominance of Synechococcus spp. relative to Planktothrix and Microcystis spp. in this 

lake. 

 The geographical setting of the Überlingen embayment of Lake Constance with 

its minor wind influence (Figure SI.6 and SI.7) is considered an additional factor that 

could favor continuous development of deep-water Planktothrix spp. populations. 

Indeed, light winds and convective mixing are highly important in the seasonal cycling 

of P. rubescens communities within a strongly stratified medium-sized lake 

(Fernández Castro et al. 2021). In consequence, this would mean that toxin producing 

Planktothrix spp. possibly could establish themselves as the predominant 

cyanobacteria species at deeper water levels and represent a serious concern for the 

quality of the Überlingen embayment of Lake Constance as a drinking water resource 

in the not-too-distant future. 

Conclusions 

 Our study characterized the deep-water red-pigment maxima (DRM) in the 

Überlingen embayment of Lake Constance in 2019 and 2020 as being dominated by 

phycoerythrin-rich picocyanobacteria, namely Synechococcus rubescens and 

Cyanobium gracile. Unlike other pre-alpine lakes, the DRM in Lake Constance is not 

dominated by the phycoerythrin-rich, filamentous and often toxin-producing 

Planktothrix rubescens. Indeed, alignment with sequences from the Ernst et al. study 

(2003) demonstrated high sequence similarity and suggested that the same species 

have been dominant in 15 – 20 m depth in Lake Constance for the past 20 years. 

However, we could confirm the reports from 2016 that Planktothrix spp. does occur in 

Lake Constance in the years 2019 and 2020, albeit yet at very low relative 
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abundances. Nevertheless, microcystin concentrations of up to 1.5 ng/L were detected 

by UPLC-MS/MS in 2019, which appeared to be produced by Planktothrix and/or 

Microcystis spp. Hence, at present, Lake Constance seems to have a rather stable 

deep-water cyanobacterial ecosystem predominated by Synechococcus spp., 

although the geographical setting as well as continued climate warming could favor 

the development and a steady predominance of toxin producing Planktothrix spp. This 

highlights the importance of a future monitoring program for Lake Constance, with 

emphasis on sequencing-based cyanobacterial community studies, as well as the 

importance of competition studies of the different cyanobacterial taxa in relation to 

physiochemical and biological parameters of the lake, particularly in respect to the 

ongoing climate change. Monitoring programs and hypothesis driven competition 

studies may in return provide the required database to predict future deep-water mass 

occurrences of toxin producing cyanobacteria and thus help to secure Lake Constance 

as the drinking water resource for millions in the future



Chapter I - Materials and Methods 

46 
 

Materials and Methods 

Sample collection  

 Samples were taken every two weeks from 20. June to 08. October in 2019 and 

07. July to 15. September in 2020. The initial sampling in 2019 contained only one 

replicate/day, while everything was sampled in triplicates during 2020. A bbe 

Moldaenke FluoroProbe (FP) was used to determine the deep red maximum (DRM). 

Samples were collected at that depth every other week in Upper Lake Constance 

(47.7571°N 9.1273°E). Water was filtered through a 200 µm filter to exclude 

zooplankton and larger particles. Two liters of water were then filtered on one 

Whatman GF6 glass fiber filter while applying 2 bars pressure for collection of bacterial 

biomass. Filters were stored at -20°C until analysis. This sampling method was applied 

to DNA extractions 2019 and toxin extractions in 2019 and 2020. In 2020, DNA 

samples were collected on 0.2 µm polycarbonate filters. 

DNA extraction and PCR  

 DNA from 2019 samples was extracted using the ZYMO Research 

Fecal/Soil/Microbe Microprep kit following the manufacturer’s instructions. DNA of 

2020 samples was extracted using a phenol/chloroform/isoamyl alcohol protocol 

adapted from Rusch et al., 2007 (Rusch et al. 2007) and the JGI protocol (William et 

al. 2012). Standard PCR was performed with Taq polymerase using 2X Taq MasterMix 

(NEB) and 30 cycles. The microcystin synthesis gene mcyE was amplified with the 

HEPF/R primer set (Jungblut and Neilan 2006) and DNA from cultured Microcystis 

aeruginosa strain 78 was used as a positive control for presence of mcyE. 

Planktothrix-specific primer pairs PcPI+/- (PC-IGS) and peamso+/- (mcyA) (Kurmayer 

et al. 2004) were used for additional PCR reactions, with Microcystis aeruginosa strain 

78 as a negative control and Planktothrix rubescens strain 101 as a positive control. 
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Table I.1. Primers used in this study. 

name of 

forward and 

reverse 

primers 

sequence (5'-3') target reference 

PcPl+ TGCTGTCGCCTAATTTTTCA cpcB‐cpcA PC-

IGS 

Kurmayer 

et al., 2004 PcPl‐ CCACTGATCAGGCTGTCAGA 

peamso+ ATCAAACAGATGTACTGACAGGT 
mcyA 

Kurmayer 

et al., 2004 peamso‐ AGGCCAGACTATCCCGTT 

HEPF TTTGGGGTTAACTTTTTTGGGCATAGTC 

mcyE 

Jungblut & 

Neilan, 

2006 
HEPR AATTCTTGAGGCTGTAAATCGGGTTT 

16S rDNA 

PTX fw 
ATCCAAGTCTGCTGTTAAAGA 

16S rDNA (only 

Planktothrix 

spp.) 

Ostermaier 

& 

Kurmayer, 

2009 

16S rDNA 

PTX rv 
CTCTGCCCCTACTACACTCTAG 

16S rDNA 

PTX 

TaqMan1 

AAAGGCAGTGGAAACTGGAAG 

mcyBA1 PTX 

fw 
ATTGCCGTTATCTCAAGCGAG 

mcyBA1 (only 

Planktothrix 

spp.) 

Ostermaier 

& 

Kurmayer, 

2009 

mcyBA1 PTX 

rv 
TGCTGAAAAAACTGCTGCATTAA 

mcyBA1 PTX 

TaqMan1 
TTTTTGTGGAGGTGAAGCTCTTTCCTCTGA 

CYA359F GGGGAATYTTCCGCAATGGG 16S rRNA 

(Cyanobacteria) 

Nübel et 

al., 1997 CYA784R ACTACWGGGGTATCTAATCCC 

1 TaqMan probes contain 5' FAM (6-carboxyfluorescein, fluorescent reporter dye) and 3' TAMRA 

(6-carboxy-tetramethylrhodamine, fluorescent quencher dye). 

RT-PCR/TNA 

 Quantitative Taq Nuclease Assays (TNA or TaqMan PCR) were performed with 

primers specific to Planktothrix spp. (Ostermaier and Kurmayer 2009). We quantified 

both Planktothrix-specific 16S rDNA and mcyBA1, which encodes the first adenylation 

domain of mcyB and is indicative of all genotypes containing the mcy gene cluster. 

Both probes contained 5’ FAM as a fluorescent marker and 3’ TAMRA as a quencher 

dye. Each reaction contained 50 ng template DNA, 200 nM of primers and probes and 
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KAPA probe fast MasterMix. Amplification and quantification were carried out as 

triplicates in a Bio-Rad CFX96 cycler with the following protocol: 10 min at 95°C to 

activate the hot start polymerase were followed by 50 cycles of 15 s at 95°C, 60 s at 

51.5°C for 16S and 57°C for mcyBA1 and 60 s at 68°C and a final elongation for 5 min 

at 68°C. The standard curve contained Planktothrix DNA mixed with Microcystis DNA 

in different ratios (0.00001-100% Planktothrix DNA diluted in Microcystis DNA). Data 

analysis using linear regression from the standard curve was performed with BioRad 

CFX manager, Microsoft Excel and GraphPad Prism 5. 

Sanger sequencing 

 Sanger sequencing was performed with amplicons produced by the HEPF/R 

primer pair to identify the main microcystin producer in the samples. PCR amplicons 

were purified using QIAquick PCR cleanup kit and sent to Eurofins Genomics for 

analysis. The identity of the obtained sequences was determined using Nucleotide 

BLAST – megablast (Altschul et al. 1990). 

Amplification and Illumina sequencing  

 Amplification of the V3-V5 hypervariable regions and the cyanobacterial 

specific V3-V4 hypervariable regions of the 16S rRNA gene was performed with 0.02 

U/ µl of Phusion High Fidelity DNA polymerase, 1X Phusion HF Buffer, 200 µM of 

dNTPs (New England Biolabs, USA) and 0.5 µM of each primer. Primers targeting the 

V3-V5 hypervariable regions were 357F and 926R (Schuurman et al. 2004; Walters et 

al. 2016). Cyanobacteria specific primers were CYA359F and CYA784R (Nübel et al. 

1997). Each PCR comprised an initial denaturation step of 3 min at 98°C, then 30 

cycles of denaturation for 45 s at 98°C, annealing for 20 s at 62.4°C (V3-V5) or 60°C 

(cyanobacteria specific) and extension for 8 s at 72°C, then a final extension step for 

5 min at 72°C. Extracted DNA was added at a final concentration of 0.12 ng/µl. No 

purification step was performed, the PCR products were directly sent to Eurofins 

Genomics for sequencing using Illumina MiSeq 2*300 bp with the Microbiome Profiling 

-Indexing only- package. The data presented in this study are accessible on NCBI 

under the bioproject number PRJNA727470. 

Bioinformatics pipeline  

 The analysis was carried out using the already merged dataset provided by 

Eurofins Genomics. The expected fragment sizes were 569 bp for the V3-V5 amplicon 
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and 425 bp for the V3- V4 cyanobacterial specific amplicon. Reads were first trimmed 

using Trimmomatic (Bolger et al. 2014), removing all reads with a phred quality below 

3 for the start and the end of the reads, below an average quality of 10 on a window 

of 3 base within the reads and below a size of 500 bp for the V3-V5 amplicons and 

380 bp for the V3- V4 amplicons. FastQC was used for quality control of the reads 

before and after trimming (Simon 2010). The following steps were performed using 

QIIME2 2019.10 (Bolyen et al. 2019). Filtration of chimeras by consensus method, 

denoising and dereplication of the quality reads were performed using the denoise and 

dereplicate single-end sequences (Dada2, denoise-single) and a reads learn of 

2.000,000 reads for the training error model (Callahan et al. 2016). Quality trimming 

was already performed using Trimmomatic so no trimming step was performed here. 

Taxonomic affiliation was achieved using the classify-consensus vsearch program and 

the databases SILVA_138 and Greengenes with a percentage identity of 80%, 90%, 

97% and 100%. Taxonomic results were merged and the highest percentage identity 

taxonomic affiliation was kept. Reference databases were previously trained using the 

feature-classifier extract reads script with the sequences of the primers used for the 

amplification of the hypervariable regions. After training, the databases only contained 

the part of interest of the 16S rRNA gene for taxonomic assignation, V3-V5 

hypervariable regions for the general 16S rRNA gene amplification and V3-V4 

hypervariable regions for the cyanobacteria specific primers. Taxonomy was mostly 

consistent between SILVA and Greengenes databases.  

Phylogenetic analysis 

 A megablast (highly similar sequence) was performed on the sequences 

affiliated to the genus Planktothrix, Microcystis and the most abundant Synechococcus 

using the 16S rRNA sequences reference database on NCBI. The top ten hit 

sequences and description table were extracted. Synechococcus sequences from 

Lake Constance analysed and sequenced by Anneliese Ernst (Ernst et al. 2003) were 

downloaded from the NCBI database. Two other 16S rRNA gene sequences, 

belonging to Synechococcus rubescens and Cyanobium gracile, were also collected 

from NCBI and used as reference for the phylogenetic analysis, as previously done by 

Anneliese Ernst. These collected dataset was then compared to the most abundant 

Synechococcus sequences of 2019-2020. Sequences were merged with our 

sequences into a fasta file and aligned using SeaView (Gouy et al. 2010). IQ-TREE 
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2.1.2 (Minh et al. 2020) was used to calculate the phylogenetic tree by maximum 

likelihood using 1000 bootstrap parameters. The model of nucleotide substitution used 

was TPM2+I+F (Minh et al. 2020), determined as best-fit model by ModelFinder 

(Kalyaanamoorthy et al. 2017) based on the Bayesian information criterion scores and 

weights. The tree was visualized on R using the package ggtree (Yu 2020). 

Statistical and network analysis  

 Statistical analysis was performed with R software (R core team 2021) using 

the package Phyloseq (McMurdie and Holmes 2013), vegan (Oksanen et al. 2015) 

and visualized with the package ggplot2 (Wickham 2016). Features represented by 

less than 3 reads in below 20% of the samples were discarded. Chloroplast affiliated 

features were removed from both datasets, cyanobacterial affiliated taxa were also 

removed from the cyanobacterial specific dataset only. No rarefaction has been 

applied on the dataset (McMurdie and Holmes 2014). After filtration, the lowest 

number of reads in a sample was 19,175 for the cyanobacteria specific dataset and 

24,329 reads for the general 16S rDNA dataset in 2019. The 2020 dataset consisted 

only of the cyanobacteria specific amplicon and the lowest number of reads was 

24,341. This number of reads allowed us to have confidence in catching all the 

richness present in our dataset as the rarefaction curves showed that we were in the 

stationary phase of the curve. Read count matrix was transformed in relative 

abundance by dividing the reads affiliated to one taxa by the total number of reads in 

the sample (x/sum(x)) and a logarithmic transformation was also applied. To avoid the 

presence of 0 in the matrix, one artificial read was added to each cell of the data 

(Log10(x+1)). Alpha diversity was analysed using the Observed richness, Pielou’s 

evenness index, Shannon diversity index and Inverted Simpson diversity index. 

Community composition was observed using barplot, jitter plot and krona plot using 

the relative abundance data and heatmap with the Log10 transformed data. Statistical 

analyses were performed using non parametrical statistical test, sequencing data does 

not fulfill parametric test requirements (e.g. data normality and homoscedasticity and 

independence of observation) using a p-value and False discovery rate threshold of 

0.05. Kruskal-Wallis one-way analysis of variance was performed on the relative 

abundance sub-data of the main Synechococcus taxa to test if at least one taxa 

dominate the community. The hypothesis that the relative abundance distribution of 

the tested taxa are equal is the null hypothesis (H0) and the alternative hypothesis 
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(H1) is that the relative abundance distribution of the tested taxa are not equal. If the 

Kruskal-Wallis test rejected H0, a post hoc test using the Conover-Iman squared rank 

test with a Benjamini Yekutieli p-value adjustment procedure was performed to 

determine which taxa or group of taxa dominate the community. Benjamini Yekutieli 

procedure was chosen as p-value adjustment because of the dependency between 

taxa’s relative abundance observation. Barplot of the taxa of interest (Planktothrix 

spp., Microcystis spp., Synechococcales) and correlation observation of the main node 

from the network analysis were produced. Network analysis was made using the 

network tool inference CoNet (v. 1.1.1 beta) (Faust and Raes 2016). A read count 

matrix, each column representing a sample and each row representing a single ASV, 

and a metadata featuring the Microcystin toxin concentration obtained by UPLC-

MS/MS were loaded. No filtration was applied as the low abundant taxa were filtered 

from the matrix beforehand. Data was normalized by relative abundance calculations. 

Pair-wise associations were calculated using the Pearson, Spearman and Bray Curtis 

measures. The maximal number of positive and negative edges was set at 200 for 

each calculated network. Networks were calculated with 1000 row-permutation and 

bootstrap. P-value obtained for each measures and edges were merged using the 

Brown’s method (Brown 1975) followed by a Benjamini-Hochberg false discovery rate 

correction. Edges supported by at least 2 of the three measures and a q-value below 

0.05 were kept. Network visualization was performed using Cytoscape 3.8.2 (Shannon 

et al. 2003). 

Toxin extraction and analysis 

 Toxins were extracted from filters using a methanolic extraction method and 

subsequently analysed via UPLC-MS/MS (Weisbrod et al. 2020). Briefly, 3 mL 50% 

(v/v) aqueous methanol was added to each filter and soaked for 30 min at room 

temperature. After vigorous mixing (vortex) for 10 min, samples were sonicated in an 

ultrasonic bath for 15 min before a centrifugation at maximum speed for 10 min. The 

supernatant was collected in a separate tube and the above steps excluding the initial 

30 min soaking time were repeated twice with the remaining pellet. The pooled 

supernatant was dried overnight using a speed-vacuum system (Univapo 100H) and 

resuspended in 250 µL 50% aqueous methanol. Toxin samples were stored in glass 

vials at -20°C until analysis. 
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 Concentrations of different MCs were measured via UPLC-MS/MS with an 

internal standard containing deuterated MC-LR and MC-LF (D5-MC-LF and D7-MC-

LR) (Shannon et al. 2003; Weisbrod et al. 2020). Samples were ionized using 

electrospray ionization, a capillary voltage of 3 kV as well as a nebulizer pressure of 

7.0 bar and analysed with a UPLC-MS/MS system (Acquity H-class liquid 

chromatograph with Acquity BEH C18 column with a corresponding guard column 

(kept at 40°C) and a Waters XEVO TQ-S mass spectrometer). Solvents A and B were 

composed of 10% and 90% acetonitrile, respectively and 100 mM CH2O2 and 6 mM 

NH3. Inital conditions were 25% B, held for 30s, then 45% B within 30s, 60% B within 

180s and 99% B within 12s, which was held again for 30s. Prior to application of the 

next sample, column was re-equilibrated to 25% B over 78s and held for 60s. Injection 

volume was 5 µL. As described in Altaner et al., 2019, simultaneous analysis of MC 

congeners was achieved using five analysis windows (Altaner et al. 2019; Weisbrod 

et al. 2020). 

Evaluation of bbe Moldaenke FluoroProbe data  

 For data acquisition, the Moldaenke FluoroProbe (FP) was slowly lowered from 

the water surface to 100 m depth, then slowly pulled up again while collecting data 

both ways. FP data was preprocessed and later plotted in 3D plots using MATLAB 

R2020b (MATLAB 2020). Full spectra were chopped below 1 m depth and above 100 

m depth and subsequently sorted. Data were interpolated to 0.1 m steps and 570 nm 

fluorescence measurements and cryptophyta content (in µg/L) data were extracted. 

Plotting was achieved using the MATLAB standard functions surf (3D) and plot (2D), 

peaks were analysed using max. 
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Abstract 

 Sequencing-based diversity studies of aquatic picoplankton (‘bacterioplankton’) 

communities using size-class filtration, DNA extraction, PCR and sequencing of 

phylogenetic markers, require a robust methodological pipeline. Biases have been 

demonstrated essentially at all levels, DNA extraction, primer choice and PCR. Even 

different filtration volumes of the same water sample and, thus, different biomass 

loading of the filters, can distort the sequencing results. We attempted to normalize 

biomass loading during filtrations, independent of plankton density in water samples, 

and designed a microcontroller-based flowmeter device for monitoring the decrease 

of initial flowrate as a proxy for increasing biomass loading and clogging of the filters. 

Test filtrations using freshwater plankton (Lake Constance) were done, DNA was 

extracted and an amplicon of the 16S rDNA was sequenced. The impact of filter 

loading was examined both at the community and at the taxonomic level. First, we 

confirmed that different filtration volumes used for the same water sample affects the 

outcome of the sequencing results. Significant differences were visible in alpha and 

beta diversities and across all taxonomic ranks. Taxa most affected by filtration volume 

were typical freshwater Actinobacteria and Bacteroidetes, increasing up to 38% and 

decreasing up to 29% in relative abundance, respectively. Second, a lake water 

sample was filtered undiluted and three-fold diluted, and each filtration was stopped 

at the same flowrate-threshold, i.e., when the flowrate was reduced to 50% of the initial 

flowrate. The three-fold diluted sample required three-fold filtration volumes, while 

differences for both samples across all taxonomic ranks were not statistically 

significant. This work confirms a volume/biomass-dependent bacterioplankton 

filtration bias for sequencing-based community analysis and provides an improved 

procedure for controlling the biomass loading during filtrations and recovery of 

equivalent amounts of total DNA from samples with different plankton densities, for 

example, across depth profiles and along seasonal cycles of temperate lakes.  
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Introduction 

 The advent of ‘omics’ technologies has enabled microbial ecology research to 

go a huge step forward in the disentanglement of the complexity of the highly diverse 

and dynamic environmental microbial communities on this planet. This also applies to 

the plankton in pelagic marine and freshwater ecosystems, particularly the 

microscopic, so-called nanoplankton as a representation of the, predominantly, 

phytoplankton (herein, the organismal group with 180 µm – 5 µm in diameter) as well 

as picoplankton communities as a representation of the, predominantly, single-cell 

bacterioplankton (herein, the organismal group with 5 µm – 0.2 µm in diameter), which 

each on their own and by their interactions are playing key roles for functioning and 

stability of these ecosystems (Pierrou 1976; Jones 1998; Jetten 2008; Madsen 2011). 

Total DNA extraction and PCR amplicon sequencing of phylogenetic markers (e.g., 

fragments of 16S and 18S rRNA genes or other markers) enables the analysis of the 

nano- and picoplankton community in respect to composition and relative abundance 

and the identification of the active members within these communities, while 

metagenomic sequencing allows for an evaluation of the functional repertoire encoded 

within these communities (Hugoni et al. 2013b; Hugoni et al. 2017; Chafee et al. 2018); 

metatranscriptomics and proteomics allow for a detection of the traits that are actually 

expressed under any particular environmental condition (Delhomme et al. 2015; 

Grassl et al. 2016). However, the high sensitivity of these modern techniques and the 

long methodological pipelines involved, are accompanied by increased sensitivity to 

biases that may be introduced by any of the methodological steps, e.g., through DNA 

extraction, primer choice and PCR (Krakat et al. 2017), and DNA template dilution for 

the PCR (Wu et al., 2010), as well as library preparation for sequencing (Berry et al. 

2011; van Dijk et al. 2014; Krakat et al. 2017). 

 For analyzing nano- and picoplankton communities via omics methods, another 

key step is the sampling process. Plankton cellular biomass needs to be isolated from 

the water column in sufficient quantity, e.g., for extraction of total nucleic acids. 

Filtration is the principal process most commonly used for collecting nano- and 

picoplankton biomass. Usually, a pre-filtration is applied to remove zooplankton and 

other larger particles using a pore-size filter in the range 100 – 200 µm (Filker et al. 

2016; Llorens-Marès et al. 2016), and the sample is then passed through either one, 

or a series of different, smaller pore-size filters, in order to collect the nano- and/or 
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picoplankton size-class contingents. An intermediate pore-size filter, for example 5 µm 

pore diameter, can be considered to collect the nanoplankton, i.e., predominantly the 

eukaryotic (protist) phytoplankton, but also particle-associated and filamentous 

bacteria, archaea or fungi (collectively, nanoplankton) (Díez et al. 2001; Fuchsman et 

al. 2012; Allen et al. 2012; Bradford et al. 2013; Hugoni et al. 2013b; Hugoni et al. 

2013a), while a smaller pore-size filter, usually in the range 0.1 - 0.22 µm diameter, 

can be considered to collect single-cell prokaryotes and picoeukaryotes (collectively, 

picoplankton) (Díez et al. 2001; Eiler et al. 2012; Hugoni et al. 2013b; Hugoni et al. 

2013a; Baltar et al. 2016). Further, a variety of filter materials is existing (e.g., glass 

fiber, polycarbonate, polyethersulfone) and their efficiency in collecting plankton 

biomass has been subject of discussions (Taguchi and Laws 1988; Knefelkamp et al. 

2007). Finally, the filtration volume is also variable, for example, in between studies 

(from 300 ml up to 25 L) (Eiler and Bertilsson 2004; Llorens-Marès et al. 2016; Hugoni 

et al. 2017), within the same study (Eiler and Bertilsson 2004), or in between different 

types of omics-analyses done on the same water sample (Frias-Lopez et al. 2008; 

Hunt et al. 2013).  

 It is easy to rationalize that using different pore-size filters and/or filter materials 

will result in different final outcomes of DNA-based diversity analyses (Lee et al. 1995). 

But can also the filtration volume influence to outcome of the results under a given 

filtration setting? And if so, in which proportion? Indeed, Padilla et al., 2015 analysed 

the picoplankton community structure for an identical water sample (seawater) by 16S 

rDNA amplicon sequencing in dependence on the filtration volume, and their results 

showed significant differences in the relative abundances of bacterial community 

members (Padilla et al. 2015).  

 We considered whether the cause of such a volume-dependent ‘plankton 

filtration bias’ might indeed be a build-up of a so-called ‘filtration cake’: during the 

filtration process, the biomass collected on the filters might increasingly act as an 

additional filter, thereby retaining microorganisms on the filter that would normally 

belong into the filtrate and, thus, onto the smaller pore-size filter, if a serial size-class 

filtration is applied. 

 We also considered whether one way of normalizing for such a sample volume/ 

plankton density-dependent filtration bias would be to collect each the same amount 
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of total biomass on each filter, independent of the plankton density of the water 

samples. Therefore, we build and tested an Arduino-microprocessor based flowmeter 

device in order to monitor the filter loading, as the decrease of initial, maximal flow rate 

during the filtration, and in order to stop the filtrations each at a same minimal-flowrate 

threshold and, hence, potentially at about the same biomass loading (Figure II.1). We 

used samples from Lake Constance, when sequentially filtering the nano- and 

picoplankton size classes, first, from 180 µm to 5.0 µm (nanoplankton) and, second, 

from 5.0 µm to 0.2 µm (picoplankton). Then, the single-cell bacterial community 

structures represented on the 0.2-µm pore size filter were examined, using 16S rRNA 

gene amplicon sequencing. Our first objective was to confirm the volume-dependent 

filtration bias as revealed by Padilla et al., 2015 (see above). Second, we tested 

another Lake Constance water sample at two different plankton densities, i.e., the 

original, undiluted sample and a three-fold diluted sub-sample, when using our 

flowmeter to stop the filtration each at the same flowrate-threshold. Hence, the second 

experiment was conducted to evaluate whether the flowmeter device may be helpful 

in normalizing a density/volume-dependent filtration bias. 
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Materials and Methods 

Study sites and sampling campaign 

 Lake Constance is a deep (maximal depth, 251 m) oligotrophic pre-Alpine lake 

situated in the northern part of the Alps (47°35´N 9°28´E). The lake is composed of 

three water bodies called Obersee (Upper Lake), Untersee (Lower Lake) and Seerhein 

(Lake Rhine); the Lake Rhine is connecting the Upper Lake to the Lower Lake. In this 

study, samples were taken at the routine sampling site Wallhausen situated in the 

Überlinger See (47.7571°N 9.1273°E), a fjord-like northwestern arm of the main basin 

of Upper Lake. Integrated samples of the epilimnion (0 – 20 m) were collected by boat 

using an integrating water sampler (model IWS II, Hydro-Bios, Germany). The 

samples used for the first experiment were collected on 08. November 2017 and the 

samples for the second experiment on 14. May 2019. The water samples were stored 

in stainless steel barrels (19 L soda-kegs). 

Filtration using a self-constructed Arduino-based monitoring device (flowmeter) 

 Filtrations were carried out directly on the boat. The barrel containing the water 

sample was connected to a pressurized air tank and overpressure of 2 bar was applied. 

The barrel was connected via valve and PVC tubing to a series of three in-line filter 

holders (Swinnex 47 mm filter holder; Millipore), carrying (i) a 180-µm filter (hydrophilic 

nylon net, 47 mm diameter; Millipore) to remove zooplankton and larger particles, and 

(ii) a 5.0-µm and (iii) a 0.2-µm polycarbonate membrane filter (Isopore, 47 mm 

diameter; Millipore) to collect the nanoplankton and picoplankton, respectively.  

 At the outlet of the last filter holder, a mini-flowmeter (model FCH-m-PP –3.0 

LPM 82202739; B.I.O-TECH, Vilshofen, Germany) was connected, from which pulses 

were counted and flowrates calculated (in ml/min) by a programmed Arduino I/O 

device; the calibration factor had to be set directly in the Arduino program. A detailed 

description of the most basic, low-cost, open-source version of this Arduino flowmeter 

device, and its electronic components, a circuit diagram, and the software used, is 

available at https://github.com/Uni-Konstanz-WWE. This flowmeter device comprised 

also an LCD screen that displayed, (i) the maximal flowrate (Fm) recorded right at the 

start of a new filtration (i.e., directly after the valve had been fully opened), (ii) the 

current flowrate during the filtration (Fc), and (iii) the flowrate threshold (Ft) at which 

the filtration has to be stopped; Ft is calculated by the Arduino from Fm using a 

https://github.com/Uni-Konstanz-WWE
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threshold factor (e.g., 50% of Fm), and this threshold factor had to be set directly in the 

Arduino program. When the flowrate had decreased and Ft was reached, the Arduino 

gave both an optical signal (LED) and acoustic signal (piezo beeper), in order to alert 

the operator to stop the filtration by closing the valve. Optionally, the Arduino was 

streaming the monitored flowrates to a computer which stored the data in an Excel 

sheet with graphical display, in order to follow the flowrate on screen at any time during 

the filtration procedure (Figure II.1). Such a basic, low-cost flowmeter device, which 

can be operated in the field also by battery and without USB connection to a computer, 

was used for the experiments described in this paper. A much further developed 

version of the device comprises six flowmeter channels, a casing with battery, a 

number pad for adjusting flowrate thresholds and other parameters, and additional I/O 

ports for data storage on USB stick and for controlling electrically-actuated valves for 

automation of the filtration procedure (Figure II.1); it is currently used for our routine 

sampling of Lake Constance nano- and picoplankton. 

 For the first experiment, we aimed at confirming the observations made by 

Padilla et al., 2015 (see also Introduction), but without prior definition of the volumes 

to be filtered. Instead, we programmed the flowmeter to alarm us for stopping the 

filtrations when either 66%, 50%, 25% or 10% of the initial, maximal flowrate (Fm) had 

been reached, using each the same water sample from Lake Constance (see above); 

for each threshold, filtrations were done in triplicates (n = 3). For the second 

experiment, we simulated a change in plankton density, to evaluate whether the 

flowmeter can indeed be helpful in a normalization of the volume/density-based 

filtration bias. First, a water sample from Lake Constance was filtered using the 

flowmeter at a flowrate-threshold of 50% Fm; the filtration volumes were recorded (590 

ml +/- 64 ml). Then, the lake water was diluted 1:3 with autoclaved distilled water and 

a new series of filtrations (n = 4) was started, using the flowmeter flowrate-threshold 

of 50%. Another series of filtrations (n = 4) was done volume-controlled, i.e., until the 

same volume was reached as for the filtration of the undiluted samples (590 ml). 

Hence, this gave three sets of samples: undiluted (UD), diluted flowrate threshold 

filtration (TF1/3) and diluted fixed volume-filtration (VF1/3).  

 When the filtrations had been stopped, the filter holders were opened and each 

filter membrane was carefully curled up using two forceps, and transferred into a 15 

ml conical tube (Eppendorf, Hamburg, Germany) so that the biomass-containing side 
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of the filter was pointing to the inside of the tube. Then, the biomass was immersed 

each with 3 ml of lysis buffer (50 mM Tris-HCl buffer pH 8.0, 50 mM EDTA, 50 mM 

EGTA) and the tube stored at -20 °C. 

 

 

 

  

Figure II.1. Schematic of the filtration setup and flowmeter device used in this study.  

