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Summary in English

Summary in English

Microbial communities play essential roles in the intricate processes that cycle nutrients in both
aquatic and terrestrial ecosystems. These microorganisms establish the very foundation that
upholds ecosystem stability, supporting not only their own existence but also the survival of
various other organisms, humans included. However, the intricate repercussions of global
change and human-induced stressors on these communities and their intricate functions remain
unclear. This lack of clarity extends to fundamental knowledge, thereby posing a challenge in
determining the most appropriate methodological and experimental approaches. This
dissertation aims to delve into the exploration of stressor impacts on these vital microbial
communities. Additionally, it seeks to carefully analyze and compare the diverse
methodological approaches available, elucidating their respective strengths and limitations in
this context.

| revealed the ubiquity of microbial communities and unveiled significant geographical
variations among them. In an extensive investigation covering 217 European freshwater lakes,
we provided evidence that protists exhibit restricted geographical distribution patterns and that
centers of high taxon richness differ from the centers of putative endemic microeukaryotes.
Furthermore, the study demonstrates that lowland areas can be examined independently of high-
altitude regions and are suitable for generalizable statements.

Another study focused on individual cryptic taxa associated with Ochromonadales and mock
communities when exposed to elevated temperature and salt using FISH. | revealed that, while
elevated temperature alone does not affect the growth of monocultures of cryptic taxa linked to
Ochromonadales, salt exposure influences Spumella growth. Yet, within mock communities,
increased temperature selectively enhances Poteriospumella growth, while combined salt and
increased temperature decrease growth rates overall. Thus, morphological similar protists
exhibit different tolerances, suggesting that molecular data are rather appropriate to analyze
protistan communities.

In another comprehensive German-wide study of 30 freshwater lakes and corresponding soil
catchments 1 uncovered commonalities, differences, and the diffuse exchange of
microeukaryotes between habitats. Aside from general variations in community composition,
soil harbors greater diversity than freshwater lakes. Analyses of distribution patterns reveal that
the majority of microeukaryotes exhibit specificity to particular habitats, and their co-
occurrence is largely driven by random drift. This implies that freshwater and soil communities
can be viewed as closed systems, supporting the idea that when studying microeukaryotes, it is

valid to study these two ecosystems separately.



Summary in English

It is crucial to acknowledge that microbial communities thrive in dynamic environments and
are interconnected with these ever-changing surroundings, actively responding to the dynamic
shifts around them. The reasons behind these ever-changing environments are diverse, with a
significant portion arising from human activities. On one hand, these factors include issues like
global warming and deforestation, while on the other hand, they involve various non-point
source inputs. Although our understanding of potential stressors on microbial communities and
the environment has increased in recent decades, it is far from being comprehensive. This work
further aims to identify and monitor the response of microbial diversity and functions to non-
point source inputs and environmental stressors using high-throughput methods.

Following, | uncovered that the effects of tire wear proxies primarily stem from leaching
substances rather than inert nanoplastics. While diversity indices remain generally unchanged
due to tire wear proxies, the structure and function of the community, particularly
photosynthesis, are notably impaired by zinc but not by nanoplastics. However, functional
redundancy was clearly detectable since photosynthesis is performed by chlorophytes instead
of bacillariophytes after exposure to tire wear proxies.

In an extensive mesocosm experiment, | further examined freshwater rivers that received
treated wastewater. Utilizing 16S rRNA and strain-resolved metagenomics, | discovered that
although a diverse array of bacteria and viruses is initially introduced, their numbers decline
over time. This finding underscores the remarkable resilience of the river's microbial
community to treated wastewater.

It was not yet investigated whether different high-throughput monitoring methods show similar
patterns and exhibit similar sensitivity in detecting environmental changes. In the former large
scale mesocosms experiment | additionally analyzed freshwater rivers receiving treated
wastewater by means of 16S rRNA and 18S V9 rRNA metabarcoding, and non-target screening.
| found that each employed high-throughput method is useful to detect treated wastewater and
that the impact of treated wastewater is decreasing. Further, the obtained datasets strongly
covary, but their individual strength differs. | observed that 18S V9 rRNA metabarcoding
exhibited superior detection sensitivity throughout the study, while non-target screening was
also effective throughout the experiments. However, 16S rRNA metabarcoding only showed a
reliable detection sensitivity in the first hour.

During these experiments, | recognized that interdisciplinary work and cooperation are crucial
for conducting proper research. Because of this, | introduced a measurement for
interdisciplinarity based on a bibliometric approach, analyzing metadata from articles in

SCOPUS in the final study of this thesis. | demonstrated that, despite being advocated as a
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driver of scientific progress, interdisciplinarity is rather absent or primarily conducted by a few

individual scientific disciplines.
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Summary in German

Mikrobielle Gemeinschaften spielen eine entscheidende Rolle bei den komplexen Prozessen,
die Nahrstoffe in aquatischen und terrestrischen Okosystemen zyklisieren. Mikroorganismen
bilden das Fundament, das die Stabilitat des Okosystems gewahrleistet und nicht nur ihre eigene
Existenz, sondern auch das Uberleben verschiedener anderer Organismen, einschlieRlich des
Menschen, gewahrleistet. Die komplexen Auswirkungen des globalen Wandels und
anthropogener Stressoren auf diese Gemeinschaften und ihre komplexen Funktionen bleiben
jedoch unklar. Diese Unklarheit erstreckt sich auf grundlegendes Wissen, was eine
Herausforderung flr die Bestimmung der geeignetsten methodischen und experimentellen
Ansatze darstellt. Diese Dissertation zielt darauf ab, die Auswirkungen von anthropogenen
Stressoren auf mikrobielle Gemeinschaften zu erforschen. Dariber hinaus wird sorgféltig
analysiert und verglichen, welche vielféaltigen methodischen Ansatze verfugbar sind und ihre
jeweiligen Starken und Schwéchen in diesem Kontext aufzeigen.

Ich habe die Allgegenwartigkeit mikrobieller Gemeinschaften aufgezeigt und signifikante
geografische Variationen zwischen ihnen enthallt. In einer umfassenden Untersuchung von 217
europdischen SlRwasserseen habe ich nachgewiesen, dass Protisten eingeschrankte
geografische Verteilungsmuster aufweisen und dass Zentren hoher Taxonvielfalt von den
Zentren vermeintlich endemischer Mikroeukaryoten abweichen. Die Studie zeigt, dass
Tieflandgebiete unabhdngig von Hochgebieten untersucht werden kénnen und sich fir
verallgemeinerbare Aussagen eignen.

Eine weitere Studie konzentrierte sich auf einzelne kryptische Taxa, die zu den
Ochromonadales gehdren, wenn sie erhohten Temperaturen und Salz ausgesetzt sind, unter
Verwendung von FISH. Ich habe aufgedeckt, dass erhohte Temperaturen allein das Wachstum
von Monokulturen kryptischer Taxa, die mit Ochromonadales verbunden sind, nicht
beeinflussen, wahrend Salzexposition das Wachstum von Spumella beeinflusst. Innerhalb von
kinstlich erstellten Gemeinschaften fordert erhohte Temperatur selektiv das Wachstum von
Poteriospumella, wahrend Salz und erhdhte Temperatur kombiniert insgesamt das Wachstum
verringern. Somit zeigen morphologisch &hnliche Protisten unterschiedliche Toleranzen, was
darauf hindeutet, dass molekulare Daten eher geeignet sind, mikroeukaryotische

Gemeinschaften zu analysieren.

In einer umfassenden deutschlandweiten Studie von 30 SuRwasserseen und den entsprechenden
Bodeneinzugsgebieten habe ich Gemeinsamkeiten, Unterschiede und den diffusen Austausch

von Mikroeukaryoten zwischen Lebensrdumen aufgedeckt. Ich habe festgestellt, dass neben
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allgemeinen Variationen in der Gemeinschaftszusammensetzung der Boden eine groRere
Taxondiversitat aufweist als SuBwasserseen. Die Analyse von Verteilungsmustern zeigt, dass
die Mehrheit der Mikroeukaryoten eine Spezifitat fir bestimmte Lebensraume aufweist und ihr
gleichzeitiges Auftreten weitgehend durch zuféllige Drift getrieben wird. Dies legt nahe, dass
StRwasser- und Bodengemeinschaften als geschlossene Systeme betrachtet werden kdénnen,
was die ldee unterstiitzt, diese beiden Okosysteme getrennt zu untersuchen, sofern
Mikroeukaryoten untersucht werden.

Es ist wichtig zu betonen, dass mikrobielle Gemeinschaften in dynamischen Umgebungen
gedeihen und mit diesen sich standig &ndernden Umgebungen verbunden sind. Die Grinde flr
diese standig wechselnden Umgebungen sind vielféltig und umfassen einen erheblichen Anteil
menschlicher Aktivitaten. Auf der einen Seite gehdren dazu Probleme wie die globale
Erwarmung und Entwaldung, auf der anderen Seite verschiedene diffuse Einflisse. Obwohl
unser Verstandnis potenzieller Stressoren fiir mikrobielle Gemeinschaften und die Umwelt in
den letzten Jahrzehnten zugenommen hat, ist es bei weitem nicht vollstdndig. Diese Arbeit zielt
darauf ab, die Reaktion der mikrobiellen Diversitat und Funktionen auf diffuse Einfliisse und
Umweltstressoren mithilfe Hochdurchsatzmethoden zu identifizieren und zu tiberwachen.

Im Zuge meiner Untersuchungen konnte ich feststellen, dass die Auswirkungen von
Reifenabrieb hauptsachlich auf das Auslaugen von Substanzen zurtickzufiihren sind, anstatt auf
inerte  Nanoplastikpartikel. Obwohl Diversitatsindices aufgrund von Reifenabrieb im
Allgemeinen unverandert bleibt, sind Struktur und Funktion der mikrobiellen Gemeinschaft,
insbesondere die Photosynthese, durch Zink, jedoch nicht durch Nanoplastik, spurbar
beeintrachtigt. Allerdings war eine funktionale Redundanz deutlich erkennbar, da die
Photosynthese nach Reifenabrieb Exposition von Griinalgen anstelle von Kieselalgen
durchgefuhrt wurde.

In einem umfangreichen Mesokosmos-Experiment habe ich zudem SuBwasserflisse
untersucht, die mit behandeltem Abwasser gespeist werden. Durch die Anwendung von 16S
rRNA Metabarcoding und Metagenomik konnte ich feststellen, dass obwohl zundchst Bakterien
und Viren eingefuhrt werden, deren Anzahl im Laufe der Zeit abnimmt. Diese Erkenntnis
unterstreicht die bemerkenswerte Widerstandsfahigkeit der mikrobiellen Gemeinschaft des

Flusses gegeniiber behandeltem Abwasser.

Es wurde noch nicht untersucht, ob verschiedene Hochdurchsatziiberwachungsmethoden
ahnliche Muster zeigen und eine vergleichbare Empfindlichkeit bei der Erfassung von
Umweltveradnderungen aufweisen.

In dem vorherigen groR angelegten Mesokosmos-Experiment habe ich zusétzlich
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SitRwasserfliisse, die behandeltes Abwasser erhielten, durch 16S rRNA- und 18S V9 rRNA-
Metabarcoding sowie durch non-target screening analysiert. Ich stellte fest, dass jede
verwendete Hochdurchsatzmethode dazu geeignet ist, behandeltes Abwasser zu detektieren,
und dass der Einfluss von behandeltem Abwasser Uber die Zeit abnimmt. Die erhaltenen
Datensatze korrelieren stark miteinander, jedoch unterscheiden sich die individuellen
Detektions-Starken der Methoden. Ich beobachtete, dass 18S V9 rRNA-Metabarcoding
wéhrend der gesamten Studie eine Uberlegene Nachweissensitivitat aufwies, wéhrend non-
target screening ebenfalls effektiv war. Allerdings zeigte 16S rRNA-Metabarcoding nur in der
ersten Stunde eine zuverlassige Nachweissensitivitét.

Waéhrend dieser Experimente erkannte ich, dass interdisziplinare Zusammenarbeit entscheidend
ist, um addquate Forschung durchzufiihren. Aus diesem Grund fuhrte ich eine Messung fur
Interdisziplinaritat auf Basis eines bibliometrischen Ansatzes ein, wobei ich Metadaten aus
Artikeln in SCOPUS in der abschlieBenden Studie meiner Dissertation analysierte. Ich konnte
zeigen, dass trotz der Forderung nach Interdisziplinaritat, als treibende Kraft des
wissenschaftlichen Fortschritts, diese eher fehlt oder hauptsdachlich von einigen wenigen

wissenschaftlichen Disziplinen durchgefthrt wird.
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General introduction

Earth's ecosystems are the very bedrock of life on this planet, providing not only the essential
resources and environmental conditions that support all living beings but also the foundation
upon which industries are built (Calvin et al., 2023; Cavicchioli et al., 2019; Gleick & Cooley,
2021). These ecosystems provide habitats, shelter and sustenance for countless species,
including humans, to thrive. However, Earth's ecosystems are undergoing unprecedented and
often rapid changes, driven by factors such as climate change, habitat destruction, pollution,
and many more (Rogowska et al., 2020; Tolkkinen et al., 2015). These changes are occurring
on a global scale and have far-reaching consequences for the tiniest microbes to the grandest
trees. Microbial communities, often overlooked but of paramount importance, are the very
cornerstone of these ecosystems. These tiny yet powerful organisms play a vital role in
maintaining ecosystem stability, nutrient cycling, and the overall health of our planet.
Understanding and preserving these microbial communities is not only essential for the survival
of countless species but also for safeguarding the balance of our own existence.

Behind the term microbial communities hides a tremendously complex world. While everyone
has heard the word ‘microbe’, it is incredibly difficult to put into words what is hidden behind.
Microbial communities, microeukaryotic and prokaryotic, can be characterized by the fact that
they are of small size and are involved in almost every process on Earth. Microbes are found
everywhere, from water to soil to air, and even in extreme environments like deserts and thermal
springs (Geisen et al., 2015; Grossmann et al., 2016). They are ubiquitous in these habitats,
existing on inanimate matter and occurring on or within other organisms, including other
microbes (Taylor et al., 2009; Whitman et al., 1998). Microbes are not only ubiquitous; they
also represent the most abundant and diverse life forms on our planet (Brown et al., 20009;
Whitman et al., 1998). It might seem, at first glance, that larger organisms like mammals and
arthropodes dominate in terms of biomass, but it is the microbes, along with higher plants, that
play the predominant role in biomass distribution (Bar-On et al., 2018; Dobrovol’skaya et al.,
2015; Pomeroy et al., 2007; Whitman et al., 1998). Due to their considerable abundance and
biomass, their photosynthetic representatives (phototrophic/mixotrophic protists and
cyanobacteria) contribute to approximately half of the primary production, with a substantial
proportion taking place within marine environments (Field et al., 1998; Robinson & Williams,
2005) which lifts them at least to the same importance as higher plants when just referring to

primary production, but with microbes comes even more value.
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Role of microbes

Prokaryotes play a pivotal role in maintaining aquatic and terrestrial ecosystem function and
stability owing to their diverse ecological functions (Coleman et al., 2018). Their significance
becomes apparent in their roles as decomposers, nutrient recyclers, and primary producers
within the microbial loop (Azam et al., 1983; Fenchel, 2008; Geisen et al., 2020; Pomeroy et
al., 2007; Sherr & Sherr, 1988). Dissolved organic matter (DOM) is introduced in multiple ways
into the environment, due to sloppy feeding, fecal pellets, algal exudates, dead biomass and its
decomposition (Bertilsson & Jones, 2003; Fogg, 1983; Maller et al., 2003). While prokaryotes
contribute to the decomposition of organic matter (Kirchman et al., 1982; Kirchman, 2004),
microeukaryotic fungi take on the vital role of decomposition, facilitating the vital flow of
carbon in ecosystems (Dumack, 2016).