We used overpressure filtration for plankton size-class filtration with three filters in series, (i) a 180-

µm nylon net pre-filter to remove zooplankton and larger particles, and (ii) a 5.0-µm and (iii) a 0.2-

µm pore-size polycarbonate membrane filter, in order to collect the nanoplankton and picoplankton, 

respectively, for DNA extraction. The flowrate of the filtrate was monitored continuously during the 

filtration, by using a flow sensor and a flowmeter device based on an Arduino board. The Arduino 

was programmed to record the initial, maximal flowrate (Fm) when a filtration had been started with 

new filters, and to monitor the continuous decrease of flowrate caused by increasing biomass 

loading and clogging of the filters. Once a pre-defined (programmed) minimal flowrate threshold (Ft) 

has been reached, the Arduino was configured to give an optic (LED) and acoustic (beeper) alarm 

to the operator, so that the filtration could be stopped manually using a valve, for example, each at 

Ft = 50% Fm across all water samples filtered with variable plankton densities. The flowrate data was 

also streamed to a PC for recording (Figure II.2A). Note that the illustration is not to scale. Details 

on components and operation of the filtration monitoring setup can be found in the Material and 

methods section, and details on the Arduino configuration and the Arduino code at Github 

(https://github.com/Uni-Konstanz-WWE).  

https://github.com/Uni-Konstanz-WWE
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DNA extraction, PCR amplification and Illumina-amplicon sequencing 

 Our study focused on the single-cell bacterioplankton community and therefore; 

DNA extraction were applied on the 0.2 µm polycarbonate membrane filters. The DNA 

extraction protocol used was adapted from (Rusch et al. 2007) and the JGI bacterial 

DNA extraction protocol (William et al. 2012). After thawing of the samples at room 

temperature, 200 µl of 0.1- and 1-mm diameter zirconium beads each (Carl Roth, 

Karlsruhe, Germany) were added to each tube. Then, the tubes were treated in an 

ultrasonic water bath (Sonorex super RK 510, Bandelin, Germany) for 1 min, followed 

by 15 min of vortexing at full speed in a horizontal tube holder. In the next step, 150 µl 

of freshly prepared lysozyme solution (final concentration 2.5 mg/ml) was added, and 

the tubes incubated for 1 h at 37 °C by horizontal shaking at 1,400 rpm (Thermomixer 

comfort, Eppendorf, Hamburg, Germany); then 315 µl of 10% sodium dodecyl sulfate 

(SDS) (final concentration, 1%) and 31.5 µl of freshly prepared proteinase K solution 

(final concentration 500 µg/ml) were added, followed by an incubation the tubes for 1 

h at 55°C in a water bath. After one hour of incubation, proteinase K was added again 

at the same concentration and the solution incubated again for 1 h at 55°C. Finally, 

236 µl of 5 M NaCl solution was added, the solution vortexed, followed by addition of 

236 µl of CTAB/NaCl-solution (10% CTAB, 0.7 M NaCl; preheated at 65°C); the 

solution was again vortexed, and then incubated for 10 min at 65°C. The DNA was 

purified by phenol-chloroform extraction. Therefore, 1 vol. of 

phenol/chloroform/isoamyl alcohol (25:24:1 vol %) (Carl Roth, Karlsruhe, Germany) 

was added, the suspension mixed by vortexing, and the tubes centrifuged for phase 

separation at 13,000 rcf for 20 min at 4°C. After transfer of the supernatant into a new 

15 ml tube, 1 vol. of chloroform/isoamyl alcohol (24:1 vol %) was added, the 

suspension mixed by vortexing, and the tube centrifuged for phase separation at 

13,000 rcf for 20 min at 4°C. The supernatant was transferred into a new 15 ml tube. 

0.5 µl of glycogen (Thermo Fisher Scientific, USA) and 0.7 vol. of isopropanol were 

added to the tube. The solution was mixed well and incubated for 15 min at -20°C. 

The precipitated DNA was collected by centrifugation at 15,000 rcf for 25 min and 4°C. 

Isopropanol was removed and the DNA pellet was washed using 500 µl of ice-cold 

70% ethanol. After a final centrifugation of 5 min, the supernatant was removed and 

the DNA dried at air for 5 min. Then, 50 µl of PCR-grade water was added and the 

DNA dissolved. Finally, the DNA concentration was measured using a Nanodrop 



Chapter II – Materials and Methods 

63 
 

2000c spectrophotometer (Thermo Fisher Scientific, USA) and the quality of the DNA 

evaluated by agarose gel electrophoresis.  

 Amplification of the V3-V5 hypervariable regions (Huttenhower et al. 2012; 

Boers et al. 2015) of the 16S rRNA gene was performed with 0.02 U/ µl of Phusion 

High Fidelity DNA polymerase, 1X Phusion HF Buffer and 200 µM of dNTPs (New 

England Biolabs, USA). DNA template was added at a final concentration of 0.12 ng/µl. 

The primers pair used was 357F and 926R with universal adapter, required for the 

second PCR, added to their 5’ end. The primer sequences, with universal adapter, are 

5´–TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-

CTCCTACGGGAGGCAGCAG– 3´ for 357F and 5´–GTCTCGTGGGCTC 

GGAGATGTGTATAAGAGACAG-CCGYCAATTYMTTTRAGTTT– 3´ for 926R 

(Schuurman et al. 2004; Parada et al. 2016; Walters et al. 2016), at a final 

concentration of 0.5 µM each. The following PCR program was used on a T100 

Thermal cycler (Bio-Rad, USA): first denaturation for 3 min at 98°C; 30 cycles of 

denaturation for 45 s at 98°C; annealing for 20 s at 62.4°C, and extension for 8 s at 

72°C; final extension for 5 min at 72°C. The PCR products were sent to Eurofins GATC 

Biotech for amplicon sequencing, using the Illlumina MiSeq 2*300 bp with the 

NGSelect Amplicons 2nd PCR package. The reads were merged by Eurofins. The 

expected V3 – V5 amplicon size was 569 bp. 

Bioinformatics pipeline 

 The sequence libraries were trimmed using Trimmomatic (Bolger et al. 2014), 

removing all reads below 500 bp, with a phred quality below 3 for the start and the end 

of the reads and below an average quality of 10 on a window of 3 base within the 

reads. FastQC was used to check the quality of the reads before and after the trimming 

(Simon 2010); before to test the trimming parameters, and thereafter to verify that the 

reads had the necessary quality for the downstream analysis. The following 

bioinformatics steps were done using QIIME2 2018.11 (Bolyen et al. 2019). Denoising 

and dereplication of the reads was performed using the denoise and dereplicate 

single-end sequences (Dada2 denoise-single) with a chimera filtration done using the 

consensus method (Callahan et al. 2016). This program is classifying sequences as 

ASV (amplicon sequence variant) that distinguish sequence variation by a single 

nucleotide difference (Callahan et al. 2016). Phylogenetic tree construction was 

carried by creating a sequence alignment and removing phylogenetically 
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uninformative alignment using MAFFT. Taxonomic affiliation was done using the 

classify-consensus vsearch program and the TaxAss pipeline (Rohwer et al. 2018), 

which used both a general database, SILVA_132, and a freshwater ecosystem-

specific database, FreshTrain (Newton et al. 2011; Quast et al. 2013; Rohwer et al. 

2018). Before the taxonomic classification, the dataset was split into two groups using 

Blastn: sequences with a low percent identity to ecosystem-specific reference 

sequences, and sequences with high percent identity to ecosystem-specific reference 

sequences. The group containing the low percent identity sequences was affiliated 

using the general SILVA_132 database and the group with the high percent identity 

sequences was affiliated using the Freshtrain database. The two groups were then 

recombined and used for downstream analysis. 

Biostatistics 

 All statistical analyses were performed with R software (R core team 2021) 

using the package Phyloseq (McMurdie and Holmes 2013), Vegan (Oksanen et al. 

2015) and EdgeR (Robinson et al. 2010). Graphical display was done using ggplot2 

(Wickham 2016).ASVs representing more than 9 reads in at least one replicate were 

kept for downstream analysis. Chloroplast affiliated ASVs were also removed from the 

dataset. After removal of the low quality, chimera and spurious sequences (false 

positive sequences) during the bioinformatic treatment and the filtration of the lowest 

abundant reads, the lowest number of reads in a sample was 18,696 for the first 

experiment and 17,938 reads for the second experiment. These minimal numbers of 

reads allowed to have confidence in recovering all the taxa richness present in our 

samples as indicated by the rarefaction curves (see supplementary file Figure SII.1). 

No rarefaction has been applied on the dataset (McMurdie and Holmes 2014), the 

data was normalized by relative abundance in percentage by dividing the number of 

reads affiliated to an ASV by the total read number in the sample and multiply by 100. 

Alpha diversity was measured with the richness using the Observed OTU, evenness 

with the Pielou index and both Shannon-Wiener and Simpson diversity index (Simpson 

1949; Pielou 1966; Spellerberg and Fedor 2003). The comparison between samples 

using Beta diversity was done using Weighted Unifrac distance based on the 

phylogenetic tree build previously under QIIME2 (Lozupone et al. 2011) and visualized 

using Principal Coordinates Analysis (PCoA). For both experiments, Permutational 

multivariate analysis of variance (PermANOVA) with 999 permutations on the Unifrac 
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distance matrices was done to test the significance of the community composition 

difference between groups (Anderson 2017). The samples of the first experiment were 

grouped by volume of filtered water and the second experiment compared the 

difference two time independently: UD versus TF1/3 and UD versus VF1/3. The 

comparison of relative abundance of taxa between the different conditions was done 

with the package EdgeR (Robinson et al. 2010). The analysis was performed on the 

raw reads datasets normalized using the Relative Log Expression method (Anders 

and Huber 2010). P-value adjustment was done using the Benjamini-Hochberg 

procedure (Benjamini and Hochberg 1995). The tested taxonomic ranks were ASV, 

family/lineage, order, class and phylum. Species and genus taxonomic ranks were not 

included because 16S rRNA gene fragment (V3 – V5) did not yielding enough 

taxonomic depth to be confident in these ranks. Only two conditions were comparable, 

so the two lower and the two larger filtration volumes were merged for the first 

experiment as the samples of these two groups clustered together on the PCoA 

(Figure II.3E). For the second experiment, like for the community composition 

differences test using PermANOVA, the condition VF1/3 and TF1/3 were each tested 

independents against UD. A False Discovery Rate (FDR) threshold of 0.05 was used 

to consider a result significant or not
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A

B

Figure II.2 Decrease of flowrate over time during plankton filtrations due to increased 

biomass loading of the filters, as recorded by the Arduino flowmeter (A), and (B) DNA yields 

after extraction of the corresponding picoplankton filters. (A) The filtrations were stopped at a 

threshold of 66% (blue), 50% (red), 25% (grey) and 10% (yellow) of the initial, maximal flow rate 

(Fm) at the start of the filtration. Each one replicate per triplicate threshold-filtration is shown. (B) 

Average DNA yield (n = 3) in 50 µl extract volume obtained from each set of filters; with standard 

deviation. 
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Results 

Impact of different filtration volumes on the bacterioplankton community composition 

observed by 16S rRNA-gene fragment amplicon sequencing 

 For the first experiment with our flowmeter device (Figure II.1), we used a 

plankton sample taken from Lake Constance (08. November 2017; 0-20 m integrated 

sample, sampling site Wallhausen). We collected nano- and picoplankton samples by 

serial filtration through a 180-µm pre-filter onto 5-µm pore size (nanoplankton) and 

0.2-µm pore size (picoplankton) polycarbonate membranes. The advantage of 

polycarbonate was that the material completely dissolved in the phenol-chloroform 

extraction step during DNA preparation (see Materials and Methods). The filtrations 

were stopped at four different flowrate-thresholds (Ft), as monitored with the flowmeter, 

at Ft = 66%, 50%, 25% and 10% of the initial, maximal flow rate (Fm, 100%). Each 

threshold filtration was done in triplicate (n = 3). The decrease of flowrate over time is 

shown in Figure II-2A. The total filtration volumes recorded after the filtrations were 

0.33 ± 0.07 L, 0.74 ± 0.05 L, 1.14 ± 0.06 L and 1.83 ± 0.15 L, respectively, as illustrated 

as in Figure II.2A. The total DNA yields from the picoplankton filters were 3.7 ± 0.9 µg, 

8.2 ± 1.5 µg, 10.12 ± 2.2 µg and 15.6 ± 1.4 µg, respectively (Figure II.2B). The linear 

regression (adjusted R-squared = 0.89) confirmed the relation between filtration 

volume and DNA yield. Notably, the obtained yields also suggested that smaller 

relative amounts of total DNA per liter of water sample were recovered from the filters 

when the filter had been loaded with higher amounts of biomass (e.g., 23% less total 

DNA per liter of water from the 1.83-L vs. the 0.33-L filtration). 

 We focused on a possible ‘filtration bias’ particularly for the single-cell 

bacterioplankton community composition, hence, on the picoplankton samples on the 

0.2-µm filters (Padilla et al. 2015). Therefore, amplicon sequencing (Illumina 

technology) of a 16S rRNA gene fragment (V3-V5 hypervariable region) was applied 

to evaluated possible differences in the observed bacterioplankton community 

composition in dependence on the filtration volume. Note that the sequencing data 

obtained of one of the replicates of the 50% flowrate threshold had to be removed 

because it was an outlier. 
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Figure II.3. Alpha and beta diversities of the bacterioplankton communities observed for the 

0.2-µm filters in dependence on the filtration volume. For the picoplankton filters (0.2-µm pore 

size) loaded with variable flowrate thresholds (Figure II.2A), the bacterioplankton community 

composition was analysed by 16S rRNA-gene fragment amplicon sequencing. Alpha diversity is 

represented by richness of the observed ASVs (A) and by Pielou´s community evenness (B), 

Shannon-Wiener community diversity (C) and Simpson community diversity (D) indices. Dots 

represent the average values and the error bar represent the standard deviation of the replicates for 

each condition (n = 3). (E) Principal Coordinate Analysis (PCoA) of the Weighted Unifrac metric 

calculated from the bacterioplankton community composition 
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Alpha diversity 

 960 bacterial ASVs were present in the processed dataset after removal of 

ASVs represented by less than nine reads in at least one replicate. The community 

diversity was analysed within each sample (alpha diversity), using the Shannon-

Wiener and Simpson indexes. In addition, richness was expressed as the number of 

observed ASVs and the evenness using the Pielou´s index. Interestingly, increased 

filtration volume coincided with decreased Shannon and Simpson diversity indices 

(Figure II.3CD). Richness was also decreasing with increased filtration volume, with 

an average ASV number of 303 for the lowest volume (66% Fm) and 230 ASVs for the 

highest volume (10% Fm) (Figure II.3A). Thus, in average 24% of the bacterial taxa 

detected for the lowest filtration volume were not detectable for the largest filtration 

volume. The evenness was relatively stable, apart from an increase of variability for 

increased filtration volumes (Figure II.3B). The decrease of diversity observed with the 

Shannon and Simpson index can be explained by the decreasing richness. This 

decrease of richness was due to a loss of low-abundant taxa (see explanation below) 

with increasing filtration volume. 

Beta diversity  

 The community structure was analysed in respect to diversity between samples 

(beta diversity) and statistically tested for the null hypothesis (H0), that the filtration 

volume had no influence on the observable community composition, and the 

alternative hypothesis (Ha), that the filtration volume had an effect on the bacterial 

community composition. The analyses were done using the Weighted Unifrac distance 

metric, visualized by Principal Coordinate analysis (PCoA), and the statistical 

significance was tested using a PermANOVA. The PCoA plot (Figure II.3E) illustrates 

a clear shift of the community compositions in dependence on filtration volume. Each 

replicate of a filtration threshold clustered together, while the higher-volume conditions 

showed a higher variability between replicates. The first axis of the PCoA represented 

72.1% of the overall variability and the second axis 10.3% (Figure II.3E and Figure 

SII.2A), which suggested that one variable was the major driver of the observed shift 

of the community composition, i.e., most likely the variable parameter of our 

experiment, the filtration volume (biomass loading). This difference of variance may 

also reflect that an equivalent observable difference between replicates indicate a 

stronger difference of diversity on the x-axis than the y-axis. PermANOVA results   
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A

B

C

Figure II.4. Representative taxa that displayed significant changes in relative abundances in 

dependence on the filtration volumes used. Shown are (A) phyla-taxonomic rank, (B) and (C) as 

ASV with family and phyla affiliation. The relative abundance is expressed as percent (%) reads for 

a specific taxon relative to all reads observed. Error bars represent the standard deviation (n = 3). 

Note the different x scales. 
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showed a p-value of 0.002 and R2 of 0.57. The R2 indicated that the filtration volume 

explained 57% of the community composition variability which, coupled with the p-

value below 0.05, allowed to reject H0. Under these conditions, we can conclude that 

the filtration volume indeed had an impact on the observed microbial community 

composition. 

Individual taxonomic groups affected by filtration volume 

 Next, we examined which taxonomic groups were specifically affected by the 

filtration volume, using EdgeR to compare the relative abundance changes between 

conditions. Only two conditions can be compared so the data of the two lowest (0.33 

and 0.74 L) and the two highest (1.14 and 1.83 L) filtration volumes were grouped 

together as their replicates clustered closely on the PCoA, indicating similar 

community composition (Figure II.3E). All taxonomic ranks were analysed with the 

exception of genus and species which were rarely assigned in our dataset. The results 

showed that the community composition was affected at all taxonomic levels by the 

filtration volume, in that two phyla, six classes, eight orders, 14 families and 15 ASVs 

showed a significant difference in relative abundance, as illustrated in Figure II.4AB 

and Figure SII.3A-C. The number of affected taxa is minor compared to the total 

dataset, as they represented 11.8%, 17.1%, 9.8%, 9.0% and 1.6% of the total phylum, 

class, order, family/lineage and ASV, but represented a majority of the relative 

abundance as these few taxa represented between 34.0% (ASV) to 78.8% (class) of 

the total abundance. 

 Most changed in relative abundance in dependence on filtration volume, were 

taxa affiliated to Actinobacteria and Bacteroidetes, together representing 69% of all 

affected taxa. The differences followed opposing trends, with Actinobacteria 

increasing with increased filtration volume (up to 38% increase at the phylum rank) 

and Bacteroidetes decreasing with increased filtration volume (up to 29% decrease 

for the phylum rank) (Figure II.4A). The percentage of relative abundance change 

varied from a maximal increase of 67% for the family/lineage Sporichthyaceae (Figure 

SII.3A) to a maximal decrease of 50% for ASV847 affiliated to the lineage bacV (Figure 

II.4A, Table SII.1). Four others ASVs not affiliated with either Actinobacteria or 

Bacteroidetes were only detected for the lowest filtration volumes (0.33 and 0.74 L) 

(Figure II.4C). These four ASVs were detected by EdgeR because their initial relative 

abundance was high enough in the low filtration volumes, yet we can expect that more 
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ASVs may display the same pattern. This decrease of total number of ASV detected 

in the highest volumes could explain why the richness was decreasing with increased 

filtration volume (cf. Figure II.3A). 

Normalization of the plankton filtration bias using our flowmeter device 

 With the next experiment, we tested whether our flowmeter device may be 

helpful to normalize the filtration bias described above. We tested if the threshold 

filtration could uniform the biomass loading of the filters for the bacterioplankton 

community, as represented on the 0.2-µm filters. One of the replicate of condition 

VF1/3 (see below) had to be removed because it was an outlier, leaving three replicate 

for this condition. A Lake Constance sample (14. May 2019; 0-20 m depth, 

Wallhausen) was filtered at its given plankton density (termed ‘undiluted condition’, 

UD) and after the sample had been diluted three-fold (1:3), each with threshold 

filtrations (TF) using the flowmeter device and stopping the filtrations again at Ft = 50% 

Fm. The total filtration volumes recorded for the undiluted sample were 0.57 ± 0.06 L 

(n = 8) and for the 1:3-diluted sample (termed TF1/3) 1.71 ± 0.04 L (n = 4), hence, the 

3-fold volume. As a third filtration condition (termed ‘fixed-volume filtration’ VF1/3), we 

filtered the three-fold diluted sample with the same volume as the undiluted sample 

(0.57 L), hence without the flowmeter device and as control of the filtration bias (n = 

3). The DNA yields obtained for the UD and TF1/3 conditions were relatively similar 

with 3.5 ± 0.4 µg and 3.9 ± 0.5 µg, while the VF1/3 condition yield was about 3-fold 

lower with 1.2 ± 0.2 µg, as expected (Figure II.5). 
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Figure II.5 DNA yield after extraction of the picoplankton filters. (A) UD corresponds to the 
undiluted water condition, TF1/3 to the filtration of the 3-fold diluted water sample using threshold 
filtration with the flowmeter device, and VF1/3 to the filtration of the 3-fold diluted water using the 
same filtration volume as for the undiluted condition. 
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Alpha and beta diversities 

 The average number of ASVs in the processed data was 257 ± 27, 271 ± 26 

and 278 ± 15 for the conditions UD, TF1/3 and VF1/3 respectively, hence the richness 

in the diluted samples seemed to be slightly higher, although all three standard 

deviations overlap (Figure II.6A). The same trend was visible for the evenness (Pielou), 

for which the standard deviation (SD) for VF1/3 was much smaller (Figure II.6B). The 

Shannon-Wiener and Simpson values of the UD condition were (cf. SDs) smaller than 

the VF1/3 condition, while the TF1/3 diversity values were in between the two 

conditions (SDs overlapping with both UD and VF1/3 conditions) (Figure II.6CD). For 

the beta diversity, the first axis of the PCoA represented 69.3% of the variability and 

the second axis 8.4% (Figure II.6E and Figure SII.2B). Hence, one factor was the 

major driver of the observed variability and like in the first experiment. An equivalent 

difference between replicates indicates a stronger difference of diversity on the x-axis 

than the y-axis. Replicates of each condition clustered together, with the VF1/3 

filtrations more clearly separated from the undiluted filtrations, and the TF1/3 filtrations 

in between (Figure II.6E). 

 The goal of this experiment was to examine whether the filtration bias may be 

normalized when filtrations are done using the flowrate device (undiluted vs. TF1/3) in 

comparison to fixed-volume filtration (undiluted vs. VF1/3). Hence, the statistical 

hypotheses for the analysis of the fixed-volume condition were, (H0) plankton density 

does not affect the observed diversity (centroid of the compared group are equivalent), 

and (Ha) plankton density does affect the observed diversity (centroid of the compared 

group are not equivalent). The PermANOVA output was a p-value of 0.027 and a R2 

of 0.66, thus, we can reject H0 and conclude that the plankton density (filter loading) 

impacted the diversity, when using fixed-volume filtration. For the threshold filtration, 

which may have no impact (H0) or may have an impact (Ha) on the diversity in the 

diluted sample, the p-value was 0.114 and the R2 0.20, and therefore, we cannot reject 

H0. Hence, at the community level, a difference in plankton density did not statistically 

affect the observed community when using our flowrate device, suggesting that 

threshold filtrations may compensate for the filtration bias.  
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Figure II.6. Alpha and beta diversities of undiluted and diluted bacterioplankton collected on 

0.2-µm filters by threshold filtration in comparison to fixed-volume filtration. A Lake 

Constance water sample was filtered undiluted (UD) and 3-fold diluted (threshold filtration, TF1/3) 

using each the flowmeter device at 50% flow-rate threshold. For control, the 3-fold diluted sample 

was also filtered with the same volume as the undiluted sample (fixed-volume filtration, VF1/3). 

Alpha diversity is represented by (A) richness represented by the observed ASVs, and (B) 

community evenness using Pielou´s, (C) Shannon-Wiener community diversity and (D) Simpson 

community diversity indices. Dots represent the average values and the error bar represent the 

standard deviation of the replicates for each condition. (E) Principal Coordinate Analysis (PCoA) of 

the Weighted Unifrac metric calculated from the bacterioplankton community composition. 
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Individual taxonomic groups affected.  

 EdgeR was used to compare the relative abundance change of taxa between 

the conditions (genus and species excluded). For the undiluted vs. VF1/3 condition 

and the confirmation of the filtration bias, all taxonomic ranks except order showed 

taxa with abundance significantly changed, i.e., three phyla, four classes, four 

families/lineages and two ASVs (Figure II.7 and Figure SII.4). Like in the first 

experiment, the number of affected taxa is minor compared to the total number of taxa 

as they represented 18.8%, 12.9%, 2.5% and 0.4% of the total taxa in their respective 

taxonomic rank. The relative abundance of the impacted taxa is less dominating, 

representing between 2.4% (ASV) to 51.6% (class) of the total relative abundance. As 

with the first experiment, most taxa belonged to the phyla Actinobacteria and 

Bacteroidetes and these two phyla showed a decrease of 27% and an increase of 

30% of relative abundance respectively, when the plankton had been diluted and 

filtered by fixed-volume filtration (Figure II.7B). Decrease in relative abundance in 

relation to plankton dilution was up to 34% for the lineage acI (Figure SII.4 and Table 

SII.2). In addition, significant increase of also phylum Planktomycetes (28%) and its 

belonging class Phycisphaerae (40%) (Figure II.7A) was detected for the VF1/3 

condition in this experiment.  

 The undiluted vs. TF1/3 condition showed no taxa, whichever taxonomic rank, 

that were changed at statistically significant level. This is illustrated in Figure II.7 and 

Figure SII.4, where the standard deviations (SDs) for the TF1/3 condition are always 

overlapping with these of the undiluted condition, hence, showing a difference not 

strong enough to be significant, while the SDs for the VF1/3 condition illustrate 

significant differences (filtration bias). 

  



Chapter II – Results 

77 
 

 

 

Figure II.7. Specific taxa that displayed different relative abundances in dependence on the 

filtration method used. Lake Constance water was filtered undiluted and 1:3 diluted (threshold 

filtration, TF1/3) using the flowmeter device, and the 1:3-diluted sample was also filtered with the 

same volume as the undiluted sample (fixed-volume filtration, VF1/3). Shown are examples on the 

(A) family and (B) phyla level. Error bars represent the standard deviation (n = 3). Statistical 

significance is flagged with one star (*). Note the variation of y axis scales. 
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Discussion 

 The first experiment using the flowmeter device confirmed and expanded on 

the description of a pico-bacterioplankton filtration bias as reported previously (Padilla 

et al. 2015; Torres-Beltrán et al. 2019). Less bacterial taxa could be detected for the 

largest sample volume (Figure II.3A), which may appear counterintuitive, as more 

water was filtered, so more bacterioplankton biomass was collected, which should lead 

to a better detection of also the lowest-abundant taxa.  

 As described in the Introduction, we considered whether the cause of such a 

volume-dependent filtration bias may be a build-up of a filtration cake during serial 

filtration, which is increasingly acting as an additional, smaller-pore size filter, thereby 

increasingly retaining microorganisms on this filter that would normally belong into the 

filtrate and onto the next smaller pore-size filter. Through the implied biomass 

dependence, samples with different plankton densities may produce a similar bias if 

each the same volume of water is filtered, as confirmed with the second experiment 

(Figure II.6; UD vs. VF1/3 conditions). This effect is particularly relevant for plankton 

diversity studies in lakes of temperate regions, where the plankton density can change 

drastically in between winter mixing and the vegetative season, for example for deep 

Lake Constance, which is the subject of our own plankton diversity studies. Lake 

Constance currently displays Secchi depths in winter of down to 21 m (February 2022, 

Überlinger See) and up to 2.5 m during spring bloom and summer.  

 Members of the phyla Actinobacteria and Bacteroidetes were among the taxa 

most affected by increased filtration volume. Typical freshwater Bacteroidetes 

decreased in relative abundance for the 0.2-µm filters (Figure II.4), as well as similarly 

affected family Pedosphaeracae, and phyla Verrucomicrobia, Holophagaceae and 

Acidobacteria (Figure S II.3), which are known to be filamentous or particle-associated 

bacteria (Allgaier and Grossart 2006; Eloe et al. 2011). They may increasingly be 

captured by the 5-µm filter and therefore be detected at lower relative abundance on 

the 0.2-µm filters with increasing filtration volume. Vice versa, a major part of the 

typical freshwater Actinobacteria are contributed by very small, ‘ultramicrobacteria’ 

(Hahn et al. 2003; Newton et al. 2011; Kim et al. 2019b), and an increased biomass 

cakes on the filters may have retained these cells more efficiently on the 0.2-µm filter 

with higher volumes. 
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 The 16S rDNA diversity analyses by amplicon sequencing as performed in this 

study, can also be subject of a ‘DNA template dilution bias’ for the PCR (Wu et al. 

2010). In this study it was shown that the number of taxa detected was decreasing 

with higher template dilution (i.e., decreased probability for low abundant taxa-DNA to 

be amplified), but the relative abundance of detected ASVs was not affected, therefore 

the global community structure was not changed when comparing the different dilution 

condition (Wu et al. 2010). In our study, the different DNA yields recovered from the 

different filtration volumes (Figure II.2B) required higher dilution of the DNA for the 

highest filtration volume and, thus, this additional bias may also be a factor that 

contributed to the observed decrease of richness through loss of some of the lowest-

abundant taxa. The lowest filtration volume showed 93 ASVs more than the highest, 

and these bacterial taxa belong to the low abundant bacteria with an average relative 

abundance of 0.029%. In the first experiment, four ASVs may illustrate this ‘DNA 

template dilution bias’, as they were detectable for the low filtration volume and not 

anymore for the high filtration volume (Figure II.4C). Although the design of our 

experiments does not allow to disentangle also the ‘DNA template dilution bias’, it 

should not have affected the results and conclusion of our analyses. Indeed, the ‘DNA 

template dilution bias’ affect the capability of detecting ASVs or not (Wu et al. 2010), 

while the filtration bias as described in this study altered the ASVs relative abundance. 

Hence, DNA template dilution bias and filtration bias likely affect each a different 

component of the community analysis output. 

 In the second experiment, no statistically significant difference was observed 

between the undiluted and flowrate-threshold filtration condition (Figure II.6). The 

50%-threshold filtration allowed for the collection of equivalent amounts of DNA 

regardless of the three-fold dilution of the original water sample (Figure II.5), and thus, 

a different dilution of the DNA for PCR amplification was not necessary, which likely 

eliminated also a DNA template dilution bias at least between the UD and TF1/3 

samples (Wu et al. 2010). However, the number of taxa for the VF1/3 condition was 

slightly higher (Figure II.6A), and this increase may indeed be due to DNA template 

dilution bias, as the UD and TF1/3 DNA samples had to be diluted three-fold relative 

to the VF1/3 DNA sample for PCR. Hence it seems that the compensation of the 

filtration bias by collecting equivalent amount of biomass, resulting in similar dilution 

for the PCR, may also compensate for the DNA template dilution bias. 
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 Hence, the two experiments confirmed a volume/biomass-dependent 

bacterioplankton filtration bias for community analysis and showed that threshold 

filtrations can improve the recovery of equivalent amounts of total DNA from samples 

with different plankton densities, thereby reducing significant biases for community 

analysis.  

 We considered whether this method of threshold filtration may be useful for 

sampling across depth profiles and along seasonal cycles of temperate lakes, and we 

therefore tested our filtration setup (Figure II.1) (at 50% threshold) in a yearly sampling 

campaign for Lake Constance, when collecting every two weeks an integrated 0 – 20 

m depth sample as a representation of the photic zones in two different lake parts, 

Upper Lake (Überlinger See) and Lower Lake Constance (Zeller See). In Figure II.8, 

the Secchi depth as a representation of plankton density is shown, and the recorded 

filtration volumes until the threshold was reached, and the DNA yields obtained from 

extraction of the 5-µm and 0.2-µm pore size filters are shown. Increased Secchi depths 

correlated well with increased filtration volumes in order to reach the 50%-threshold. 

For example, a sample taken at >16 m Secchi depth needed almost 2 L water, and at 

5 m Secchi depth around 0.4 – 0.7 L, while similar amounts of DNA were recovered 

from the filters at both high and low Secchi depths, particularly throughout the 

seasonal cycle of the Zeller See (Figure II.8CD). For Überlinger See, the DNA yield 

from threshold filtration tended to be highest at low Secchi depth in winter and during 

the spring bloom (Figure II.7AB), while in summer and beginning of fall, the DNA yields 

were unexpectedly low. We believe this may have resulted from calcite precipitation, 

typical for Upper Lake Constance in summer (Stabel 1986; Küchler-Krischun and 

Kleiner 1990; Pulvermüller et al. 1995), in that calcite particles most likely have led to 

a faster clogging of the filters and thus to a lower ratio of cellular biomass collected 

until the 50%-threshold was reached, and to lower amounts of DNA extracted. Hence, 

it appeared that the effect of threshold filtration for normalizing DNA yields may itself 

be distorted by calcite (or other inorganic particles) contributing to the clogging of the 

filters. 