This decomposition process releases essential nutrients like carbon, nitrogen, and phosphorus
into the aquatic environment in the form of dissolved organic matter (Williams, 1981), which
needs to be reintroduced in a utilizable form into the food web to maintain ecosystem
sustainability (Kirchman, 2004). Heterotrophic prokaryotes thrive on dissolved organic matter,
effectively converting it into a usable form for other organisms. This subsequently enables
prokaryotes to serve as a vital food source for organisms incapable of directly utilizing DOM.
In this manner, prokaryotes and fungi are essential intermediaries in nutrient cycling,
facilitating the flow of energy and nutrients within ecosystems.

While also some microeukaryotic microbes, protists, are able to make use of dissolved organic
matter, most of their heterotrophic representatives, like flagellates, ciliates and amoebas, feed
on prokaryotes, channeling bacterial secondary production to higher trophic levels (Azam et al.,
1983; Boenigk & Arndt, 2002; Zubkov & Tarran, 2008) and then themselves, combined with
their phototrophic representatives, represent a food source for higher trophic levels (Lampert et
al., 1986; Verity, 1986).

It is important to note that the distinction between phototrophs and heterotrophs is not always
clear-cut, as some organisms exhibit mixotrophic behavior, blurring the boundaries between
these nutrition modes (Laval-Peuto et al., 1986; Mitra et al., 2014). Mixotrophs possess the
ability to perform both photosynthesis and phagotrophy, providing them with a versatile
approach to meet their nutritional needs. In the complex food web, all these microorganisms
serve as vital sources of food for various heterotrophic microorganisms, as well as higher
trophic levels, such as zooplankton and nematodes. The consumption and transfer of biomass
through these trophic levels sustain entire ecosystems and support the growth and survival of
organisms at different stages of the food web (Azam et al., 1983; Dumack, 2016; Pomeroy et
al., 2007).
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Microorganisms form the essential foundation of food webs, making them irreplaceable. Both
prokaryotes and microeukaryotes are fundamentally important, however, prokaryotes have
garnered more extensive research attention than microeukaryotes (Caron et al., 2009; Geisen et
al., 2020). Hence, the responsibility falls upon the scientific community to bridge this
knowledge gap by conducting focused research on microeukaryotes, encompassing protists and

fungi.

Biogeography and dispersal of microeukaryotes

In ecosystems worldwide and across all habitat types, these group of organisms have similar
importance, although the individual taxa may not necessarily be the same due to different
tolerances and the presence of dispersal barriers.

The concept of protist dispersal has undergone significant evolution, with notable contributions
from various scientists throughout history. Ehrenberg, in the mid-19th century, proposed that
protist populations were geographically isolated, and their dispersal was primarily governed by
chance. This early perspective emphasized the apparent isolation of protist communities. Fast
forward to 1913 and 1934, when Beijerinck and later Baas-Becking formulated a famous
statement that encapsulated the idea of dispersal: "Everything is everywhere, but the
environment selects™ (Baas Becking, 1934; Beijerinck, 1913). This phrase introduced the notion
that each protist could potentially be found on a global scale but were subject to selection
processes specific to their respective habitats. This concept garnered renewed attention in the
1980s, igniting a contemporary debate regarding the dispersal and endemism of protists, in
which the moderate endemicity model and the everything-is-everywhere model were under
discussion. This discussion was led by prominent researchers, such as Finlay, Fenchel, and
Foissner (Aguilar et al., 2014; Bass & Boenigk, 2011; Chao et al., 2006; Fenchel & Finlay,
2004; Finlay et al., 1996; Foissner, 1999, 2004, 2007; Weinbauer & Rassoulzadegan, 2007).

It is important to acknowledge that the original formulation of the “everything is everywhere"
concept, as well as many subsequent interpretations, relied on morphological characteristics to
define the operational taxonomic unit (OTU). This often took the form of morphospecies, as
discussed by Finlay et al. in 1996 (Finlay et al., 1996). Furthermore, in 1998, Finlay and Esteban
proposed that morphospecies possess ecological significance, emphasizing the idea that "form
determines function™ (Boenigk, 2014; Finlay & Esteban, 1998). This mechanistic view
suggested that the similarities in morphology among protists might lead to similar ecological
roles and community structures in various environments, reinforcing the concept of global
dispersal. Evidently, many protist morphospecies display a cosmopolitan distribution, leading

to the assumption that the presence of similar communities in various locations is due to their
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shared morphological traits, but distribution is different for molecular defined species (Aguilar
et al., 2014; Chao et al., 2006; Katz et al., 2005).

In summary, the study of protist dispersal has progressed from the initial notion of chance-
based isolation to the recognition that protists can be found globally, with their dispersal
influenced by habitat-specific selection processes. The reliance on morphological traits has
played a significant role in these discussions.

In retrospect, the heavy reliance on morphological traits to understand protist dispersal was a
product of its time, mainly because it was the only feasible approach. However, in the
contemporary era, we have been granted a remarkable array of advanced tools, with Next-
Generation Sequencing (NGS) among the most powerful. These molecular techniques have
revolutionized our understanding of protist dispersal. By analyzing DNA sequences, we are no
longer restricted to morphology as our sole determinant. Instead, we can delve deeper into the
genetic complexity of protists, providing us with a more comprehensive view of their global
distribution and ecological roles (Chao et al., 2006; Scheckenbach et al., 2006). While the same
morphospecies can be well found in different habitats, e.g. marine and freshwater, and their
function may also be very similar, they may be ancestrally related, but are phylogenetically
distinct from the respective other lineage (Scheckenbach et al., 2006). Morphological similarity,
but genetically differences are not a novel concept, as convergent evolution is not a new concept
to biology, but the development of morphological similarities can be based on homology, but
also analogy.

Dispersal barriers are different for macro- and microorganisms. Contrary to the dispersal
capabilities of higher organisms like plants and animals, the knowledge about microeukaryotic
dispersal capabilities is limited. On the one hand distances between continents undoubtedly
present dispersal challenges for animals and microeukaryotes alike, even smaller spatial gaps,
such as adjacent soils and lakes or forests and neighboring meadows still create considerable
dispersal obstacles for microeukaryotes. This emphasizes that dispersal barriers for these
microorganisms can exist even within seemingly similar environments. On the other hand the
distribution by chance is higher due to their small size.

Several recent molecular studies have provided evidence of restricted distribution and
endemism in different microeukaryotic groups (Dunthorn et al., 2012; Segawa et al., 2018;
Siver & Lott, 2012; Tedersoo et al., 2014).

Microorganisms can be dispersed through anthropogenic factors like ballast water, aquaculture,
fishing, and water sports (Hallegraeff & Bolch, 1992; Pagenkopp Lohan et al., 2017). Moreover,
the dormant stages of microorganisms exhibit remarkable resilience, enabling them to survive

extended journeys and prolonged transport periods (Ekelund & Rgnn, 1994; Katz et al., 2005;

10



General introduction

Khan et al., 2015). Non-anthropogenic factors, such as chance events, animal interactions, and
wind currents, can also act as vectors for microorganism dispersal (Jauss et al., 2021; Solarz et
al., 2020). However, it is important to note that being dispersed differs from actively
establishing and thriving in a new environment. For a microorganism to successfully colonize,
it must possess specific adaptations and tolerances to abiotic and biotic environmental
conditions and effectively navigate the interplay of these factors.

These adaptations and tolerances vary among different protists. Some are generalists, capable
of thriving in vastly different habitats, such as aquatic and terrestrial habitats. In contrast,
specialists are narrowly adapted to specific environments, like certain altitudes (Olefeld et al.,
2020). While there is a distinction between specialists and generalists, the boundaries between
them can be flexible. As a result, microbial communities exhibit variability according to their
habitats. Accordingly, it is evident that different environmental conditions give rise to distinct
protist communities. It is important to acknowledge that there can be some degree of overlap,
as certain protists possess similar tolerances, allowing them to exist in different habitats.
Furthermore, habitats may even act as a "seedbank™ for adjacent habitats, helping initiate or
reestablish populations in neighboring areas (Crump et al., 2007, 2012). However, at a
fundamental level, one can differentiate between aquatic and terrestrial protist communities,
which can be further categorized into marine, sedimentary, and freshwater communities (Bates
et al., 2013; Geisen et al., 2018; Grossmann et al., 2016; Seppey et al., 2017). To delve deeper,
one can continue to refine these distinctions, for instance, one may consider rainforests and
agricultural lands or alpine lakes and eutrophic lakes (Bates et al., 2013; Lentendu et al., 2014;
Mahé et al., 2017). As we refine these distinctions, the differences between protist communities
become more pronounced or subtle. The interconnectedness of habitats underscores a crucial
consideration when investigating protists. It is not self-evident that the analyzed protist
community is considered as an independent entity, especially when the surrounding terrestrial
or aquatic environments can significantly influence the dynamics of these communities (Crump
etal., 2007, 2012; Monard et al., 2016). For instance, when examining river's protist community,
it is imperative to acknowledge that the adjacent terrestrial habitat may serve as a buffer,
potentially reintroducing protist species into the river. In such cases, studies should address
both habitats together, as they are interacting in a manner that blurs the boundaries between
them. This approach ensures a comprehensive understanding of the intricate relationships
between protists and their surrounding ecosystems, offering valuable insights into the broader

ecological context of these microorganisms.
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Changing environments

Habitats themselves undergo transformations, such as those driven by seasonal and diurnal
cycles. These natural changes and varying habitat conditions contribute to habitat heterogeneity
and thus to the creation of a huge diversity of habitats each with its own ecological niches,
ultimately fostering microbial diversity (Chesson, 1986; Ettema & Wardle, 2002; Tews et al.,
2004; Torsvik et al., 2002). Nevertheless, changing environments have only a positive impact
on diversity up to a certain degree. Especially when considering human-induced changes, which,
instead of nurturing biodiversity, often act as stressors surpassing the range of naturally
occurring variations and may result in fatal consequences. As microbes often find themselves
at the forefront of man-made stressors, it is crucial to recognize that microbial diversity is
equally, if not more, vulnerable compared to the diversity of higher organisms (Rocca et al.,
2019; Vibha & Neelam, 2012; Weinbauer & Rassoulzadegan, 2007). While many ecosystem
functions can likely be taken over by other microorganisms through functional redundancy
(Allison & Martiny, 2008; Banerjee et al., 2016; Caron & Countway, 2009; Huang et al., 2020),
a continuous loss of biodiversity ultimately leads to a loss of ecosystem functions.

Human activities, such as urbanization or industrialization, have a profound impact on the
environment, introducing a host of distinctive factors and fluctuations that deviate significantly
from natural occurrences or variations (Huang et al., 2020; Min et al., 2011). These changes
often introduce pollutants into the environment, which have profound and detrimental effects
on ecosystems, microbial communities, and both their diversity (Calvin et al., 2023). To
highlight some human-induced changes, it is important to acknowledge factors such as climate
change, salinization, treated wastewater, and the presence of tire particles along with associated
chemicals.

The impact of these stressors on the environment is multifaceted; an illustrative example is the
effect of climate warming, which prompts the shift of numerous species accustomed to warmer
habitats towards northern territories (Ostfeld, 2009; Short et al., 2017). This shift presents a
dual impact: these newcomers may serve as stressors to the already vulnerable native biota if
the latter do not undergo a similar northward shift. Concurrently, the migration of these species
also introduces a new dimension of concern as it brings along various protistan parasites,
including those dominant in rainforests (Mahé et al., 2017; Ostfeld, 2009; Short et al., 2017).
These parasites are entering territories where the indigenous biota lack any previous exposure
or adaptations (Marcogliese, 2008; Pickles et al., 2013). This serves as merely one instance
demonstrating the substantial impact of climate change on the environment. Therefore, this

scenario illustrates how a single factor can significantly influence biodiversity by initiating
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disruptions in established ecological systems and introducing novel stressors, ultimately
impacting the delicate balance of various ecosystems.
The situation is further complicated by the fact that multiple stressors interact, exhibiting

additive, synergistic, or antagonistic effects (Crain et al., 2008; Vos et al., 2023).

The intricate interactions between microorganisms and their environment make them sensitive
responders to changes, including those induced by human activities (Karpouzas et al., 2022;
Pawlowski et al., 2016). By comprehending how stressors influence microorganisms, we can
anticipate broader ecological consequences and potentially mitigate harmful effects. However,
despite their pivotal importance, the intricate effects of these stressors on especially
microeukaryotes remain largely uncharted territory. The gaps in our understanding underscore
the critical need for comprehensive research and analyses. Unraveling these intricate
relationships can provide insights into safeguarding ecosystem resilience, promoting
sustainable practices, and ultimately ensuring the vitality of our environment for generations to

come.

Technological progress

But how comes that, despite their central role, microorganisms are still understudied and
potential effects on their diversity and dispersal are not known? One must be aware that, in
contrast to macroorganisms, microorganisms have only recently become truly investigable and
distinguishable. While centuries of knowledge have already been accumulated about
macroorganisms, microorganisms remained literally invisible to the human eye for a long time
until van Leeuwenhoek described the “Animalcules” (Dobell, 1932; Lane, 2015). Although
microscopy allowed the investigation of microorganisms, comprehensive research was still far
from being achieved, especially as diversity of microorganisms surpasses that of
macroorganisms by far. The vast diversity of microorganisms, combined with their microscopic
size and intricate variations in morphology and cryptic species made detecting, differentiating,
studying and comprehending them a tremendous challenge.

Microscopy stands as an indispensable tool in unraveling the world of microorganisms. Its
evolution from traditional light microscopy to encompass advanced techniques such as phase
contrast, differential interference contrast, and dark-field microscopy has empowered
researchers to observe live microorganisms (Boenigk, 2014). However, a significant leap
occurred with the introduction of electron microscopy. Although in existence for some time, its
accessibility to biologists was initially limited until more cost-effective options emerged
(Boenigk, 2014; Pawley, 1997; Silveira, 2010). Despite the vast potential for exploration,
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differentiating cryptic species remained challenging. These cryptic species, morphologically
similar yet genetically and environmentally distinct (Fenchel, 2005), presented an obstacle until
the emergence of PCR. The advent of PCR filled this gap, transforming the analysis of DNA
sequences into a routine method. Molecular methodologies seamlessly integrate into
microscopy, whether through fluorescence microscopy paired with fluorescent dyes and
molecular probes for fluorescence in situ hybridization (FISH) or in collaboration with entirely
different techniques. This combination of techniques highlights the synergy between traditional
and molecular approaches, offering an expanded toolkit to navigate the intricacies of microbial
study.