 The filtration bias can be expected to not only affect DNA-based community 

analyses. Transcriptomic and proteomic analyses also require collection of plankton 

biomass by filtration, making these methods pipelines also susceptible. This may 

particularly be relevant for multi-omics analyses, in which the different plankton 
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samples for each pipeline are collected by different filtration methods and/or volumes. 

For example, if a study would examine the plankton community composition and its 

activity through comparing genomic and transcriptomic data, each generated from 

biomass collected by each a different filtration method, this could lead to potential 

over- or underestimation of taxa representation and/or their activity. The relevance of 

the filtration bias can be expanded also to studies of different lakes or mesocosms 

experiments in which plankton densities vary strongly. Hence, we expect that using 

flowrate-threshold filtration to normalize the biomass loading on each filter can 

increase the accuracy of also such analyses. 

 

Figure II.8. Secchi depths, 

filtration volumes recorded for 

threshold filtrations, and DNA 

yields obtained from a seasonal 

sampling of Upper and Lower 

Lake Constance plankton from 

March 2018 – March 2019. The 

sampling was done at Upper Lake 

Constance, Überlinger See (A, B), 

and Lower Lake Constance, Zeller 

See (C, D). Integrated samples from 

0-20 m water depth were collected 

and filtered using the flowmeter 

device set to a threshold of 50% Fm. 

The filtration volumes and DNA 

yields are shown as average of 

triplicates per sampling date; error 

bars represent standard deviation. 

Note that the DNA concentrations 

from extracting both size-class 

filters, the 5.0-µm (red) and 0.2-µm 

(blue) pore-size filters, are shown.  
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Abstract 

 Lake Constance is a pre-Alpine, warm-monomictic, oligotrophic lake situated at 

the southern end of Germany composed of two main water bodies, deep Upper Lake 

Constance (ULC) and the shallow, less oligotrophic Lower Lake Constance (LLC). 

This lake has been studied in respect to its seasonal plankton succession and was a 

test system for the development of the Plankton Ecology Group (PEG). Until today, no 

DNA-sample repository and sequencing-based study exist of the seasonal succession 

of the nano- and picoplankton in Lake Constance. Hence, as part of this study, a DNA-

sampling procedure has been set up and added to the routine sampling campaign of 

the Limnological Institute of University of Konstanz, for future study of the nano- and 

picoplankton composition and its seasonal succession using Next-Generation 

Sequencing. Every two weeks, samples from the top-20 m of the water column (approx. 

photic zone) were filtered into two size classes, 180 – 5 µm diameter (nanoplankton, 

NP) and 5 – 0.2 µm diameter (picoplankton, PP). With the present communication, the 

differences in composition and dynamics between ULC and LLC are described for 

March 2018 to March 2019, based on rDNA amplicon sequencing: the NP samples 

were analysed by 18S rDNA (18S-NP dataset), and the PP samples by 18S (18S-PP 

dataset) and 16S rDNA (16S-PP dataset) sequencing. While the general pattern of 

temporal diversity dynamic was similar for all three datasets, marked differences in 

composition could be observed. In average, 30% of the ASVs were unique to ULC or 

LLC and ASVs with different relative abundances between ULC and LLC could be 

detected at every seasons. Relative abundances of the unique as well as differentially 

abundant ASVs showed very specific patterns linked to the ecological conditions of 

ULC and LLC. For LLC, the development of hypoxic deep water in late summer/fall, 

allowed for the development of hypoxic/anoxic adapted taxa. The vertical mixing of 

winter allowed the development of taxa adapted to the deep oxygenated hypolimnion 

in ULC. This study and the ongoing DNA-repository being established, are important 

references for a future detection of changes of the Lake Constance nano- and 

picoplankton community given the ongoing effects of climate change. 
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Introduction 

 Lake Constance is a pre-Alpine, warm-monomictic, oligotrophic lake situated at 

the southern end of Germany composed of two main water bodies, termed Upper Lake 

Constance (ULC) and Lower Lake Constance (LLC), which are connected via the Lake 

Rhine. It is acting as drinking water reservoir for more than 5 million people (Petri 

2006) and is a biodiversity reservoir for numerous species such as birds and fish, but 

also of a highly diverse and dynamic microbial plankton community. The lake 

underwent eutrophication in the 1970s-1980s followed by a re-oligotrophication since 

the 1990s (Straile and Geller 1998; Limnologischer Zustand des Bodensees). Lake 

Constance has been, and is being extensively studied using environmental long term 

and experimental data (Sommer et al. 1993; Straile and Geller 1998; Peeters et al. 

2007; Kunzmann et al. 2019; Sabel et al. 2020; Ogorelec et al. 2022). It also served 

as one of the lakes for the development of the Plankton Ecology Group (PEG) model. 

The PEG model, created by the International Society of Limnology (SIL) Plankton 

Ecology working group, is a verbal model used as standard template to describe 

patterns and driving factors of seasonal phytoplankton and zooplankton succession in 

oligotrophic and eutrophic lakes (Sommer et al. 1986; Sommer et al. 2012). 

 The first recognition of the ecological importance of the phytoplankton as 

contingent of the microbial plankton, was made by J.D Hooker in 1847 from 

observation during an Antarctic cruise while the importance of the bacterioplankton in 

freshwater environment was recognized in 1940s by Lindeman (Lindeman 1991). 

Phototrophic microbial plankton produces biomass and dioxygen from carbon dioxide 

maintaining the aquatic environment stable and capable of hosting organisms relying 

on oxygen for respiration, and organic matter used as nutrient sources by 

heterotrophic bacteria (Vollenweider et al. 1974; Ducklow et al. 1986; Jones 1998; 

Lewis et al. 2020). Biogeochemical cycling of phosphorus, sulfur and nitrogen also rely 

heavily on microorganisms (Pierrou 1976; Jetten 2008; Wu et al. 2019). Through the 

heterotrophic microbial plankton such as bacteria, nutrients are recycled back into the 

trophic network and made available for higher trophic organisms (Cole et al. 1988), In 

addition, bacteria are being consumed by protozoa, and finally that the protozoa could 

then enter the food chain formed by larger creatures, as part of the so-called microbial 

loop (Azam et al. 1983; Fenchel 2008). Phytoplankton and bacterioplankton are also 

the prey of grazing and parasitic microorganisms, such as Ciliophora and parasitic 
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fungi, the last representing an alternative to the microbial loop called the mycoloop 

(Anderson 1988; Kagami et al. 2014; Agha et al. 2016). Ecosystem-wise, a high 

microbial plankton diversity is an indicator of a stable and resilient environment. The 

functional redundancy within a highly diverse community can act as buffer to undergo 

a disturbance while retaining its major functions (Eisenhauer et al. 2012; Li et al. 2012).  

 The species identification and composition of the phytoplankton community is 

traditionally being studied using microscopy counting techniques with a taxonomic 

affiliation based on morphological attributes (Sommer 1986; Gaedeke and Sommer 

1986; Rodriguez et al. 2002; Chalar 2009; Su et al. 2016). Microscopic identification 

and counting however, is not capable of revealing the full phytoplankton community 

diversity (Xiao et al. 2014), as the taxonomic affiliation can be conflicted due to 

morphological variability (Naselli-Flores 2014) and this method is highly dependent on 

the experience of the individual person that is counting. But microscopic species 

identification cannot be applied to study the composition of the heterotrophic 

pico/bacterioplankton. Fingerprinting techniques such as denaturing gradient gel 

electrophoresis have allowed for a first insight into the species composition of the 

bacterioplankton community of Lake Constance (Zwisler et al. 2003; Hewson and 

Fuhrman 2004; Schwalbach et al. 2005; Kan et al. 2006).  

 The development of Next-Generation Sequencing (NGS) opened a new door 

to the study of the smallest size classes of the plankton. Amplicon sequencing 

targeting the phylogenetic marker 16S rDNA allows for a much higher resolution in the 

determination of the bacterioplankton diversity as well as a more accurate taxonomy 

(Newton et al. 2007; Salmaso et al. 2018; Cabello-Yeves et al. 2020), while 18S rDNA 

amplicon sequencing allows for a deeper view into the micro-eukaryote community 

(Debroas et al. 2017; Salmaso et al. 2020; Wu et al. 2020), besides that also other 

phylogenetic marker genes can be applied. Further, the democratization of these 

techniques allowed for a much more intensive study of freshwater communities 

leading to an accumulation of information precious to unravel how freshwater 

environments are functioning and impacted by disturbances. We are in an era of 

biodiversity loss and climate change that impact biological events like the trophic 

network, modifying the nutrient transport between organisms and altering the overall 

ecosystem dynamics (Gronchi et al. 2022). It is therefore becoming urgent to create 
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plankton DNA-sample repositories (DNA banks) for Lake Constance, serving as 

today’s reference for comparison to the changes coming in future.  

 We started routine sampling of the total DNA of the nano- and picoplankton 

community of Lake Constance, every two weeks, and established a DNA bank since 

2018 of these two plankton size classes. Integrated water sampling from 0 – 20 m was 

chosen as approximate representation of the photic zone (epilimnion) that represents 

the highest primary production. The results presented in this communication are 

focusing on the differences in the temporal composition and dynamics of the microbial 

plankton communities in two water bodies that represent marked differences in 

environmental conditions at Lake Constance, i.e., deep (up to 252 m depth), fully-

yearly aerobic, oligotrophic ULC (Wallhausen-sampling site; Überlinger See) versus a 

shallow and less oligotrophic LLC part (Zeller See, Radolfzell-site) (20 m depth) with 

an oxycline and anaerobic zone at the end of the vegetative season.

Materials and Methods 

Study sites, sampling campaign and filtration procedure 

 Lake Constance is a deep (maximal depth of 252 m) oligotrophic pre-Alpine 

lake composed of three water bodies called Obersee (Upper Lake Constance or ULC), 

Untersee (Lower Lake Constance or LLC) and Seerhein (Lake Rhine). Samples were 

taken at the routine sampling site Wallhausen in the Überlinger See (47.7571°N 

9.1273°E), a north-western arm of ULC with a maximal depth of 140 m, and in Zeller 

See (47.716557 °N 8.991767 °E), a shallow north-western part of LLC with a maximal 

depth of about 20 m. We sampled the approximate photic zone (epilimnion), which 

represent the 0 - 20 m depth surface layer. Integrated samples were collected on a 

boat using an integrating water sampler (model IWS II, Hydro-Bios, Germany). The 

sampling campaign represented in this study started in March 2018 and ended in 

March 2019. Samples were taken every two weeks and are stored in stainless steel 

barrels (19 L soda-keggs). Table SIII.1 summarizes the sampling dates and their 

grouping by seasons. Four biological replicates were collected each time (n = 4). 

 Filtrations were done directly on the boat, in order to reduce alteration of the 

samples. A pressure of 2 bars was applied in the barrels using a pressurized air tank. 

The barrels were connected to a series of filter holder (Swinnex 47 mm filter holder; 

Millipore) using PVC tubing. The pore-sizes of the filters were 180 µm (hydrophilic 
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nylon net, 47 mm diameter; Millipore) to remove zooplankton and larger particles, and 

5.0 µm to collect the nanoplankton and 0.2 µm to collect the picoplankton, each using 

polycarbonate membrane filters (Isopore, 47 mm diameter; Millipore). The Swinnex 

filter holders with the filters assembled, were autoclaved when being wrapped in 

aluminum foil and the transported onto the boat. Filtration was done following the 

protocol developed in our laboratory (Chapter II), when using the flowrate at the outlet 

of the filters as a proxy of the biomass loading of the filters and the degree of filter 

clogging. This protocol was developed in response to a study (Padilla et al. 2015) 

showing that there is a bias introduced by the filtration volume and the microbial 

plankton density on analysis of microbial plankton by -omics techniques (Chapter II). 

Each filter was transferred by using sterile forceps and stored when being rolled into 

15 ml Falcon tubes, with the filter side harboring the collected biomass facing to the 

inside of the tube. The tubes were stored on dry ice on the boat and in the laboratory 

at -20°C until the DNA was extracted. Only the 5.0 and 0.2 µm filters were used for 

the downstream analysis. 

Molecular work: DNA extraction, library preparation and sequencing 

 The DNA extraction protocol used was adapted from Rusch et al. 2007 (Rusch 

et al. 2007) and from the JGI protocol (version 3 by William S., Helene Feil and A. 

Copeland). It started with thawing of the filters by adding 3 ml of lysis buffer, composed 

of EDTA, EGTA and Tris-HLC [pH8.0] each at a final concentration of 50 mM, then 1 

min of ultrasonication (Sonorex super RK 510, Bandelin, Germany) was applied, 

followed by adding 0.1- and 1-mm diameter zirconium beads (approximately 200 µg 

of each) and 15 min of vortexing at highest speed; the tubes were held vertically during 

vortexing. Lysozyme (2.5 mg/ml) was added and the tubes incubated for 1 h at 37°C 

in a shaking incubator. Sodium dodecyl sulfate (SDS) at a final concentration of 1% 

and proteinase K (500 µg/ml) were added, followed by 2 h of incubation at 55°C. After 

one hour of incubation, proteinase K was added again at the same concentration. A 

final step was done consisting of 10 min incubation at 65°C with 0.07 Volume of 5M 

NaCl and 0.07 vol. of CTAB/NaCl (preheated at 65°C). DNA was then purified by 

adding 1 vol. of phenol/chloroform/isoamyl alcohol followed by 20 min of centrifugation 

at 13,000 rcf and 4°C. After recovering the supernatant in a new 15 ml Falcon tube, 1 

vol. of chloroform/isoamyl alcohol was added followed by 20 min of centrifugation at 

13,000 rcf and 4°C. The supernatant was recovered in a new 15 ml Falcon tube. 0.5 
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µl of glycogen (Thermo Fisher Scientific, US) and 0.7 vol. of isopropanol were added 

to the tube, followed by incubation for 15 min at -20°C. Another centrifugation was 

done for 25 min at 15,000 rcf and 4°C. The isopropanol was decanted and the DNA 

pellet was washed using 500 µl ice-cold 70% ethanol. After a final centrifugation of 5 

min, the ethanol was removed and the pellet was dried at air for approx. 5 min. Then, 

50 µl of PCR-grade water was added to each tube. Finally, the DNA concentration was 

measured using a Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, 

USA) and the DNA quality (resp. HMW) examined after agarose gel electrophoresis.  

 The 180 – 5 µm size class nanoplankton (NP) was studied using 18S rRNA 

gene-fragment amplification, targeting the eukaryotic nanoplankton community (18S-

NP). The 5 – 0.2 µm size class picoplankton (PP) was studied using both 16S and 18S 

rRNA gene-fragment amplification, targeting respectively the eukaryotic picoplankton 

(18S-PP) and the free living bacterioplankton (16S-PP). A two-step PCR approach 

was used for the DNA library preparation with Illumina dual indexing. The primer pairs 

of the first PCR amplified the DNA fragment of interest and included a universal 5´-

sequence tail. Amplification of the V3-V5 hypervariable region of the 16S rRNA gene 

(569 bp) was performed using the 357F and 926R primers, respectively (Schuurman 

et al. 2004) , (Walters et al. 2016). Amplification of the V4 hypervariable region of the 

18S rRNA gene (378 bp) was done using the 573F and 951R primers (Mangot et al. 

2013). Table III.1 includes the sequences of the universal 5´-tail and the rDNA primes 

sequences. PCR was performed with 0.02 U/ µl of Phusion High Fidelity DNA 

polymerase, 1X Phusion HF buffer and 200 µM of dNTPs (New England Biolabs, USA). 

Extracted DNA was added at a final concentration of 0.12 ng/µl. A final concentration 

of 0.5 µM of each primer was used. The number of PCR cycles was 10. It comprised 

the initial denaturation step of 3 min at 98°C, the denaturation of 45 s at 98°C, primers 

annealing step of 20 s at 62.4°C, extension step of 8 s at 72°C and the final extension 

step of 5 min at 72°C. The reactions were done using a T100 Thermal cycler (Bio-Rad, 

USA). PCR products of the first PCR were used as template for the second PCR with 

Illumina adaptors. The sets of primers pairs used included an individual index (barcode 

sequence) specific to each sample and the Illumina adapters. The same conditions 

were used as with the first PCR, but the number of cycles was 20. PCR products of 

both steps were each purified following the Agencourt AMPure XP protocol, with a 0.9 

and 0.8 vol. beads and a final elution volume of 11 μl and 14 μl for the first and second 
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purification, respectively. PCR products were pooled in equivalent quantities and send 

to Eurofins GATC Biotech for sequencing using Illlumina MiSeq 2*300 bp with the 

Microbiome Profiling Indexing only-package. Each amplification, 16S and 18S DNA 

amplicon, was sequenced independently two times. 

 

Bioinformatics pipeline  

 The sequencing data provided by Eurofins GATC Biotech was paired end. 

Quality of the sequences was checked using FastQC (Simon 2010). The poor quality 

of the 16S rDNA reverse reads made the output of the merging of the paired end reads 

not reliable. Therefore, the analysis of the 16S rDNA dataset was done using only the 

forward reads. Reads were trimmed using Trimmomatic (Bolger et al. 2014) discarding 

reads with a phred score below 3 at the start and the end of the reads, an average 

quality of 11 over a window of 3 bases within the reads. The 18S rDNA reads were 

also cropped at a maximum size of 285 to remove base with lowest quality on the 

merging area. The 18S rDNA paired end reads were merged using NGmerge (Gaspar 

2018) with parameters of a minimum overlap of 30 bases and an acceptable error rate 

of maximum 10%. Reads quality was checked between each step previously 

described. Denoising and taxonomic affiliation were then performed on QIIME2 

2020.11. Filtration of chimeras using the consensus method, denoising and 

dereplication of the quality reads were done using the denoise and dereplicate single-

end sequences (dada2, denoise-single) and a read learn of 2,000,000 reads for the 

Table III.1: Sequence and targeted region of the primers used for the amplification of the 16S and 

18S rRNA gene for barcoded amplicon sequencing library preparation. 

 

Primer 

name 
Sequences (5´-3´) 

Targeted 

region 
Reference 

Universal 5´ 

forward 

TCGTCGGCAGCGTCAGATGTG 

TATAAGAGACAG 

 

Amplicon deep 

sequencing Universal 5´ 

reverse 

GTCTCGTGGGCTCGGAGATGT 

GTATAAGAGACAG 

 

357F CTCCTACGGGAGGCAGCAG 16S rDNA  

V3-V5 

Schuurman et al., 2004 

926R CCGYCAATTYMTTTRAGTTT Walters et et., 2016 

573F CGCGGTAATTCCAGCTCCA 18S rDNA 

V4 
Mangot et al., 2013 

951R TTGGYRAATGCTTTCGC 
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training error model (Callahan et al., 2016). For the 16S rDNA database, taxonomic 

affiliation was done using the classify-consensus vsearch program and the TaxAss 

pipeline (Rohwer et al. 2018), which used both a general database, SILVA_138, and 

a freshwater ecosystem-specific database, FreshTrain (Newton et al. 2011). Four 

thresholds of identity were used, 80%, 90%, 97% and 100%. Outputs were then 

compared to check for consistency and to keep the deepest taxonomic affiliation while 

having a minimum of unassigned sequences. The 18S rDNA taxonomic affiliation was 

performed using Blast+ with the top 5 hits Megablast on the SSU_eukaryote_rRNA 

reference database. After checking the consistency of the top-5 hits, one was kept and 

its Unique Subject Taxonomy ID (staxids) was linked to the full lineage using a custom 

reference database: the reference database was created from the NCBI archive 

new_taxdump using NCBItax2lin (available via https://github.com/zyxue/ncbitax2lin). 

A parallel taxonomic affiliation was performed using the classify-consensus vsearch 

program and the reference database PR2 (Protist Ribosomal database) (Guillou et al. 

2013). Both taxonomies were compared to verify the consistency of the taxonomy. 

Phylogenetic trees were constructed using Fasttree 2.1 under the General Time 

Reversible (GTR) evolution model (Price et al. 2010) and rooted with an outgroup on 

R (R core team, 2018) using the function root of the ape package (Paradis et al. 2004). 

Biostatistics 

 All statistical analyses were performed with R software (R core team, 2018) 

using the package Phyloseq (McMurdie and Holmes 2013), vegan (Oksanen et al. 

2015) and aldex2 (Fernandes et al. 2013; Gloor et al. 2016b). The rendering of the 

graphs was done using the package ggplot2 (Wickham, 2016). Before filtering the 

lowest abundant ASV, the dataset was split into the different conditions and sub-

conditions (see Table III.2 in the Results section of this Chapter). ASV represented 

with less than 0.01% in relative abundance in less than 5% of the samples were 

discarded. ASV affiliated to mitochondria and chloroplast for the 16S rDNA datasets 

and ASV affiliated to Metazoa for the 18S rDNA datasets were also discarded. No 

rarefaction to a minimum number of reads for all samples was applied on the datasets 

(McMurdie and Holmes 2014). Samples with a number of reads below 10,000 were 

discarded. This number was considered as the minimal number of reads to cover the 

overall richness observable from the sequencing.  

https://github.com/zyxue/ncbitax2lin
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 Shannon-Wiener and Simpson diversity indices were used for the observation 

of the alpha diversity, with the Observed ASVs and Pielou index as complement for 

the richness and evenness (Simpson 1949; Pielou 1966; Spellerberg and Fedor 2003). 

The beta diversity was visualized by Principal Component Analysis (PCA) based on 

the PhilR distance calculation (phylogenetic isometric log-ratio transform) (Silverman 

et al. 2021). 95% confidence interval assuming a multivariate t-distribution were 

calculated. Correlation between distance matrices (ULC versus LLC) was performed 

using a Procrustes analysis and Mantel test (Nekola and White 1999; Peres-Neto and 

Jackson 2001). Permutational multivariate analysis of variance (PermANOVA) with 

999 permutations and Analysis of similarity (ANOSIM) were used to test the difference 

in the community composition. Homogeneity of variance between group was analysed 

using betadisper, which calculates the average distance to the group median. 

PermANOVA, ANOSIM and betadisper tests were all performed on the PhilR distance 

matrix. P-value threshold for significance was set to 0.05. The pseudo-F value and R2 

of the PermANOVA can be interpreted as the effect size and the percentage of 

variance explained by the tested groups, respectively. The ANOSIM statistic F-value, 

which ranges from 0 to 1, represents the similarity of the groups tested, with a high 

value representing a high degree of dissimilarity. To test which taxa are more 

represented either in the ULC or LLC microbial community, aldex2 was used (ANOVA-

Like differential expression tool for high throughput sequencing data). No p-value 

threshold was used to test the significance. Instead, we considered that a taxon was 

more represented in one of the conditions when the effect size was above 1.4 with a 

95% confidence interval that did not overlap with 0. Phylum, class, order, family and 

ASV taxonomic ranks were tested. To generate the centered log ratio transformed 

values, 1000 Monte-Carlo instances using the geometric mean abundance of all ASVs 

were calculated. Our samples were independent so the paired.test function was set to 

FALSE for the calculation of the effect size and confidence interval. 
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Results 

 Our datasets comprise the two sampling sites Upper Lake Constance (ULC) 

and Lower Lake Constance (LLC), sampled every two weeks each from March 2018 

to March 2019, thus, is comprising a total of 26 sampling dates per site. Each sampling 

date per site was represented by four biological replicates (n = 4), as water samples 

were collected independently with the integrating water sampler from 0 – 20 m water 

depth, into four separate canisters for filtration. The nano- and picoplankton biomass 

was collected separately into two size classes, the 180 – 5 µm (nanoplankton) and 5 

– 0.2 µm (picoplankton) size class. Three replicates were used for the downstream 

analysis. The nanoplankton (NP) samples were used for sequencing of only the 18S 

rDNA fragment, as a representation of the eukaryote nanoplankton community (18S-

NP dataset). The picoplankton (PP) samples were used for amplicon sequencing of 

both 16S and 18S rDNA fragments, resulting in two separate datasets, as 

representations of the eukaryotic picoplankton (18S-PP dataset) and the free-living 

(single cell) prokaryote picoplankton community (16S-PP dataset). Two independent 

Illumina paired-end sequencing runs were performed on each sample in order to 

examine the variability introduced by the sequencing step and to increase the number 

of reads per sample by pooling them. The results did not show divergence of samples 

between the sequencing runs; hence they could be merged confidently (see 

supplementary file Figure SIII.1 to Figure SIII.3). In total, before merging the forward 

and reverse reads, 1872 files were retrieved from the sequencing provider.  

 After removing samples that were not fitting the minimal number of reads-

threshold, no full triplicates from a single sampling date had to be removed, so our 

datasets did not comprise time frame gaps. We had to remove two replicates from the 

ULC 18S-NP dataset for the sampling date 10.04.2018, and also two from the LLC 

16S-PP dataset for the date 20.11.2018. Hence, only a single replicate was left for 

these two sampling dates (e.g., no error bars in the alpha diversity graphs), but the 

downstream analysis was not affected by this single representation as the samples 

were clustered into larger groups, e.g., according to seasons. Unfortunately, the 16S 

rDNA Illumina reverse reads were not of sufficient in quality to allow for a merging with 

the forward reads, and we therefore had to perform the analysis with the 300 bp 

forward reads only. Although shorter, the amplicons still comprise enough 

phylogenetic information, by covering the complete V3-hypervariable region and a 
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large proportion of the V4-hypervariable region. Table III.2 summarizes the number of 

samples per plankton size class and sampling site, at each step of the bioinformatics 

process, and the final number of detected ASVs after the processing of the datasets. 
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Plankton diversity dynamics 

 Community dynamics were analysed through the classical alpha and beta 

diversity analysis. The alpha diversity was observed using the Shannon and Simpson 

index complemented by the Observed ASVs for the richness, and the Pielou index for 

the evenness. The beta diversity was calculated using the PhilR method, taking into 

account the phylogenetic information as well as the compositional nature (relative 

abundance) of our data, and visualised with PCA. Statistical test of the difference of 

community composition between groups was done using PermANOVA and ANOSIM 

and the homogeneity of variance was examined with betadisper. Correlation between 

distance matrices calculated for the ULC and LLC data was tested with Procrustes 

analysis and Mantel test. 

 For the eukaryotic nano- (18S-NP) and picoplankton (18S-PP) datasets, the 

highest diversity was displayed for the warmer period from spring to summer 

compared to late autumn and winter, with the LLC diversity increasing slightly earlier 

in spring, for both the eukaryotic nano- and picoplankton (Figure III.1AB). The overall 

increase in diversity was due to a higher number of ASVs detected (Figure SIII.5AB), 

and the fact that the Simpson index (Figure SIII.4AB) increased less intensively than 

the Shannon index (Figure III.1AB), indicated that the additionally detected ASVs in 

spring and summer belong rather to the low abundant community members. However, 

the Shannon diversity for the 18S-PP dataset showed sudden decreases for specific 

sampling dates: two of these drops in diversity for ULC, one in summer (28.08.2018) 

and one in winter (26.02.2019), and one for LLC, also in winter (06.12.2019). These 

were due to decreases in evenness (Figure SIII.6B), with few ASVs strongly increasing 

in relative abundance compared to the previous sampling date, and becoming 

dominant, while being decreased again at the next sampling date.  

 For the prokaryotic picoplankton (16S-PP), high diversity was observed for the 

winter period for both ULC and LLC (Figure III.1C). These increases of diversity 

coincided with an increased evenness (Figure SIII.6C), which indicated that the 

diversity increase resulted from a more even distribution of the relative abundances of 

the detected ASVs. The main difference between the 16S-PP in ULC and LLC was 

that the mid-summer to late-autumn period showed the lowest 16S-PP diversity in ULC, 

while it was the highest in LLC. This difference was due to an increase in the number 
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of detected ASVs in LLC during this period, from about 400 detected ASVs to about 

600 (Figure SIII.5C). 

Figure III.1: Shannon diversity calculated per sampling site and across the sampling dates. 

The purple lines correspond to the Upper Lake Constance (ULC) and the gold lines correspond to 

the Lower Lake Constance (LLC) sampling site. The upper panel (A) shows the indices for the 

eukaryotic nanoplankton (18S-NP dataset), the central panel (B) for the eukaryotic picoplankton 

(18S-PP dataset) and the lower panel (C) for the prokaryotic picoplankton (16S-PP dataset). The 

x-axis represents the different seasons (for exact sampling dates, please see Table SIII.1). Note 

that the y-axes have different scale for each of the three graphs. Graphical representations of the 

Simpson indices are shown in the Supplemental information file (Figure SIII.1) as well as for the 

richness (Figure SIII.2) and evenness (Figure SIII.3). 
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 The comparison of biodiversity (beta diversity) between samples was first 

calculated for each sampling site independently, in order to examine the seasonal 

dynamics of the 18S-NP, 18S-PP and 16S-PP communities in ULC and LLC. As 

expected, a cyclic temporal dynamic was observed for all three plankton communities 

of both ULC and LLC (Figure SIII.7A-F). The similarity of the three plankton community 

temporal dynamic between ULC and LLC was confirmed by Procrustes analysis of 

shape distribution and Mantel test of correlation between matrices. The Procrustes 

analysis used geometric analysis to compare the shape of the temporal dynamic 

between ULC and LLC while the Mantel test looked at the correlation between the 

 LC and LLC dissimilarity matrices. Both tests’ results consisted of correlation values, 

p-values and sum of squares for the Procrustes. All p-values were below the chosen 

significance threshold of 0.05 and each correlation value ranged between medium to 

high depending on the test, coupled with a low sum of squares values for the 

Procrustes analysis. Table III.3 summarizes the results of the analysis and Figure 

SIII.8 visualizes the Procrustes analysis. The results suggested that all three plankton 

communities indeed had a similar temporal pattern of biodiversity in ULC and LLC. 

 However, even though the temporal dynamics of biodiversity was similar 

between ULC and LLC, this does to imply that the taxa constituting these communities 

were equivalent. Samples collected during the same time period (seasons) from ULC 

and LLC might not cluster together, indicating biodiversity differences. Therefore, 

distance matrices were calculated for each plankton type after the datasets for each 

ULC and LLC were pooled, as illustrated in Figure III.2. For the 18S-NP communities, 

the ULC and LLC samples clustered comparatively close together, i.e., showed 

centroids close together and overlapping ellipses of 0.95-confidence level (Figure 

III.2A). A somewhat similar pattern was observed for the 18S-PP biodiversity (Figure 

III.2B), again with centroids relatively close together and the confidence ellipse of LLC 

almost completely contained within the one for ULC. Nevertheless, part of the ULC 

samples, corresponding to autumn and winter, was clearly separated from that of the 

LLC, indicating a difference of biodiversity for autumn and winter (Figure III.2A). Note 

that also the axes on which these samples were spread were different, with the ULC 

samples more widely spread along the PC1-axis and the LLC samples along the PC2 

axis, indicating potential differences in the main environmental factors shaping these 

communities. The strongest differences were observed for the biodiversity dynamics 
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Figure III.2: Principal Component Analysis of 

nano- and picoplankton biodiversity across 

the seasonal sampling of the different parts 

of the lake. Dissimilarity matrices calculated 

based on the phylogenetic isometric log-ratio 

(PhilR)-transformed Euclidean distance matrix. 

Colours indicate the sampling site; gold, LLC; 

purple, ULC. Shape indicates the season, square 

(autumn), round (spring), triangle (summer) and 

diamond (winter). The large circle with black 

outline corresponds to the centroid per sampling 

site. Ellipses were calculated following a 

multivariate t-distribution with a confidence level 

of 0.95. The top panel (A) shows the data for the 

eukaryotic nanoplankton (18S-NP), with the 

ellipses pretty much overlapping, indicating 

similar biodiversity dynamics in ULC and LLC 

and across the seasons. The central panel (B) 

shows the data for the eukaryotic picoplankton 

(18S-PP), indicating a certain separation of 

biodiversity change, even though the ellipses still 

pretty much overlapped. The lower panel (C) 

shows the data for the prokaryotic picoplankton 

(16S-PP), indicating a clear separation of 

biodiversity change between ULC and LLC 

across the seasons. 
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 of the prokaryotic picoplankton communities between ULC and LLC: the 16S-PP 

biodiversity displayed a clear difference between ULC and LLC, with clearly separated 

centroids and the 0.95 confidence ellipses not highly overlapping. Furthermore, both 

the eukaryotic and prokaryotic picoplankton of ULC showed a stronger biodiversity 

change than the LLC picoplankton communities, as samples for ULC were more 

widely spread along both axes than for LLC (cf. Figures III.2B and C). The 

PermANOVA and ANOSIM results are summarized in Table III.4. Based on the 

p-values, all three plankton community compositions showed significant differences 

based on the sampling sites. However, the 18S-NP and 18S-PP communities showed 

low pseudo-F ratio and the R2 values for the PermANOVA as well as mild ANOSIM 

statistic F value (Table III.4). Contrary to the p-value, these results indicated relative 

similarity of biodiversity between the ULC and LLC 18S-NP and 18S-PP communities. 

These results are discussed further below. 

 

 

 

  

Table III.4: Results of PermANOVA and ANOSIM tests comparing the biodiversity differences of 

the three plankton communities between ULC and LLC.  

R²
Pseudo-F 

ratio
p-value Statistic R p-value

180 - 5 µm 18S-NP 0.08 12.56 <0.001 0.17 <0.001

18S-PP 0.09 14.83 <0.001 0.25 <0.001

16S-PP 0.17 31.53 <0.001 0.50 <0.001

Size class
Microbial 

plankton

5 - 0.2 µm

PermANOVA ANOSIM

Table III.3: Results of the Mantel tests and Procrutes analysis testing the correlation of the 

temporal patterns of plankton biodiversity change in ULC compared to LLC. 

Correlation
Sum of 

squares
p-value Correlation p-value

180 - 5 µm 18S-NP 0.79 0.38 <0.001 0.45 <0.001

18S-PP 0.87 0.24 <0.001 0.67 <0.001

16S-PP 0.84 0.29 <0.001 0.64 <0.001
5 - 0.2 µm

Procrustes analysis Mantel test
Microbial 

plankton
Size class
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Taxonomic community composition  

 For the eukaryotic nano- and picoplankton (18S-NP and 18S-PP) and across 

all sampling sites and dates, Ciliophora, Myzozoa (composed of Dinoflagellates), 

Ochrophyta, Cercozoa, Cryptophyta and Chlorophyta were the major phyla detected. 

Additionally, Bacillariophyta (diatoms) was a major phylum in the 18S-NP dataset and 

Haptophyta in the 18S-PP dataset. These phyla together represented 93.9% and 

85.1% of the NP and PP total 18S rDNA relative abundance (Figure SIII.9 and SIII.10). 

The average relative abundance of these major phyla in all three datasets, calculated 

across all sampling dates, but separated by sampling site and by size class, are 

summarized in Table SIII.2. Sequencing reads affiliated to Ciliophora were particularly 

dominant in the 18S-NP dataset, by up to 73.9% in relative abundance for individual 

sampling dates (Figure SIII.9), while for the 18S-PP dataset, these eight major phyla 

were more evenly shared (Figure SIII.10). At the family level, the 18S-NP dataset was 

dominated by Stephanodiscaceae, Strobilidiidae, Strombidiidae, Gymnodiniaceae, 

and Histiobalantiidae reads (together 43.7% of the total relative abundance) and the 

18S-PP dataset by Chrysochromulinaceae, Geminigeraceae, Katablepharidaceae, 

Cryptomonadaceae and Colepidae reads (together 33.5% of the total relative 

abundance). For the prokaryotic picoplankton (16S-PP), the major phyla detected 

were Actinobacteria, Bacteroidota, Proteobacteria, Cyanobacteria, Planctomycetes, 

Chloroflexi, Verrucomicrobia and Acidobacteria, across all sampling dates and sites; 

these eight phyla represented 98.9% of the total 16S rDNA reads (Table SIII.2). At the 

family level, the 16S-PP dataset was dominated by the Actinobacteria acI and acIV 

lineages (26.3% and 14.2%, respectively), and together with the Cyanobiaceae family, 

Proteobacteria betI lineage and Bacteroidota bacI and bacV lineages, these 

represented about 65% of the total relative abundance across all sampling dates and 

sites (Figure SIII.11). 

 Differences in the plankton communities of ULC and LLC were examined. First, 

we examined whether there were unique taxa (ASVs) in either ULC or LLC, and 

second, whether ASVs detected for both parts of the lake were more or less abundant 

in ULC or LLC at particular time periods. Venn diagrams were drawn to find the unique 

plankton community members, and bar plot were created to illustrate their 

phylogenetic distribution. The aldex2 package was used to find ASVs with significantly 

different relative abundances in either ULC or LLC, by estimating the effect size 
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(median of the ratio of the between group difference) and the confidence interval for 

each ASV. 

Unique ASVs in either ULC or LLC  

 Unique ASVs detected in either ULC or LLC across the 18S-NP, 18S-PP and 

16S-PP datasets, represented 28.9% and 38.1% of total ASVs in ULC and LLC. Hence, 

a higher proportion of ASVs was unique to the LLC. Further, the 16S-PP dataset 

contained the highest proportion of unique ASVs (Figure III.3). Their temporal 

dynamics in relative abundances, relative to the total relative abundance change, is 

illustrated in Figure III.4, represented as stacked bar plots with the total numbers of 

unique ASVs added together at the phylum level. For ULC, the highest proportion of 

a unique community was detected during winter (Figure III.4A-C-E), with up to about 

30% of the total community relative abundance for the 18S-PP dataset; another 

increase was visible for the summer. For LLC, the unique ASV abundance showed an 

opposite trend, with highest proportions for end of summer to mid-autumn across all 

three datasets (Figure III.4B-D-F). For the 18S-NP dataset, the unique ASV 

abundance showed also an increase for March 2018 and again for February-March 

2019 (Figure III.4B).  

  

Figure III.3: Venn diagrams illustrating the number of 

shared and unique ASVs in the Upper and Lower 

Lake Constance plankton across all sampling dates. 

Purple corresponds to the Upper Lake (ULC) and gold to 

the Lower Lake Constance (LLC) sampling site. The top 

panel (A) represents the eukaryotic nanoplankton (18S-

NP), and the central panel (B) the eukaryotic (18S-PP) 

and the lower panel (C) the prokaryotic (16S-PP) 

picoplankton.  
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Figure III.4: Relative abundances of the unique ASVs detected in either ULC or LLC across 

the sampling dates. The stacked bar plots illustrate the percentages of unique ASV per phylum 

relative to the total number of ASVs (unique and shared) per lake parts ULC and LLC and across 

all sampling dates. The top panels represent the unique eukaryotic nanoplankton (18S-NP) in ULC 

(A) and LLC (B), the central panels the eukaryotic (18S-PP) picoplankton in ULC (C) and LLC (D) 

and the lower panels the prokaryotic (16S-PP) picoplankton in ULC (E) and LLC (F). 
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 These unique ASVs were taxonomically very diverse, with affiliations across 20, 

21, and 23 phyla of the 18S-NP, 18S-PP and 16S-PP datasets, respectively. In Table 

SIII.3, the main phyla of the unique ASVs are summarized with their relative 

abundance ranges. The richness in unique ASVs (on the phylum level) ranged from 

only three unique Acidobacteriota ASVs in the ULC 16S-PP dataset up to 206 unique 

Proteobacteria ASVs in the LLC 16S-PP dataset. For some phyla, a similar relative 

abundance in unique ASVs was observed for both ULC and LLC, such as for 

Ochrophyta (18S-NP) with 50 and 77 unique ASVs respectively, or Actinobacteria 

(16S-PP) with 22 and 35 unique ASVs. Other phyla showed clear site differentiation, 

such as Chlorophyta (18S-NP) with only 12 unique ASVs for ULC but 85 for LLC, or 

Bigyra (18S-PP) with only 11 unique ASVs for ULC but 93 for LLC (Table SIII.3).  

 The unique ASVs detected in the 18S-NP dataset for ULC were mainly affiliated 

to Myzozoa in winter, Ochrophyta in winter and mid-summer, Ciliophora from summer 

to mid-winter and Blastocladiomycota in spring (Figure III.4A and Table SIII.3). The 

unique 18S-NP ASVs detected in LLC affiliated mainly to Myzozoa, to Ciliophora 

during summer and autumn, and to Cercozoa specifically in March 2018 and 2019 

(Figure III.4B and Table SIII.3). Further, Chlorophyta showed a high proportion of 

unique ASVs for LLC but not for ULC (Figure III.4B and Table SIII.3). The unique 

Myzoza, Ciliophora and Ochrophyta ASVs dominant in the 18S-NP datasets showed 

a clear separation between ULC and LLC for the deeper taxonomic rank: unique ASVs 

of the Myzozoa in ULC belonged in majority to the family Gymnodiniaceae. 

Gymnodiniaceae is also one of the ASVs major family of the unique LLC 18S-NP 

community (Figure III.5), but they differ in their genus affiliation as LLC ASVs affiliated 

to Gyrodinium while ULC ASVs affiliated to Lepidodinium. Although genus affiliation is 

often difficult to trust using short amplicons, the consistency observed here allowed to 

put some faith in this result. The unique Myzozoa community in LLC also showed a 

higher taxonomic diversity than the ULC one with the Protoperidiniaceae and 

Suessiaceae families also playing an important role (Figure III.5). Unique Ochrophyta 

ASVs (18S-NP) also showed a clear taxonomic separation between ULC and LLC. 

For ULC, they belonged to Chrysoamoebidaceae in summer and to 

Paraphysomonadaceae in winter. For LLC, the unique Ochrophyta community was 

taxonomically more diverse, being affiliated to Mallomonadaceae, Chrysophaeraceae, 

Chrysolepidomonadaceae and Paraphysomonadaceae (Figure SIII.12).  
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 The unique ASVs detected in the 18S-PP dataset were mainly affiliated to 

Myzozoa, Ochrophyta and Ciliophora. A higher percentage of unique Bigyra and 

Chlorophyta were observed for LLC, while unique Blastocladiomycota and Choanozoa 

ASVs were more abundant in ULC (Figure III.4CD and Table SIII.3). One of the major 

family of Myzozoa in ULC and LLC was Gymnodiniaceae (Figure SIII.13), with the 

exact same genus separation: for LLC, these Gymnodiniaceae ASVs affiliated to 

Gyrodinium and for ULC to Lepidodinium. Apart from Gymnodiniaceae, further unique 

Myzozoa ASVs affiliated to the families Amphidiniaceae and Prorocentraceae for ULC 

and to Prorocentraceae and Goniodomataceae for LLC (Figure SIII.13). In addition, 

unique Bigyra ASVs showed a very specific presence in the LLC community. Their 

abundance peak was observed at beginning of autumn, constituted of only a few 

specific ASVs that all affiliated to the Pseudophyllomitidae family. A similar pattern 

was observed for ULC, though early in winter and with ASVs affiliated to Choanozoa 

and the two families Codonosigaceae and Filiasterea incerta sedis.  

 The unique ASVs detected for the 16S-PP in ULC affiliated mostly with the 

phyla Acidobacteria, Bacteroidota, Nitrospirota and Proteobacteria, while the unique 

16S ASVs in LLC affiliated mostly with Actinobacteriota, Cyanobacteria, Bacteroidota 

and Proteobacteria (Figure III.4EF and Table SIII.3). Furthermore, Anck6 and 

Crenarchaeota (Thaumarchaeota) were present uniquely in ULC. Their differentiation 

at deeper taxonomic level was as described in the following. For ULC, the unique 

Proteobacteria ASVs belonged primarily to the Nitrosomonadaceae, 

Acetobacteraceae and Xanthobacteraceae families (Figure SIII.14). For LLC, the 

unique Proteobacteria ASVs were contributed mainly by the betI, Rhodocyclaceae, 

Methylomonadaceae and Methylophilaceae families (Figure SIII.14). The unique 

Bacteroidota ASVs as the second major phylum represented in the unique 16S-PP 

community, were for ULC affiliated to BSV26 and Chitinophagaceae (Figure SIII.15) 

and for LLC to bacI, bacII, Chitinophagaceae (Terrimonas genus) and 

Sphigobacteriaceae (Figure SIII.15). As observed for Bigyra and Choanozoa in the 

18S-PP community, a sudden peak of relative abundance unique Cyanobiaceae 

family ASVs was observed in LLC at the end of summer. Thus, while unique ASVs 

affiliated to similar phyla for both parts of the lake, their family affiliation revealed a 

clear separation between ULC and LLC. The majority of the unique ASVs in the three 

datasets were mostly undetected at the exception of spike happening on specific short 
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period (Figure SIII.12 to SIII.15). The larger spike was observed in the 18S-NP dataset 

of ULC with a single Myzozoa ASVs reaching a maximum of 5.92% of the total 

community relative abundance while being below detection level or close to 

undetected most of the time (Figure III.5).  

 

 

 

 

 

  

Figure III.5: Relative abundance temporal variation of the 18S-NP unique ASVs affiliated to 

Myzozoa. Each line represented a single ASV. ASVs are colored by family taxonomic affiliation. 

The top panel correspond to ULC and bottom panel correspond to LLC. 

AutumnSpring Summer Winter
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ASVs detected for both ULC and LLC with different relative abundances 

 An analysis for differentially abundant taxa using aldex2 was performed at the 

phylum, class, order, family and ASV taxonomic rank. Therefore, the dataset was 

divided into four different groups according to seasons. Table SIII.4 summarises the 

number of taxa that were indicated by aldex2 to be differentially abundant between 

ULC and LLC, each by season and by taxonomic rank. In total, 254 ASVs covering 50 

families, 42 orders, 20 classes and 13 phyla were found to be differentially abundant 

across the four seasons and the three datasets. When compared to the total number 

of taxa in each taxonomic rank, they were in minority, representing 4.7, 10.9, 14.6, 

14.0, 18.6% of the total number of ASV, family, order, class and phyla, respectively. 

Proportionally, the 16S-PP dataset represented 61.9% of the total differentially 

abundant taxa while 18S-NP and 18S-PP dataset represented only 28% and 10.1%. 

Figures III.6, III.7 and III.8 show forest plots illustrating the effect size of the 

differentially abundant taxa of the 18S-NP, 18S-PP and 16S-PP communities, 

respectively. A larger effect size indicates a more pronounced difference between ULC 

and LLC.  

 For the 18S-NP community, the total number of differentially abundant ASVs 

was quite evenly distributed over all four seasons. These were mostly affiliated to 

Myzozoa, Bacillariophyta and Ciliophora (Figure III.6). 37 of the 57 detected ASVs 

(64%) were more abundant in ULC. These taxa being more abundant in LLC were 

almost exclusively found in winter and spring, and belonged to the Gymnodiniaceae 

family of the Myzozoa phylum for winter and to the Stephanodiscaceae and 

Chlamydomonadaceae families of the phyla Bacillariophyta and Chlorophya, 

respectively, in spring (Figure III.6AB). For summer and autumn, a larger taxonomic 

diversity of differentially abundant ASVs was observed. ASVs affiliated to Myzozoa 

showed two opposite groups of four ASVs, one affiliated to Ceratiaceae and the other 

to Suessiaceae, which were more abundant in ULC and LLC, respectively. Results 

indicate that ASVs affiliated to the same family tended to behave similarly by season 

(Figure III.6).  
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Figure III.6: Forest plots showing of the effect size of the differentially abundant 18S-NP ASVs 

grouped by season. A higher effect size indicates a larger difference of relative abundance of taxa 

between ULC and LLC, while a positive value indicates a higher relative abundance in ULC and a 

negative value a higher relative abundance in LLC. (A) winter, (B) spring, (C) summer, (D) autumn. 

The colour coding indicates the family taxonomic rank, and the symbols the phylum taxonomic rank. 
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 For the 18S-PP community, differentially abundant ASVs were more evenly 

distributed over the seasons, at the exception of spring showing four ASVs with 

different abundance (Figure III.7). The 18S-PP dataset showed an opposite trend 

compared to the 18S-NP dataset, in that 34 of the its 45 ASVs (75%) were higher in 

relative abundance in LLC (Table SIII.4). Taxonomically, the differentially abundant 

18S-PP ASVs were dominated by Cryptophyta (25 of the 45 ASVs) of the families 

Katablepharidaceae and Cryptomonadaceae (Figure III.7). Furthermore, ASVs 

affiliated to Gymnodiniaceae were found more abundant in ULC in winter. Like for the 

18S-NP community, ASVs affiliated to the same family showed the same pattern of 

relative abundance differences. The exception was winter, where two clusters, with all 

ASVs affiliated to Katablepharidaceae, could be observed, one more abundant in ULC 

and the other in LLC (Figure III.7A). All these ASVs were taxonomically identical up to 

the species level.  

 For the 16S-PP community, the total number of differentially abundant ASVs 

showed a high seasonal variability, with winter accounting for 72.4% of the identified 

ASVs (Table SIII.4). As a much higher number of ASVs was found for the 16S-PP 

dataset compared to the other two datasets, the forest plots were made at the family 

level rather than ASV level, for a better visualisation (Figure III.8). Proteobacteria, 

Actinobacteria and Bacteroidota were the most affected phyla with 35, 40 and 41 ASVs 

from 15, six and six differentially abundant families, respectively. Spring and autumn 

showed ASVs of few families of Actinobacteria and Proteobacteria, mostly more 

abundant in LLC, such as the two gammaproteobacterial families Methylophilaceae 

and Methylomonadacae in autumn. Two clusters related to Proteobacteria were found 

for winter, with one being more abundant in ULC and one in LLC: the ULC cluster 

comprised Alphaproteobacteria of the families/lineages Rhodospirillaceae, 

Reyranellaceae, SAR11_clade1 and KF-JG30-B3, while the LLC cluster comprised 

Gammaproteobacteria of the families/lineages betI, betII, Comamonadaceae and 

Steroidobacteraceae (Figure III.8A). The single ASV affiliated to BSV26 in the unique 

16S-PP ULC community was also detected here as it was abundant enough in ULC 

in winter (1.1% of relative abundance) to be detected by aldex2 (Figure III.7A). 
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Figure III.7: Forest plots showing of the effect size of the differentially abundant 18S-PP ASVs 

grouped by season. A higher effect size indicates a larger difference of relative abundance of taxa 

between ULC and LLC, while a positive value indicates a higher relative abundance in ULC and a 

negative value a higher relative abundance in LLC. (A) winter, (B) spring, (C) summer, (D) autumn. 

The colour coding indicates the family taxonomic rank, and the symbols the phylum taxonomic rank. 
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Figure III.8: Forest plots showing of the effect size of the differentially abundant 16S-PP 

ASVs grouped by season. A higher effect size indicates a larger difference of relative abundance 

of taxa between ULC and LLC, while a positive value indicates a higher relative abundance in ULC 

and a negative value a higher relative abundance in LLC. (A) winter, (B) spring, (C) summer, (D) 

autumn. The colour coding indicates the family taxonomic rank, and the symbols the phylum 

taxonomic rank. 

 
LLC  LCFamily

Winter

Spring

Summer

Autumn

 

C

D

 a il 
Alphamonaceae

Colepidae

Cryptomonadaceae

 ymnodiniaceae

 atablepharidaceae

Monomastigaceae

Paraphysomonadaceae

Siluaniidae

Telonemia familia ineditae

Tintinnidae

 h lu 
Bigyra

Chlorophyta

Ciliophora

Cryptophyta

Myzozoa

Ochrophyta

Protozoa incertae sedis

Telonemia



Chapter III – Discussion  

112 
 

Discussion 

 Lake Constance has been intensively studied in the past in respect to its 

seasonal plankton succession and was a test system for the development of the 

Plankton Ecology Group (PEG) model (Sommer et al. 2012). However, until today and 

to the best of our knowledge, no DNA-sample repository and sequencing-based study 

exist of the seasonal succession of the nano- and picoplankton in Lake Constance. 

Hence, as part of this study, a DNA-sampling procedure has been set up and added 

to the routine sampling campaign of the Limnological Institute of University of 

Konstanz, for future study of the nano- and picoplankton composition and its seasonal 

succession using Next-Generation Sequencing. Every two weeks, samples from the 

top-20 m of the water column (approx. photic zone) were filtered into two size classes, 

180 – 5 µm diameter (nanoplankton, NP) and 5 – 0.2 µm diameter (picoplankton, PP). 

The DNA-repository is an important reference for a future detection of changes of the 

Lake Constance nano- and picoplankton community, given the ongoing effects of 

climate change, for example incomplete winter mixing due to warmer winters, and 

lower water inflow due to reduced snow melt in the Alpine region. 

 In the present study, we focused on a first, general 16S- and 18S-rDNA based 

‘census’ of the taxa detectable in  LC and LLC nano- and picoplankton, across one 

seasonal succession. In total, at least 5416 different ASVs were distinguishable across 

all seasons and sampling sites, giving an unprecedented view of Lake Constance 

microbial plankton. However, the use of generalist 16S and 18S rDNA primers pair did 

not allow for a high resolution of the taxonomic rank or affiliation that can be trusted at 

deep taxonomic rank due to the low amount of information hold by the amplicon and 

the influence of the targeted hypervariable region on the phylogenetic affiliation. The 

use of primers pair specific to a group of organisms like cyanobacteria or diatoms 

(Ibrahim et al. 2021; Fournier & Riehle et al. 2021) could give a finer taxonomic 

resolution. 

Microbial plankton dynamics  

 The nano- and picoplankton communities in ULC and LLC showed similar 

‘circular’ temporal dynamics when displayed on PCA plots, which fits observations 

made for other freshwater lakes in temperate regions (Li et al. 2015; He et al. 2017; 

Salmaso et al. 2018; Salmaso et al. 2020).  
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 When testing the difference in biodiversity between ULC and LLC, both 

PermANOVA and ANOSIM p-value were significant for the three communities, but the 

other values of the tests and the visualisation contradicted the p-value for the 18S-NP 

and 18S-PP communities (Figure III.2AB and Table III.4). PermANOVA and ANOSIM 

have been shown to confound location and dispersion effects resulting from 

heterogeneity of variance between groups, which is the case here, as the ULC and 

LLC groups presented heterogeneity of variance. This confounding effect is stronger 

in the case of unbalanced design where the number of samples between groups is not 

equal (Anderson and Walsh 2013; Anderson 2017), as in our study in which data for 

individual replicates had to be removed because they did not meet the quality criteria 

(Table III.2). Anderson et al., 2017 proposed the Behrens-Fisher modification of 

PermANOVA to make it more robust against unbalanced design (Anderson et al. 

2017). Unfortunately, this modification has not yet been implemented in the adonis2() 

function of R. Thus, the results of the biodiversity comparison between the ULC and 

LLC 18S-NP and 18S-PP communities must be considered carefully due to this 

confounding effect, and neither a clear nor no difference can be concluded for these 

communities.  

 When season was included as an independent variable with the sampling site 

in the PermANOVA, the proportion of variance explained by season outweighed 

sampling site with R2 values around 0.3, indicating that seasonality is a much stronger 

explanation for the variance in community biodiversity than the different sampling sites. 

ULC unique microbial plankton community  

 The relative abundance of the unique ULC 18S-NP and 18S-PP community 

members showed a peak during winter. Further, the unique 18S-NP and 18S-PP 

communities in ULC were represented by the same phyla and families. Myzozoa 

(dinoflagellate), with the mixotrophic genus Lepidodinium of the Gymnodiniaceae 

family (Liu et al. 2021), is the major taxa of the unique ULC community in winter. The 

free-living nanoflagellates belonging to Codonosigaceae and Filasterea of the 

Choanozoa, and the non-photosynthetic Paraphysomonadaceae of the Ochrophyta 

(Scoble and Cavalier-Smith 2014; Leadbeater 2015), represented the two other main 

unique taxa in winter in ULC. They all display a heterotrophic lifestyle and seem to 

favour grazing on bacteria, picocyanobacteria and detritus (Pettitt et al. 2002; Bec et 

al. 2010). Autotrophic activity and phototrophic phytoplankton density are negatively 
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correlated with the cold period (Straile et al. 2010) and species capable of mixotrophic 

behavior have been observed dominating the winter community (Millette et al. 2017). 

The relative abundance increase of these taxa during winter may be a result of feeding 

behavior switching from phototrophy to partial heterotrophy. They may exploit various 

organic and inorganic resources from their prey, complementing their nutrient demand 

(Stickney et al. 2000). The decrease of the phototrophic phytoplankton abundance 

during winter, while the more competitive mixotrophs and heterotrophs can keep a 

relatively stable abundance by diversifying their nutrition behaviour, would be reflected 

in the community composition of our relative-abundance datasets by an increase of 

the stable ones. Why these specific microorganisms are unique to ULC cannot be 

conclude here. However, their mixotrophic and heterotrophic nutrition behaviour could 

indicate a feeding specificity on ULC-specific microorganisms.  

 Another interesting feature of the unique ULC 18S-NP and 18S-PP 

communities was the relative abundance increase end of spring/beginning of summer, 

of Blastocladiomycota ASVs of the Catenariacae family. These organisms display a 

parasitic lifestyle and target algae, and have been shown as the major organisms 

responsible for the decline of an algae bloom in a drinking water reservoir (Porter et 

al. 2011; Zhang et al. 2018). The relative abundance increases of these unique 

Blastocladiomycota ASVs during the spring bloom decline could be the results of the 

fungi parasitic behaviour targeting specific algal of the ULC spring bloom. 

 The dynamics observed for the Shannon diversity of the ULC 16S-PP 

community, with a maximum in winter (Figure III.1C), has been observed also for other 

freshwater lakes (Tang et al. 2017; Ávila et al. 2017; Salmaso et al. 2018). Since 

evenness, but not richness, increased in winter, we can assume that most of the ASVs 

were detectable throughout the year as part of the low abundance community. The 

maximum of diversity coincides with the peak of relative abundance of the unique ULC 

16S-PP community (Figure III.4E). Most of the phyla and families constituting the 

unique ULC 16S-PP community, namely Acidobacteria, Bacteroidota, Chloroflexi, 

Crenarchaeota, Nitrospirota and Proteobacteria, are known to be abundant in the 

oxygenated hypolimnion of deep stratified lakes (Urbach et al. 2001; Shade et al. 

2008; Okazaki et al. 2013; Okazaki and Nakano 2016; Herber et al. 2020; Xing et al. 

2020; Klotz et al. 2022). The abundance of ASVs of Sphingobacteriales and 

Chitinophagales (Bacteroidota), Rhizobiales (Proteobacteria), Vicinamibacterales 
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(Acidobacteria) and Nitrospirales (Nitrospirota) is positively correlated with nutrient 

loading and lower nutrient uptake capabilities (Pollet et al. 2011; Pollet et al. 2014; 

Jiang et al. 2019; Park et al. 2020; Pilgrim et al. 2022; Wu et al. 2022). The reduction 

of thermal stratification, which leads to mixing of the water column in winter, revived 

the nutrient-depleted epilimnion (Limnologischer Zustand des Bodensees). This 

nutrient uptake reduces selective pressure and allows the growth of bacteria that are 

non-competitive in nutrient acquisition (Logue et al. 2012). Nitrospora and 

Nitrosopumilaceae, belonging to the phyla Nitrospirota and Crenarchaeota 

(Thaumarchaeota) respectively, are known to be active in close association in order 

to perform nitrification. A single Nitrosopumilaceae ASV could be detected in our 

dataset, tending to confirm previous studies that studied the hypolimnion ammonia 

oxidizing community of Lake Constance by metagenomics and metatranscriptomics 

and found that the ammonia oxidizing archaea community was comprised of a single 

species affiliated to Nitrosopumilus (Thaumarchaeota) (Herber et al. 2020; Klotz et al. 

2022). 

 Both phyla, Crenarchaeota and AncK6, were only detectable for ULC. 

Crenarchaeota are associated with nutrient poor lakes and deep oxygenated 

hypolimnion communities (Hugoni et al. 2013a; Callieri et al. 2016; Herber et al. 2020). 

Hence, the physico-chemical condition of LLC may not be suitable for the development 

of Crenarchaeota populations. AncK6 is mainly found in association with sponges and 

black coral (Jeong et al. 2013), and four sponges of the genus Ephydatia live in the 

northern part of the lake close to the sampling site, which may explain their presence 

only in ULC (Brümmer and Müller 2015).  

 Our results indicate that the depth of ULC coupled with the environmental 

changes brought by the winter, that is vertical mixing, is one of the main drivers of the 

unique microbial plankton community of ULC. As a high proportion of the ULC 18S-

NP and 18S-PP community can exhibit mixotrophic and heterotrophic behaviour and 

interactions like predator – prey or parasitism, are likely to be the second driver for the 

development of the unique microbial plankton community in ULC relative to LLC. 
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LLC unique microbial plankton community 

 The increase of the Shannon diversity that was observed in mid-summer for the 

16S-PP dataset of LLC, while that of ULC was at a minimum, was due to an increase 

in richness (Figure III.1C and Figure SIII.5C). This period coincides with the strongest 

oxygen gradient during the year, with the lower water column being hypoxic. 

Phytoplankton counts showed the highest density coupled with a high nitrate 

concentration just before the hypoxia event (Limnologischer Zustand des Bodensees). 

High phytoplankton activity due to an increase in nutrient concentration can be 

followed by oxygen depletion in the bottom water, as thermal stratification prevents 

reoxygenation. High nutrient concentrations such as total phosphorus, ammonium, 

silicate, manganese and iron were measured in the hypoxic layer (Limnologischer 

Zustand des Bodensees). These environmental parameters are consistent with 

observations in other freshwater environments, where low oxygen concentrations 

create chemically reducing conditions, resulting in accumulation of ammonia and other 

nutrients, and increased solubility of iron, manganese and other metals (Cleveland 

and Ayres 2004). Although not measured, we can expect high concentrations of 

hydrogen sulfide and methane, as observed under similar conditions in other lakes 

(Kosolapov et al. 2003; Biderre-Petit et al. 2011).  

 The maximum relative abundance of both LLC 18S-NP and 18S-PP unique 

communities overlapped with the hypoxia event (Figure III.4B-D). Among Myzozoa 

(dinoflagellate), the main families were the heterotrophic Protoperidiniaceae (Gribble 

and Anderson 2006), Suessiaceae which hosts species capable of mixotrophy, 

symbiosis and parasitism (Annenkova et al. 2011; Jang et al. 2020) and 

Gymnodiaceae with the heterotroph genus Gyrodinium capable of feeding on diatoms 

(Saito et al. 2006). Mesocosms experiments showed that the abundance of 

dinoflagellates, including Protoperidiniaceae and Gyrodinium, increased during anoxic 

events (Rocke et al. 2013; Hinode et al. 2019; Gauns et al. 2020), indicating the ability 

to thrive in low oxygen environments. A sudden increase in relative abundance with 

an equally rapid disappearance was observed for heterotrophic nanoflagellates of the 

phylum Bigyra, family Pseudophyllomitidae (Figure III.4D). Bigyra is a non-

monophyletic group consisting of deep-branching environmental heterotrophic marine 

Stramenopiles (MAST) (Thakur et al. 2019). Pseudophyllomitidae is a known member 

of the MAST-6 group (Massana et al. 2009; Shiratori et al. 2017), comprising bacteria 
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and phytoplankton grazers with the ability to live in hypoxic environments (Behnke et 

al. 2006; Lin et al. 2022). Both Myzozoa and Bigyra taxa, which are unique to the LLC, 

showed potential mixotrophic and heterotrophic capabilities, consistent with previous 

observations that the proportion of bacterivorous and parasitic microbial plankton 

increases during seasonal hypoxia events (Santoferrara et al. 2022).  