Beyond microscopy and PCR, the emergence of Next-Generation Sequencing (NGS) has
fundamentally transformed our capacity to unravel the genetic diversity and functional
capabilities within complex microbial communities. NGS technologies, encompassing high-
throughput DNA and RNA sequencing, empower researchers to swiftly sequence and analyze
extensive genetic material derived from environmental samples. Particularly in metagenomic
studies, the extraction and sequencing of DNA from entire microbial communities in intricate
ecosystems have fostered an in-depth exploration of microbial presence, interactions, and
networks, employing techniques such as 16S rRNA or 18S rRNA gene sequencing. Through
the sequencing of specific marker genes or distinct regions within those markers, researchers
can effectively identify and categorize microbial taxa, significantly aiding in the comprehension
of community structure and dynamics (MacLean et al., 2009; Medinger et al., 2010).

The integration of microscopy and NGS technologies has significantly advanced our
understanding of microorganisms, providing unprecedented insights into their morphological
traits, interactions, and genomic composition in recent times. However, comprehensive analysis
entails not only microscopy and NGS but also other methods like non-target analysis and
various applied techniques. These new methods allow for a more comprehensive and successful
monitoring of the environment. Monitoring is an exceedingly important task in today's context,
as much is changing due to human influences (Friberg et al., 2011; Woodward et al., 2013). In
order to take countermeasures for environmental protection, it is necessary to first identify any
negative impacts on the environment before addressing it.

While recognizing and monitoring these impacts form fundamental prerequisites, diverse
subsequent actions are necessitated, thereby introducing another challenge. Effective solutions
require interdisciplinary collaboration among various stakeholders (Ledford, 2015). Although
interdisciplinary collaboration is frequently discussed, its practical implementation is often
constrained. Consequently, potential issues are frequently addressed using limited measures,

underscoring the room for enhancement through enhanced interdisciplinary cooperation.
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Objectives and structure

This doctoral thesis is divided into three chapters, encompassing seven articles. Article |
demonstrates that altitudinal geographic barriers seem to have limited relevance for
microeukaryotes, and lowland habitats contain fewer endemic microeukaryotes. This implies
that for understanding microbial responses to stressors, focusing on lowland samples yields
meaningful and generalizable results. Article 11 sheds light on a crucial finding: despite similar
morphology, microeukaryotes exhibit varying levels of tolerance. This implies that molecular
data offer an advantage over morphological data. Article 11 shows that freshwater and soil
communities can be considered closed systems, reinforcing the notion that studying
microeukaryotes separately within these ecosystems is justified.

Hence, when investigating community responses, it becomes evident that employing molecular
techniques is a suitable approach, and focusing on aquatic communities is justified for articles,
IV, V, and VI.

Finally, article VII introduces a method for measuring interdisciplinarity. While conducting
research, it became clear that stepping beyond subject boundaries was often necessary to
complete research effectively or at all. Despite the widespread talk about interdisciplinarity, the
study investigated how it is actually practiced. Surprisingly, the findings showed that it is not

as commonly done as one might think.

Chapter I: ,,Protistan dispersal and barriers®

Article I: ,,Centers of endemism of freshwater protists deviate from pattern of taxon richness
on a continental scale“ aims to provide insights into the distribution patterns of taxonomic
diversity and endemism among microeukaryotes across various taxonomic groups, while
shedding light on the impacts of geographic barriers and distances. The study implies that
studying lowland areas is meaningful for generalizable conclusions. Article 11: , Effects of
stressors on growth and competition between different cryptic taxa affiliated with
Ochromonadales (Chrysophyceae)“ observes that morphologically similar species have
differing stressor tolerances, hence offering an advantage when using molecular datasets.
Article 11I: ,Protistan and fungal diversity in soils and freshwater lakes are substantially
different* demonstrates a strict separation between water and soil microeukaryotic communities,
making it evident that focusing on water communities is sufficiently meaningful for subsequent

studies.
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Chapter Il: ,, Monitoring anthropogenic stressors and their impact on microbial communities
Article 1V: ,Microbial community shifts induced by plastic and zinc as substitutes of tire
abrasion® investigates the impact of tire wear off proxies on microeukaryotic communities.
Article V:,,Temporal disturbance of a model stream ecosystem by high microbial diversity from
treated wastewater® focuses on microbial resilience to a substantial introduction of treated
wastewater. Article VI: ,,Exploring the efficacy of metabarcoding and non-target screening for
detecting treated wastewater focuses on a method comparison of whole length 16S nanopore,
short fragment 18S V9 Illumina sequencing and non-target screening for monitoring treated

wastewater in rivers.

Chapter I11: ,, The need for interdisciplinarity
Article VII: ,,The Premise of Interdisciplinarity and Its Actual Absence—A Bibliometric
Analysis of Publications on Heavy Rainfall*“ describes a new measure for interdisciplinarity

with a case example on heavy rainfall events.
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“Protistan dispersal and barriers”
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Centers of endemism of freshwater
protists deviate from pattern

of taxon richness on a continental
scale

Jana L. Olefeld?, Christina Bock?, Manfred Jensen?, Janina C. Vogt?, Guido Sieber?,
Dirk Albach? & Jens Boenigk*™*

Here, we analyzed patterns of taxon richness and endemism of freshwater protists in Europe. Even
though the significance of physicochemical parameters but also of geographic constraints for protist
distribution is documented, it remains unclear where regional areas of high protist diversity are
located and whether areas of high taxon richness harbor a high proportion of endemics. Further,
patterns may be universal for protists or deviate between taxonomic groups. Based on amplicon
sequencing campaigns targeting the SSU and ITS region of the rDNA we address these patterns

at two different levels of phylogenetic resolution. Our analyses demonstrate that protists have
restricted geographical distribution areas. For many taxonomic groups the regions of high taxon
richness deviate from those having a high proportion of putative endemics. In particular, the diversity
of high mountain lakes as azonal habitats deviated from surrounding lowlands, i.e. many taxa were
found exclusively in high mountain lakes and several putatively endemic taxa occurred in mountain
regions like the Alps, the Pyrenees or the Massif Central. Beyond that, taxonomic groups showed a
pronounced accumulation of putative endemics in distinct regions, e.g. Dinophyceae along the Baltic
Sea coastline, and Chrysophyceae in Scandinavia. Many other groups did not have pronounced areas
of increased endemism but geographically restricted taxa were found across Europe.

Restricted distribution and endemism has been demonstrated for numerous protist taxa by now!'~%. However, the
geographic patterns underlying protist distribution are not yet resolved. Here, we aim at disentangling areas of
high and low protist diversity on a European scale and further test dependencies between local taxon richness
and local accumulation of endemics.

Many factors influence the diversity and distribution of species, resulting in a heterogeneously distributed
taxon richness across the world®. For microscopic species the assumption of a ubiquitous distribution changed
towards a general acceptance of a “moderate endemicity”*%. Even though restricted dispersal and distribution
pattern at least for some taxa are unquestioned®~'? and large-scale variation between protist communities have
been shown!*™"* the resulting pattern as well as areas of high and low protist diversity are largely unresolved.
Distinct habitats may differ considerably in taxon richness'*!¢-18, which is often related to environmental factors
such as pH, altitude and trophy. Examples for regional differences in taxon richness of animals and plants as well
as of protists are mountain ranges'®~*? which, however, basically reflect effects of one of the formerly mentioned
abiotic factors, i.e. altitude and covarying factors, rather than geographic differentiation. Even though high
mountain ranges have been suggested to hinder dispersal and thus to structure protist diversity between remote
regions”?, taxon richness on both sides of mountain ranges do not necessarily differ despite the above-mentioned
altitudinal gradients within the mountain ranges'®. Aside from such azonal areas and special habitats, it remains
unclear where regional areas of high protist diversity are located and whether these correspond to regions of
high biodiversity known from macro-organisms. It is further unclear whether such areas are universally valid
for all taxonomic groups or specific for distinct taxa. Only for a few taxonomic groups a regionally outstandingly
high species richness has so far been suggested and only for few regions such as the Aquitaine region (France)
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Biology and Environmental Science (IBU), Plants Biodiversity and Evolution, Carl Von Ossietzky University,
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for Synurales (Chrysophyceae)* or the Antarctic and sub-Antarctic for Stauroneis (Bacillariophyta) floras®.
The importance both of geographic distance and of geographic barriers for structuring pattern of protist taxon
richness and in particular the relative importance of these two factors on continental scales remain disputable.

Likewise, it is unclear where regional centers of protist endemism are located and whether these regions cor-
respond to areas of high protist taxon richness. Mechanisms allowing for a high local or regional taxon richness
can be different from those which restrict dispersal***”. For instance, local habitat heterogeneity allows for a
high regional taxon diversity*® whereas geographic barriers are considered to limit dispersal®. Areas with high
numbers of endemic protist taxa, thus, can but do not necessarily merely covary with taxon richness, i.e. regions
of high taxon richness may deviate from regions holding high numbers of endemic taxa as it has been inferred
for animals and plants®**!. For protists such relations between taxon richness and endemism are not known.
To date it is unclear (i) where to expect regions of high protist taxon richness and (ii) where to expect regions
holding high numbers of endemic protist taxa. Studies so far strongly center around azonal habitats and regions
with island character: In particular, high mountain ranges have been suggested to act as islands for endemic
taxa both for macro- and microorganisms®**. Further, elevation seems to be a crucial factor structuring species
distribution and diversity for animals and plants, but also for protists!®2%2%34,

Aside from such special and azonal habitats, investigations for centers of protist endemism are again scarce
and mostly restricted to local or regional studies on selected taxonomic groups*?*. In the marine environment
(e.g.">1%%) and to a lesser extent also in fresh waters (e.g.'*1%27%) recent large scale surveys revealed some trends
of protist distribution but general patterns of protist endemism in fresh waters are still unclear on continental
scales. It is even more vague whether areas of high endemism are congruent for different taxonomic groups.
Here, we thus analyze congruencies and discrepancies between patterns of taxon richness and endemism for
protists and differences between taxonomic groups.

Signs of restricted distribution may already be apparent for subpopulations below species level, i.e. distribu-
tion areas of the subpopulations may be considerably smaller than that of the taxon'>*”*. Consequently, beyond
the analysis of SSU-based OTU diversity we further applied paired sequencing of SSU and ITS sequences to
test whether geographic constraints also apply to populations unresolved by SSU and thus address the issue of
population structure and population genetics of free-living protists. In contrast to the relatively conserved SSU
rRNA, the ITS-region is highly variable and allows differentiation of very closely related species or of intraspecific
subpopulations**’. Unfortunately, large differences in sequence length and the high degree of sequence diversity
complicates analyses of these region”*!. A dataset with population-like structure can be generated using the
SSU-V9- and ITS1-region, resulting in a microdiversity of ITS-sequences with identical V9-sequences differing
in their geographic distribution'.

We here hypothesize that (i) areas of high taxon diversity can be separated from areas of low taxon diversity,
(ii) taxa (as well as subpopulations of taxa) tend to have a restricted geographic distribution and are not randomly
distributed across Europe, (iii) patterns of protist endemism deviate from patterns of protist taxon richness and
that (iv) these patterns vary between taxonomic groups. We further hypothesize that geographic distance and
geographic barriers differentially affect distribution pattern.

Results
Filtering resulted in a dataset comprising 13,640 V9-groups with 285,755 I'TS-variants occurring in 217 natural
freshwater lakes. After clustering of the ITS-variants 46,302 ITS-SWARMS remained for analyses.

Taxa based on V9-sequences (V9-groups) are geographically restrained. 56% (7,643) of
V9-groups were only found in a single lake, in particular Dinophyceae had a noticeably high number of
V9-groups, which occurred in only one lake. The majority of OTUs, which occurred in more than one lake,
showed indications for a geographically restricted distribution (distribution maps of V9-groups, which occurred
in at least 5 lakes, are available under https://doi.org/10.5281/zenodo0.3674717), i.e. the mean distance between
the respective lakes was smaller than would have been expected for random distribution (p <0.001; Fig. 1,
Table 1). Hence, a geographical restriction of protist V9-groups is present in many taxa, but the extent of geo-
graphical restriction varies between taxonomic groups.

For instance, 52% of the V9-groups affiliated with Chytridiomycetes and 44% of the V9-groups affiliated with
Fungi were geographical restricted. In contrast, only 30% of the V9-groups affiliated with Dinophyceae were
geographically restricted. For all other taxa the fraction of geographically restricted V9-groups ranged between
39% (Eustigmatophyceae) and 50% (Chloroplastida) (Table 1).

Regions of high taxon richness (V9-richness) differ between taxonomic groups. Diversity pat-
terns vary between protist groups both with respect to taxonomy and with respect to the nutritional strategy.
Differential patterns of taxon richness are particularly pronounced for Dinophyceae and Chrysophyceae (Fig. 2).
Whereas Dinophyceae do have regions of high taxon richness located around the Massif Central and towards
Eastern Europe, Chrysophyceae have a high taxon richness in Scandinavia (Fig. 2). Less pronounced but still a
significant unequal distribution of taxon richness was found for phototrophic and mixotrophic taxa, in particu-
lar for Viridiplantae and Bacillariophyceae (Figs. 2, 3), Dictyochophyceae and Eustigmatophyceae (Figure S2).
Taxon richness was more homogeneously distributed across Europe for heterotrophic and substrate-bound taxa,
such as Ciliophora, Apicomplexa, Fungi, Cercozoa and Chytridiomycetes (Figs. 2, 3, S1). An exception were
the Oomycetes with a more unevenly distributed pattern of taxon richness. Interestingly, all taxa that do show a
more homogenous distribution of taxon richness had a pronounced peak of taxon richness in the grid including
Lake Constance.
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Figure 1. Relative read abundance of different taxonomic groups and fraction of V9-groups showing a
geographically restricted occurrence (dark shaded) for each of these groups. The dashed line indicates the 50%
line. Graphic was created using R with the package ggplot2 (https://cran.r-project.org/web/packages/ggplot2/
index.html) and manually edited with Adobe Illustrator2020.

Centers of (putative) endemism (based on V9-groups) deviate from regions of high taxon rich-
ness. The number of V9-groups with putatively endemic distribution (see methods for definition in the con-
text of this study) varies greatly between the groups studied. Only a very small proportion of the analyzable
V9-groups with putative endemic distribution was found within the Eustigmatophyceae (3%), whereas nearly
one quarter (17%) of the V9-groups affiliated with Cercozoa met our criteria for putatively endemic distribution
(Table 1).