 The third major phylum of the LLC 18S-NP and 18S-PP unique community was 

the autotrophic green algae Chlorophyta with the families Radiococcaceae, 

Sphaeropleaceae and Volvocaceae. A high abundance of Radiococcaceae has been 

positively correlated with nutrient loading, and the dominance of Chlorophyta in 

shallow lakes has been observed in the presence of high total phosphorus 

concentrations (Jensen et al. 1994; Yang et al. 2021). It is likely that ASVs belonging 

to these families were present in the oxic rather than the hypoxic layer. Although not 

as high as in the hypoxic bottom layer, the total phosphorus concentration in the oxic 

upper layer was also higher than the rest of the year and could have triggered their 

increase in abundance (Limnologischer Zustand des Bodensees). Ciliophora ASVs of 

the LLC unique 18S-NP community had their maximum abundance happening before 

the hypoxic event (Figure III.4B). It is likely that the high phytoplankton concentration 

observed during this period is the driver of this peak, as Ciliophora graze on bacteria 

and microeukaryotes (Posch et al. 2015; Pajdak-Stós et al. 2017). In addition to the 

hypoxic event, the presence of ASVs unique to LLC associated with mixotrophic and 

heterotrophic microorganisms also suggests a predator-prey specific interaction as 

observed in ULC. 

 The relative abundance peak of the 16S-PP unique community in LLC also 

coincided with the hypoxic event. The presence of ASVs affiliated to the anaerobic 

sulfate reducing bacteria Desulfobacterota, Sulfurimonadaceae and methylotrophs 

Methylomonadaceae and Methylophilaceae, only detectable during this period, tends 

to confirm the presence of hydrogen sulfide and methane in the hypoxic water (Beck 

et al. 2013; D’Angeli et al. 2019; Salcher et al. 2019; Flieder et al. 2021). Furthermore, 

abundant ASVs were detected for Rhodocyclaceae during this period, associated with 

ASVs for the anoxygenic sulfur-oxidising Sulfuritalea (Sperfeld et al. 2019), the 

obligate anaerobic Fe(III)-reducing Ferribacterium, and the hydrogen-metabolising 

Dechloromonas (Cummings et al. 1999; Achenbach et al.). Chitinophagaceae, bacI 

and certain betI species are described as facultative anaerobes, so the detection of 



Chapter III – Discussion  

118 
 

ASVs associated with them during the hypoxic event, along with the lineage, was not 

surprising (Hahn et al. 2010; Newton et al. 2011; Rosenberg 2014). Even if we can 

only infer their capabilities based on the taxonomy, the major ASVs of the unique 16S-

PP community in LLC were all affiliated to known anaerobic or taxa containing species 

capable of anaerobic activities. 

 The hypoxia event observed in the bottom layer of LLC from end of summer to 

end of autumn is one of the main drivers of the unique microbial plankton community 

in LLC. Each of the three unique microbial plankton communities had its maximum 

relative abundance overlapping perfectly with the hypoxia event, and their taxonomic 

composition showed taxa adapted to environments with low or absent oxygen. The 

taxonomic composition of the unique 18S-NP and 18S-PP communities confirmed 

previous observations that microorganisms with mixotrophic and heterotrophic 

behaviour seem to be positively selected in low oxygen environments. As in ULC, the 

high proportion of microorganisms showing predatory behaviour also suggests 

predator-prey specificity in LLC. No quantitative analysis was carried out in this study, 

but observation indicate that oxygen depletion in water favours picoeukaryote 

organisms (Fenchel and Finlay 2008) so we could expect to see an increase of the 

18S-PP community biomass in the hypoxic layer of LLC. The increase of richness of 

the 16S-PP community observed in LLC from end of summer to end of autumn (Figure 

SIII.5C) was the result of this hypoxic event allowing the development of two drastically 

different 16S-PP communities in the water column.  

Differentially abundant community 

 ASVs of the 18S-NP community that were differentially abundant showed a 

diverse taxonomy. The presence of ASVs affiliated with Suessiaceae and 

Cryptomonadaceae, which were more abundant in LLC, may be related to their 

mixotrophic behavior and the presence of the hypoxic event (Bielewicz et al. 2011; 

Patidar et al. 2014; Jang et al. 2020). Suessiaceae ASVs were already detected in the 

unique 18S-NP community in LLC and had a maximum relative abundance 

overlapping the hypoxic event. ASVs more abundant in the ULC in winter all belonged 

to the and Lepidodinium genus of Gymnodiaceae. This has already been observed in 

the unique microbial plankton community of ULC and can be related to their 

mixotrophic behavior and their capability of increasing in abundance in winter 

(Conceição et al. 2021; Liu et al. 2021). The higher abundance of ASVs belonging to 
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Bacillariophyta in spring in ULC is consistent with phytoplankton counts showing a 

high abundance of Bacillariophyceae during the spring bloom in ULC (Limnologischer 

Zustand des Bodensees). The higher abundance of phototrophic ASVs belonging to 

Ochrophyta and Bacillariophyta in LLC in autumn could be due to this higher 

orthophosphate concentration measured in LLC compared to ULC (Limnologischer 

Zustand des Bodensees). ASVs belonging to Katablepharidaceae and 

Cryptomonadaceae of the Cryptophyta represented 56% of the differentially abundant 

ASVs in the 18S-PP community and were in majority more abundant in LLC. Both 

families showed heterotrophic or mixotrophic behavior (Novarino 2003; Grujcic et al. 

2018) and low nutrient concentration seems to trigger the mixotrophic behavior for 

Cryptophyta (Bielewicz et al. 2011). The higher abundance of Cryptophyta in LLC in 

summer and autumn, when the hypoxic event occurs, may also be the result of 

Cryptophyta being able to dominate the heavy metal hypoxic environment (Patidar et 

al. 2014). Cyanobacteria, like Microcystis, Planktothrix and Synechoccocus, can 

produce allelopathic compounds that may inhibit the growth of other microbial plankton 

species (Śliwińska-Wilczewska et al. 2019; Bubak et al. 2020). The total relative 

abundance of cyanobacteria ASVs was approximately two-fold higher in ULC than in 

LLC (Figure SIII.10). It is tempting to speculate if this may have led to an allelopathic 

compound concentration that controlled the development of Cryptophyta species in 

ULC. 

 Among the differentially abundant taxa of the 16S-PP community, 

Proteobacteria ASVs were the most represented, with two clusters comprising six 

families, one in ULC and one in LLC, and each in winter. The families of the ULC 

cluster belonged mostly to Alphaproteobacteria, while the LLC cluster was composed 

of families belonging mostly to Gammaproteobacteria. A study comparing growth 

condition (Pinhassi and Berman 2003a) showed that Alphaproteobacteria performed 

better in oligotrophic conditions while Gammaproteobacteria outperformed them at 

higher nutrient concentrations. Nutrient regeneration in epilimnion during the winter 

vertical mixing is much stronger in LLC than ULC (Limnologischer Zustand des 

Bodensees). Hence, LLC conditions may therefore be more favorable to 

Gammaproteobacteria while ULC conditions favor Alphaproteobacteria species. 

Furthermore, the vertical mixing especially in ULC could also bring up organisms of 

the meta- and hypolimnion into our sample collected from the epilimnion (0-20m 
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integrated sample), such as Nitrosomonadaceae observed in the meta and 

hypolimnion of our ULC sampling site (Herber et al. 2020). Legionellaceae, more 

abundant in ULC, are protozoan parasites which may indicate a prey specificity 

coupled with favorable conditions in winter (Moffat and Tompkins 1992). The cluster 

of five Bacteroidota families more abundant in LLC during winter may be the result of 

the higher nutrient concentration of LLC during winter and the copiotroph behavior that 

some Bacteoroidota can display (Li et al. 2022). Interestingly, we found again 

Methylophylaceae and Methylomonadaceae ASVs with a higher abundance in LLC 

during autumn. The hypoxic event in LLC mentioned above, is most likely the reason 

for this difference, providing a more favorable environment for the development of 

species of these two families. 

 Analysis of the differentially abundant microbial plankton between ULC and LLC 

confirmed and expanded on the observation made with the unique ASV communities. 

A high number of differentially abundant ASVs of the 18S-NP and 18S-PP 

communities were affiliated with taxonomic groups known for their mixotrophic and 

heterotrophic lifestyle, which may indicate a central role of these phenotypes in the 

species selection between ULC and LLC. However, contrary to the temporal dynamics 

of the unique 18S-NP and 18S-PP communities, where winter and summer-to-autumn 

showed the most differences, the number of taxa with relative abundance differences 

between ULC and LLC was quite stable by season. The 16S-PP community showed 

a high number of differentially abundant taxa in winter, which is the period when the 

vertical mixing and nutrient regeneration is taking place. The difference in depth and 

nutrient regeneration seems to be the main driver of the relative abundance difference 

between ULC and LLC. However, in autumn, when the hypoxic event is taking place 

in LLC, this didn´t transcribe in a lot of differentially abundant ASVs.
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Conclusions 

 While the diversity index presented an epilimnion temporal biodiversity dynamic 

similar between ULC and LLC, the taxonomic analysis presented an interesting pattern 

with non-neglectable proportion of the community specific to ULC and LLC or more 

abundant. The presence of a hypoxic layer in LLC from mid-summer to mid-autumn 

allows microaerophilic to anaerobic bacteria as well as mixotrophic and heterotrophic 

organisms to thrive. ULC is composed of a hypolimnion bacterioplankton community 

that increase in abundance during winter when the surface water layer is regenerated 

in nutrients by the water mixing. Similarly to LLC, the microbial plankton community 

specific to ULC comprised a lot of organisms capable of mixotrophy and heterotrophy. 

These two mechanisms seem to be at the centre of the microbial plankton capability 

to live in changing environment such as the hypoxic environment or winter that include 

the environmental changes of the vertical mixing. However, the presence of a high 

number of organisms potentially capable of mixotrophy and heterotrophy specific to 

ULC or LLC may also be the indicator of a predator-prey interaction. The 16S-PP 

community difference between ULC and LLC seems to be mainly determined by the 

environmental factor as we could observe the presence of hypoxic adapted bacteria 

in LLC, while oxygenated hypolimnion bacteria were more abundant in ULC. However, 

biotic interactions may also shape the 16S-PP community difference with the potential 

predator-prey link of the unique 18S-NP and 18S-PP community. A further study is in 

preparation using the ULC samples from this dataset to observe the temporal co-

occurrence of microbial plankton ASVs to hopefully detect the presence of such a 

predator-prey system as well as any other mutualism or even parasitism interactions. 
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Abstract 

 Understanding the abiotic and biotic factors affecting lake freshwater microbial 

plankton community composition and dynamics is the first step to understanding its 

functioning and, by extent, how the ecosystem works. Our study focused on the 

temporal analysis of Lake Constance microbial plankton dynamic, the relation to 

environmental factors and the biotic dynamic of the community. Samples of the lake 

epilimnion were taken routinely for a year and the microbial plankton community was 

studied by amplicon sequencing with the temporal dynamics modelled using a joint 

species distribution modelling approach. The model variance was mostly explained by 

the temporal biotic interactions, but the vertical mixing still impacted approximately a 

third of the microbial plankton community. Except Actinobacteria that was almost 

entirely affected, the taxonomy of the affected ASVs was highly diverse. The ASVs 

association matrices revealed a huge network with 91% of the ASVs interacting. 

Diverse functional capability, motility and mixotrophic behaviour seemed to be two 

important components allowing to overcome the environmental changes brought by 

the vertical mixing. The phytoplankton community holds the central place in the 

community structure, most of the other members relying on it for their living. Alternative 

trophic pathway like the mycoloop also showed a prominent role. 
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Introduction 

 Lake and aquatic communities act as sentinels of environmental changes 

(Adrian et al. 2009; Aránguiz-Acuña et al. 2020), which have increased in the past 

century. Among these are lake eutrophication due to an intensification and 

generalization of chemical product use in agriculture and in detergents, leading to an 

accumulation of nutrients in the watershed and river to be transported to the lake 

(Straile and Geller 1998; Finger et al. 2013; Bernát et al. 2020). Alien species, 

introduced in the environment via human translocation or deliberate introduction, 

invading freshwater ecosystems and outcompeting native species is another current 

environmental change that leads to decrease of biodiversity (Bax et al. 2003; Strayer 

2010; Baer et al. 2022). Anthropogenic activities are primarily responsible for these 

disturbances, and the intensity and occurrence have been increasing with time 

(Woolway et al. 2022). At the same time, human societies existentially depend on 

freshwater ecosystems. Understanding current dynamics of lake ecosystems and their 

functioning is thus of immediate importance to foresee responses and resilience to 

ongoing disturbances and safeguard our freshwater sources.  

 Species interactions play an important role in the functioning and the 

equilibrium of the ecosystems. Primary producers, i.e. phototrophic organisms, 

through their metabolisms, produce organic matter that is shed to the environment. 

These products act as substrate for heterotrophic microorganisms, which integrate the 

carbon in their biomass and are then eaten by bacterial grazers (Ducklow et al. 1986). 

This trophic pathway, called microbial loop, makes carbon available for higher trophic 

levels by an alternative pathway to the classical plankton food chain (Fenchel 2008). 

Likewise, biogeochemical cycles, central in the ecosystem’s equilibrium and resilience, 

are primarily run by a multitude of microorganisms (Pierrou 1976; Jetten 2008; Madsen 

2011), resulting in functional networks, which can be studied by focusing on functional 

rather than taxonomic diversity (Feist et al. 2009; Avila-Jimenez et al. 2020). Species 

associations not only play a role at the ecosystems level but also shape the structure 

of the microbial plankton community. For example, lake algal blooms are followed by 

an increase of saprophytic and parasitic microorganisms (Zhang et al. 2018), while 

allelopathic compounds produced by cyanobacteria can act as growth inhibitors of 

algae (Śliwińska-Wilczewska et al. 2019). Early theoretical studies have hypothesized 
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that complex networks are likely to resist more to disturbance (MacArthur 1955). Yet, 

mathematical models and recent theoretical work come to an opposite conclusion 

(Thébault and Fontaine 2010) and not enough environmental and experimental 

studies exist to support either point of view.  

 In network analysis, direct associations like mutualisms and commensalism, in 

which one or both parties gain, will lead to positive non-random co-occurrence. Direct 

associations including competition, predation or parasitism, in which the interaction is 

negative for one actor and positive for the other, will lead to negative non-random co-

occurrence (Ovaskainen and Abrego 2020). Microorganisms responding similarly to 

change in the environment are likely to spatially and temporally co-exist due their 

overlap in ecological niches and present equivalent non-random patterns of co-

occurrence (Coutinho et al. 2015). Unfortunately, deciphering interactions coming 

from ecological niche overlap to direct species to species relationships from a network 

built with environmental samples is challenging. Joint Species Distribution Modeling 

(JSDM) allows for calculation of species relation patterns based on environmental 

factors, followed by a latent variable approach for direct species associations based 

on the residual variance (Warton et al. 2015; Ovaskainen and Abrego 2020).  

 The Hierarchical Modelling of Species Communities (HMSC) is a correlative 

approach based on JSDM using environmental data. This approach is used in ecology 

for a large variety of datasets, from macroinvertebrates to bird communities (Tikhonov 

et al. 2020a; Hällfors et al. 2020; Chiu et al. 2020; Elo et al. 2021) to rare species 

prediction (Zhang et al. 2020). Within the field of microbial ecology, equivalent 

analyses have been recently implemented (Minard et al. 2019; Odriozola et al. 2021), 

but on datasets with a limited complexity. Here we use this approach to model the 

temporal co-occurrence patterns of microbial plankton in the epilimnion of Upper Lake 

Constance over the course of one year, from March 2018 to March 2019. More 

specifically, we 1) test, whether the existing Bayesian framework can be used on a 

large and complex dataset, such as that from Lake Constance, 2) investigate the 

temporal dynamics of microbial plankton in relation to environmental changes across 

the year, and 3) identify consistent associations of species that point to the existence 

of biotic networks. From the latter, we discuss hypotheses that can be tested in future 

experimental setups to obtain a more complete mechanistic understanding of the 

microbial plankton communities.



Chapter IV – Materials and Methods 

127 
 

Materials and methods 

Study sites, sampling campaign and filtration procedure 

 Lake Constance is a deep (maximal depth of 251 m) oligotrophic pre-Alpine 

Lake composed of three water bodies called Obersee (Upper Lake), Untersee (Lower 

Lake) and Seerhein (Rhine Lake). Samples were taken at a site in Lake Überlingen 

(47.7571°N 9.1273°E), a north-western arm of the main basin of the Upper Lake with 

a depth of 140 m. We sampled the approximate photic zone (epilimnion), by integrated 

sampling of the surface layer reaching from 0 - 20 m in depth. Samples were collected 

from a boat using an integrating water sampler (model IWS II, Hydro-Bios, Germany), 

from March 2018 to March 2019. Samples were taken every two weeks and stored in 

stainless steel barrels (19 L soda-keggs) prior to filtration. Four biological replicates 

were collected on each sampling occasion (n=4). 

 Samples were filtered directly on the boat, in order to reduce alteration of the 

samples. A pressure of 2 bars was applied to the barrels using a pressurized air tank. 

The barrels were connected to a series of filters´ holder (Swinnex 47 mm filter holder; 

Millipore) using PVC tubing. The pore - sizes of the filters were 180 µm (hydrophilic 

nylon net, 47 mm diameter; Millipore) to remove zooplankton and larger particles, 5.0 

µm and a 0.2 µm polycarbonate membrane filter (Isopore, 47 mm diameter; Millipore) 

to collect the nanoplankton and picoplankton respectively. The Swinnex filter holders 

with the filters assembled, were autoclaved when being wrapped in aluminum foil and 

then transported onto the boat. Filtration was done following the protocol developed in 

our laboratory (Chapter II), when using the flowrate at the outlet of the filters as a proxy 

of the biomass loading of the filters and the degree of filter clogging. This protocol was 

developed in response to a study (Padilla et al. 2015) showing that there is a bias 

introduced by the filtration volume and the microbial plankton density on analysis of 

microbial plankton by -omics techniques (Chapter II). Each filter was transferred by 

using sterile forceps and rolled into 15 ml Falcon tubes for storage, with the filter side 

harboring the collected biomass facing to the inside of the tube. The tubes were stored 

on dry ice on the boat and in the laboratory at -20°C until the DNA was extracted. Only 

the 5.0 and 0.2 µm filters were used for downstream analysis. 
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Molecular work: DNA extraction, library preparation and sequencing 

 DNA extraction was performed on all the filters collected. The protocol was 

adapted from (Rusch et al. 2007) and the JGI protocol (version 3 by William S., Helene 

Feil and A. Copeland). 1 min of ultrasonication (Sonorex super RK 510, Bandelin, 

Germany) was applied, followed by 15 mins of vortex after adding 0.1- and 1-mm 

diameter zirconium beads. Lysozyme (2.5 mg/ml) was added and 1 hour of incubation 

at 37 °C in a shaking incubator was done. Sodium dodecyl sulfate (SDS) at a final 

concentration of 1% and proteinase K (500 µg/ml) were added followed by 2 hours of 

incubation at 55°C. After one hour of incubation, proteinase K was added again at the 

same concentration. A final step was done consisting of 10 mins incubation at 65°C 

with 0.07 Volume of 5M NaCl and 0.07 Volume of CTAB/NaCl (preheated at 65°C). 

DNA was then purified by adding 1 Volume of phenol/chloroform/isoamyl alcohol 

followed by 20 mins of centrifugation at 13000 rcf and 4°C. After recovering the 

supernatant in a new 15 ml falcon tube, 1 Volume of chloroform/isoamyl alcohol was 

added followed by 20 mins of centrifugation at 13000 rcf and 4°C, and the supernatant 

was recovered in a new 15 ml falcon tube. 0.5 µl of Glycogen and 0.7 Volume of 

isopropanol were added to the tube and incubated for 15 mins at -20°C. A new 

centrifugation was done during 25 mins at 15000 rcf and 4°C. Isopropanol was 

removed, and the DNA pellet was cleaned using 500 µl cold 70% ethanol. After a final 

centrifugation of 5 mins, ethanol was removed, and the pellet was dried. 50 µl of PCR-

grade water was added in each tube. DNA concentration was measured using a 

Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, USA).  

 16S rRNA gene amplification was performed on the 0.2 µm DNA extract only 

and the 18S rRNA gene amplification was performed on both the 0.2 and the 5 µm 

DNA extract. A two-step PCR approach was used for the DNA library preparation with 

Illumina dual indexing. Primers of the first PCR contain the fragment of interest 

sequences as well as a universal 5´tail. Amplification of the V3-V5 hypervariable 

region of the 16S rRNA gene (569 bp) was performed using the 357F and 926R 

primers, respectively from (Schuurman et al. 2004) and (Walters et al. 2016). 

Amplification of the V4 hypervariable region of the 18S rRNA gene (378 bp) was done 

using the 573F and 951R primers (Mangot et al. 2013). Table IV.1 contains the 

sequences of the universal 5´tail and the primes sequences. PCR was performed with 

0.02 U/ µl of Phusion High Fidelity DNA polymerase, 1X Phusion HF Buffer and 200 
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µM of dNTPs (New England Biolabs, USA). Extracted DNA was added at a final 

concentration of 0.12 ng/µl. A final concentration of 0.5 µM of each primer was used. 

The number of PCR cycles was 10. It comprised the initial denaturation step of 3 mins 

at 98°C, the denaturation of 45 seconds at 98°C, primers annealing step of 20 seconds 

at 62.4°C, extension step of 8 seconds at 72°C and the final extension step of 5 mins 

at 72°C. The reaction was done using a T100 Thermal cycler (Bio-Rad, USA). PCR 

products of the first PCR were used as template for the second PCR. Primers included 

a pair of indexes (barcode) specific to each sample and Illumina adaptors. Conditions 

of the PCR were equivalent to the first PCR. Number of cycles was increased to 20. 

PCR products of both steps were purified following the Agencourt AMPure XP protocol 

with a 0.9X and 0.8X volume beads and a final elution volume of 11 μl and 14 μl in the 

first and second purification respectively. PCR products were pooled in equivalent 

quantities and send to Eurofins GATC Biotech for sequencing using Illumina MiSeq 

2*300 bp with the Microbiome Profiling -Indexing only- package. Two independents 

sequencing runs were performed for the 16S and 18S DNA library respectively. 

  

Table IV.1: Sequence and targeted region of the primers used for the amplification of the 16S and 

18S rRNA gene for barcoded amplicon sequencing library preparation. 

 

Primer 

name 
Sequences (5´-3´) 

Targeted 

region 
Reference 

Universal 5´ 

forward 

TCGTCGGCAGCGTCAGATGTG 

TATAAGAGACAG 

 

Amplicon deep 

sequencing Universal 5´ 

reverse 

GTCTCGTGGGCTCGGAGATGT 

GTATAAGAGACAG 

 

357F CTCCTACGGGAGGCAGCAG 16S rDNA  

V3-V5 

Schuurman et al., 2004 

926R CCGYCAATTYMTTTRAGTTT Walters et et., 2016 

573F CGCGGTAATTCCAGCTCCA 18S rDNA 

V4 
Mangot et al., 2013 

951R TTGGYRAATGCTTTCGC 
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Bioinformatics pipeline 

 The sequencing data provided by Eurofins GATC Biotech was paired end. 

Quality of the sequences was checked using FastQC. The analysis of the 16S rDNA 

dataset was done using only the forward reads. Reads were trimmed using 

Trimmomatic (Bolger et al. 2014), discarding reads with a Phred score below 3 at the 

start and the end of the reads, an average quality of 11 over a window of 3 bases 

within the reads. The 18S rDNA reads were also cropped at a maximum size of 285 

to remove bases with lowest quality on the merging area. The 18S rDNA paired end 

reads were merged using NGmerge (Gaspar 2018) with parameters of a minimum 

overlap of 30 bases and an acceptable error rate of maximum 10%. Read quality was 

checked between each step previously described. Denoising and taxonomic affiliation 

were then performed on QIIME2 2020.11. Filtration of chimeras using the consensus 

method, denoising and dereplication of the quality reads were done using the denoise 

and dereplicate single-end sequences (Dada2, denoise-single) and a read learn of 

2,000,000 reads for the training error model (Callahan et al., 2016). For the 16S rDNA 

database, taxonomic affiliation was determined using the classify-consensus vsearch 

program and the TaxAss pipeline (Rohwer et al. 2018), which used both a general 

database: SILVA_138 and a freshwater ecosystem-specific database: FreshTrain 

(Newton et al. 2011). 4 thresholds of identity were used: 80%,90%,97% and 100%. 

Outputs were then compared to check for consistency and to keep the deepest 

taxonomic affiliation while having a minimum of unassigned sequences. The 18S 

rDNA taxonomic affiliation was performed using the classify-consensus vsearch 

program and the reference database PR2 (Protist Ribosomal database) (Guillou et al. 

2013). 

Biostatistics 

 The dataset was analysed using the Hierarchical Modelling of Species 

Communities (HMSC) (Ovaskainen et al. 2017b). This model belongs to the Joint 

Species Distribution Modelling approach (Warton et al. 2015). HMSC constructs a 

hierarchical model based on the generalized linear model (GLM) pipeline and 

Bayesian inference (Ovaskainen et al. 2017a). A minimum threshold of 10000 reads 

per sample was used to include the samples in the analyses. This threshold was 

defined as the minimal number of reads to reach the plateau phase of the rarefaction 

curve, which indicates the minimal amount of reads to capture all ASVs sequenced. 
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The read numbers of 9 samples were below the threshold and they were therefore 

discarded from the analysis. The analyses were thus based on 69 samples from 26 

sampling dates, each represented by two or three replicates. ASVs, whose relative 

abundance was below 0.5% in at least 20% of the samples were removed from the 

analysis.  

 Co-occurrence associations between microbial plankton ASVs were analysed 

by including a temporal random effect at the sampling date level (Ovaskainen et al. 

2017b). These were modelled against fixed explanatory variables, consisting of 

environmental variables and the sequencing depth. As environmental variables, we 

included the seasons and whether the water column is mixed or thermally stratified 

(denoted as vertical mixing). The sequencing depth, as log transformed total number 

of reads per sample, was included to account for sequencing depth differences 

between samples. Two types of models were run: 1) FULL models, including all 

explanatory variables, i.e. the environmental variable and the sequencing depth, and 

2) NULL models, including only the sequencing depth. ASV associations observed in 

the null models combine co-occurrence due to shared ecological niches as well as 

direct associations that are independent of the environmental variables. Associations 

observed in the full models are calculated after the effects attributed to the 

environmental variables are taken into account. The resulting associations are more 

likely to be direct interactions between species, or alternatively ASVs, i.e. associations 

that occur independently of the included environmental variables and are thus likely 

direct associations between species. A 0.95 threshold of posterior probability support 

is used for the environmental variable impact on ASVs as well as ASV associations. 

 As the dataset was zero inflated, even after the filtration, calculations were 

performed using a hurdle mode. This means that two separate models were run: 1) a 

probit model based on presence – absence of ASVs, or occurrence fitted to a binomial 

distribution and 2) a lognormal model for the relative abundance of ASVs conditional 

on presence. In effect, a total of four models were created, i.e. a FULL and a NULL 

model using both the probit and the lognormal model, under the assumption of a 

default prior distribution. 

 The explanatory and predictive powers of the models were calculated using 

area under the curve (AUC) for the probit model and the standard R2 for the lognormal 
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models following the protocol of Odriozola et al., 2021 (Odriozola et al. 2021). 

Unconditional and conditional predictive power was measured using a 2-fold cross-

validation approach across the sampling dates. A two-fold cross validation split the 

datasets in two independent sets, one was used as the training set while the other was 

used for testing and validation. Unconditional predictive power was tested by setting 

up the two independently of the ASV associations and only using the environmental 

variables. Conditional predictive power will consider the ASV associations in addition 

to the environmental variables. We examined how the predictive power can be 

improved when considering the link between Eukaryota and Bacteria, i.e. how well the 

model can predict bacteria when the Eukaryota community is known and vice versa.  

 Models were fitted using the R-package HMSC (Tikhonov et al. 2020a). For 

each model, the posterior distribution was sampled using 4 Markov Chain Monte Carlo 

(MCMC) chains. 150.000 iterations were calculated per chain, in which the 50.000 first 

iterations were discarded. To minimise autocorrelation, iterations were thinned to 100 

giving a final 1000 posterior samples per chain and 4000 per models. MCMC 

convergence was measured by calculating the effective number of samples, 

measuring the autocorrelation of samples, and the potential scale reduction factor, 

measuring the consistency of the results between the model chains. Convergence was 

measured for the parameters accounting for the species niches (β), the species 

associations (Ω) and the residual covariance of species niches (V).
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Results  

General overview of the data and analyses 

Our dataset covered a time period of a full year with sampling of biological 

triplicates every two weeks, resulting in 78 samples. After the filtration of the samples 

that did not contain enough reads, 69 samples remained. No full triplicates from a 

single sampling date were removed so our dataset did not have a time frame gap (see 

supplementary file Table SIV.1). Two replicates were removed for the sampling date 

27.04.2018, making this date represented by a single replicate (Table SIV.1). The total 

number of raw reads, not discarded after the dada2 steps and remaining after filtering 

the low abundant ASVs is showed in Table SIV.2. The minimal number of reads in one 

sample was 28540, which was enough to detect the majority of the ASVs in the 

samples (Figure SIV.1). As two independent sequencing runs were performed on each 

sample, we explored the variability between sequencing runs before merging them 

into one dataset (Figure SIV.2 to SIV.4) The results did not show divergence of 

samples between the sequencing runs; hence they could be merged confidently. 

Sequencing data yielded a high number of detected ASVs, with a majority being low 

abundant and thus not holding enough information to give a satisfactory fit in the ASVs 

interaction models (Ovaskainen and Abrego 2020). Furthermore, as JSDM models 

demand high computing power, running the model with a dataset that is too large 

would require excessive computational power. Hence a very stringent filtration of the 

low abundant ASVs was applied. After filtration, 377 bacterioplankton and 670 

microeukaryote ASVs, resulting in a total of 1047 ASVs, remained for the analysis. 

The 16S rDNA reverse reads were not of sufficient quality to allow for a correct 

merging with the forward reads. We therefore had to do the analysis with the 300 bp 

forward reads only. Although shorter, the amplicons still comprise enough taxonomic 

information, by covering the complete V3-hypervariable region and a large proportion 

of the V4-hypervariable region. The taxonomic database used for the microeukaryotes 

gave limited information for the deeper taxonomic ranks, hence we chose to stay at 

high taxonomic ranks, which delivered solid results.  
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JSDM and Bayesian framework in microbial ecology  

 The models had a greater explanatory power for the probit occurrence model 

(0.92) than the lognormal abundance models (0.76). The convergence of the beta and 

omega parameters, respectively measuring the species responses to environmental 

covariates and ASV-to-ASV associations were assessed using the sample size and 

potential scale reduction factor. The potential scale reduction factor results all showed 

values close to one, indicating that the four independent Monte Carlo Markov chains 

within each model showed similar results (Figure SIV.5). The sample size, which 

measured the autocorrelation level between the chain iterations, is expected to be 

close to 4000. The presence of autocorrelation resulted in a lower effective sample 

size that led to an increase of the uncertainty in the posterior probability support, 

decreasing the number of detected ASVS associations above a certain posterior 

probability support. The beta parameter results were close to the expected values, 

indicating low or no autocorrelation. The omega parameter presented an effective 

sample size around 2000, indicating the presence of autocorrelation (Figure SIV.6).  