Similar to patterns of taxon richness, regions harboring a particularly high number of groups with putatively
endemic distribution differed between taxonomic groups and nutritional strategies but did not necessarily overlap
with observed richness patterns (for correlation see Figure S3). In general, many taxa with restricted distribution
occurred in mountain regions like the Alps, the Pyrenees or the Massif Central (Figs. 2 and 3 and Figures S1, S2,
S8). Beyond such general areas with many putatively endemic taxa, some taxonomic groups were pronouncedly
accumulated in distinct regions: For Dinophyceae a region with a high number of putatively endemic taxa is the
area near the Baltic Sea coastline (Fig. 2). This clearly deviates from their richness pattern, since taxon richness
in this area is only slightly higher compared to other regions. Chrysophyceae exhibited a very different pattern
with both, a high number of putatively endemic taxa and a high regional taxon richness in Scandinavia (Fig. 2).
The Viridiplantae, Fungi, Oomycetes, Chytridiomycetes and Cercozoa did not show specific areas with taxa of
restricted distribution but these were found across the whole sampling area (Fig. 3 and Figures S1 and S2). This
was, in principle, similar in diatoms but in this taxon the fraction of taxa with putatively endemic distribution was
remarkably low in general. For Ciliates, centers of taxa with putatively endemic distribution are condensed along
the Pyrenees and Alps but start to fan out towards Eastern Europe (Fig. 3). For Dictyochophyceae and Eustigma-
tophyceae only a small number of endemic taxa with putatively restricted distribution were found (Figure S2).
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Biogeographic analyses
Average ITS-SWARMS/ | Geographical restricted | Geographical restricted | Putativly endemic

Taxonomy V9-groups (total) ITS-SWARMS (total) | V9-group V9-groups ITS-SWARMS V9-groups
Chloroplastida 635 (1,080) 1666 (4,432) 2.62 (4.10) 315 (50%) 859 (52%) 65 (10%)
Bacillariophyceae 189 (394) 902 (3,199) 4.78 (8.12) 81 (43%) 552 (61%) 21 (11%)
Chrysophyceae 390 (775) 1,260 (4,741) 3.23(6.12) 172 (44%) 710 (56%) 42 (11%)
Dictyochophyceae 53 (80) 455 (1,245) 8.58 (15.56) 24 (45%) 302 (66%) 6 (11%)
Eustigmatophyceae 71 (170) 241 (844) 3.39 (4.96) 28 (39%) 144 (60%) 2 (3%)
Oomycetes 326 (597) 557 (1522) 1.71 (2.55) 158 (48%) 262 (47%) 30 (9%)
Dinophyceae 612 (1755) 1,415 (4,878) 2.31(2.78) 186 (30%) 588 (42%) 50 (8%)
Ciliophora 635 (1,219) 1,395 (3,641) 2.20 (2.20) 286 (45%) 630 (45%) 62 (10%)
Apicomplexa 107 (280) 273 (1,071) 2.55 (3.83) 46 (43%) 130 (48%) 11 (10%)
Cercozoa 156 (418) 291 (1,226) 1.87 (2.93) 71 (46%) 142 (49%) 27 (17%)
Fungi 1,260 (3,044) 2026 (7,918) 1.61 (2.60) 556 (44%) 867 (43%) 140 (11%)
Chytridiomycetes 664 (1537) 1,245 (4,109) 1.88 (2.67) 347 (52%) 535 (43%) 88 (13%)

Environmental analyses

V9-groups comprising differently adapted ITS-SWARMS
Taxonomy Examined V9-groups | pH Conductivity Temperature Altitude
Chloroplastida 419 7 (1.67%) 19 (4.53%) 13 (3.10%) 9(2.15%)
Bacillariophyceae 155 2 (1.29%) 6 (3.87%) 6 (3.87%) 7 (4.52%)
Chrysophyceae 299 5 (1.67%) 13 (4.34%) 12 (4.01%) 7 (2.34%)
Dictyochophyceae 40 3(7.50%) 3(7.50%) 5(12.50%) 3(7.50%)
Eustigmatophyceae 41 0 (0.00%) 0 (0.00%) 1(2.44%) 1(2.44%)
Oomycetes 226 3 (1.33%) 2(0.88%) 2 (0.88%) 4(1.77%)
Dinophyceae 288 6(2.08%) 9 (3.13%) 9(3.13%) 8(2.78%)
Ciliophora 384 9 (2.34%) 9 (2.34%) 11 (2.86%) 10 (2.60%)
Apicomplexa 69 1(1.45%) 2(3.00%) 2 (3.00%) 1(1.45%)
Cercozoa 103 1(0.97%) 3(2.91%) 2 (1.94%) 1(0.97%)
Fungi 824 4(0.49%) 5(0.61%) 4(0.49%) 10 (1.21%)
Chytridiomycetes 394 3(0.76%) 5 (1.27%) 9 (2.28%) 16 (4.06%)

Table 1. Diversity of V9 groups and ITS-SWARMS as reflected by the richness and the number of taxa

with restricted or even putatively endemic distribution. The number of V9 groups comprising ecologically
differently adapted subpopulation as reflected by ITS-SWARMS are provided with respect to pH, conductivity,
temperature and altitude. As this latter analysis was restricted to V9 groups only which occurred in several
lakes and comprised several ITS-SWARMs, the total number of V9 groups subjected to this analysis is also
given for comparison.

High mountain ranges are home to many specialist taxa. Taxon richness differed strongly between
mountain ranges (altitude> 1,500 m) and lowland (altitude < 1,500 m) regions. Significantly lower richness was
found in mountain ranges (V9-groups: p=9.7e"%; ITS-SWARMS: p <0.001; Fig. 4A,B). In contrast, the intraspe-
cific variation in terms of ITS variants within V9-groups is higher in mountain ranges than in lowland areas
(p<0.001; Figure S4).

The fraction of OTUs exclusive to the respective altitudinal range is significantly higher in mountain
ranges (V9-groups: p<0.001; ITS-variants: p <0.001; Fig. 4C,D) even though the absolute number of exclusive
V9-groups and ITS-SWARMS is higher in the lowlands (654 V9-groups and 2,275 ITS-SWARMS are exclusive
for mountain ranges, 11 675 V9-groups and 42 248 ITS-SWARMS are exclusive for lowland areas). An inter-
mediate number of OT'Us occurred independently of altitude (1 311 V9-groups and 1779 ITS-SWARMS occur
in both regions).

Geographic restriction and physicochemical differentiation of subpopulations as reflected by
ITS-SWARMS.  Approximately 70% of the ITS-SWARMS were only found in one lake (Table 1). Beyond the
geographical patterns reflected by SSU sequences (V9-group level) a restricted geographical distribution of sub-
populations (ITS-SWARMS associated with distinct V9-groups) could be confirmed (p <0.001; Figure S5). The
ratio of diversification within the ITS-SWARMS varied between the different taxonomic groups and nutritional
strategies. In osmotrophic and saprophytic taxa, the number of ITS-SWARMS per V9-group was generally low
(average number of 1.6-1.9) and the fraction of ITS-SWARMS with a geographical restriction was compara-
tively low, e.g. only 43% in Fungi and Chytridiomycetes and 47% in Oomycetes. In contrast, the predominantly
phototrophic Stramenopiles, i.e. the Ochrophyta (Chrysophyceae, Bacillariophyceae, Dictyochophyceae, Eustig-
matophyceae) generally had a higher number of ITS-SWARMS per V9-group (average number of 3.2-8.6) and
a higher percentage of ITS-SWARMS with restricted geographical distributions (56-66%). Viridiplantae and
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Figure 2. Regional diversity of Chrysophyceae, Bacillariophyceae and Dinophyceae. Left: Regional richness of
the respective taxon where color shading indicates low (white) to high (red) regional richness. Maximal shading
corresponds to 23 interpolated V9-groups per lake for Chrysophyceae, to 15.4 interpolated V9-groups per lake
for Bacillariophyceae and to 17.5 interpolated V9-groups per lake for Dinophyceae. Right: centers of distribution
areas for putatively endemic taxa within the respective group. Please note that the centers of the distribution
area are geometric centers and do not coincide with a location of a distinct lake. Maps were created using R with
package rworldmap v. 1.3-6 (https://cran.r-project.org/web/packages/rworldmap/index.html) and modified
using ggplot2 (https://cran.r-project.org/web/packages/ggplot2/index.html) and Adobe Illustrator2020.
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Figure 3. Regional diversity of Viridiplantae (green algae), Ciliophora and Chytridiomycetes. Left: Regional
richness of the respective taxon where color shading indicates low (white) to high (red) regional richness. Maximal
shading corresponds to 15.4 interpolated V9-groups per lake for Viridiplantae, to 15.1 interpolated V9-groups per
lake for Ciliophora and to 13.3 interpolated V9-groups per lake for Chytridiomycota. Right: centers of distribution
areas for putatively endemic taxa within the respective group. Please note that the centers of the distribution

area are geometric centers and do not coincide with a location of a distinct lake. Maps were created using R with
package rworldmap v. 1.3-6 (https://cran.r-project.org/web/packages/rworldmap/index.html) and modified using
ggplot2 (https://cran.r-project.org/web/packages/ggplot2/index.html) and Adobe Ilustrator2020.
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Figure 4. OTU richness (upper graphs) and exclusivity of OTUs (lower graphs) to either high altitude

(above 1,500 m) or low altitude (below 1,500 m) lakes. Richness and exclusivity are shown for two different
phylogenetic resolutions, i.e. for V9 groups (left) and for ITS-SWARMS (right). Richness is lower but exclusivity
is higher in lakes above 1,500 m both for V9-groups and for ITS-SWARMS.

Alveolata had an intermediate number of ITS-SWARMS per V9-group (average number of 2.2-2.6) and a low
to intermediate geographical restriction of ITS-SWARMS (42% to 52% respectively). In all taxonomic groups
some taxa included certain geographically restricted ITS-SWARMS (Figure S5%). Aside from indications for a
geographical restriction of some subpopulations, the ITS-SWARMS also indicate an ecophysiological differen-
tiation of clades below the resolution of V9-groups (Table 1). 3,242 V9-groups associated with the main taxon
groups of interest were analyzed. The most significant differences of the examined V9-groups and their associ-
ated ITS-SWARM were found concerning altitudinal differences (77), followed by temperature and conductivity
differences (76, respectively) and pH (44). Overviews on ecophysiological parameters of sampled lake are found
in Figure S6.

Discussion
Here, we reveal conspicuous patterns of protist endemism on a European scale, which differ between taxa.
However, they do not necessarily correlate with patterns of protist taxon richness.

A surprisingly high number of V9-groups indicated a putatively restricted distribution (putatively endem-
ics) (Fig. 1, Table 1) corresponding to the expectations derived from the moderate endemicity hypothesis"*>*.
Our results correspond to this hypothesis insofar as taxa (V9-groups) spanned the whole range from restricted
to ubiquitous distribution.

The number of taxa with narrower distribution than expected by chance was surprisingly high and is not
reflected by community studies, which report a significant but low effect of geography for structuring protist
communities'*'®**, In contrast, many studies addressing the distribution of distinct species confirm a geographic
restriction for numerous species (e.g.*'"*>*%) and different degrees of endemism are known for several taxa'?*.
For instance, our data demonstrate that a large fraction of Chytridiomycetes have a restricted distribution
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(Figs. 1,3). This corresponds to a study from the Antarctic®. A high proportion of taxa with restricted distribu-
tion seems plausible for Chytridomycetes since many species are specific to a particular host or group of hosts
(algae), further reducing the ability of wide dispersal®’.

Our analyses show that distribution patterns of taxa with restricted distribution vary considerably both within
and between taxonomic groups and do not follow a uniform regional pattern. Despite a high fraction of taxa
with restricted distribution, patterns are therefore not or hardly visible at the community level as they are not
consistent between taxa. This may explain the somewhat deviating view between taxon-specific investigations
and community studies discussed above.

For protists the relations between taxon richness and centers of endemism have not, based on our knowledge,
been investigated on a continental scale so far. Studies on animal and plant richness pattern imply that simple
correlations are an oversimplification and that centers of endemism may be found both in areas with high and
in areas with low or intermediate taxon richness®**!. However, for protists the distribution pattern of endemics
and relations between the richness of taxa and of endemics may deviate from those known for macro-organisms.
In particular, as patterns of taxon richness point to a lower importance of geographic barriers for protists, cent-
ers of endemism may also be less dependent on such barriers or even not exist at all (or simply reflect a fixed
fraction of taxon richness).

Our data point to a low overlap between areas of increased taxon richness and increased endemism for pro-
tists. Indicating that centers of endemism (based on V9-groups) deviate from regions of high taxon richness.
Rapid population growth and the combination of asexual and sexual reproduction could lead to a fast adaption
to local environmental conditions® and may therefore explain the observed missing overlap. For protist taxa
with restricted distribution we revealed that distribution areas vary considerably, and boundaries of distribution
areas do not necessarily coincide with geographic barriers such as mountain ranges (see additional information
on https://doi.org/10.5281/zenodo.3674717). Thus, even though our data substantiate the hypothesis that geo-
graphic distance is relevant for dispersal, geographic barriers (which are important for structuring distribution
ranges of macro-organisms® ) seem to be of minor importance. However, it has to be considered that passive
dispersal is limited by the dispersal capacity of the transport vector. It is beyond the scope of this study to analyze
the differential adaptations between taxa with narrow and such having a wide distribution. Nevertheless, this
aspect clearly is a promising objective for future research since our data indicate that dispersal limitations are
important for protists even though the geographic barriers that restrict distribution ranges of macro-organisms
may be of little relevance for protists.

High mountain ranges as azonal habitats harbor a deviating protistan diversity. Irrespective of their presum-
ably low significance for protist dispersal, high mountain ranges are special habitats deviating in taxon richness
and endemism from the surrounding lowlands®*. Beyond a general decrease of taxon richness with altitude as
predicted by species-area-relationships®, a common pattern for most protist taxa was a certain increase in the
number of taxa exclusive to high mountain lakes (Fig. 4) and a certain cumulation of putatively endemic taxa
within mountain ranges (Figs. 2, 3). Apart from the apparently low importance as barriers hindering dispersal,
high mountain ranges provide azonal environmental conditions and thus can be expected to harbor taxa of
restricted distribution and potentially endemic to the mountain range®®. Further, we also observed an increase
of taxa exclusive to high mountain lakes but not necessarily restricted to a distinct orogene. High mountain
ecosystems are traditionally considered as extreme for life®. In high mountain lakes organisms are confronted
with short growing seasons, low food nutrient availability or high incident solar radiation®’. Harmful wave-
lengths of UV radiation can reach down to the lake bottom, in particular in clear water with low concentrations
of humic substances and suspended particles®**. The harsh environmental conditions of high mountain lakes
require special adaptions to survive'*** and may thus result in a high degree of taxa specializing on high moun-
tain environment®"%2, For instance, DNA repair mechanisms are important in adapting to high UV radiation
levels and particularly for algae also photoprotection mechanisms®. The low nutrient availability and low water
temperature further cause low densities of organisms and consequently low encounter rates which are require
adaptations of foraging organisms to low food densities'*.

Regions of high taxon richness (V9-richness) and centers of endemism differ between taxonomic groups.
Apart from the azonal mountain habitats, we demonstrate that patterns of richness and endemism vary consid-
erably between taxonomic groups. Patterns of two taxa, i.e. the Chrysophyceae and the Dinophyta may deserve
special attention.

Taxon richness of Chrysophyceae was exceptionally high in Scandinavia, which corresponds to a pre-domi-
nance of Chrysophyceae in many Scandinavian lakes®’. Since many Scandinavian lakes are nutrient poor, slightly
acidic and rich in humic substances the high taxon richness may reflect abiotic conditions favoring this taxo-
nomic group®-%’.

In contrast, the pattern of endemism was unexpected for Dinophyta. The number of putatively endemic taxa
restricted to the area was particularly high near the Baltic Sea coastline while taxon richness in this area was
only moderate. We can only speculate that due to the reduced salinity levels of the Baltic Sea® the high degree of
endemism in this area may result from a migration of taxa along environmental (salinity) gradients and subse-
quent speciation, while further dispersal might be limited by the niche width of individual taxa®. An increased
phytoplankton diversity is known for the Baltic Bays and Bodden regions’ but it remains speculative why such a
pronounced richness of putatively endemic taxa in this area was only found for Dinophyta. However, this region
is strongly recommended for taxonomic follow-up studies as it likely holds numerous taxa waiting for discovery.