Table IV.2: Variance proportion explained by each model factors  

  Bacterioplankton Microeukaryote 

 Probit Lognormal Probit Lognormal 

Random factor (time) 0.68±0.15 0.82±0.08 0.68±0.17 0.84±0.08 

Vertical mixing 0.13±0.07 0.09±0.05 0.11±0.07 0.07±0.05 

Seasons 0.10±0.06 0.05±0.04 0.12±0.08 0.05±0.04 

Sequencing depth 0.09±0.08 0.03±0.02 0.1±0.07 0.04±0.03 
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Dynamics of the of community composition across the year 

 The variance partitioning of community composition revealed that the date level 

random factor explained the majority of the variance, especially dominating in the 

lognormal models (Table IV.2 and Figure IV.1A-D). Both the vertical mixing and 

seasonality explained roughly the same proportion of variance (Table IV.2), and the 

presence of a large standard deviation indicated a strong variability among ASVs 

(Table IV.2 and Figure SIV.7). The sequencing depth variable explained the lowest 

variance proportion and was higher in the probit occurrence model than in the 

lognormal abundance model. Overall, the proportion of variance explained by the 

model variable showed similar patterns between bacterioplankton and 

microeukaryotes for both the probit occurrence and the lognormal abundance models 

(Figure IV.1A-D). 

 

  

Figure IV.1: Variance partitioning of bacterioplankton (A & C) and microeukaryote (B & D) 

community composition of the probit (A & B) and the lognormal models (C & D), ordered by 

descending random factor (time) proportion. The bar plots represent the proportion of variance 

explained by each variable (y-axis) for each ASV (x-axis). Fixed factors comprise the sequencing 

depth, seasons and the vertical mixing. The random factor time determines ASV associations. ASVs 

are in descending order based on the proportion of variance explained by the random factor time 

in Figure IV.1 and vertical mixing descending order in Figure SIV.7. 
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 Although the fixed factors seemed to play a minor role compared to the random 

factor time in the model variance explanation, a high number of ASVs presented a 

positive or negative interaction with the vertical mixing of the water column, either in 

their occurrence (Figure IV.2A) or their relative abundance (Figure IV.2B). Only 

interactions between ASVs and the fixed factor having a posterior probability support 

of at least 0.95 were kept for the analysis. The probit occurrence model showed 185 

ASVs affected by the vertical mixing, 160 negatively and 25 positively (Figure IV.2A). 

The lognormal abundance model showed 237 affected ASVs, 228 negatively and 9 

ASVs positively affected by the vertical mixing (Figure IV.2B). In total, 353 and 31 

ASVs were respectively affected negatively and positively by the vertical mixing. They 

represented 36.7% of the total ASVs number, showing the large impact of the vertical 

mixing on the microbial plankton community.  

 All positively affected ASVS, in both models, were taxonomically affiliated to 

microeukaryotes. In the 160 negatively affected ASVs of the occurrence model, 103 

were affiliated to microeukaryotes and 57 to bacteria. The 228 negatively affected 

ASVs of the abundance model were divided into 99 affiliated to microeukaryotes and 

129 to bacteria. For a few exceptions, no clear cluster of taxonomically close affected 

ASVs could be observed (Figure IV.2AB). The major exception was Actinobacteria, 

which had 78% of its ASVs negatively impacted by the vertical mixing. Proteobacteria 

and Bacteroidota were the two main bacterioplankton phyla in terms of ASV richness, 

with 128 and 112 respectively (Table SIV.3). Of these 29% and 34%, respectively, 

were negatively impacted by the vertical mixing. Impacted ASVs of Proteobacteria 

were evenly distributed between Alpha- and Gammaproteobacteria. All ASVs of 

lineage alfVIII (Alphaproteobacteria) were negatively affected by the vertical mixing. 

The family Commamonadaceae and the lineage betI represented 60% of the impacted 

Gammaproteobacteria ASVs but only 26% and 31% of the Commamonadaceae and 

betI total richness. 74% of the impacted ASVs of Bacteroidea belong to the two orders 

Flavobacteriales and Chitinophagales, representing 29% and 46% of the total richness 

of Flavobacteriales and Chitinophagales.  
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 Microeukaryotes impacted by the vertical mixing were also taxonomically highly 

diverse, and presented differences in response to environmental change, with 

negative and positive associations. The main phyla Ciliophora, Ochrophyta, 

Dinoflagellata and Cercozoa represented respectively 25%, 27%, 16% and 35% of 

ASVs negatively impacted by the vertical mixing. Proportionally, Dinoflagellata had a 

low number of ASVs impacted negatively and most of them belong to the order 

Prorocentrales (50% of the order total richness). The majority of the ASVs interacting 

positively with the vertical mixing belong to Ciliophora (32% of the positive ASVs), 

Ochrophyta (19%) and Dinoflagellata (16%). Of the six Ochrophyta ASVs positively 

affected by the vertical mixing, four were Bacillariophyta (diatoms) and two 

Chrysophyceae. Chrysophyceae represented 67.5% of the negatively affected ASVs 

of Ochrophyta (29% of the class richness) while also having ASVs positively affected. 

Other taxonomic groups presented a high proportion of negatively affected ASVs by 

the vertical mixing like 50% of Perkinsea, 59% of Choanoflagellida and 75% of the 

fungi Chytridiomycota ASVs.  

 Even though the models´ variance was in majority explained by the random 

factor time, a high proportion of the community was impacted by the vertical mixing 

fixed factor. While most of the ASVs of Actinobacteria were negatively impacted, the 

models also revealed a taxonomically diverse microbial plankton community being 

impacted by the vertical mixing, with a large domination of negative interactions and 

only few taxonomically specific ASVs showing positive associations.  

Co-occurrence networks of ASVs  

 Only associations with a probability support of 0.95 were kept, representing 

associations that are likely not by chance and therefore ecologically relevant, 

regardless of the strength of the associations (Odriozola et al. 2021). A positive 

association indicates ASV co-occurrence, while a negative association represents 

ASV co-exclusion. ASV associations derived from the NULL models (no environmental 

variables as fixed factor) and called raw associations, likely represent ecological niche 

overlap (positive associations) or exclusion (negative associations). ASV associations 

observed in the FULL models, including environmental variables, are called residual 

associations and likely represent direct interactions, independent of environmental 

variables, or are related to ecological niche overlap/exclusion from an environmental 

variable not included in the models.  
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 The NULL and FULL models revealed a high number of ASVs associations 

(Figure IV.3A-D). A certain number of associations were present in both models, 

indicating ASV co-occurrences resulting from both an ecological niche overlap (NULL) 

and direct interactions or unknown ecological niches (FULL). Although the NULL 

models presented a total number of raw associations higher than the residual 

associations of the FULL models, a higher proportion of the residual associations had 

a strong correlation value, above 0.7, compared to the raw associations (Table IV.3). 

This indicates a denser network of highly connected ASVs in the FULL models (Figure 

IV.4). Furthermore, the lower number of associations found in the FULL models did 

not mean that associations only disappear from the NULL to the FULL models. A 

certain proportion of the associations were unique to the NULL models while other 

associations were detected only in the FULL models. This indicates ASV co-

occurrences resulting only from direct interactions of the organisms (Figure IV.3A 

versus B and C versus D and Table IV.3). The proportion of negative and positive 

associations did not change substantially between models with on average of 43% of 

negative and 57% of positive associations (Table SIV.4).  

  

Table IV.3: number of ASV associations with a posterior probability support of 0.95. The 

correlation strength indicates the number of associations with correlation values above 

the filtration threshold. The last row indicates the number of associations unique to each 

model. 

 

Correlation strength 
NULL FULL 

Probit Lognormal Probit Lognormal 

Total 72884 25271 55687 17256 

Above 0.6 42216 2581 51636 3742 

Above 0.7 16219 718 30672 1002 

Above 0.8 3204 202 8854 267 

Above 0.9 134 26 740 58 

Unique 34932 15684 17720 7685 
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Figure IV.3: ASV associations based on the temporal random effect of the probit (A &B) and 

the lognormal models (C & D). A & C represent the raw associations of the NULL models with the 

sequencing depth as fixed factor. B & D represent the residual associations of the FULL models 

with all environmental variables as fixed factors: seasons, vertical mixing and sequencing depth. 

The red color indicates a positive interaction of the ASVs with the environmental factors and the 

blue color indicates a negative interaction. Interactions shown have a posterior probability support 

above 0.95. For a clear comparison between the NULL and FULL models, ASVs are ordered using 

the angular order (AOE) in the NULL models and this order is kept for the FULL model. All 1047 

ASVS including bacterioplankton and microeukaryote are put in the same graphics.  



Chapter IV – Results 

141 
 

  

F
ig

u
re

 I
V

.4
: 

A
S

V
 a

s
s
o

c
ia

ti
o

n
s
 w

it
h

 c
o

rr
e

la
ti

o
n

 a
b

o
v
e
 0

.9
 b

u
il
t 

o
n

 t
h

e
 t

e
m

p
o

ra
l 

ra
n

d
o

m
 e

ff
e
c
t 

o
f 

th
e
 p

ro
b

it
 (

A
) 

a
n

d
 t

h
e
 l

o
g

n
o

rm
a
l 

(B
) 

F
U

L
L

 m
o

d
e
ls

. T
h

e 
re

d
 c

o
lo

r 
in

d
ic

at
es

 a
 p

o
si

ti
ve

 in
te

ra
ct

io
n

 o
f t

h
e 

A
SV

s 
w

it
h

 t
h

e 
en

vi
ro

n
m

en
ta

l f
ac

to
rs

 a
n

d
 t

h
e 

b
lu

e 
co

lo
r 

in
d

ic
at

es
 a

 n
eg

at
iv

e 

in
te

ra
ct

io
n

. I
n

te
ra

ct
io

n
 w

it
h

 a
 p

o
st

er
io

r 
p

ro
b

ab
ili

ty
 s

u
p

p
o

rt
 a

b
o

ve
 0

.9
5

. T
ax

o
n

o
m

y 
in

d
ic

at
e 

A
SV

 n
u

m
b

er
, k

in
gd

o
m

 a
n

d
 p

h
yl

u
m

 a
ff

ili
at

io
n

 



Chapter IV – Results 

142 
 

 The association matrices did not show a clear taxonomical cluster of co-

occurrences or co-exclusion. All 32 phyla of our dataset presented ASV associations, 

even the lowest in abundance or richness (Table SIV.3). 84% and 91% of the ASVs, 

respectively in the probit occurrence and lognormal abundance models, presented at 

least one association. The phyla Ciliophora, Ochrophyta, Dinoflagellata, 

Proteobacteria and Bacteroidota dominated the associations dynamics by 

representing 59.2% of the total number of associations in the models (average 

calculated from the four models). These 5 phyla represented a high proportion of the 

community (40% of the relative abundance) and 61% of the total number of ASVs 

(Table SIV.3). Linear regression showed a direct relationship between the number of 

associations and phylum richness in each model (adjusted R-squared > 0.9), while no 

relationship could be established with the total relative abundance of the phylum. 

 An intricate network of associations including both co-occurrence and co-

exclusion between phytoplankton phyla was visible in the FULL models. 

Phytoplankton referred to the photosynthetic microbial plankton community, 

represented in this dataset by the phyla Ochrophyta, Haptophyta, Cryptophyta, 

Chlorophyta, Dinoflagellata and Cyanobacteria. They represented 30.9% of the total 

ASV associations observed in the models and 32% of the total number of ASVs, while 

belonging to only 6 of the 32 phyla. Their positive interactions were about twice as 

numerous as their negative ones (Table SIV.6 and Table SIV.7). The only exception 

was the cyanobacteria, for which co-exclusion and co-occurrence were either equal in 

number or for which more cases of co-exclusion with other phytoplankton phyla were 

detected (Table SIV.6 and Table SIV.7). Within these taxa, the Dinophyceae, 

containing both photosynthetic and heterotrophic organisms, and the golden-brown 

algae Chrysophyceae were the most important phytoplankton classes, each 

accounting for 9% of the total number of associations in the FULL models. 

 Phytoplankton ASVs not only interacted with each other, but also with other 

taxonomic groups. 21% of the total associations of the 6 phytoplankton phyla were 

formed by Bacteroidota and Proteobacteria, making them the groups with most 

bacterioplankton-phytoplankton connections. Four ASVs of our dataset were assigned 

to the order Rhodobacterales, Four to Cytophagales, while 10 ASVs were assigned to 

the family Flavobacteriaceae and 18 to the lineage bacII. Table SIV.5 summarises the 

number of associations between these 4 bacterial taxa and phytoplankton ASVs. For 
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each of these taxa, the majority of bacterial ASVs were found to co-occur and co-

exclude with one to several phytoplankton ASVs. Actinobacteria showed a high 

number of interactions with both other bacterioplankton and phytoplankton. Positive 

associations between Actinobacteria ASVs represented 29% of the total positive 

associations of Actinobacteria, making this phylum proportionally the most internally 

connected of the study. The FULL models showed close direct interaction of two 

Nitrospirota ASVs with four ASVs belonging to Nitrosomonadaceae family and a single 

methanotroph Methylococcales. Four Gammaproteobacteria ASVs belonging to the 

TRA3-20 (Burkholderiales) all showed a consistent positive association with the 2 

Nitrospirota ASVs with correlation value between 0.7 and 0.93. 

 Fungi are important members of the microbial plankton community. In this study, 

70% of the fungi were assigned to the Chytridiomycota. Interactions of 

Chytridiomycota in the FULL models were dominated by co-occurrences with ASVs 

belonging to the phytoplankton phyla Chlorophyta, Ochrophyta and Dinoflagellata 

(Table SIV.6 and Table SIV.7), representing 28.2% of the total direct interactions of 

Chytridiomycota. Co-occurrences were two to three times more detectable than co-

exclusions (Table SIV.6 and Table SIV.7). 14.3% of the interactions of 

Chytridiomycota were with Ciliophora ASVs, largely consisting of co-occurrence. 

Finally, Proteobacteria and Bacteroidota ASVs also showed some association with 

Chytridiomycota (21.4% of interactions), with a more balanced co-occurrence and co-

exclusion dynamic. Interestingly, the lognormal FULL models showed three 

Chytridiomycota ASVs that interacted with a specific group of Actinobacteria ASVs, 

almost exclusively belonging to lineages acI and acIV. Two showed only positive 

associations and one only negative. Such a consistency in the strength of the 

relationships clearly points to a rather intimate interaction between these ASVs. 
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Discussion 

JSDM and Bayesian framework in microbial ecology  

 The first objective of this study was the implementation of JSDM models with 

Bayesian inference in microbial community analysis, more particularly for large 

sequencing data. The diagnosis of the MCMC convergence, made using the effective 

sample size and potential scale reduction factor, showed satisfactory results, 

indicating that the inference derived from the model can be trusted (Ovaskainen and 

Abrego 2020). Yet, the lower-than-expected effective sample size of the omega 

parameter, measuring the ASVs associations, showed the presence of autocorrelation 

(Figure S3). Satisfactory convergence of parameters is very hard to achieve for high 

dimensional data, such as DNA sequencing data (Rajaratnam and Sparks 2015). The 

presence of autocorrelation lead to an increase of the uncertainty in the posterior 

probability support. The uncertainty reduced the number of detected ASV associations 

but it did not invalidate the ASV associations having a posterior probability support 

above our threshold. Increasing the thinning of the chain is a possibility to improve 

parameters convergence but it also greatly increases the run time of the MCMC. The 

compositional data are not explicitly modelled with a multinomial distribution in the 

JSDM approach we used. Not taking into account the compositional nature of the data 

can result in an inflation of negative ASV associations (Gloor et al. 2017). We did not 

find an inflation of negative associations – indicating that the results are robust, 

confirming previously observed similar results (Odriozola et al. 2021). The 

development of methods for satisfactory convergence of high dimensional data and 

the integration of multinomial distribution for compositional data in JSDM and bayesian 

inference are a current active field of study (F. Dormann et al. 2007; Warton et al. 

2015; Doser et al. 2022). 

Temporal environmental factors shaping the microbial plankton community 

 The variance partitioning showed a very high proportion of variance explained 

by the random factor time, consistent with previous studies (Minard et al. 2019; 

Odriozola et al. 2021). Although the random factor time models covariation among 

ASVs which can´t be related to environmental variables (fixed factors), it also includes 

associations resulting from environmental variables that are not integrated into the 

fixed effect (Warton et al. 2015; Ovaskainen and Abrego 2020). Direct associations 
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could represent a lower amount of the variance if more environmental variables were 

included in the models. Higher sequencing depth increases the probability of detecting 

low abundance organisms while the relative abundance of detected taxa remains 

stable regardless of sequencing depth (Zaheer et al. 2018; Pereira-Marques et al. 

2019). This explains the higher proportion of variance explained by the sequencing 

depth in the probit occurrence models. For ASVs whose variance proportion was best 

explained by seasons and vertical mixing, sequencing depth also often explained a 

high proportion of the variance (Figure IV.1AB and Figure SIV.1AB). This suggests 

that the most seasonal ASVs (in terms of season and vertical mixing) either belong to 

the low abundance community and require a high sequencing depth to be detected, 

or appear only during a specific period/season and remain below detection level for 

the rest of the year. 

 Water vertical mixing corresponds to several sudden changes in environmental 

parameters, including physical water turbulence, low irradiance, nutrient regeneration, 

reoxygenation and low water temperature (Diehl et al. 2002; Huisman et al. 2004; 

Barton et al. 2014; Limnologischer Zustand des Bodensees). The cold period also 

corresponds to low autotrophic and heterotrophic community activity. The high 

taxonomic diversity observed in the affected ASVs is probably also due to the diversity 

of metabolic and physiological capabilities. Species adapted to warm and oligotrophic 

environments, such as Actinobacteria, or bacterial species dependent on 

phytoplankton exudates for feeding, such as in the lineage betI (Proteobacteria), 

Flavobacteriales and Chitinophagales (Bacteroidota), are negatively associated with 

vertical mixing, as it alters conditions from their optimum (Šimek et al. 2006;  aukka 

et al. 2006; Zeder et al. 2009; Šimek et al. 2011; Woodhouse et al. 2016). Despite 

having different optimal nutrient concentrations, Alpha- and Gammaproteobacteria 

were equally affected by vertical mixing, indicating that nutrient concentration is not 

the only factor affecting these bacteria (Pinhassi and Berman 2003b). Only lineage 

alfVIII (Alphaproteobacteria) had all its ASVs affected. Little is known about this 

lineage and its classification is still under debate (Garcia et al. 2013; Rubbens et al. 

2019), but like other Proteobacteria, it relies on phytoplankton exudates to thrive 

(Rubbens et al. 2019; Chun et al. 2020). Proteobacteria and Bacteroidota-associated 

organisms show high variation in gene content and metabolic capabilities (Zavarzin et 

al. 1991; Bradley and Pollard 2017). This diversity and species-dependent capabilities 
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may be the reason why we observed different responses to vertical mixing for 

taxonomically close ASVs. Bottom-up selection by the viral community could also be 

responsible for the negative effect of vertical mixing on microbial plankton. Indeed, the 

physical perturbation of vertical mixing can trigger both the viral lysis activity of 

bacteriophages in the ocean (Blottière et al. 2017; Winter et al. 2018). Such increased 

activity could also occur in a freshwater lake. No taxonomy was reported in the studies, 

but the host range of bacteriophages could lead to bottom-up pressure that 

differentially affects bacterioplankton species during vertical mixing. 

 Environmental pressure is likely to play a role in the negative effects of vertical 

mixing on microeukaryotes. Parasitic taxa such as Perkinsea and fungi 

Chytridiomycota showed a high proportion of negatively affected ASVs, which can be 

linked to the low microbial plankton biomass of this period. Prorocentrales, a spring 

bloom-forming phytoplankton that prefers warm waters (Heil et al. 2005), correspond 

to most of the negatively affected ASVs of Dinoflagellata. Motile and mixotrophic 

organisms seemed to cope with vertical mixing, probably by overcoming the 

disturbance and remaining in their optimum conditions or by diversifying their food 

input. Such observation were made for Dinoflagellata that are often found aggregating 

at depths corresponding to their optimum growth conditions using chemotaxis, 

phototaxis and geotaxis (Cullen and Macintyre 1998). Mixotrophic behaviour has been 

observed in Dinoflagellata and Ochrophyta (Olrik 1998; Gribble and Anderson 2006), 

and low irradiance has been shown to trigger mixotrophic behaviour in Dinoflagellata 

species, allowing them to dominate the winter community (Millette et al. 2017). Among 

the ASVs positively affected by vertical mixing, the majority belong to taxa capable of 

motility, such as Ciliophora and Dinoflagellata (Buskey and Stoecker 1989; Cullen and 

Macintyre 1998; Smayda 2010), and mixotrophic or heterotrophic behaviour taxa, such 

as Ciliophora, Dinoflagellata and Ochrophyta. Observations of the phytoplankton 

community have shown the presence of cell size selection during vertical mixing. 

Regeneration of nutrients allows larger phytoplankton species with low affinity for 

nutrients to outcompete smaller phytoplankton species, as observed for diatoms 

(Bacillariophyta) (Winder and Hunter 2008; Barton et al. 2014; Fraisse et al. 2015). 

Although we can’t infer size from taxonomy, cell size selection could play a role for 

ASVs to be positively or negatively affected within Bacillariophyta. Likewise, species-

dependent response to environmental parameters (Munir et al. 2013), differences in 
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motility ability or feeding behaviour within the deeper taxonomic levels can be the 

reason behind the difference of response to the vertical mixing for closely related ASVs.  

ASV co-occurrence 

 ASV associations observed in our model can be attributed to different aspects 

of the microbial plankton community, from associations representing large trophic 

networks including mutualisms, predation, parasitism to the smallest and more 

intimate associations of ASVs performing a specific step of a biogeochemical cycles. 

The first striking observation was the high interconnection of phytoplankton ASVs. 

Photosynthetic phytoplankton contribute to carbon fixation and produce organic matter, 

which is exuded from the cells and serves as a food source for heterotrophic 

microorganisms (Ducklow et al. 1986; Field et al. 1998; Pierson 2012; Thornton 2014). 

Phytoplankton, like those belonging to the classes Dinophyceae and Chrysophyceae, 

also exhibit alternative feeding behaviors, such as mixotrophy (Olrik 1998; Gribble and 

Anderson 2006) and heterotrophy (Grujcic et al. 2018). Some of the interactions 

observed in the FULL models result from these alternative feeding behaviours, as they 

have a wide prey range and are known to play an important role in microbial plankton 

community structure (Marshall and Laybourn-Parry 2002; Jeong et al. 2004; Flynn et 

al. 2013; Stoecker et al. 2017; Yoo et al. 2017; Jang et al. 2020; Liu et al. 2022). 

Mutualisms and symbioses have been extensively studied between phytoplankton and 

heterotrophic bacteria, and less among phytoplankton, but our model showed a highly 

connected phytoplankton community. One known association is the diazotroph-diatom 

interactions in which cyanobacteria fix dinitrogen to organic nitrogen available to 

diatoms, which produce photosynthate usable by the cyanobacteria (Zehr and Ward 

2002). All our cyanobacterial ASVs belong to the Synechococcales, which are capable 

of nitrogen fixation (Spiller and Shanmugam 1987). However, our model showed low 

interactivity between the two groups, with only a few cyanobacteria co-occurring with 

Bacillariophyta and the majority co-excluding, indicating other type of interactions. 

 The bacterial community interacting with algae was highly dominated by 

Bacteroidota and Proteobacteria, which was expected as they are known to form close 

associations (Yang et al. 2009; Lachnit et al. 2011; Zhou et al. 2018; Woodhouse et 

al. 2018). Flavobacteria (Bacteroidota) are able to degrade high molecular weight 

components produced by phytoplankton, and the alphaproteobacterial Roseobacter 

(Rhodobacterales) form mutualistic interactions by feeding on algal exudate and 



Chapter IV – Discussion 

148 
 

promoting algal growth by biosynthesising growth stimulants (Geng and Belas 2010; 

Seyedsayamdost et al. 2011; Buchan et al. 2014). Indeed, it is a two-way interaction 

and the phytoplankton also benefit from the associations. Certain bacteria belonging 

to the Bacteroidota have been observed to positively influence the phytoplankton 

community via phytohormones and algal growth regulation (Matsuo et al. 2005). 

However, co-exclusion has also been observed between phytoplankton and 

bacterioplankton ASVs, which usually interact positively. Algae senescence can 

trigger opportunistic pathogen behavior with the production of algicide compounds in 

the normally mutualistic bacteria Roseobacter (Seyedsayamdost et al. 2011). The 

presence of a proteobacterial strain in the environment can enhance the grazing 

activity of dinoflagellates on the Rhodobacterales genus Rhodomonas (Cryptophyta), 

creating a tripartite interaction (Alavi 2004).  

 The FULL models also uncovered interactions related to the nitrogen cycles. 

Such biogeochemical cycles rely on microorganisms to perform the different 

conversion. The nitrification, oxidation of ammonia to nitrite, happens in two steps, 

each requiring different actors: ammonium-oxidizing bacteria or archaea (AOB or 

AOA) and nitrite-oxidizing bacteria (NOB). In lake Constance, the only NOB ASV 

detected in the epilimnion all year long affiliates with Nitrospira, and such ASVs 

presented strong interactions with the AOB Nitrosomonadaceae and 

Methylococccales (AOB) (Llorens-Marès et al. 2020; Cai et al. 2022). The order 

Burhkolderiales, containing Nitrosominadaceae, also contains the family TRA3-20 that 

host ASVs with strong and consistent interactions with Nitrospirota. Burhkolderiales 

exhibit high nitrogen assimilation (conversion of ammonia or nitrate to organic 

nitrogen) in soil, and a close interaction with Nitrospirota assures an easy access to 

nitrate (Morrissey et al. 2018). The taxonomy of TRA3-20 is specific to the SILVA 

database, with only little information available except its first isolation from a 

freshwater environment (Kim et al. 2021). It is impossible to rule out the precise nature 

of the TRA3-20 – Nitrospirota connection, but the strength of the correlation coupled 

with the fact that all ASVs affiliated to TRA3-20 had such connection indicate very 

close relationships that could be related to the nitrogen cycles. 

 Fungi affiliated to Chytridiomycota are parasites of phytoplankton with a large 

spectrum of hosts (Leshem et al. 2016; Frenken et al. 2017; Frenken et al. 2017; 

McKindles et al. 2021). This feeding behavior makes them central in the microbial 
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plankton community and could explain their strong connection with other members of 

the microbial plankton community. Indeed, the parasitic activity is one of the causes 

of the phytoplankton bloom termination (Frenken et al. 2016), indicating a strong 

parasitic activity leading to the observed high co-occurrence between the 

phytoplankton and parasitic fungi ASVs observed in the FULL model. Fungi infection 

promotes the leaking of cellular material that can act as alternative food source for 

Proteobacteria and Bacteroidota (Agha et al. 2016; Haraldsson et al. 2018). Klawonn 

et al., 2021 showed that the Bacteroidota and Proteobacteria biomass associated with 

diatoms is 2 to 4 times higher when the diatoms is infected by Chytridiomycota, 

showing a tripartite interaction between the phytoplankton, fungi and bacterioplankton 

(Klawonn et al. 2021). Finally, Chytridiomycota infections fragment the host in smaller 

pieces more easily digestible by predators like Ciliophora, and the fungal zoospore 

can also act as food sources for grazers (Agha et al. 2016; Gerphagnon et al. 2019; 

Frenken et al. 2020). This process is called the mycoloop and is well established for 

zooplankton. Recent evidence showed that microeukaryote grazers like Ciliophora 

also benefit from it (Kagami et al. 2014; Farthing et al. 2021).  

 For some associations observed in the model we lack information from which 

to infer the process responsible, like the association between the previously described 

TRA3-20 and Nitrospirota. Another unexpected observation was Actinobacteria 

showing the highest connection within itself, the vast majority positive, and this was 

present in both the NULL and FULL models, indicating both ecological niche overlap 

and direct interactions. In addition, it showed high interactivity with other members of 

the microbial community, like the strong connection between acI and acIV ASVs with 

a specific subgroup of Chytridiomycota. In freshwater ecosystems, Actinobacteria are 

mostly studied through correlative analysis (Bunse et al. 2016; Woodhouse et al. 2016; 

Woodhouse et al. 2018; Arandia-Gorostidi et al. 2022) as isolation of dominant 

freshwater Actinobacteria strains, affiliated to the acI lineage, was only made for the 

first time in 2019 (Hahn 2009; Kim et al. 2019c). However, Actinobacteria are well 

studied in other environments and showed a strong mediation of microorganisms’ 

interactions via secondary metabolism (Protasov et al. 2020). This still remains to be 

observed for freshwater strains.
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Conclusions 

 Bayesian inference allows to overcome natural limitations of biological surveys 

applying frequentist statistics. The HMSC approach applied here to high dimensional 

compositional data, albeit still in development, showed robust and valid results and is 

a promising approach for microbial ecology analysis. This study brought an interesting 

picture of the forces driving the microbial plankton temporal dynamic in the epilimnion 

of Lake Constance. The vertical mixing proved to mainly negatively impact a diversity 

of ASVs that composed the microbial plankton community. Motility and diverse feeding 

behavior seemed to be an important factor in the capability of microbial plankton ASVs 

to overcome the environment constraints imposed by vertical mixing. In addition, the 

impacted ASVs likely show taxa-dependent capabilities and traits that cannot be 

assessed by our amplicon-based dataset. The ASVs association matrices allowed us 

to observe an intricate network of interactions between microbial plankton ASVs. The 

central place of the phytoplankton could be confirmed, with bacterioplankton and other 

non-photosynthetic microorganisms gravitating around them. Likewise, we could 

observe the recently described important role of the parasitic Chytridiomycota on the 

microbial plankton community structure and its alternative pathway in the trophic 

network. Finally, interactions not described in the literature were also observed, for 

example for the case of the gammaproteobacterial TR3A3-20 highly connected with 

Nitrospirota. This could be linked to a role in the nitrogen cycle. Equally novel is the 

high interactivity of freshwater Actinobacteria taxa, for which experimental information 

are scarce. JSDM is a correlative method, so it does not model the processes 

responsible for the abiotic and biotic interactions but provides information on the 

statistical relation of such processes (Ovaskainen and Abrego 2020). Our 

observations should be used as hypothesis driven material to isolate specific 

microorganisms from Lake Constance and design experiments to test our 

observations.
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General discussion 

Raising our knowledge of the sequencing technology 

 The development of -omics techniques has allowed for a massive step forward 

in microbial ecology ( ozińska et al. 2019). The independence from the cultivation and 

the use of genomic information via Next-Generation Sequencing (NGS) led to the 

discovery of a huge hidden biodiversity (Pedrós-Alió 2012; Rossi et al. 2016). However, 

it also brought in light the discrepancy between dependent and independent cultivation 

analysis. The number of taxa identified was in average 8 times less for the cultivation 

methods, with low sharing of the detected microorganisms between the methods and 

differences of abundance based on the microorganisms taxonomy and the type of 

medium used (Stefani et al. 2015; Youseif et al. 2021). While these -omics 

technologies are well established in the scientific landscape, they continue to evolve 

to fit the always increasing requirement of current science and try to overcome their 

existing limitation and bias (Hugoni et al. 2017; Salmaso et al. 2018; Salmaso et al. 

2020; Abrego et al. 2020; Tedersoo et al. 2021). 

 Indeed, such refined and more sensitive techniques are coming at a cost. The 

increase of sensitivity (number of true microorganisms detected), coming from the 

development of the sequencing techniques, is coupled with a decrease the specificity 

(number of false positive detected) (Parikh et al. 2008; Prodan et al. 2020). 

Furthermore, numerous studies also showed that results of microbial community 

analysis using NGS are highly dependent of the type of protocol used in the samples 

preparation (Padilla et al. 2015; Parada et al. 2016; Krakat et al. 2017). This decrease 

of specificity coupled with the presence of bias in the methodology raise the need of a 

better understanding of these technologies as well as localise and study these biases 

to normalize them or take them in account in the analysis. Chapter II already 

developed the connection between filtration procedure and NGS-based plankton 

community results. Yet more are present. 