In contrast to these taxa with pronounced centers of endemism, diatoms had a remarkably low fraction of
geographically restricted and endemic V9-groups, which may indicate either a generally wider distribution of
diatom taxa or a general lack of taxonomic resolution in this group, i.e. that V9-groups reflect clusters of diatom
species rather than individual species. This would support the observation that for diatoms the V9 region is well
suited to explore genus-level diversity but has limited resolution at the species level®. The conspicuously low
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phylogenetic resolution within diatoms may be due to the fact that diatoms are a relatively young group, i.e. their
diversification in the fossil record starting in the mid-mesozoic and their expansion paralleling the evolution and
expansion of grasslands not before the mid-cenozoic’”%. Due to this (in geological terms) recent increase both
in relative abundance and in diversity may be responsible for low phylogenetic resolution as the differentiation
of gene sequences between species may be relatively recent.

Our results show that geographic restriction and physicochemical differentiation are already visible for
subpopulations as reflected by ITS-SWARMS. We observed a generally high ITS-diversity. Subpopulations as
reflected by ITS-SWARMS associated with given V9-groups provided meaningful information both with respect
to geography and to abiotic adaptations. ITS sequence variation within V9 groups was particularly high in high
mountain areas. Presumably, the loss of rare genotypes is lower and/or speciation rates are higher in mountain
ranges as compared to lowland areas. This is not surprising since mutation rates are likely to be higher due to high
UV radiation” and population effects, e.g. the bottleneck effect, are presumably less important’™ since generation
times are likely to be prolonged due to the generally low temperatures and to nutrient limitations. Further, the
pronounced environmental gradients and heterogeneous topographies may limit gene flow and colonization
opportunities, thus leading to a stronger genetic differentiation’>7®.

Interestingly, phototrophic and mixotrophic taxa exhibited a more pronounced geographical restriction
of ITS-SWARMS than those of heterotrophic taxa. We assume that general differences in the growth and”
nutritional strategies are responsible for this pattern. Phototrophic taxa strongly depend on the surrounding
physicochemical conditions’. Free living heterotrophic taxa are presumably less dependent on physicochemical
conditions and thus less sensitive to changes. Niche specialization, requiring adaption and therefore genetic dif-
ferentiation might therefore be infrequent in heterotrophs but frequent in phototrophs and mixotrophs. However,
the differential geographic restriction of ITS-SWARMS between nutritional modes co-varied with the average
number of ITS-SWARMS per V9 group. Differential dispersal can therefore not clearly be separated from dif-
ferential diversity and sequence evolution and thus remains an issue for future research.

Contrary to our initial expectations, we could observe abiotic differentiation between subpopulations and
it may, thus, be promising to include markers with higher phylogenetic resolution in future surveys of protist
diversity. Independent on whether the ITS-SWARMS may represent species, which are not resolved by V9
variation or subspecies/subpopulations, we clearly demonstrate that ecological and geographical differentiation
becomes evident on this level of resolution. Beyond the knowledge gain in basic reserach and the promises for
protist population genetics our findings of a significant ecophysiological differentiation of subpopulations opens
so far unexpected options for biomonitoring and the development of molecular and microbial bioindicators.

Conclusion/summary

In summary, we demonstrated (i) that patterns of taxon richness and of endemism deviate for protists, (ii) that
these patterns further deviate between different taxonomic groups, (iii) that high mountain ranges harbor a
diverging protist diversity but presumably have only a low effect on protist dispersal as derived from distribution
pattern in lowland areas, and (iv) that different taxonomic classes and phyla differ in microdiversity as reflected
by ITS variants.

We demonstrate that geographic distance is relevant for protist dispersal but geographic barriers have only
alow impact on structuring distribution pattern. These findings challenge the general validity of biogeographic
patterns (mostly) derived from studies on macro-organisms. We thus propose that the proportion of the rela-
tive importance of geographic distance and of geographic barriers for structuring biodiversity on a continental
scale systematically changes with size of the organism and biological traits (e.g., mode of nutrition). We further
propose to incorporate this idea as dispersal disparity hypothesis and the respective scaling effects into future
studies on differential distribution, dispersal and biogeography of organisms strongly differing in organismic
size and in population size.

Materials and methods

Eukaryotic amplicon sequences from 217 freshwater lakes across Europe (including Norway, Sweden, Germany,
Poland, Romania, Austria, Italy, France, Spain, and Switzerland) were used in this study from the NCBI Bio-
project PRINA414052%. Sampling, DNA-isolation, sequencing and bioinformatic procession were conducted
as described in detail in'®. The sampled lakes reflect the predominant water body type in the different regions.

Briefly, samples were taken near the shore of the first 50 cm water column. Each lake was sampled once in
august 2012 at one sampling point. For the DNA extraction and sequencing, the water was filtered onto 0.2 um
nucleopore filters, air dried and frozen in liquid nitrogen (Cryoshippers) and later stored at — 80 °C in the
laboratory until further processing.Water temperature, pH and conductivity were determined directly in the
field at the same sampling point and time by use of a Waterproof Tester “Combo” (Hanna Instruments, Vohrin-
gen, Germany). Each measurement was performed 3 times and the mean value was calculated. The lakes were
unequally distributed throughout Europe. The maximum distance (2,880,648 km) is between lake Nordmesna
(Norway) and Embalse de Béznar (Spain); median distance is 781.045 km, mean distance 861.566 km with a
standard deviation of 506.958 km.

The V9-ITSI region of the 18S SSU and ITS region of the rDNA were amplified using a forward primer (5'-
GTACACACCGCCCGTC-3') and a combination of two reverse primers with different wobble positions (5'-GCT
GCGCCCTTCATCGKTG-3' (ITS2_Dino; 10%) and 5-GCTGCGTTCTTCATCGWTR-3' (ITS2_broad; 90%))
with an annealing temperature of 52 °C. Samples were equimolar pooled and commercially sequenced using an
Mlumina HiSeq 2,500 rapid run applying 2 x 300 bp reads with subsequent adapter trimming, quality trimming
and demultiplexing (FASTERIS; Geneva, Switzerland). After quality filtering, assembly of reads and chimera
removal'®, sequences were filtered using the AmpliconDuo pipeline”. Sequencing results were dereplicated based
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on 100% identity including length variability (CD-HIT-EST algorithm;*°). For each ITS-sequence, the most
abundant assembled V9-sequence was kept as presumably correct sequence. Pairings of other V9-sequences with
this specific ITS-sequence were excluded as likely erroneous sequence parings. Thus, each V9-sequence can be
affiliated with multiple ITS-sequence pairings whereas each ITS-sequence after filtering was affiliated with only
one distinct V9-sequence. Finally, reads were clustered based on identical V9-sequences (first 150 bp, R-Script
“V9_Clust.R”;*"), and taxonomically assigned based on the SSU fragment by searching the NCBI database using
BLASTn (version 2.7.1). ITS sequences assigned to the same V9 sequence are denoted ITS variants of the respec-
tive V9. Reads assigned to Metazoans or higher plants were excluded from further analyses.

Samples with less than 15,069 reads after filtering, (corresponding to less than 15% of the median number of
reads per lake) were excluded from further analysis. ITS-variants with a read abundance of less than 0.001% of
total reads per lake (corresponding roughly to 10 reads per lake) were also excluded for the corresponding lake.
Remaining ITS-variants belonging to the identical V9-sequences were independently clustered using SWARM
(=I1TS-SWARM; version 2.2.2;%). All subsequent statistical analyses were based on presence-absence data of
V9-groups or ITS-SWARMS using the software R (version 3.6.0;%%).

Restrictive geographical distribution of V9-groups. All V9-groups, which occurred in at least two
lakes, were used for identifying areas harboring high numbers of taxa with potentially restricted distribution.
For each of these V9-groups the average distances between lakes in which the respective V9-group occurred was
calculated and tested using a paired t-test against the average distance between an equal number of randomly
selected lakes (based on 1,000 random drawings per V9-group); a spatial distance matrix was calculated based
on the GPS data using distm() and the “distHaversine” option (geosphere; version 1.5-10;%).

In the context of this study we considered a V9-group (or ITS variant) as being geographically restricted when
the mean distance between the lakes harboring this V9-group (or ITS variant) was smaller than would have been
expected for random distribution. Further, in the context of this study we considered a V9-group as putatively
endemic when two criteria were met: (i) the distance of lakes that contain a given V9-group was smaller than that
of randomly chosen lakes in at least 90% of the simulations (based on 1,000 simulations as outlined above) and
(ii) all lakes that contained the given V9-group were found within a maximum (rectangular) area of 1,000,000 km.

Regions of high richness and regions harboring a high number of V9-groups with restricted distribution were
analyzed based on a geographic grid with a grid size of 2.5° longitude x 2.5° latitude. The number of lakes
per grid are displayed in Figure S7. Regional diversity was independently analyzed for all taxonomic groups
(classes or phyla) comprising at least 50 V9-groups (Apicomplexa, Bacillariophyceae, Cercozoa, Viridiplantae,
Chrysophyceae, Chytridiomycetes, Ciliophora, Dictyochophyceae, Dinophyceae, Eustigmatophyceae, Fungi,
Oomycetes). In order to account for different numbers of lakes per grid, we calculated an interpolated number
of OTUs per lake for each taxonomic group and each grid (Niyerpolated)s i-€. We applied non-linear regression
(Ninterpotatea =2 * log(N + 1) +b with N: number of lakes) to rarefaction curves for each grid separately. Prior tests
demonstrated that the chosen regression formula reflected best the relation between OTU number and number
of lakes (data not shown). Based on this regression we calculated for each grid and each taxonomic group the
expected number of OTUs for one lake in the respective grid, for grids containing a single lake only the original
number of OTUs was used.

Differences between low-altitude and high mountain lakes were assessed by comparing lakes at high elevations
(above 1,500 m altitude) and lakes below 1,500 m altitude (Figure S8 shows the largest mountain ranges in the
study area). Total numbers of V9-groups and ITS-SWARMS per lake, as well as the number of ITS- SWARMS per
V9-group were compared using the Wilcoxon-test. Since the total number of low-altitude lakes was much higher
than that of high mountain lakes (n=27), the exclusiveness of V9-groups and ITS-SWARMS in low-altitude and
mountain lakes was compared using equivalent numbers of low-altitude lakes (n=27), i.e. subsets of randomly
chosen low-altitude lakes (based on 100 randomly permutated drawings; the diversity of both, lowland and high
mountain lakes was tested against the remaining lowland lakes (n=127)).

Geographic restriction and ecophysiological adaptation of subpopulations based on ITS-SWARMS assigned to
distinct V9-groups was analyzed by simulations and paired t-tests (as outlined above for V9-groups). For geo-
graphic restriction, the average distances between lakes were compared for all ITS-SWARMS, which occurred
in at least two different lakes, and tested against average distances between equal numbers of random lake com-
binations (1,000 random drawing per ITS-SWARM,; for these analyses all lakes were considered as reference in
which the respective V9-group occurred). Analyses concerning the differential distribution of ITS-SWARMS
with respect to physicochemical factors were further restricted to V9-groups with at least two associated ITS-
SWARMS. Differences in environmental parameters (pH, conductivity, temperature and altitude) between lakes
affiliated with a distinct ITS-SWARMS of one V9-group were tested using Kruskal-Wallice tests® followed by
Dunns-Test®.

Data availability

Eukaryotic amplicon sequences from 217 natural freshwater lakes across Europe were used in this study from
the NCBI Bioproject PRINA414052'8. Additional material (distribution maps of V9 groups) can be found under
https://doi.org/10.5281/zenodo.3674717.
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Abstract: Morphologically similar flagellate taxa comprise a high cryptic diversity. This diversity evolved
partly through parallel evolution in several phylogenetically distinct taxa. Here we investigate the effects of
heat waves and salinization on growth and competition between cryptic taxa. For this purpose, we developed
specific FISH probes targeting the phylogenetic clades comprising Pedospumella encystans, Spumella rivalis,
and Poteriospumella lacustris, respectively. Exposure to salt resulted in a decreasing growth rate for all three
taxa. In contrast, a sudden increase in temperature to 27 °C stimulated particularly the growth of P. lacustris.
This species showed a high competitive strength and the taxon—specific responses to stressors lead to a shift of
community composition. This turn—over of differently adapted cryptic species with presumably similar feeding
preferences and predator—prey interactions may stabilize microbial food webs facing environmental change.

Key words: anthropogenic stressors, Chrysophyceae, cryptic species, fluorescence in situ hybridization, heat

wave, heterotrophic flagellate, microbial food web, multiple stressors, salinization

INTRODUCTION

In the face of rapid environmental change the stability
of food webs and ecosystem functions becomes an in-
creasingly pressing issue (SAINT-BEAT et al. 2015; vaN
MEERBEEK et al. 2021). In particular, microbial com-
ponents are of special interest due to their high abun-
dances and their link with geochemical cycles. On the
one hand, microbial components may respond quickly
to environmental changes due to short generation
times, on the other hand, a high functional redundancy
between taxa may dampen effects of environmental
change. As cryptic diversity is high in many micro-
bial groups the effects of stressors on taxon—turnover
and the significance of stressor—induced shifts in the
competitive strength of distinct (cryptic) taxa is largely
unresolved. Here we address the competitive strength
of such cryptic taxa using temperature and salinity as
environmental stressors.

Significance of heat waves and salinization
Freshwater ecosystems are under severe pressure by
anthropogenic impacts and climate change, factors of
particular concern in inland waters are heatwaves and
salinization (SUN & ARNOTT 2022).

Salt is introduced to freshwater ecosystems by vari-
ous routes including the mobilization of natural salts
(HErCZEG et al. 2001; CANEDO—-ARGUELLES et al. 2013)
and anthropogenic salinization including e.g., human—
accelerated weathering, mining, vegetation removal
and application of fertilizers, irrigation practices, and
road de—icing salts (CANEDO—ARGUELLES et al. 2013;
DucgaN et al. 2017). Eukaryotic microbial community
shifts caused by salinity are well documented (vON
ALVENSLEBEN et al. 2016; CasTILLO et al. 2018; L1 et al.
2018; Nuy et al. 2018). Similarly, effects on the growth
rates of individual taxa are well documented. The range
of tolerated salt concentrations is highly variable (e.g.,
BoENIGK 2008) but generally increasing salt concentra-
tions are negatively correlated with growth rates (JONES
etal. 2017; Lam et al. 2019; PARK et al. 2020; ARNOTT
et al. 2022). Salt stress can reduce the cell size, cease
motility, and trigger morphological changes (SHETTY et
al. 2019; KAMAKURA et al. 2022).

Long—term temperature increases are expected
due to the warming climate (Ipcc 2013; Rasconi et al.
2015). But heat waves, i.e., rapid short—term increases of
temperature, may be more problematic and can impact all
trophic levels including microorganisms (SZYMCZAK et
al. 2020; PoLAzzo et al. 2021). Again, severe eukaryotic
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microbial community shifts following heat stress have
been demonstrated (Hao et al. 2018; Nuy et al. 2018;
THOMSON et al. 2019). With respect to individual taxa
increasing temperatures are expected to increase growth
rate but above a critical threshold further temperature in-
creases damage proteins and eventually cause cell death.
Both, the extent of growth rate acceleration and the critical
maximum temperatures are species— and strain—specific
and may therefore affect the competitive strength of
individual taxa even within the range of well-tolerated
temperatures (BOENIGK et al. 2007).

Even though salinization and heat waves are
important stressors in freshwater ecosystems, effects of
these stressors on the competitive strength and taxon—
turn—over in cryptic species and with that the potential
preservation of functions despite a considerable taxon
turn—over stay secret.

Significance of cryptic diversity

Eukaryotic microbial communities are composed of
numerous taxa which are in ecological studies often
roughly categorized into functional groups such as
heterotrophic nanoflagellates, microalgae, etc. (e.g.,
FERNANDEZ-LEBORANS & FERNANDEZ—FERNANDEZ
2002; LATORRE et al. 2021). Small protists, largely he-
terotrophic nanoflagellates (HNF) are the major link
connecting dissolved organic material, bacteria, and
higher trophic levels (JURGENS & MaATz 2002; SHERR
& SHERR 2002). They are consumers of suspended as
well as of attached bacteria (for reviews see FENCHEL
1986; SANDERSA et al. 1992; LAYBOURN—PARRY & PARRY
2000). Despite their importance in food web architec-
ture the functional role of heterotrophic nanoflagellates
is often limited to black box approaches while the eco-
logical importance of taxon diversity in this functional
group still stays largely secret. During the last decades,
molecular surveys proved the diversity behind these
black boxes. On the one hand, many taxa comprise a
high molecular diversity (e.g., LOwE et al. 2005), on
the other hand, taxa from different lineages have sim-
ilar morphological forms which evolved independent-
ly through parallel evolution (e.g., GRAUPNER et al.
2018). The functional role of the high molecular (and
taxon) diversity behind this similar morphology is not
well understood. It is likely that different lineages are
adapted to different environmental conditions. As cu-
rrent environmental change is speeding up deciphering
the ecological significance of cryptic diversity may be
a key for stabilizing ecosystem functions and services
under changing conditions.

Target group

The chrysophytes (cf. KRISTIANSEN & SKALOUD 2017)
are a particularly well-suited model flagellate group
for addressing these issues: Chrysophytes are wide-
spread and abundant, particularly in oligotrophic fresh-
waters and can reach abundances of several thousand
cells.ml"' (SANDGREN 1988; CARRICK & FAHNENSTIEL
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1989; KRISTIANSEN & PREISIG 2001; BOENIGK & ARNDT
2002). Further, they are among the most important
grazers of bacteria—sized microorganisms (FINLAY &
EsTEBAN 1998). Within the chrysophytes a high cryptic
diversity of colourless non—scaled taxa evolved throu-
gh parallel evolution in several chrysophyte lineages
(GRAUPNER et al. 2018). Colourless non—scaled forms
comprise the genera Spumella Cienkowsky 1870, Po-
teriospumella Boenigk et Findenig 2010, Pedospu-
mella Boenigk et Findenig 2010, Atacamaspumella
Pietsch, Nitsche et Arndt 2022, Vivaspumella Pietsch,
Nitsche et Arndt 2022, and many others (GROSSMANN
et al. 2016; P1ETsCH et al. 2022). Specifically, the main
target organisms of this study — members of the clades
Cl1, C2, and C3 within Ochromonadales (in particular
Spumella spp., Pedospumella spp., and Poteriospume-
lla spp.), are abundant in many habitats (BOENIGK et al.
2005; PranDpL et al. 2009; NoL1E et al. 2010; GROSS-
MANN et al. 2016) and tolerate a wide range of physi-
co—chemical conditions (BOENIGK 2008).

Identifying and separating distinct cryptic na-
noflagellate lineages is of particular significance in
colourless non—scaled chrysophytes as a similar and
in many cases microscopically indistinguishable mor-
phological form evolved many times independently in
several lineages (GROSSMANN et al. 2016; GRAUPNER et
al. 2018; PieTSCH et al. 2022). Examples comprise the
genera within Ochromonadales (e.g., Poteriospumella,
Atacamaspumella, Chlorospumella Pietsch, Nitsche et
Arndt 2022, Spumella, Pedospumella, and many so far
not taxonomically assigned lineages), within the Apo-
ikiida (e.g., Apoikiospumella Boenigk et Grossmann
2016, Pseudapoikia Pietsch, Nitsche et Arndt 2022),
within the Chromulinales (e.g., Chromulinospumella
Boenigk et Grossmann 2016), and in several other line-
ages (e.g., Vivaspumella Pietsch, Nitsche et Arndt 2022)
(GROSSMANN et al. 2016; PIETSCH et al. 2022). Here we
address the competitive strength and ecophysiological
differentiation between morphologically indistingui-
shable cryptic nanoflagellate taxa facing temperature
and salt stress. We investigated the growth response at
food concentrations in the range of field conditions, i.e.,
2x10° bacteria.ml™!, in single culture and mixed culture
of cryptic taxa affilitated with Spumella, Pedospume-
lla, and Poteriospumella using lineage—specific fluo-
rescently labelled probes (FISH—probes) for differenti-
ation.

Fluorescence in situ hybridization (FISH) is a
robust and widely applied method for detection, identifi-
cation, and quantification of microbes. The identification
of single—celled organisms by hybridizing the ribosomal
RNA with fluorescently labelled probes was first shown
by DELONG et al. (1989). Standard FISH probes are
15-25 nt long oligonucleotides that are labelled with
a fluorescent dye at the 5’end and can be visualized by
epifluorescence or confocal laser scanning microscopy
(AMANN et al. 1990; WAGNER et al. 1994). Because the
probes are designed to target specific phylogenetic groups,
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FISH allows a more detailed and reliable identification
than morphological characteristics.

We hypothesize that sudden shifts in environmental
conditions as applied in our experiments decrease the growth
rate. However, as the temperature stressor is within the
optimal temperature range for the flagellates (BOENIGK
et al. 2007; BoenIGK 2008) we expect that a potential
negative effect is overcompensated by a positive relation
of temperature and thus growth rates will increase. Based
on experimental (BOENIGK et al. 2007) and environmental
seasonal abundance data (NOLTE et al. 2010) we expect
that the stimulating effect of temperature increase is
strongest in Poteriospumella. With respect to salt we
expect strong differences between the investigated strains
as high variability in salt tolerance has been demonstrated
for different strains of colourless chrysophytes (PFANDL
et al. 2009). The study by PranDL et al. (2009) showed
that variability is similar in all three clades. We therefore
cannot make predictions on the tolerance of the individual
taxa but suspect that Pedospumella might be the least
sensitive as this strain originated from soil while the other
taxa originated from freshwater (GROSSMANN et al. 2016).

MATERIALS AND METHODS

Strains and cultivation. The strains Pedospumella encystans
JBM/S11 Boenigk et Findenig 2010, Spumella rivalis AR4A6
Boenigk et Findenig 2010, and Poteriospumella lacustris
JBM10 Boenigk et Findenig 2010 are affiliated with the
18S rRNA subclades C1, C2, and C3, respectively, and were
obtained from the culture collection of the working group
and the Central Collection of Algal Cultures (CCAC) at the
University of Duisburg—Essen. The strains have previously

Table 1. Origin and affiliation of strains used in this study.
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been isolated from soil or freshwater samples from different
geographical origins (Table 1). The xenic strains JBM/S11and
AR4AG6 were routinely grown in inorganic basal medium (IB
HanN et al. 2003) in cell culture flasks (25 cm® with filter screw
cap, TTP Techno Plastic Products AG) at 15 °C with 14h:10h
light—dark cycle in a climate chamber (SANYO Electric Co.
Ltd., Osaka, Japan). The axenic strain JBM10 was routinely
grown in NSY medium (Nutrient broth, Peptone from soybean
(Bacto Soytone), Yeast extract; HAHN et al. 2003) in 100 ml
Erlenmeyer flasks at 15 °C with 14h:10h light-dark cycle. The
bacterial strain Linmohabitans spp. 1ID5 was grown in 100
ml Erlenmeyer flasks at room temperature (RT) with constant
shaking (96 rpm, orbital shaker, LAUDA—Brinkmann, LP,
New Jersey, USA).

FISH-probe design and optimization. Specific probes for
fluorescence in situ hybridization (FISH) targeting the 18S
rRNA were designed for the C1 clade, the C2 clade, the C3
clade, and the entire group of Ochromonadales using the
DECIPHER’s design web tool (WRIGHT et al. 2014). To op-
timize the hybridization conditions a formamid series from
0% to 70% was carried out for all four probes in 10% steps.
Pictures with a fixed exposure time of 1 s for the TRITC
channel were taken for comparison of signal intensities in
samples hybridized with different formamid concentrations.
Signal intensities were measured with the program “Daime”
(Damms et al. 2006) by measuring the mean signal intensity of
all FISH-stained cells on each picture. Cells were identified
by dark—light contrast with an object size threshold of 28 and
including internal dark regions into the object area. In the range
of optimal formamide concentrations, a second test in steps of
5% was applied in order to determine the optimal formamide
concentration for each probe. In addition, formamide curves
were generated using mathFISH (Y1LMAZ & NOGUERA 2007) for
comparing calculated and experimentally determined concen-
trations for each newly designed probe. Sequences, specificity
and hybridization conditions determined for each probe are

Strain Species designation 18S rRNA  Geographical origin Habitat origin Media Nutrition
clade mode
JBMSI11 Pedospumella encystans  C1 Austria, Mondsee, soil IB + WK heterotrophic
near Rauchhaus
AR4A6  Spumella rivalis C2 Austria, River freshwater 1B + WK heterotrophic
Fuschler Ache
JBM10  Poteriospumella lacustris C3 Austria, Mondsee freshwater NSY (3g/L) heterotrophic

Table 2. Target region and hybridization conditions for FISH—probes.

Probe Sequence (5’ to 3°) Specificity Formamide (%) for 18S rRNA position
hybridization at 46 °C

01C531 CCGAGGATGGATTCAGACAACTGGT Cl clade 15 188, 531-555

02C613  GCCTGCTTTGAACACCCTATTT C2 clade 50 188, 613-634

03C723 ACCCCCAACTGTCCC C3 clade 50 188, 723-737

Och1268 CTGTTATTGCCCCCAACTTC Ochromonadales 45 18S, 1268-1287



https://www.algaebase.org/search/species/detail/?species_id=138519
https://www.algaebase.org/search/species/detail/?species_id=138519
https://www.algaebase.org/search/species/detail/?species_id=138519
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shown in Table 2. Coverage of the probes was evaluated with
the Silva rRNA database (August 2022) using TestProbe 3.0
(http://www.arb—silva.de/search/testprobe; QUAST et al. 2013).

Stressor and competition experiments. Food bacteria
(Linmohabitans spp. strain [ID5) were grown in NSY medium,
collected by centrifugation for 10 min at 15000 g at RT and the
pellet was resuspended in IB medium. Prior to the experiments,
flagellate cultures were also collected by centrifugation for 10
min at 2820 g at RT to remove the initial medium. The resulting
pellet was then resuspended in 50 ml IB medium and flagellate
cultures were fed with one ml of washed bacteria every three
to four days and incubated for 17 days at 23 °C with 14h:10h
light—dark cycle.

All experiments were run in five replicates in 75 ml IB
medium in 100 ml Erlenmeyer flasks following a three—day
acclimatization period. At the beginning of the acclimatization
phase, flagellates abundance was adjusted to 2400 cells.ml™.
For the competition experiments density of each strain was
adjusted to 800 cells.ml™, i.e., total flagellate abundance was
the same for the single strain experiments and the competition
experiments. Bacterial food concentration was adjusted to
2x10° bacteria.ml™'. Then, all cultures were incubated at 23 °C
(14h:10h hours light-dark cycle) for three days to acclimatize
to lower food concentrations. On day 3, cultures were exposed
to the respective stressors, i.e., the temperature treatments, as
well as the combined treatments, were incubated at 27 °C,
and sodium chloride was added to the salt and the combined
treatment (final concentration corresponding to 2 g chlorid.I™!).
Subsamples were taken each day (on day 3 samples were taken
before and after onset of stressors). Single—strain samples were
fixed with Lugol’s solution and stored at 4 °C until further use.
Mixed—culture samples were fixed with 2% paraformaldehyde
(PFA) for 1h at RT or overnight at 4 °C and 4-5 ml of each
fixed sample were filtered onto white polycarbonate filters
(diameter 25 mm, pore size 0.2 pm, Millipore GTTP 02500,
Eschborn, Germany). The filters were air—dried and stored at
—20 °C until further use.

FISH protocol and cell enumeration. Total flagellate abundance
was counted in Sedgewick—Rafter chambers using 1 ml of the
Lugol-fixed subsamples. In the competition experiment the
fractions of C1, C2, and C3 clade were counted on the filters after
FISH-staining as outlined in the following: sections of the filters
were cut out with a razor blade and samples were dehydrated
through an ethanol series of 50%, 80%, and 100%. For each step,
the filters were incubated for 3 min at RT. The cells were then
hybridized with fluorescently mono—labelled oligonucleotide
probes (O1C531, 02C613, 03C723, or Och1268, 50 ng DNA.
ul!, Eurofins Genomics Germany GmbH, Ebersberg, Germany)
as described previously (GLOCKNER et al. 1996). To optimize
signal detection rates the concentration of SDS was increased
to 0.02% in hybridization buffer and hybridization time was
extended to 3 h at 46 °C. To determine the total cell count in
the mixed cultures, the filter sections were counterstained by
incubating them in a 4,6-diamidino—2—phenylindole (DAPI)
solution (0,1 mg.ml") for 10 min at RT. To remove unspecific
staining the filters were washed in sterile distilled water for
1 min at RT, then dehydrated with 100% ethanol for several
seconds at RT and air—dried. The filters were mounted in the
non-hardening and anti-bleaching mounting medium CitiFluor™
AF2 (Citifluor, Ltd., London, United Kingdom), and the cells
were counted using a Nikon Eclipse 80i microscope (Nikon
Corp., Tokyo, Japan) with a 20x objective and appropriate sets
of fluorescence filters for detecting DAPI- and Cy3-signals.
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Images were acquired using the NIS-Elements BR (“Basic
Research”) software (Nikon Corp., Tokyo, Japan). Growth
rates between day 3 and day 6 were calculated for single strains
and mixed cultures. Statistical data processing was carried out
with R version 4.2.1 (R corE TEAM 2022). Growth rates were
statistically compared using ANOVA, post-hoc Tukey’s test,
and Welch’s two—sample T—tests using R—packages ,,broom”,
Htidyverse”, ,,dplyr” and base R (R CORE TEAM 2022; ROBINSON
et al. 2022; WICKHAM et al. 2022).

RESuLTS

Specificity of probes

We developed probes specific for the C1, the C2, and the
C3 clade within Ochromonadales (Fig. 1). Tests of the
probes using strains affiliated with other clades within
Ochromonadales (Fig. 1) and outside Ochromonadales
(data not shown) proved the specificity of the probes.
Formamide concentration in the hybridization buffer
affected the signal intensity and specificity (Fig. S1).
Optimal hybridization conditions were similar for the
probes O2C613 and O3C723, while for probe O1C531
the hybridization conditions differed. Additionally, the
experimentally determined hybridization conditions
notably differed from the calculated optimal formamide
concentration (Fig. S1).

Effect of temperature and salinization on growth rates
Growth rates were significantly different both for the
application of stressors and between the taxa. This was
consistent in the single strain experiments (ANOVA,
stressors: p < 0.001; taxa: p < 0.001) as well as in the
competition experiment (ANOVA, stressors: p <0.001;
taxa: p = 0.009). Further, the interaction between stressor
application and taxa was also significant (single strains:
p = 0.002; competition: p < 0.001).