Bias introduced by biological variability 

 Indeed, another influence on the relative abundances observed for a microbial 

community by NGS is the number of targeted gene copies. 16S rRNA gene copy 

number variation is quite low (between 1 to 15) (Stoddard et al. 2015) while 18S rDNA 
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copy can be much higher in variation between species (Wang et al. 2017). Relative 

abundance variation could be attributed to the actual relative abundance variation as 

well as the difference of gene copy number. But gene copy number is not the only 

influence. Intragenomic polymorphism caused by single nucleotide difference also 

affects the relative abundances observed for a microbial community(Acinas et al. 

2004; Wang et al. 2017; Lavrinienko et al. 2021). Intragenomic polymorphism is 

positively correlated with the gene copy number, making it more prevalent for 18S 

rDNA than 16S rDNA (Acinas et al. 2004; Gong et al. 2013). The 18S rDNA copy - cell 

size linear relationship was proposed as a possibility to normalize abundance 

estimation (Godhe et al., 2008). But the intragenomic variability coupled with the 

species variability of the relationship could introduce more variance in the dataset 

(Godhe et al., 2008; Wang et al., 2017), more tests on a larger sample size and 

taxonomic diversity are required. 

 Bioinformatic normalization methods are currently being developed but still 

need to be taken with caution, as results could be affected by the use of different 

reference databases or by the targeted gene region (Stoddard et al. 2015). 

Furthermore, the rDNA copy number variation is an adaptive evolution linked to 

differences in metabolisms, growth rate, habitat specialization, response to stress, etc. 

(Klappenbach et al. 2000; Shrestha et al. 2007; Nemergut et al. 2016; Salim et al. 

2017). The capability for microorganisms to adapt their gene copy number means that 

in changing environment, a high variation in gene copy number could be present and 

might continuously impact microbial community analysis and, thus, require to adapt 

the tools. 

Bias introduced by methodological limitations 

 All molecular biology steps required for the preparation present methodological 

flaws (Berry et al. 2011; Krakat et al. 2017). DNA yield can vary up to 9-fold depending 

on the DNA extraction method. This yield difference impacts the observed community 

with differentially abundant microbial species as estimation showed that 3 to 16% of 

the community variability can be explained by the extraction method (Sui et al., 2008; 

Vaidya et al., 2018). Similar observations were made for the PCR amplification step, 

where up to 10-fold difference of relative abundance can be observed when comparing 

between expected and observed mock community composition (Parada et al. 2016). 
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Correlation between the expected and observed community composition can vary 

from 0.5, indicating poor representation of the community by these primers, to 0.95, 

indicating good representation of the community depending of the primers pair used. 

 Assessing primer pair efficiency has shown that the widely used 515F-Y/806R 

primer pair is a poor choice when studying marine taxa as it led to under and 

overestimation of some major marine taxa like SAR11 (Parada et al., 2016), making 

this primer pair not suitable in my study, as marine sister clade of SAR11 and other 

impacted taxa are also major taxa in freshwater environments (Salcher et al. 2011b; 

Henson et al. 2018). The primer pair 515F-Y/926R, targeting the V4-V5 hypervariable 

regions, showed the best correlation between expected and observed marine mock 

community and was a good starter choice for our studies. 

 The development of an Illumina sequencing chemistry delivering longer paired 

end reads gave the opportunity to use a longer amplicon. The 357F/926R primers pair, 

targeting the V3-V5 hypervariable regions, showed high concordance between 

observed and expected mock communities reads (Kim et al. 2011; Group 2012). The 

estimated amplicon size of 569 bp is within, but at the limit, of the maximum range of 

Illumina Miseq 2x300 bp as 30 bp of overlapping between forward and reverse read 

is advised for pairing of the reads into a complete sequence for analysis. Amplicons 

derived from these primers were used in the analysis of Chapters II, III and IV. While 

the paired reads generated for Chapter II where of sufficient quality, the read pairing 

for Chapter III and IV was not and only the forward reads could be used. Although less 

phylogenetic information is held by the forward read only, the 300 bp length allowed 

for an overlapping of the V3 and part of the V4 hypervariable regions, making it still 

suitable for analyzing the bacterioplankton community. 

The dependence to bioinformatic and its problematic 

 The exponential increase in the number of bioinformatic software allows for 

virtually any kind of analysis but also increases the probability of introducing variability. 

Although two software theoretically do the same process, their calculation method can 

differ, making comparison of results difficult. Bioinformatic treatment of amplicon data 

has two major steps: sequences clustering and taxonomic affiliation. The taxonomic 

affiliation requires a reference database and a taxonomic affiliation software. General 

classification database like RDP, SILVA, NCBI and Greengenes are the most widely 
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used in microbial community analysis and a comparison of the taxonomic names found 

that an astonishing 63% to 90% of the names are unique to one of these four 

references databases (Balvočiūtė and  uson 2017). These differences influence the 

affiliation of the amplicons to an extend high enough to be statistically significant, 

resulting in under or overestimation of the number of detected taxa (Sierra et al. 2020; 

Poorlin Ramakodi 2021).Introduction of ecosystem-specific reference databases like 

Freshtrain, which was used in the analyses for the Chapters II, III and IV, allows for a 

much finer taxonomic affiliation, at the cost of decreased compatibility with studies not 

using it (Rohwer et al. 2018). 

 The use of operational taxonomic units (OTU), in which sequences are placed 

under the same OTU based on a similarity threshold, has been used since its 

introduction in 1963 (Long 1965). Currently, the OTU concept is less used in favour of 

the amplicon sequences variant (ASV) concept based on sequencing error correction 

algorithms and exact sequence variants (Callahan et al. 2017). But even if these OTU 

and ASV each fall into a single definition, multiple algorithms have been developed to 

calculate them, each with their own specificities. These specificities affect community 

analysis by introducing deviation in the number of detected taxa and their relative 

abundance (Nearing et al. 2018; Prodan et al. 2020; Chiarello et al. 2022; Jeske and 

Gallert 2022). 

 I decided to work with the dada2 based ASV in the studies presented in Chapter 

I to IV. The choice of the dada2 algorithm came from its easy integration in both R and 

QIIME2 and its high sensitivity compared to other ASV based software like deblur and 

UNOISE3 (Prodan et al. 2020). From a mock community, dada2 was the only software 

able to detect all taxa and taxa variants while creating few spurious ASVs that can be 

removed afterwards (Prodan et al. 2020). Furthermore, when different ASV-based 

techniques are used on the same dataset, the proportion of shared ASVs can range 

from 16 to 61% depending of the filtration threshold (see next paragraph), hence there 

is the necessity to think and specify which software was used (Prodan et al. 2020). A 

misconception can be the interpretation of ASV as species when they are oligotype, 

as the taxonomic separation and identity is based on genetic information (Eren et al. 

2013). Oligotype have been proven effective in analysing microbial community 

composition and ecology (Hugoni et al. 2017; Salmaso et al. 2018; Salmaso et al. 

2020; Abrego et al. 2020; Odriozola et al. 2021). However, the hypervariable region(s) 
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targeted during the amplification greatly influence the phylogenetic affiliation of ASV 

(Krakat et al. 2017; Bukin et al. 2019; Park et al. 2021), sometime leading to 

misinterpretation of ecologically and phylogenetically cohesive populations (Berry et 

al. 2017b). While the development of accessible and efficient bioinformatics tools 

helped its democratization, we should always keep a critical view on their use and 

interpretation. 

A good analysis starts by a good data preparation 

 The choice of data treatment as well as the statistics usage have a tremendous 

impact on the reliability of the results. For this discussion, I will focus on NGS dataset 

which consist of count reads per sample and ASV. Due to the high capability detection 

of NGS, the datasets are sparse (zero inflated) with a high number of ASVs (high 

dimension), the majority being in low abundance. With dada2 creating some spurious 

ASVs and the library preparation also integrating mistakes, it leads to the presence of 

very low abundant ASVs that are not biologically relevant (Prodan et al. 2020). These 

need to be filtered and removed before analysing the data. The filtration threshold 

depends on several parameters, including the type of analysis one wants to do, and 

the computational power available. Community analyses that do not look at single 

ASVs can apply lower filtration thresholds, keeping meaningful low abundant ASVs as 

well as potential error ASVs not impacting the community analysis due to low 

representation (Odriozola et al. 2021).  

 However, when the analysis focus on the ASVs as well, such as comparing 

ASVs abundance between sample sites in Chapter III (ULC versus LLC) or ASVs 

temporal co-occurrence in Chapter IV, a more stringent filtration needs to be done to 

keep ASVs holding enough reads, or information, for the statistics to be robust. A 

filtration of the ASVs below 0.01% of relative abundance in at least 5% of the samples 

was applied in Chapter III, hence removing very low abundant ASVs (Prodan et al., 

2020 applied a filtration of 0.002%) while keeping low abundant ASVs that could 

represent a unique and rare community in ULC or LLC. Although I might have lost 

biologically relevant ASV, higher thresholds of filtration were shown to not have an 

impact on the overall structure of the community (Odriozola et al. 2021). In the case 

of Chapter IV, the filtration I applied was even more stringent, as ASVs below 0.5% of 

relative abundance present in less than 20% of the samples were removed. ASVs 
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associations analysis require a high amount of information to get statistically well 

supported correlation and joint species distribution models (JSDM) with Bayesian 

inference require a much higher computational power compared to frequentist statistic. 

Good and thoughtful preparation of NGS dataset is a pivotal step of microbial 

community analysis in order to have robust and reliable statistic results. 

The nature of NGS datasets? 

 After the filtration, the reads count difference between samples needs to be 

normalized. For a long time, they were reduced in all samples to an equal number. 

Called rarefaction, this data treatment is highly criticised because it removes valid and 

usable data from the analysis (McMurdie and Holmes 2014). Several different, 

alternative reads count normalizations have been developed (Robinson and Oshlack 

2010; Anders and Huber 2010) but they inherit limitations in the case of highly 

dimensional and sparse datasets (Gloor et al. 2016b). An important factor to take into 

account is also the compositional nature of NGS datasets resulting from the arbitrary 

total reads number imposed by the sequencing machine (Gloor et al. 2017). As a result, 

NGS datasets give the proportional representation of each ASV in the community 

rather than a quantitative microorganisms´ representation in the original sample 

(Vandeputte et al. 2017).  

 Most of the analyses performed for microbial communities like ordination, 

network study and differential abundance calculation, rely on correlation calculation. 

In the context of compositional analysis, correlation includes severe problems like 

inflation of negative associations or the horseshoe effect (Gloor et al. 2017; Morton et 

al. 2017). The starting point of compositional analysis is a ratio transformation like log 

ratio or centered log ratio (Aitchison 2003; Silverman et al. 2017) that can be used for 

multivariate hypothesis testing like PermANOVA (van den Boogaart and Tolosana-

Delgado 2013). Methods accounting for the compositional nature of the data like the 

PhilR distance calculation or aldex2 for differential abundance calculation, are being 

push forward and have been used for the analysis presented in Chapter III (Fernandes 

et al. 2013; Gloor et al. 2016a; Silverman et al. 2017). Accounting for the compositional 

nature of the data tends to decrease the false positive detection rate in ASV 

abundance comparison (Thorsen et al. 2016; Hawinkel et al. 2019), which can lead to 
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less “impressive” albeit much more accurate results. But understanding well how to 

prepare one’s data and its nature is not the only consideration to take in account. 

Limits of statistics and a way to overcome them? 

 Statistical analyses in microbial ecology overuse the p-value, which measures 

the strength of evidence against the null hypothesis (Halsey et al. 2015). However, 

p-value is not absolute as the statistical power, which measure of the capacity of an 

experiment to find an effect when there is one, represent the repeatability of the 

p-value results (Halsey et al. 2015). It depends on several parameters that include the 

expected effect size, population variation and sample size. In order to control 

parameters that affect the statistical power, statistical analysis should be considered 

at the experimental design stage. But let's be honest, this is almost never the case in 

biology, leading to poor statistical power and low reproducibility of the p-value (Halsey 

et al. 2015; Pollard et al. 2019).  

 Furthermore, the way Ronald Fisher formulated the p-value in 1925 was as a 

continuous variable indicating the likelihood of a null hypothesis (Fisher 1956; Fisher 

1992; Biau et al. 2010). However, the current use of the p-value is derived from the 

null hypothesis significance testing (NHST) approach (Neyman and Pearson 1933). 

This approach introduced an arbitrary threshold (usually 0.05), representing the 

compromise between type I and type II error rates, and transformed the p-value into a 

binary variable with a significant or non-significant result. Although 0.05 was 

considered a sufficiently stringent threshold to avoid noise affecting the results, in 

reality it has a high risk of false positives, leading to misinterpretation and low 

reproducibility of p-value results. (Colquhoun 2017). Researchers now emphasise the 

use of other statistical indicators, either to complement p-value results or as an 

alternative to using the p-value (Nakagawa and Cuthill 2007). 

 Chapter III offered an interesting showcase, as the results of the PermANOVA 

and ANOSIM, testing the microbial plankton biodiversity community difference 

between ULC and LLC, showed p-values that could contradict with the other values of 

the tests. p-value indicated difference in biodiversity for the three microbial plankton 

communities (18S-NP, 18S-PP and 16S-PP) but the other statistics values indicated 

otherwise for the 18S-NP and 18S-PP community, leading to a more discussed 

outcome (Figure III.2 and Table III.4). When applying statistics, it is extremely 
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important to understand how the statistics test works and use all their values given for 

interpreting the results or else the conclusion derived from the interpretation can be 

wrong. Other values can be used as alternative to the p-value. Aldex2, used in Chapter 

III to study ASVs differentially abundant between ULC and LLC, can measure the 

effect size, the mean difference between two groups, and the confidence interval of  

the effect size rather than its “statistical significance” (p-value) (Nakagawa and Cuthill 

2007). It is more informative for our analysis as there is no significance in what I 

measured but a degree of difference of abundance between ULC and LLC. As a result, 

the number of positive results, false positive, decrease highly (Figure 2) (Fernandes 

et al. 2013; Thorsen et al. 2016). 

 

Bayesian statistics: the future? 

 An alternative is to move from the frequentist statistics to the Bayesian 

inference. The JSDM used in Chapter IV, called hierarchical modelling of species 

communities (HMSC), to analyse the temporal microbial plankton dynamics and 

interactions is based on Bayesian inference. JSDM are correlative models, looking at 

Figure 2: Relationship between relative abundance and differences between group of ASVs. 

The relationship was measured using aldex2 and the analysis was based on effect size and 

confidence interval (A) or q-value (B). Each dot represents a single ASVs. Red dot represents an 

ASVs with effect size above 1.5 (A) or p-value below 0.05 (B). Blue circle represents a confidence 

interval above 95% (A). These graphics shows the comparison of ASV relative abundance between 

ULC and LLC of the 16S-PP database during summer done in Chapter III. 

Abundance

A B
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community-level patterns of how species react to their environment, relating such 

pattern to species traits and phylogenies and observe species co-occurrence 

(Ovaskainen and Soininen 2011; Ovaskainen et al. 2016; Ovaskainen et al. 2017a; 

Ovaskainen et al. 2019; Ovaskainen and Abrego 2020; Tikhonov et al. 2020b). Such 

models have been used in ecology successfully to model community ecology (Clark 

et al. 2014; Lei et al. 2015; Inoue et al. 2017; Wagner et al. 2020; Morgado et al. 2021) 

but stay limited in microbial ecology (Minard et al. 2019; Odriozola et al. 2021).  

 The first limitation is the high computational power required which is linked to 

the dataset size, and NGS dataset are much larger than datasets from field 

observations. The sparsity and high dimension of NGS data makes it more difficult for 

JSDM to achieve convergence of parameters, which is the indicator of results well 

supported by the probability (Ovaskainen and Abrego 2020; Tikhonov et al. 2020b). 

Big advancement has been made in both computer power, and the improvement of 

JSDM in modelling high dimensional datasets is an intense field of research, allowing 

such models to be used in microbial ecology (F. Dormann et al. 2007; Warton et al. 

2015; Minard et al. 2019; Odriozola et al. 2021; Doser et al. 2022). One of the main 

limitations in microbial environmental studies is the sample size, which is usually not 

high enough to have good statistical power, as explained above. 

 Sample size is not as critical for building a Bayesian model (van de Schoot et 

al. 2014; van de Schoot et al. 2015). An experimental design created without statistical 

background, or limited by external factor like time, founding or human factor, will result 

in more robust results when using Bayesian inference rather than frequentists statistic. 

But I shall not go into a dichotomic thought of frequentists statistics and p-value is 

wrong and Bayesian inference right. Those two fields of analysis are each bringing 

their own strength and weakness and are valid tools to be used. Difficulties arise from 

the misunderstanding of these tools and unplanned experimental design. A better 

integration of the statistics teaching in biology and environmental science cursus as 

well as a collaboration with statistician should be push forward in the future. Despite 

the “dark” presentation of the statistics made here, the underlying message the 

underlying message is positive. The increase in the number of articles addressing 

these issues and proposing alternative solutions or approaches demonstrates a 

mindsets evolution and an awareness of the importance of statistics in biology. 
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Concept of resilience and stability in microbial ecology 

 Like observed in Chapter IV, the vertical mixing has a large impact on the 

microbial plankton community (Figure IV.2). But this impact is not constrained to the 

plankton community as the vertical mixing is an important component of the lake 

ecosystem. Weak vertical mixing means that the nutrient regeneration of the 

epilimnion will be weak. This low regeneration coupled with low water column physical 

turbulence can lead to shift in the phytoplankton community in favor of organisms with 

smaller cells size, hence potentially promoting the establishment of cyanobacteria, and 

potentially toxic cyanobacteria, replacing the diatoms as major phytoplankton bloom 

members (Winder and Hunter 2008; Fraisse et al. 2015).  

 Weaker vertical mixing associated with climate warming has a much larger 

effect than just on the diatom and cyanobacterial communities. From 2013 to 2017, 

the vertical mixing of Lake Constance was relatively weak, leading to the low nutrient 

regeneration in the epilimnion and by extent accumulation of nutrients and a decrease 

in oxygen concentration in Überlinger See (Limnologischer Zustand des Bodensees). 

If weaker vertical mixing occurs over a long period of time, one may observe the 

appearance of an oxygen-depleted hypolimnion accumulating nutrients and of a highly 

nutrient-depleted epilimnion. A sudden loading of the epilimnion by strong vertical 

mixing after a long period of thermal stratification, could trigger very high autotrophic 

activity and cyanobacterial blooms (Duarte et al. 2000; Jochimsen et al. 2013), 

severely affecting lake fauna and flora or increasing the intensity of seasonal hypoxic 

event like observed in Zeller see (Conroy et al. 2011). Such an event probably would 

not last, as the nutrient loading is not constant, but the resilience from such a traumatic 

event at the ecosystem level could be long and incomplete.  

 When the disturbance is 'short term', analyses have found relatively similar 

community compositions before and after, despite changing during the disturbance 

(Shade et al. 2011; Shade et al. 2012b; Ma et al. 2020), like what can be observed 

during the natural hypoxic event happening in Zeller see (Chapter III). However, 

resilience to long-term disturbances showed communities that either did not recover 

or could be significantly different from the one before the disturbance (Meisner et al. 

2018; de Vries et al. 2018; Ibrahim et al. 2021). The extent to which high microbial 

community biodiversity is important for ecosystem functioning in response to a 
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disturbance is still debated, particularly in relation to the concept of functional 

redundancy (van der Plas 2019). Higher biodiversity increases the probability of 

finding species capable of resisting and recovering from a disturbance (Tilman and 

Downing 1994; Naeem and Li 1998; Lynch 2002; Aoki 2003), but contrasting results 

have been observed with observations of more stable environments hosting less 

diverse biodiversity (Givnish 1994; Andrén et al. 1995; Ulanowicz 2003).  

 Functional redundancy and metabolic flexibility of the community have been 

found to be independent of the taxonomic composition of the community (Avila-

Jimenez et al. 2020). Therefore, the relationship between stability and diversity should 

not be limited to biodiversity, and functional diversity has been proposed to develop 

the diversity-stability relationship (Botton et al. 2006; Philippot et al. 2021). Functional 

diversity means that biotic interactions must be taken into account when studying the 

stability of a community (Griffiths and Philippot 2013; Palit et al. 2022). Amplicon 

sequencing based community analyses, as in this thesis, are the first necessary steps 

to observe community composition, infer biotic interactions and response to 

environmental parameters from a taxonomic point of view. However, it is too limited 

from a resilience and predictive point of view. Using the observation of amplicon 

sequencing as prior knowledge, metagenomic coupled with transcriptomic or even 

proteomic techniques would bring a more holistic approach to community stability 

analyses. 
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Conclusions 

 The black box of Lake Constance's microbial plankton community is finally 

observable. The microbial plankton community showed a typical composition based 

on observations in other pre-Alpine lakes. However, the comparison of the community 

composition based on the sampling site showed extraordinary differences that could 

be related to the environmental specificity of the sampling site, even though the two 

sites are connected and therefore share the same seed of microbial plankton. The 

specific community also seemed to influence the microbial plankton feeding on it, such 

as predators and parasites, indicating that the dynamics of the community is a 

combination of both abiotic factors and biotic interactions. This was confirmed when 

the model analysing the temporal community dynamics showed a high proportion of 

the community affected by vertical mixing, while the ASVs associator matrices 

revealed a huge network of connections between ASVs.  

 These observations and analyses have been made possible by the 

development of Next-Generation Sequencing and subsequent bioinformatics and 

biostatistics. NGS is a wonderful tool that has allowed biology to enter a whole new 

era. However, it seems that the advent of these new approaches has been so rapid 

that researchers are currently drowning in an unfathomable amount of information and 

a ridiculously large sea of possible analytical methods. Information is often analysed 

without really thinking about how, why and how to do it properly. Hopefully, with the 

democratisation of these approaches, there will be a greater awareness of these 

problems and a real envy of the learning and development of this research in the right 

way. 
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Future prospects 

We have now established a DNA repository of the seasonal succession of the 

microbial plankton community of Lake Constance. This DNA bank covering Lower 

Lake Constance (2018-2019) and Upper Lake Constance (2018-present) is accessible 

for many kind of analyses. Climate change and anthropogenic activities will continue 

to alter our environment, either through acute disturbances such as increased 

occurrence of extreme weather events, or through chronic disturbances such as 

nutrient runoff. Such repositories can be used as data to feed and train models, 

thereby increasing their predictive power. The HMSC-based model used in Chapter 

IV to model the temporal dynamics of the microbial plankton community could be 

applied to the multi-year data set. By incorporating a difference between strong and 

weak vertical mixing and an emphasis on the cyanobacterial community for the model 

predictive power, the prediction of future community dynamics would increase. Re-

analysis of the DNA bank by metagenomics would provide the community taxonomy 

and genomic capabilities of the species. Physiological and metabolic capabilities 

inferred from the metagenome could be incorporated into HMSC models, providing a 

correlation between environmental factors and metabolic capabilities, a correlation 

that could later be tested in laboratory after isolating microbial plankton species. 

Observations from the models could lead to laboratory experiments to confront 

the observations. The important role of parasitic fungi in the microbial plankton 

community via the mycoloop is relatively new, Google scholar only giving 303 results, 

and represent an exciting field of work to pursue if fungi could be isolated from Lake 

Constance. The model found a high number of Actinobacteria associations and since 

their isolation from freshwater environments is now possible, a whole new avenue of 

experiments opens up as a huge amount of correlative information is available on this 

phylum and needs to be confronted with experimental data. Our studies focused on 

the microbial plankton community of the epilimnion of the lake. However, some 

species live at specific depths within this zone, depending on their pigment 

composition or environmental conditions, such as the hypoxic zone in the Lower Lake 

Constance. A vertical transect of the epilimnion when pigment peaks are observed or 

during the hypoxic event would give a more accurate resolution of the microbial 

plankton community.
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Record of achievement 

Chapter I 

Eva Riehle did the toxin extraction and analysis, the DNA extraction, qPCR and RT-
PCR with Sanger sequencing and the evaluation of the Moldaenke probe data.  

I did the DNA library preparation for amplicon sequencing, the bioinformatic and 
biostatistics of the sequencing data and the phylogenetic analysis. 

This study is a shared first co Authorship between Eva Riehle and I. Manuscript writing 
was done evenly by both. 

Manuscript revision was done by Prof. Dr. David Schleheck and Prof. Dr. Daniel 
Dietrich.  

Chapter II 

Prof. Dr. David Schleheck designed and built the flowmeter device and wrote its 
program.  

Alexander Fiedler worked as a Hiwi student. He participated to the calibration of the 
flowmeter device and corrected some part of the program in accordance.  

I did the water sampling, DNA extraction, DNA library preparation, bioinformatic and 
biostatistics data treatment. 

Manuscript was written by me. 

Manuscript revision was done by Prof. Dr. David Schleheck. 

Chapter III 

I did the water sampling, DNA extraction and DNA library preparation, bioinformatic 
treatment and biostatistics analysis. 

Manuscript was written by me. 

Manuscript revision were done by David Schleheck. 

Chapter IV 

I did the water sampling, DNA extraction and DNA library preparation, bioinformatic 
treatment and biostatistics analysis. 

Manuscript was written by me. 

Manuscript revision were done by Dr. Laura Epp. 
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Supplementary Files 

Chapter I: Are toxin-producing Planktothrix spp. an emerging 

species in Lake Constance? 

 

 

Figure SI.2: Relative abundance of Planktothrix spp. as determined by quantitative PCR. A Planktothrix 

16S rDNA gene fragment and a mcyBA1 domain were detected using the primer pairs from Ostermaier 

et al.. 2009 and analysed as described in Materials and Methods section. Squares represent relative 

abundance of Planktothrix-specific 16S rDNA gene fragments and triangles represent Planktothrix-

specific mcyBA1. which amplified the first adenylation domain of mcyB. one part of the microcystin gene 

cluster (Ostermaier and Kurmayer 2009). 2019 data are represented as single determinations. while 

2020 data are represented as mean of biological triplicates (n = 3) ± SEM. 

 

  

Figure SI.1: Representative illustration of the different coloration of glass fiber filters loaded with 

biomass collected from chlorophyll-a maximum (left) and DRM (right). Two liters of water taken at 4 

m or 20 m water depth, respectively, were filtered through GF6 filters. The samples were taken on 

June 9th, 2021. 
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Figure SI.3: Localization of the study site in the Überlingen embayment of Lake Constance. The 

map was modified using the online tool UDO and is courtesy of LUBW Baden-Wuerttemberg [2]. 

The study site and the corresponding coordinates (47.757°N 9.1273°E) are indicated on the map.  
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Figure SI.4: Detailed analysis of weather data in 2019. A: 3D plot of cryptophyta content (µg/L) 

from Jan-Dec of 2019, DRM is indicated by asterisk and marks the depth of maximal red pigment 

abundance (FluoroProbe ‘cryptophyta’ abundance, see main text); B: detailed analysis of 

07/01/2019 FluoroProbe data, green bar indicates Secchi depth, red dotted bar indicates DRM 

depth; C: weather datasets six weeks prior and two weeks after the peak of red pigment abundance, 

including wind speed (m/s, black dotted line), mean temperature (°C, red line) and precipitation 

(mm, blue bars); D: radiation datasets six weeks prior and two weeks after July 1st, 2019 including 

diffuse (cyan line) and global radiation (black line, J/cm2) and daily sunshine (h, pink dotted line). 

Chocolate colored bars in C and D indicate July 1st and the peak in cryptophyta concentration, stable 

weather period is indicated as black bar from June 17th to June 30th, 2019. 
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Figure SI.5: Depth-profiles recorded with the FluoroProbe from 2009-2020. Shown are the 

FluoroProbe profiles for ‘cryptophyta’ abundance recorded as proxy of red-pigment abundance in 

the water column from 0-40 m depth at the routine sampling site ‘Wallhausen’ in the Lake Überlingen 

embayment of Upper Lake Constance. Coordinates of the routine sampling site, 47.7571°N 

9.1273°E. Note that in this figure the dates follow American-style date format. 
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Figure SI.6: Mean wind speed and directions at three measurement locations near the study site. 

A: Illmensee wind station, B: Pfullendorf LUBW station, C: Singen LUBW station. Source: LUBW 

Baden-Wuerttemberg. 

Figure SI.7: Overview map of mean wind speeds around the study site (47.757°N 9.1273°E). Data 

are courtesy of LUBW Baden-Wuerttemberg. 
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Table SI.1: Assignment of ASVs with SILVA and Greengenes databases 
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Table SI.2a: NCBI megablast results for Cyanobium gracile / Synechococcus rubescens 

affiliated sequences from 2019 
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Table S2b: NCBI megablast results for Cyanobium gracile / Synechococcus rubescens affiliated 

sequences from 2020 
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Table SI.3a: Conover-Iman test on Synechococcus ASVs of 2019: Conover-Iman False Discovery 

rate results after Benjamini Yekutieli p-value correction for multiple comparisons between the main 

Synechococcus ASVs of 2019 presented in the article in Fig. I.4A and I.4B.  

 

 

Table SI.3b: Conover-Iman test on Synechococcus ASVs of 2020: Conover-Iman False Discovery 

rate results after Benjamini Yekutieli p-value correction for multiple comparisons between the main 

Synechococcus ASVs of 2020 presented in the article in Fig. I.4C and I.4D.  
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Table SI.4a: Relative abundance of Synechococcus ASVs in 2019: Relative abundance in 

percentage of the main Synechococcus taxa presented in Fig. I.4 in 2019. The color scheme is 

equivalent of what is represented in the heatmap in Fig. I.4A on the Log10 transformed data. 

 

 

Table S4b: Relative abundance of Synechococcus ASVs in 2020: Relative abundance in 

percentage of the main Synechococcus taxa presented in Fig. I.4 in 2020. The color scheme is 

equivalent of what is represented in the heatmap in Fig. I.4C on the Log10 transformed data. 
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Chapter II: Description of a “plankton filtration bias” and of an 

Arduino microcontroller-based flowmeter device that can help to 

resolve it  

  

Figure SII.2: Eigenvalue of Principal Coordinate Analysis axis. Percentage of explanation of 

each axis of the PCoA. A: Axis of PCoA Figure.II.4. of the first experiment. B: Axis of PCoA 

Figure.II.9. of the second experiment. 

A

B

Figure SII.1: Rarefaction curve of the samples of experiment 1 (A) and 2 (B). X-axis: number 

of sub-sampled sequences. Y-axis: number of detected ASVs 
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Figure SII.3: Taxa that have their relative abundance significatively impacted by the filtration 

bias. A: Family/Lineage taxonomic rank, B: Order taxonomic rank, C: Class taxonomic rank 

Colours indicate the different Volumes/Conditions. The relative abundance is expressed as the 

mean of the percentage of the proportion of reads affiliated to the taxa of the condition´s replicates. 