In the single strain experiments, increased
temperature alone did not have a significant effect on
the growth rate for any of the strains (Pedospumella:
p = 1.0; Spumella: p = 0.92; Poteriospumella: p = 1.0).
The application of salt significantly reduced growth rate
for Spumella (p < 0.001) but not for the two other taxa
(Pedospumella: p = 0.99; Poteriospumella: p = 0.99).
Similarly, the effects of combined stressors signifi-
cantly decreased growth rate for Spumella (p < 0.001)
but not for Pedospumella (p =0.99) or Poteriospumella
(p=1.0).

In mixed cultures, higher temperature
resulted in a significantly increased growth rate for
Poteriospumella (p < 0.001) but not for the two other
species (Pedospumella: p = 0.99; Spumella: p = 0.97).
Increased salinity resulted in significantly lower growth
rate for all taxa (Pedospumella: p < 0.001; Spumella:
p < 0.001; Poteriospumella: p < 0.001). Application
of both stressors reduced growth of Pedospumella
(p =0.001) and Spumella (p = 0.03). Growth rates for
Poteriospumella were also lower but not significant

(p=0.15).
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probe O1C531 probe 02C613
(targeting the C1 clade) (targeting the C2 clade)
and DAPI and DAPI

Cl-clade:

Pedospumella encystans
strain JBM/S11

C2-clade
Spumella rivalis
strain A-R4-A6

strain JBM10

C3-clade
Poteriospumella lacustris
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probe 03C723 probe Och1268
(targeting the C3 clade) (targeting Ochromonadales)
and DAPI and DAPI

Fig. 1. Fluorescence overlay images (DAPI and Cy3 for probes O1C531, 02C613, and Och1268; DAPI and FITC for probe O3C723) using probes
specific to the C1, C2, and C3 clade applied to Pedospumella encystans JBM/S11, Spumella rivalis A—R4—A6, Poteriospumella lacustris JBM10.
Contrast was enhanced using the autocontrast function combined with a reduction of the blue channel range to 150 using Adobe Photoshop. All

scale bars are 10 um.

Effect of temperature and salinization on competi-
tion in the mixed treatment

Regarding competition between the three strains,
the relative share of Poteriospumella increased in all
treatments (Fig. 2) but the extent differed as well as the
effect on the other species. The share of Poteriospumella
slightly but significantly increased in the control
(p = 0.005) but the associated decrease of both other
taxa was not significant and could therefore not be
attributed to any of the two species (Pedospumella:
p = 0.955; Spumella: p = 0.917). In the temperature
treatment, the share of Poteriospumella increased
stronger (p = 0.002). This was largely compensated by
a decrease of the share of Spumella (p < 0.001), while
the decrease of the share of Pedospumella was not
significant (p = 0.103). The salt treatment resulted in
a significant increase of the share of Poteriospumella
(p = 0.001), while it had no significant effect on
both Pedospumella (p = 0.969) and Spumella
(p = 0.220). The combination of both stressors (salt
and temperature) also resulted in a significant increase
of the relative share of Poteriospumella (p = 0.002).
In contrast to the temperature treatment, the increased

share of Poteriospumella was largely compensated by
a decrease of the share of Pedospumella (p = 0.004)
while the decrease of the share of Spumella was not
significant (p = 0.205).

For all three species competition had a sig-
nificant effect on growth (ANOVA; Pedospumella:
p = 0.001; Spumella: p = 0.008; Poteriospumella:
p < 0.001). Despite the significant overall effect of
competition, results differed when comparing the effect
of the treatments in single-strain experiments and in
mixed cultures. For Pedospumella differences between
single-strain and competition experiment were not sig-
nificant (control: p = 0.191; temperature: p = 0.564;
salt: p = 0.080; treatment combination: p = 0.341).
For Spumella effects of competition were significant
in the control (p = 0.014) and the combined treatment
(p = 0.005) but not for temperature (p = 0.093) and
salt (p = 0.070). For Poteriospumella the effect of
competition was significant for the temperature treat-
ment (p < 0.001) but not for the other treatments (con-
trol: p = 0.06; salt: p = 0.47; combination treatment:
p=0.67).
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Fig. 2. Ternary plot showing the relative share of Pedospumella encystans (C1), Spumella rivalis (C2), and Poteriospumella lacustris (C3) in the
competition experiments. Triangles refer to the community immediately before the application of stressors (day 3) and squares to day 6. White:
control; red: temperature; yellow: salt; blue: combination of salt and temperature. Symbols of the same shape and colour represent replicates of

the same treatment.

DiscussioN

Colourless non—scaled chrysophytes are abundant in
nearly any habitat, i.e., in soils, freshwater, and the
marine habitats, and often make up a share of several
percent of the total eukaryotic abundance (FOISSNER
1987; SANDGREN 1988; BOENIGK & ARNDT 2002). As
outlined above, this morphological form combines dif-
ferent distinct molecular lineages which are separated
by taxa deviating in form and function such as e.g. the
mixotrophic genus Dinobryon. Inferring the ecological
role of this high molecular diversity and of the parallel
evolution of this form requires a separation of these
lineages based on molecular and morphological data.
Quantifying different morphologically similar protist
taxa both in the field and in competition experiments
remains a tricky task. While morphologically such taxa

can usually not be separated, molecular studies based
on amplicon diversity do not provide absolute cell
counts and the relative differences in read abundance
are subjects to numerous biases including primer bias,
different selectivity for sequences during processing and
sequencing etc. (MEDINGER et al. 2010). The differen-
tiation of cells by FISH offers a way for combining the
advantage of molecular differentiating different cryptic
taxa with absolute cell counts. We here focused on the
order Ochromonadales as representatives of this order
are often dominating in natural environments (Bock
et al. 2022).

Specificity of FISH—probes and suitability for com-
petition experiments

We developed FISH—probes specific to clade C1 (com-
prising the genus Pedospumella), clade C2 (comprising
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Table 3. Growth rates [day'] after stressor application (mean + standard deviation). Negative growth rates correspond to mortality rates.
Pedospumella (C1) Spumella (C2) Poteriospumella (C3)
Control 0.019 +0.052 0.164 + 0.063 -0.261 £0.099
Temperature 0.061 £0.180 0.005 £+ 0.068 —0.254 £ 0.063
Single—strain experiment
Salt —0.041 £0.182 —0.301 £ 0.034 -0.344 £ 0.063
Combination -0.075£0.203 —0.350 + 0.033 —0.256 £0.295
Control —0.038 £ 0.039 —0.053 £ 0.037 —0.056 £0.034
Temperature -0.014+0.110 —0.104 £ 0.076 0.139 +0.093
Competition experiment
Salt —0.366 + 0.065 -0.361 +£0.034 -0.379 £0.046
Combination -0.220 £ 0.038 —0.194 + 0.064 -0172 £0.048

the genus Spumella sensu stricto), and clade C3 (com-
prising the genus Poteriospumella). Tests of the probes
with taxa affiliated to other clades prove the specificity
of the probes (Fig. 1) and thus enable the separation of
these clades in morphological community analyses. We
successfully used the probes, following the standard
FISH protocol (GLOCKNER et al. 1996), to specifically
detect and quantify the differed clades in mixed cultures.
The application of the probes on environmental samples,
however, remains to be tested. Surprisingly, the predicted
optimal formamid concentration differed notably from the
optimal hybridization conditions that were determined
experimentally (Fig. S1). The hybridization conditions
resulting in highest fluorescence intensity, and conse-
quently most efficient probe binding and clade—specific
binding did not coincide with the predicted formamid
concentration for all three clade—specific probes (Fig. S1).
The general Ochromonadales probe did show high signal
intensities when hybridized with the predicted formanid
concentration in some but not all tested strains (data not
shown). Signal intensities for Och1268, however, were
stable when hybridized with a formamid concentration
higher than predicted. Consequently, experimental testing
enabled us to find the best hybridization conditions for
the newly designed probes.

Effects of stressors and food concentration on the
growth of individual strains

Data so far indicates that different members of the C1,
C2, and C3 clades are ecophysiologically differently
adapted (BOENIGK et al. 2007; BOENIGK 2008; NOLTE
et al. 2010). However, in our single-strain experiments,
we found only low differences and significant effects only
for Spumella exposed to salt. Before considering the ef-
fects of stressors and competition, a word of caution is
needed with respect to the food concentrations applied
in our experiments: all experiments were run at low
food and potentially food—limiting conditions in order
to mimic natural conditions and to focus on food—lim-
iting conditions where competition should be expected

to be more pronounced. Therefore, even slight changes
in bacteria abundances affect growth rates and these dif-
ferences need to be considered when comparing results
from strains in the single strain experiments. We did not
find any significant effects of the treatments on bac-
terial growth. Bacterial abundance was significantly
higher (p < 0.001) in Spumella cultures that were ex-
posed to increased salinity compared to the control,
however, it is likely that this resulted from the reduced
growth rate of Spumella during salt treatment. Pofe-
riospumella generally proved to be the fastest-growing
and potentially best-adapted strain to the experimen-
tal conditions. However, due to the stronger growth of
this strain the food concentration was more strongly re-
duced, i.c., was lowest in the single-strain experiments
with Poteriospumella (2.8+3.5x10° bacteria.ml™' on
day 3), followed by the mixed community experiment
(5.79+0.6x10° bacteria.ml™! on day 3) and the single-
strain experiments using Spumella (6.47+0.4x10° bac-
teria.ml™' on day 3) and Pedospumella (6.0£0.3x10°
bacteria.ml' on day 3). In the direct comparison, this is
reflected by lower growth rates of Poteriospumella in
the single—strain experiments while this species proved
to be best-adapted to the experimental conditions as re-
flected by the stronger growth during acclimatization
(data not shown) and the higher growth rates in the
competition experiment.

Corresponding to the expectations, Poteriospumella
performed best under the experimental conditions and
particularly profited from the temperature increase in the
competition experiment, while the effect of temperature
treatment on growth rates for the other taxa was less pro-
nounced. This is in accordance with previous laboratory
growth experiments that showed that Poteriospumella
tolerated higher temperatures than members of the two
other clades (BOENIGK et al. 2007) and thus suggested
a competitive advantage of the C3 clade at high tem-
peratures. Except for strains originating from Antarctica
(BoEenNIGK et al. 2007) differences between members of
the two other clades were not very pronounced but may
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hint to a higher competitive strength of the C1 clade
at low temperatures as compared to the C2 clade. In a
seasonal study on Lake Fuschlsee the relative abun-
dance of members of the C3 clade (Poteriospumella
and allies) was highest in summer while the relative
abundance of members of the C2 clade (Spumella and
allies) was highest in the colder seasons (NOLTE et al.
2010). The C1 clade (Pedospumella and allies) showed
an intermediate pattern in this study. Regarding the C1
and C2 clades the results from environmental data and
lab experiments thus slightly deviate. Although, a study
focusing on the maximal temperature tolerated (BOENIGK
2008) indicated a similar pattern as the environmental
data, i.e., lowest temperature tolerance for the C2 clade
(with some strains showing exceptions), followed by
the C1 clade, and highest temperature tolerance for the
C3 clade. However, this latter study contributes only data
on the maximum temperatures survived but no data on
growth rates of the distinct strains. In our experiments,
the temperature treatment had no significant effect on
growth rates for Spumella (C2) and Pedospumella (C1) in
single or mixed cultures. As outlined above, taxa affiliated
with the C2 and C1 clades seem to be adapted to lower
or moderate temperatures, respectively.

Consequently, Spumella and Pedospumella did
not profit from the temperature treatment but were able
to tolerate it. Additionally, food concentrations in our
experiments may have been too low to permit significantly
increased growth rates for either of the two taxa (BOENIGK
et al. 2007). Competition experiments have so far not
been conducted, the potential temperature dependence
of the competitive strength can only be inferred from
seasonal distribution data, which may, however, be
affected by other factors. In our competition experiment
increased share of Poteriospumella was largely
compensated by a decreased share of Spumella which
further implies a competitive advantage of the C3 clade
and a competitive disadvantage of the C2 clade at high
temperature.

In our study, salinity had a similar effect for all
three species. In contrast, literature suggests strongly
deviating salinity tolerances between protist taxa: while
some taxa have been reported to tolerate freshwater
as well as marine conditions, other taxa seem to have
quite restricted tolerances (FINLEY 1930; EKELUND
2005). Brackish and at least some marine species
tolerate a wide range of salinities while freshwater
species seem more restricted to low salinities: some
freshwater protist taxa show decreased growth rates or
become non—viable already at concentrations around
salinities of 1 g.1"! (e.g., FINLEY 1930; LaMm et al. 2019),
other taxa are only negatively affected at salinities
above 5 g.I'" (FINLEY 1930; Zuo et al. 2014; PARK et
al. 2020). However, for some freshwater species
exceptional tolerance ranges have been reported: for
some freshwater bodonid taxa and some colourless
non-scaled freshwater chrysophytes tolerance of marine
conditions has been reported (FINLEY 1930). Our
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experiments showed less variability in salt tolerance
between the investigated taxa as expected: in single strain
cultures salinity of 2 g.I'! negatively affected the growth
of Spumella (C2) but had no significant effect on growth
rates for Poteriospumella (C3) or Pedospumella (C1)
and in mixed cultures the effect on growth rates was
similar for all investigated taxa. For distinct strains of
colourless non—scaled chrysophytes salt tolerance has
been tested but data so far are largely restricted to the
maximum (short—term) tolerance of strains (BOENIGK
2008). Salt tolerance of members of the C3 clade
(including Poteriospumella) seem to be rather similar
with a maximum around 5 gl while the tolerance
varied considerably (i.e., between 1 and 7 g.I'') for
different members of the C2 and C1 clade. Bock et
al. (2022) inferred from the distribution pattern in a
pan—European data set that both Pedospumella and
Poteriospumella were among the taxa with a wide
tolerance to conductivity but the sampling site in this
study covered only the lower of salinities. EKELUND
(2005) suggested that soil protists may be more salt—
tolerant than freshwater forms. But in contrast to our
expectation pattern of soil-borne Pedospumella did not
deviate from the water—borne taxa (Poteriospumella
lacustris and Spumella rivalis). Comparative data
on growth rate are not available for these strains
and a potential niche separation with respect to salt
concentration is therefore not clear. However, growth
rates seem to be severely affected already at salt
concentrations far below the maximum concentration
survived (based on cultivation experience; unpublished
data). Irrespective of a potential survival at high
salinities we therefore expected a negative effect on
growth rate already at moderate salt concentration.
While older literature suggests a high salinity tolerance
for many species (e.g., FINLEY 1930) more recent studies
reported an increasing number of species with limited
salinity tolerances (cf. MyLNIKOV 1983; EKELUND
2005). Several non—exclusive aspects may contribute to
these findings: firstly, during progress in protistology the
number of cultivated taxa and strains strongly increased,
early isolates were often affiliated with ‘ubiquitous’
speciesandearly cultivation protocols may haveselected
for taxa with broader tolerances. Secondly, evidence
from environmental samples as well as evidence—
based on mixed cultures (such as the study by FINLEY
1930) may contain several cryptic strains with different
ecophysiological requirements as species identities in
such mixed samples were hard to prove in early studies
which rely on morphological inspection only. As most
of these common species are now known to be highly
diverse it is indeed likely that a high salinity tolerance
inferred from (morphological) field studies erroneously
concluded on a high salinity tolerance of the respective
species while in fact, the distinct strains (and possibly
species) had a much narrower (but different) salinity
tolerance. Thirdly, strains from culture collections
may show low salinity tolerances but may be able to
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gradually acclimatize to higher salinities (MYLNIKOV
1983). In sum, literature findings over time may reflect
to a certain extent the improving methodologies in
isolation and cultivation as well as in the differentiation
of taxa and strains. But even considering such potential
uncertainties regarding some of the early studies the
variation in salinity tolerance between taxa seems to
be remarkably high. Many protist taxa originating from
soil and freshwater survive salinities of 5 g.I'! or even
of 10 g.I''(MyLNIKOV 1983; EKELUND 2005). However,
salinity tolerances of strains affiliated with the same
species may considerably deviate and thus salinity may
be an efficient reproductive barrier possibly questioning
current species delimitations (EKELUND 2005).