Error bars represent the standard deviation as a measure of the dispersion of the relative abundance 

between replicates. Note the variation of y axis scales. 
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Figure SII.4: Comparison of taxa with their relative abundance significatively change for the 

fixed volume condition and not for the flowrate filtration device. A: Family affiliated phylotype 

taxonomic rank, B: Order taxonomic rank, C: Class taxonomic rank. Colours indicate the different 

conditions. The relative abundance is expressed as the mean of the percentage of the proportion of 

reads affiliated to the taxa of the condition´s replicates. Error bars represent the standard deviation 

as a measure of the dispersion of the relative abundance between replicates. Statistical significance 

is flagged with one star (*). Note the variation of y axis scales.  
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Table SII.1: Taxa with relative abundance significatively impacted by the filtration bias 

introduce by the different volume of water filtrated in the first experiment using EdgeR 

Taxonomy logFC logCPM F p-value FDR 

Phylum 

Bacteroidetes -0.47 17.79 18.44 0.00 0.00 

Actinobacteria 0.46 18.61 12.90 0.00 0.01 

Class 

Bacteroidia -0.51 17.89 17.73 0.00 0.00 

Actinobacteria 0.49 17.79 15.89 0.00 0.00 

Holophagae -0.58 13.09 15.65 0.00 0.00 

Acidimicrobiia 0.40 17.73 10.91 0.00 0.01 

Oxyphotobacteria 0.32 16.54 7.60 0.01 0.04 

Bacilli -6.11 7.52 7.00 0.01 0.05 

Order 

Flavobacteriales -0.69 16.73 32.75 0.00 0.00 

Frankiales 0.53 17.75 19.42 0.00 0.00 

Sphingobacteriales -0.46 15.04 14.79 0.00 0.00 

Microtrichales 0.45 17.71 13.96 0.00 0.00 

Holophagales -0.53 13.09 11.69 0.00 0.01 

Pedosphaerales -0.74 11.68 11.52 0.00 0.01 

Synechococcales 0.38 16.52 9.97 0.00 0.02 

Rhizobiales 0.50 12.73 9.00 0.00 0.03 

Family/Lineage 

bacV -0.81 15.90 30.61 0.00 0.00 

Ilumatobacteraceae 0.72 13.17 22.48 0.00 0.00 

Cryomorphaceae -0.64 13.22 21.04 0.00 0.00 

bacVI -0.53 13.65 17.14 0.00 0.01 

acI 0.53 17.65 15.40 0.00 0.01 

acIV 0.43 17.67 13.78 0.00 0.02 

Pedosphaeraceae -0.74 11.70 13.69 0.00 0.02 

env.OPS 17 -0.51 13.47 13.52 0.00 0.02 

bacII -0.56 14.35 13.33 0.00 0.02 

Holophagaceae -0.54 13.11 12.13 0.00 0.02 

NS11-12 marine group -0.61 12.64 11.76 0.00 0.02 

acTH1 0.56 13.04 11.70 0.00 0.02 

Beijerinckiaceae 0.64 12.45 10.84 0.00 0.03 

Sporichthyaceae 0.74 12.48 10.81 0.00 0.03 
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Table SII.1: Taxa with relative abundance significatively impacted by the filtration bias 

introduce by the different volume of water filtrated in the first experiment using EdgeR 

Taxonomy logFC 
logCP

M 
F 

p-
value 

FDR 

ASV 

detes; Bacteroidia; Flavobacteriales; bacV;  
unclassified; unclassified; ASV847 

-1.00 14.60 137.97 0.00 
0.0
0 

Bacteroidetes; Bacteroidia; Flavobacteriales; bacV;  
unclassified; unclassified; ASV857 

-0.83 14.82 122.06 0.00 
0.0
0 

Actinobacteria; Actinobacteria; Frankiales; acI;  
acI-B; acI-B1; ASV244 

0.40 15.96 118.95 0.00 
0.0
0 

Actinobacteria; Acidimicrobiia; Microtrichales; acIV;  
acIV-A; Iluma-A1. ASV121 

0.29 16.28 94.53 0.00 
0.0
0 

Bacteroidetes; Bacteroidia; Chitinophagales; bacI;  
bacI-A; bacI-A1. ASV703 

-0.47 14.71 34.30 0.00 
0.0
0 

Actinobacteria; Actinobacteria; Frankiales; acI;  
acI-A; acI-A7; ASV215 

0.42 14.55 22.76 0.00 
0.0
0 

Actinobacteria; Acidimicrobiia; Microtrichales; acIV;  
acIV-A; Iluma-A2; ASV154 

0.22 15.46 19.47 0.00 
0.0
0 

Actinobacteria; Actinobacteria; Frankiales; acI;  
acI-A; acI-A6. ASV236 

0.48 14.12 17.38 0.00 
0.0
0 

Actinobacteria; Actinobacteria; Frankiales; acI;  
acI-B; acI-B1; ASV250 

0.49 14.09 17.25 0.00 
0.0
0 

Cyanobacteria; Oxyphotobacteria; Synechococcales; 
Cyanobiaceae; Cyanobium PCC-6307; ASV15 

-8.08 9.05 16.83 0.00 
0.0
0 

Acidobacteria; Holophagae; Holophagales; 
Holophagaceae;  

marine group; uncultured bacterium; ASV4 
-7.82 8.82 14.10 0.00 

0.0
2 

Bacteroidetes; Bacteroidia; Flavobacteriales; 
Cryomorphaceae; uncultured; uncultured bacterium; 

ASV788 
-0.79 13.10 13.63 0.00 

0.0
2 

Proteobacteria; Gammaproteobacteria; 
Betaproteobacteriales; betI; betI-A; unclassified; 

ASV353 
-7.68 8.71 12.88 0.00 

0.0
2 

Proteobacteria; Gammaproteobacteria; 
Betaproteobacteriales; betI; betI-B; Rhodo; ASV319 

-3.48 10.27 12.72 0.00 
0.0
2 

Actinobacteria; Actinobacteria; Frankiales; acI;  
acI-A; acI-A7; ASV217 

2.99 10.59 11.74 0.00 
0.0
4 
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Table SII.2: Taxa having their relative abundance significatively changed by the difference of 

microbial plankton density in the fixed volume conditions of the second experiment using 

EdgeR 

Taxonomy logFC logCPM F PValue FDR 

Phylum 

Actinobacteria -0.44 17.80 15.44 0.00 0.01 

Bacteroidetes 0.38 18.08 10.46 0.00 0.02 

Planctomycetes 0.36 13.76 8.69 0.01 0.03 

Class 

Phycisphaerae 0.48 13.24 11.20 0.00 0.03 

Bacteroidia 0.43 18.07 10.82 0.00 0.03 

Acidimicrobiia -0.42 15.70 9.77 0.00 0.03 

Actinobacteria -0.38 17.41 8.97 0.00 0.03 

Family/Lineage 

acI -0.59 17.40 16.87 0.00 0.02 

acIV -0.60 15.80 16.71 0.00 0.02 

bacV 0.47 13.58 13.75 0.00 0.03 

Flavobacteriaceae 0.44 14.80 12.54 0.00 0.04 

ASV 

Actinobacteria; Actinobacteria; 
Frankiale; acI; acI-A; ASV215 

-0.45 15.10 23.08 0.00 0.048 

Actinobacteria; Actinobacteria; 
Frankiale; acI; acI-A; ASV236 

-0.57 14.50 22.80 0.00 0.048 
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Chapter III: Nano- and pico-plankton succession in Upper and 

Lower Lake Constance followed by 18S and 16S rDNA amplicon 

sequencing: Same seasonal dynamics but different communities 

Table SIII.1: Date of sampling campaign by sampling sites. 

 

  

Sampling date 

Seasons 
ULC LLC 

 
13.03.2018 15.03.18 Winter  

27.03.2018 29.03.18 Spring  

10.04.2018 14.04.18 Spring  

27.04.2018 26.04.18 Spring  

08.05.2018 09.05.18 Spring  

22.05.2018 24.05.18 Spring  

05.06.2018 07.06.18 Spring  

19.06.2018 21.06.18 Summer  

03.07.2018 05.07.18 Summer  

17.07.2018 19.07.18 Summer  

31.07.2018 02.08.18 Summer  

14.08.2018 16.08.18 Summer  

28.08.2018 30.08.18 Summer  

11.09.2018 13.09.18 Summer  

21.09.2018 01.10.18 Autumn  

09.10.2018 11.10.18 Autumn  

23.10.2018 25.10.18 Autumn  

06.11.2018 08.11.2018 Autumn  

22.11.2018 20.11.2018 Autumn  

04.12.2018 06.12.2018 Autumn  

18.12.2018 20.12.2018 Autumn  

11.01.2019 10.01.2019 Winter  

29.01.2019 31.01.2019 Winter  

12.02.2019 14.02.20199 Winter  

26.02.2019 27.02.2019 Winter  

12.03.2019 19.03.2019 Winter  
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Table SIII.2: Average total relative abundance of the main phyla composing the three plankton 

community calculated in the full dataset. 

  

Size class Microplankton Phyla 

Relative abundance  
(%) 

Relative 
abundance (%) 

ULC LLC 

180 - 5 µm 18S-NP 

Ciliophora 41.23 41.02 41.13 

Myzozoa 19.63 10.85 15.24 

Bacillariophyta 16.95 12.29 14.62 

Ochrophyta 7.04 13.14 10.09 

Cryptophyta 2.52 6.73 4.63 

Cercozoa  3.14 5.34 4.24 

Chlorophyta  4.42 3.44 3.93 

5 - 0.2 µm 

18S-PP 

Cryptophyta 17.32 23.9 20.61 

Ciliophora 16.73 14.74 15.74 

Myzozoa 15.96 11.31 13.63 

Ochrophyta 16.97 9.47 13.22 

Haptophyta 7.38 11.01 9.2 

Cercozoa  7.59 7.46 7.53 

Chlorophyta  3.78 6.55 5.17 

16S-PP 

Actinobacteria 43.62 47.1 45.36 

Bacteroidota 21.96 26.54 24.25 

Proteobacteria 14.52 15.68 15.1 

Cyanobacteria 11.13 5.53 8.33 

Planctomycetes 2.55 1.49 2.02 

Chloroflexi 1.74 1.12 1.43 

Verrucomicrobia  1.14 1.4 1.27 

Acidobacteria  1.94 0.31 1.13 

 

Microbial 

plankton 
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Table SIII.3: Number of unique ASVs and their minimal and maximal relative abundance at a 

specific date grouped by phyla and sampling site. ULC: upper lake Constance. LLC: lower lake 

Constance. Relative abundance is calculated in percentage of the total plankton community.  

 

  

Size class Microplankton Seasons 
Sampling 

site  

Number of differentially abundant taxa 

ASVs Family Order Class Phyla 

180 - 5 µm 18S-NP 

Winter 
ULC 11 1 1 1 1 

LLC 0 0 0 0 0 

Spring 
ULC 12 3 3 1 1 

LLC 2 0 0 0 0 

Summer 
ULC 7 1 2 0 1 

LLC 9 0 1 0 0 

Autumn 
ULC 7 2 3 1 2 

LLC 9 2 2 2 1 

5 - 0.2 µm 

18S-PP 

Winter 
ULC 7 2 2 0 0 

LLC 6 1 0 1 0 

Spring 
ULC 0 0 0 0 0 

LLC 4 0 0 0 0 

Summer 
ULC 4 1 1 1 1 

LLC 11 0 0 0 0 

Autumn 
ULC 0 0 0 0 0 

LLC 13 0 0 0 0 

16S-PP 

Winter 
ULC 65 14 9 5 2 

LLC 45 16 14 8 4 

Spring 
ULC 0 1 1 0 0 

LLC 6 2 1 0 0 

Summer 
ULC 0 1 1 0 0 

LLC 7 0 0 0 0 

Autumn 
ULC 12 1 0 0 0 

LLC 17 2 1 0 0 

 

Size class Mixeplankton Phyla  
Sampling 

site  
ASV 

number  

Relative abundance 
(%)  

Minimal  Maximal 

180 - 5 µm 18S-NP 

Myzozoa 
ULC 98 0.24 17.51 

LLC 66 0.02 7.08 

Ochrophyta 
ULC 50 0.02 4.89 

LLC 77 0.11 4.21 

Ciliophora 
ULC 59 0.1 7.43 

LLC 71 0.14 7.5 

Cercozoa 
ULC 31 0 2.51 

LLC 44 0.04 8.28 

Blastocladiomycota 
ULC 18 0 3.36 

LLC 10 0 0.79 

Chlorophyta 
ULC 12 0 0.42 

LLC 85 0.13 9.72 

5 - 0.2 µm 

18S-PP 

Myzozoa 
ULC 123 0.58 23.36 

LLC 93 0.1 12.05 

Ochrophyta 
ULC 107 0.41 11.43 

LLC 143 0.26 6.92 

Ciliophora 
ULC 42 0.05 3.42 

LLC 69 0.5 3.73 

Blastocladiomycota 
ULC 16 0 2.68 

LLC 6 0 0.64 

Chlorophyta 
ULC 18 0.01 0.94 

LLC 76 0.21 6.29 

Choanozoa 
ULC 21 0 9.26 

LLC 63 0.01 2.39 

Bigyra 
ULC 11 0 0.7 

LLC 93 0.16 9.44 

16S-PP 

Acidobacteriota  
ULC 35 0 3.08 

LLC 3 0 0.14 

Actinobacteriota  
ULC 22 0 0.6 

LLC 35 0.05 1 

Bacteroidota  
ULC 41 0.09 3.88 

LLC 123 0.12 5.52 

Cyanobacteria  
ULC 4 0 0.05 

LLC 7 0 2.94 

Proteobacteria  
ULC 126 0.1 4.48 

LLC 206 0.23 6.69 

Verrucomicrobiota  
ULC 20 0.01 0.72 

LLC 29 0.07 1.16 

 

Microbial 

plankton 
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Table SIII.4: Number of taxa differentially abundant at the taxonomic rank tested. Results are 

separated by plankton type, season and by sampling site. 

 

  

Size class Microplankton Seasons 
Sampling 

site  

Number of differentially abundant taxa 

ASVs Family Order Class Phyla 

180 - 5 µm 18S-NP 

Winter 
ULC 11 1 1 1 1 

LLC 0 0 0 0 0 

Spring 
ULC 12 3 3 1 1 

LLC 2 0 0 0 0 

Summer 
ULC 7 1 2 0 1 

LLC 9 0 1 0 0 

Autumn 
ULC 7 2 3 1 2 

LLC 9 2 2 2 1 

5 - 0.2 µm 

18S-PP 

Winter 
ULC 7 2 2 0 0 

LLC 6 1 0 1 0 

Spring 
ULC 0 0 0 0 0 

LLC 4 0 0 0 0 

Summer 
ULC 4 1 1 1 1 

LLC 11 0 0 0 0 

Autumn 
ULC 0 0 0 0 0 

LLC 13 0 0 0 0 

16S-PP 

Winter 
ULC 65 14 9 5 2 

LLC 45 16 14 8 4 

Spring 
ULC 0 1 1 0 0 

LLC 6 2 1 0 0 

Summer 
ULC 0 1 1 0 0 

LLC 7 0 0 0 0 

Autumn 
ULC 12 1 0 0 0 

LLC 17 2 1 0 0 

 

Microbial 

plankton 
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Figure SIII.1: Dendrogram presenting the similarity between samples constituting the 18S-

NP dataset sequenced by two independent sequencing runs. The top panel correspond to ULC 

and bottom panel LLC. Most of the samples are clustering closely to their equivalent from the other 

sequencing run and almost no single samples can be observed, indicating homogeneity of 

sequencing between the two runs. Each sample is named twice in the dendrogram, one for each 

sequencing run. The colors correspond to the seasons, representing the seasonality and visualizing 

if samples are not homogenous.  

ULC 

LLC 
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Figure SIII.2: Dendrogram presenting the similarity between samples constituting the 18S-

PP dataset sequenced by two independent sequencing runs. The top panel correspond to ULC 

and bottom panel LLC. Most of the samples are clustering closely to their equivalent from the other 

sequencing run and almost no single samples can be observed, indicating homogeneity of 

sequencing between the two runs. Each sample is named twice in the dendrogram, one for each 

sequencing run. The colors correspond to the seasons, representing the seasonality and visualizing 

if samples are not homogenous.  

ULC 

LLC 
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Figure SIII.3: Dendrogram presenting the similarity between samples constituting the 16S-

PP dataset sequenced by two independent sequencing runs. The top panel correspond to ULC 

and bottom panel LLC. Most of the samples are clustering closely to their equivalent from the other 

sequencing run and almost no single samples can be observed, indicating homogeneity of 

sequencing between the two runs. Each sample is named twice in the dendrogram, one for each 

sequencing run. The colors correspond to the seasons, representing the seasonality and visualizing 

if samples are not homogenous.  

ULC 

LLC 
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1 S NP
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16S PP

Figure SIII.4: Simpson 

diversity index diversity 

calculated per sampling 

site and across the 

sampling dates. The purple 

lines correspond to the Upper 

Lake Constance (ULC) and 

the gold lines correspond to 

the Lower Lake Constance 

(LLC) sampling site. The 

upper panel (A) shows the 

indices for the eukaryotic 

nanoplankton (18S-NP 

dataset), the central panel (B) 

for the eukaryotic 

picoplankton (18S-PP 

dataset) and the lower panel 

(C) for the prokaryotic 

picoplankton (16S-PP 

dataset). The x-axis 

represents the different 

seasons (for exact sampling 

dates, please see Table 

SIII.1). Note that the y-axes 

have different scale for each 

of the three graphs. 
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Figure SIII.5: Observed 

ASVs diversity calculated 

per sampling site and 

across the sampling dates. 

The purple lines correspond to 

the Upper Lake Constance 

(ULC) and the gold lines 

correspond to the Lower Lake 

Constance (LLC) sampling 

site. The upper panel (A) 

shows the indices for the 

eukaryotic nanoplankton 

(18S-NP dataset), the central 

panel (B) for the eukaryotic 

picoplankton (18S-PP 

dataset) and the lower panel 

(C) for the prokaryotic 

picoplankton (16S-PP 

dataset). The x-axis 

represents the different 

seasons (for exact sampling 

dates, please see Table 

SIII.1). Note that the y-axes 

have different scale for each of 

the three graphs. 
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Figure SIII.6: Pielou 

evenness index diversity 

calculated per sampling site 

and across the sampling 

dates. The purple lines 

correspond to the Upper Lake 

Constance (ULC) and the gold 

lines correspond to the Lower 

Lake Constance (LLC) 

sampling site. The upper panel 

(A) shows the indices for the 

eukaryotic nanoplankton (18S-

NP dataset), the central panel 

(B) for the eukaryotic 

picoplankton (18S-PP dataset) 

and the lower panel (C) for the 

prokaryotic picoplankton (16S-

PP dataset). The x-axis 

represents the different 

seasons (for exact sampling 

dates, please see Table SIII.1). 

Note that the y-axes have 

different scale for each of the 

three graphs. 
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Figure SIII.7: Temporal dynamic of the microplankton community observed in ULC and LLC 

independently. Dissimilarity matrix calculated based on the phylogenetic isometric log-ratio (PhilR) 

transformed Euclidean distance matrix and visualize by Principal Component Analysis (PCA).  

Colors indicate the seasons. The top panels (AB) show the data for the eukaryotic nanoplankton 

(18S-NP). The centrals panel (CD) show the data for the eukaryotic picoplankton (18S-PP). The 

lower panels (EF) show the data for the prokaryotic picoplankton (16S-PP). The right panels (A - C 

- E) show the ULC temporal biodiversity and the left panels (B - D - F) show the LLC temporal 

biodiversity. 
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A

B

C

1 S NP

1 S PP

16S PP

Figure SIII.8: Procrustes analysis visualization 

of the nano- and picoplankton temporal 

biodiversity dynamic between ULC and LLC. 

Dissimilarity matrix calculated based on the 

phylogenetic isometric log-ratio (PhilR) 

transformed Euclidean distance matrix and 

visualize by Principal Component Analysis (PCA). 

The top panel (A) shows the data for the 

eukaryotic nanoplankton (18S-NP). The central 

panel (B) shows the data for the eukaryotic 

picoplankton (18S-PP). The lower panel (C) 

shows the data for the prokaryotic picoplankton 

(16S-PP). Colors indicate the seasons. Square 

represent ULC samples and circle represent LLC 

samples. Segment connecting points indicates 

which samples from ULC dataset correspond to 

the samples in the LLC dataset. Each three 

plankton showed high concordance of temporal 

dynamic between ULC and LLC 
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Figure SIII.9: Temporal relative abundance dynamic of the total 18S-NP community at the 

phylum taxonomic rank. Y-axis represent the relative abundance in percentage and x-axis 

represent the temporality with the different seasons. The panel A correspond to the community 

composition of ULC and panel B correspond to the community composition of LLC. Colors 

correspond to the phylum and the color pattern between 18S-NP and 18S-PP dataset (Figure SIII.9 

and Figure SIII.10) is the same. 

Spring Summer Autumn Winter

A

B
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Figure SIII.10: Temporal relative abundance dynamic of the total 18S-NP community at the 

phylum taxonomic rank. Y-axis represent the relative abundance in percentage and x-axis 

represent the temporality with the different seasons. The panel A correspond to the community 

composition of ULC and panel B correspond to the community composition of LLC. Colors 

correspond to the phylum and the color pattern between 18S-NP and 18S-PP dataset (Figure SIII.9 

and Figure SIII.10) is the same. 

Spring Summer Autumn Winter

A

B
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Spring Summer Autumn Winter

A

B

Figure SIII.11: Temporal relative abundance dynamic of the total 16S-PP community at the 

phylum taxonomic rank. Y-axis represent the relative abundance in percentage and x-axis 

represent the temporality with the different seasons. The panel A correspond to the community 

composition of ULC and panel B correspond to the community composition of LLC. Colors 

correspond to the phylum. 
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Figure SIII.12: Relative abundance temporal variation of the 18S-NP unique ASVs affiliated 

to Ochrophyta. Each line represented a single ASV. ASVs are colored by family taxonomic 

affiliation. The panel A correspond to ULC and panel B correspond to LLC 

AutumnSpring Summer Winter
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Figure SIII.13: Relative abundance temporal variation of the 18S-PP unique ASVs affiliated 

to Myzozoa. Each line represented a single ASV. ASVs are colored by family taxonomic 

affiliation. The panel A correspond to ULC and panel B correspond to LLC 

AutumnSpring Summer Winter
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Figure SIII.14: Relative abundance temporal variation of the 16S-PP unique ASVs affiliated 

to Proteobacteria. Each line represented a single ASV. ASVs are colored by family taxonomic 

affiliation. The panel A correspond to ULC and panel B correspond to LLC The unique ULC and 

LLC proteobacteria community were composed of a high number of ASVs (Table SIII.3) affiliated to 

a total of 71 families. For a better visualization, a filtration of the ASVs not presenting a relative 

abundance above 0.2 at one time point was applied  

Spring Summer Autumn WinterAutumnSpring Summer Winter

AutumnSpring Summer Winter

Family/Lineage

AutumnSpring Summer Winter

Spring Summer Autumn Winter
AutumnSpring Summer Winter

AutumnSpring Summer Winter

Family/Lineage

Figure SIII.15: Relative abundance temporal variation of the 16S-PP unique ASVs affiliated 

to Bacteroidota. Each line represented a single ASV. ASVs are colored by family taxonomic 

affiliation. The panel A correspond to ULC and panel B correspond to LLC  
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Chapter IV: Lake Constance microbial plankton dynamic is heavily 

impacted by the vertical mixing and ASVs associations: a Joint 

species distribution modelling approach 

 

  

Figure SIV.1: Rarefaction curve of the samples. X-axis indicate the number of sub-samples reads 

randomly chosen and y-axis the number of unique ASVs detected. The minimum number of reads 

in a sample is 28540, which is enough to capture the majority of the sequence ASVs in our samples 

as all samples are close or reach a plateau phase. 
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A

B

Figure SIV.5: Boxplot of the potential scale reduction factor of the Beta 

(A) and Omega (B) parameters. Red dot indicates the average 
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A

B

Figure SIV.6: Boxplot of the effective sample size of the Beta (A) 

and Omega (B) parameters. Red dot indicates the average 
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Bacterioplankton Microeukaryote

Probit

Lognormal

A B

C D

Figure SIV.7: variance partitioning of bacterioplankton (A-C) and microeukaryote (B-D) 

community composition of the probit (A-B) and the Lognormal models (C-D) ordered by 

descending seasonality proportion. The barplot represent the proportion of variance 

explained by each variable (y axis) for each ASVs (x axis). The fixed factors comprise the 

sequencing depth and the seasonality (Seasons and cold-water mixing) and the species-to-

species association is represented by the random. ASVs order is not the same between the 

probit and lognormal model for the bacterioplankton and microeukaryote. ASVs are ordered 

based on the proportion of variance explained by the time random factor.  
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U_52 18 239 06.11.2018 

U_53 18 239 06.11.2018 

U_54 18 239 06.11.2018 

U_55 19 255 22.11.2018 

U_57 19 255 22.11.2018 

U_58 20 267 04.12.2018 

U_59 20 267 04.12.2018 

U_60 20 267 04.12.2018 

U_61 21 281 18.12.2018 

U_62 21 281 18.12.2018 

U_63 21 281 18.12.2018 

U_65 22 305 11.01.2019 

U_66 22 305 11.01.2019 

U_67 23 323 29.01.2019 

U_69 23 323 29.01.2019 

U_70 24 337 12.02.2019 

U_71 24 337 12.02.2019 

U_72 24 337 12.02.2019 

U_73 25 351 26.02.2019 

U_74 25 351 26.02.2019 

U_75 25 351 26.02.2019 

U_76 26 365 12.03.2019 

U_77 26 365 12.03.2019 

U_78 26 365 12.03.2019 

 

id replicat time date 

U_1 1 1 13.03.2018 

U_3 1 1 13.03.2019 

U_4 2 15 27.03.2018 

U_5 2 15 27.03.2019 

U_6 2 15 27.03.2020 

U_7 3 29 10.04.2018 

U_8 3 29 10.04.2019 

U_9 3 29 10.04.2020 

U_10 4 46 27.04.2018 

U_13 5 57 08.05.2018 

U_14 5 57 08.05.2019 

U_15 5 57 08.05.2020 

U_16 6 71 22.05.2018 

U_17 6 71 22.05.2019 

U_18 6 71 22.05.2020 

U_19 7 85 05.06.2018 

U_20 7 85 05.06.2019 

U_21 7 85 05.06.2020 

U_22 8 99 19.06.2018 

U_23 8 99 19.06.2019 

U_24 8 99 19.06.2020 

U_25 9 113 03.07.2018 

U_26 9 113 03.07.2019 

U_27 9 113 03.07.2020 

U_28 10 127 17.07.2018 

U_29 10 127 17.07.2019 

U_30 10 127 17.07.2020 

U_31 11 141 31.07.2018 

U_32 11 141 31.07.2019 

U_34 12 155 14.08.2018 

U_35 12 155 14.08.2019 

U_36 12 155 14.08.2020 

U_37 13 169 28.08.2018 

U_38 13 169 28.08.2019 

U_40 14 183 11.09.2018 

U_41 14 183 11.09.2019 

U_42 14 183 11.09.2020 

U_43 15 193 21.09.2018 

U_44 15 193 21.09.2019 

U_45 15 193 21.09.2020 

U_46 16 211 09.10.2018 

U_48 16 211 09.10.2018 

U_49 17 225 23.10.2018 

U_50 17 225 23.10.2018 

U_51 17 225 23.10.2018 

Table SIV.1: Study design oof the HMSC model 

pipeline with the sample id (id), replicates per 

sample date (replicat) time used as a latent 

variable for the ASVs associations (time) and 

sampling date (date). The time variable used as 

latent variable for the ASVs associations represent 

the day of sampling with the first sampling date as the 

original one.  
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Table SIV.2: total number of reads after the major bioinformatic and biostatistics steps for the 

two independent sequencing run in the three first steps and then merged together. Raw paired 

end reads correspond to the number of reads after merging of the forward and reverse sequences. 

Denoised is the number of reads after filtration and denoising performed by dada2. Non chimeric is the 

final number of reads after the chimera detection performed by dada2. Filtration of the low abundant 

ASVs indicate the number of reads left after keeping only ASVs with a relative abundance (in 

percentage) above 0.5% in at least 20% of the samples and correspond to the total number of reads 

that was used to perform the analysis. 

 

  

 Raw paired 
end merged 

Denoised 
Non 

chimeric 
Sequencing run 

merge 
Filtration low 

abundant ASVs 

Bacterioplankton 
2673067 1410919 1398600 

4487577 3581517 
4828422 3218032 3065075 

Microeukaryote 
4588482 4490502 4317695 

8055908 4865859 
3946453 3870588 3738213 
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Table SIV.3: Percentage of associations associated to each phylum by models with their total 

relative abundance and richness (number of ASVs associated to the phylum) 

Phylum 
NULL FULL 

relative abundance richness 
Probit Lognormal Probit Lognormal 

Acidobacteriota 1.79 1.25 2.31 1.58 0.99 14 

Actinobacteriota 2.65 11.56 2.20 11.99 25.97 62 

Armatimonadota 0.13 N/A 0.07 N/A 0.01 1 

Bacteroidota 11.48 10.29 11.74 9.79 12.56 112 

Bdellovibrionota 0.21 0.10 0.25 0.10 0.04 1 

Cercozoa 4.01 4.31 4.14 4.54 3.46 48 

Chloroflexi 0.69 1.32 0.83 1.59 0.96 7 

Chlorophyta 3.61 3.36 3.49 3.77 1.35 34 

Choanoflagellida 1.38 1.49 1.07 0.82 0.68 17 

Chrompodellids 0.46 0.33 0.74 0.20 0.17 6 

Ciliophora 16.48 12.53 16.57 12.61 8.13 156 

Cryptophyta 3.35 2.95 3.19 2.43 5.72 29 

Cyanobacteria 0.53 1.80 0.28 1.48 6.51 13 

Dependentiae N/A 0.08 N/A 0.09 0.03 1 

Desulfobacterota 0.11 0.00 0.14 N/A 0.02 1 

Dinoflagellata 10.02 7.78 9.77 7.88 4.26 98 

Fungi 3.00 2.44 3.09 2.44 0.75 32 

Gemmatimonadota 0.33 0.32 0.41 0.52 0.13 2 

Haptophyta 1.82 1.44 1.70 1.62 3.77 19 

Katablepharidophyta 1.74 1.59 1.94 1.68 2.37 19 

Margulisbacteria 0.16 0.01 0.06 N/A 0.02 1 

Mesomycetozoa 0.40 0.57 0.53 0.29 0.14 4 

Nitrospirota 0.42 0.55 0.54 0.62 0.24 2 

Ochrophyta 14.16 11.75 13.46 12.04 7.17 146 

Opalozoa 1.39 1.49 1.73 1.67 0.46 16 

Perkinsea 2.65 2.83 2.81 2.76 2.55 28 

Planctomycetota 1.13 2.12 1.15 2.48 1.42 14 

Proteobacteria 11.99 12.69 11.61 11.95 7.67 128 

Pseudofungi 0.60 0.65 0.62 1.15 0.47 6 

SAR324_clade 0.40 0.18 0.21 0.17 0.08 3 

Telonemia 1.39 0.88 1.75 0.86 1.43 12 

Verrucomicrobiota 1.52 1.35 1.59 0.89 0.49 15 
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Table SIV.4: proportion of positive and negative associations in the FULL models 

 

FULL models 

Probit Lognormal 

Negative Positive Negative Positive 

Actinobacteriota 0.44 0.56 0.37 0.63 

Bacteroidota 0.41 0.59 0.43 0.57 

Cercozoa 0.47 0.53 0.46 0.54 

Chlorophyta 0.34 0.66 0.52 0.48 

Choanoflagellida 0.39 0.61 0.58 0.42 

Ciliophora 0.40 0.60 0.44 0.56 

Cryptophyta 0.37 0.63 0.38 0.62 

Cyanobacteria 0.39 0.61 0.43 0.57 

Dinoflagellata 0.39 0.61 0.43 0.57 

Fungi 0.41 0.59 0.39 0.61 

Haptophyta 0.42 0.58 0.42 0.58 

Katablepharidophyta 0.44 0.56 0.38 0.62 

Ochrophyta 0.37 0.63 0.43 0.57 

perkinsea 0.43 0.57 0.42 0.58 

Proteobacteria 0.42 0.58 0.44 0.56 

Verrucomicrobiota 0.45 0.55 0.45 0.55 

 

Table SIV.5: number of associations between phytoplankton phyla and bacterioplankton taxa 

 Ochrophyta Dinoflagellata Chlorophyta Haptophyta Cryptophyta Cyanobacteria 

bacII 16 16 15 9 16 5 

Flavobacteriaceae 9 9 9 9 9 4 

Rhodobacterales 4 4 4 3 4 1 

Cytophagales 4 4 3 3 3 2 
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