Taken together the increasing growth rate in
response to a sudden increase in temperature corre-
sponded largely to our expectations while the similar
effect of salinization for all three taxa was unexpected.
Presumably, the applied salt concentration was in a range
which effectively prevented growth but was not lethal.
When both stressors were applied together, growth rates
were higher as in the control and in the salt treatment
but lower as in the temperature treatment. Temperature
therefore is likely to stimulate growth but this effect is
impaired by salinization.

Effects of stressors on competitive strength
Competition experiments using different lineages of
colourless non—scaled chrysophytes have so far not been
performed or were restricted to analyzing the relative
shifts in amplicon abundances (e.g., NOLTE et al. 2010).
In lab experiments, the difficulties in separating cryptic
taxa can leave unclear whether the presence of other
taxa affects the observed pattern or not. Besides, the
challenges of performing experiments at near—natural
food concentrations further hamper such analyses. Both
seems plausible: on the one hand, the investigated taxa are
morphologically similar and most likely their ecological
niches overlap to a considerable extent. Therefore, adverse
effects due to competition might be expected. On the
other hand, since the formulation of the ‘paradox of the
plankton’ (HUTCHINSON 1961) numerous mechanisms
for maintaining plankton diversity have been proposed
(Roy & CHATTOPADHY 2007).

Our experiments provided evidence that the dif-
ferent cryptic taxa responded differently to the stressors
and responded differently in competition as compared to
single-strain experiments. It is likely that Poteriospumella
can deal best with low food concentrations and thus
outcompetes the two other taxa in particular at higher
temperatures. At lower temperatures, i.e., in the control
and the salt treatment, this relative advantage was less
pronounced but still significant. Our results therefore imply
that competition is a relevant issue but that its strength
depends on the abiotic conditions. The different taxa re-
sponded differently to stressors thus shifting the relative
abundance of these taxa in response to environmental
change. Our results therefore suggest that the seeming
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persistence of common morphological flagellate types
in natural communities masks a turn—over of cryptic
taxa differently adapted to abiotic factors. Such a cryp-
tic species turn—over affects food web stability: many
aspects of predator—prey interactions such as food size
preferences and feeding mechanisms largely correlate
with morphology (BOENIGK & ARNDT 2000a, b) while
adaptations to many abiotic environmental factors do
not. Cryptic species diversity and turn—over thus stabilize
trophic interactions and food web architecture despite a
potentially high taxon turn—over due to environmental
change or the (sudden) occurrence of stressors.
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Protistan and fungal diversity
in soils and freshwater lakes are
substantially different

G. Sieber™, D. Beisser, C. Bock & J. Boenigk

Freshwater and soil habitats hold rich microbial communities. Here we address commonalities and
differences between both habitat types. While freshwater and soil habitats differ considerably in
habitat characteristics organismic exchange may be high and microbial communities may even be
inoculated by organisms from the respective other habitat. We analyze diversity pattern and the
overlap of taxa of eukaryotic microbial communities in freshwater and soil based on lllumina HiSeq
high-throughput sequencing of the amplicon V9 diversity. We analyzed corresponding freshwater
and soil samples from 30 locations, i.e. samples from different lakes across Germany and soil samples
from the respective catchment areas. Aside from principle differences in the community composition
of soils and freshwater, in particular with respect to the relative contribution of fungi and algae, soil
habitats have a higher richness. Nevertheless, community similarity between different soil sites is
considerably lower as compared to the similarity between different freshwater sites. We show that
the overlap of organisms co-occurring in freshwater and soil habitats is surprisingly low. Even though
closely related taxa occur in both habitats distinct OTUs were mostly habitat-specific and most OTUs
occur exclusively in either soil or freshwater. The distribution pattern of the few co-occurring lineages
indicates that even most of these are presumably rather habitat-specific. Their presence in both
habitat types seems to be based on a stochastic drift of particularly abundant but habitat-specific taxa
rather than on established populations in both types of habitats.

Despite the central importance of protists and fungi at the basis of soil and aquatic food webs comparative analy-
ses of protists and fungi community composition in soils and freshwaters are rare. In both habitats protists are
a very diverse and ubiquitously distributed group of organisms. They fulfill important ecosystem functions'~
channel bacterial secondary production from the microbial food web to higher trophic levels*® thereby inter-
acting indirectly and directly with other taxa such as fungi®’. Particularly in aquatic habitats they are also the
dominant primary producers®. But constraints structuring their diversity differ fundamentally between both
habitats: for instance, freshwater habitats are more homogeneous than soil habitats due to mixing of the water
body”!9, the availability of water in soils is constrained by e.g. evaporation and soil irrigation''-', and soils are
more heterogeneous than aquatic habitats consisting of various microhabitats*™”. As diversity is largely sustained
and maintained by habitat heterogeneity'®-? soils are therefore expected to harbor a higher protists richness
even in small volumes??* as compared to aquatic habitats.

Beyond habitat heterogeneity the distinct habitat properties of soil and water put different demands upon
organisms inhabiting these habitats. Microbial organisms are differentially challenged by environmental factors
of soil and freshwater habitats®>-?%. Their adaptations may therefore systematically differ eventually leading to
exclusive communities (at least in part) of soils and freshwaters. In fact, protist communities in aquatic habitats
comprise a high share of phototrophs such as diatoms and green algae while these groups are less important in
soil communities®. But also the heterotrophic protist communities differ between both habitat types. In soils
gliding and substrate attached taxa such as amoeba and cercozoans have a high share®. In contrast, free swim-
ming taxa such as katablepharids and (heterotrophic) dinoflagellates as well as the filter-feeding choanoflagellates
are more abundant in the pelagial of aquatic habitats*>*!. However, several studies suggest that both habitats
may not be that different for microorganisms. First, even soil pores have been suggested to be basically aque-
ous environments for microbial organisms and soil protists therefore to be basically aquatic organisms®-**: in
both habitats protists move by gliding or swimming and they feed by similar mechanisms such as interception
feeding, filter feeding and grazing. Secondly, as there is no clear boundary between soil and freshwater habitats
organisms may further easily be exchanged between both habitats. Dispersal via passive mechanisms like surface
run-offs, interstitial and groundwater flow and flooding is well known®*-3. Further, active dispersal enhances
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exchange of organism between different habitats. Microorganisms are dispersed by anthropogenic factors like
ballast water, aquaculture, fishing and watersport*>*’. Resting stages do even survive long distance transport
and long transport times*'~*. Also non-anthropogenic factors such as animals act as vector***. Thus, due to the
similar microhabitat properties with respect to movement and feeding and potentially easy exchange between
both habitats they may be inhabited by basically the same protist species®. However, easy dispersal does not
necessarily result in establishment. Dead organisms and resting stages may wrongly indicate the presence of newly
introduced microorganisms. But even microorganisms which survive in the new habitat may be out-competed
by adapted/acclimatized taxa. In particular the potential dessication of soil pores may pose environmental con-
straints selecting against freshwater organisms while soil organisms may miss adaptations for buoyancy required
for staying in the euphotic zone.

Thus, although the dominant microbial eukaryotes differ considerably between different habitats , organ-
isms considered as typical for aquatic environments may occur also in soil (e.g. Choanoflagellata*’) and vice
versa fungi (e.g. soil fungi occur also on submerged material®®).

Based on the high diversity of microhabitats in soils and the capacity of soils and sediments as seed bank the
(active) freshwater communities may represent merely subfractions of the more diverse soil communities*-*.
These findings suggest an inoculation of the (freshwater) habitats with individual taxa or the existence of habi-
tat-generalistic taxa which occur in both, soil and fresh water. Studies on bacterial and archaeal taxa showed that
upslope soil environments contain the core community, which inoculate downslope surface waters (58%, 43%
respectively), but only 18% of the upslope eukaryotic microbes were found downslope in the arctic tundra*-'.
Accordingly, protist freshwater communities may be expected as subsets of protist soil communities possibly
further modified by environmental constraints.

Here we address the community overlap between soil and freshwater protists using a geographically consistent
set of 30 sampling sites comprising samples from lakes and ponds and adjoined soil samples from the respective
catchment areas. We studied the molecular diversity of communities based on Illumina amplicon sequencing of
the hypervariable 18S SSU V9 rRNA gene region>**>%,

We expect that OT'U richness in soils is much higher as in freshwaters , and we hypothesize that the
freshwater communities are to a large extent composed of taxa present also in soils, i.e. a subset of the soil com-
munities, even though a certain fraction of taxa may be habitat-specific®>*. Following this idea, we further
hypothesize that the community is composed mostly of habitat-generalists, occurring in both habitat types and
comprising only few rather habitat-specific organisms?**$-¢0,

However, we expect the relative abundance of taxa to be considerably different between both habitat types.

33,4446

21,54,55

Methods

Sampling and sample processing. We sampled freshwater lakes and corresponding soils from a geo-
graphic consistent set in Germany. Site selection focused on natural lakes (and reservoirs) and corresponding
soil sites which were typical for the respective area (Fig. S1).

All samples were taken during mid-summer, soil samples were taken 2016 and freshwater samples were taken
2012 (see Table S1 and Fig. S1 for details on sampling sites). Samples were taken years apart, as the idea of the
study was to compare freshwater and soil habitats on a similar geographic scale, i.e. use soil samples from the
(direct) catchment area of the respective freshwaters, but to reduce effects of short-term cross-contaminations
between both habitat types due to flooding, intense rainfall, recently performed watersports, etc. which may have
blurred the results. Freshwater sampling and sample processing is described in detail in Boenigk et al. (Genbank,
PRJNA414052)%. Briefly, the freshwater samples were collected two meters from the waterside and between 0.2
and 0.8 m below the water surface. Freshwater samples were filtered on Isopore 0.2 um polycarbonate filters
(Merck Chemicals GmbH, Darmstadt, Germany) until the filters were clogged (biomass normalized). The filters
were air dried and subsequently frozen in liquid nitrogen (Cryoshippers). The filters were stored at — 80 °C in
the laboratory until DNA extraction®.

Soil samples were taken as top soil composite samples from the upper 5 cm of the surface soil (A horizon)
with a distance of around 50 m from the corresponding freshwater lake to avoid collecting samples from the
direct floodplain. For each soil sample three subsamples within one square meter were taken and roots, as well as
other larger particles like stones and fir needles were manually removed. The three subsamples were combined,
mixed thoroughly and filled in 1.5 ml tubes. Samples were immediately preserved in a cryoshipper and stored
at — 80 °C until DNA extraction.

Soil DNA was extracted by using the Power Soil DNA Isolation Kit (MoBio, Germany) according to the
instructions of the supplier with the following modification: vortexing at maximum speed subsequent centrifu-
gation and transfer of the supernatant to a new tube was repeated until no new pellet was formed. Subseqently,
two washing steps with C5 solution (MoBio, Germany) were performed and a final dry centrifugation was con-
ducted two times. For PCR we used the forward primer Euk1391F (5'-GTACACACCGCCCGTC-3"1?) and
the reverse primerbased on Bock et al.%%, i.e. a combination of the primers ITS2_Dino (5'-GCTGCGCCCTTC
ATCGKTG-3') and ITS2_broad (5-GCTGCGTTCTTCATCGWTR-3’) in a ratio of 10%:90%. Primers used for
freshwater and soil samples were identical.

The mixture for the PCR of the soil samples consisted of: 0.5 ul DNA template (depending on the concentra-
tion dilutions of 1:1, 1:10, 1:50 or 1:100 were used) in 25 pl reactions with 0.25 units Phusion Taq (Thermo Fisher
Scientific), 0.75 uM primers, 0.5 ul of 0.4 mM dNTPs and 5x Phusion HF buffer. The PCR-cycling conditions
included an initial denaturation step at 98 °C for 3 min followed by 35 cycles each including a denaturation step
at 98 °C for 30 s, annealing step at 61 °C for 75 s, and an elongation step at 72 °C for 60 s. The PCR was completed
by a final extension step at 72 °C for 10 min.
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The quality and quantity of the DNA was checked using a Thermo Scientific NanoDrop ND-2000 UV-Vis
spectrophotometer (Thermo Fisher Scientifics), electrophoresis in 1% agarose gel stained with ethidium bro-
mide (0.2 pg mL™") and Image]J (v. 1.51d)%. Equimolar subsamples were pooled and commercially sequenced
using paired-end HiSeq 2500 sequencing, applying 2 x 300 bp reads using the “rapid run” mode on the Illumina
platform of a sequencing provider (Fasteris, Geneva, CH)*.

The sequencing reads are available through the project PRINA675443.

Bioinformatical processing

Sequence filtering. Adapter-, quality trimming and demultiplexing using MID sequences were performed
by the sequencing company (Fasteris). The base quality of the sequence reads was checked using FastQC®.
A split-sample filtering protocol for Illumina amplicon sequencing was used by two technical replicates per
DNA sample®. The raw sequences were quality filtered (PRINSEQ-lite v.0.20.4)% to remove reads with an aver-
age Phred quality score below 25. The paired-end reads were assembled and quality filtered with PANDASeq
(v2.10)". All reads with uncalled bases, an assembly quality score below 0.9, a read overlap below 20, or a base
with a recalculated Phread-score below 1 were removed. After dereplicating chimeras were identified and filtered
using UCHIME (v7.0.1090)® with default settings. Sequences that were not present in both sample branches
were discarded®. The bioinformatical pipeline is available on github (https://github.com/MW55/Natrix).

Statistical analyses. Data processing was carried out with R® version 3.6.1. Remaining reads after the
filtering were clustered using SWARM (v 2.1.9)”°, then clustered by identical V9 sequences (first 150 bp, iden-
tity=100%, to remove the ITSI region from the sequences to obtain OTUs which are based on the V9 region)
(“V9_Clust.R” by Jensen 2017 available on https://github.com/manfred-uni-essen/V9-cluster)”! and aggregated
to OTUs. Taxonomic assignment was done by searching against the NCBI nt database using BLASTn (Dec 05th
2017)7? using an 85% identity value for the best hit and adjusting the taxonomy according to Adl et al.”>. All
sequences assigned to Metazoa and Embryophyta were discarded, as protists and fungi are the targets of this
study. OTUs that represent less than 0.0005% of a respective site were discarded (total number of reads/OTUs).
For habitat comparisons we restricted the analysis to OTUs that occurred in at least two sites. Rarefaction curves
were created by the R-package vegan (v2.5.6.)7* and samples that did not reach saturation were discarded from
further analyses.

True diversities are based on the Shannon index and were computed from the raw OTU table using R-package
RAM as well as Pielou’s evenness”. True diversity were chosen as a measurement for diversity as it is not a non-
linear diversity index (e.g. Shannon index, Simpson index) but is suitable for comparisons. Diversities (true
diversities, evenness and richness) were statistically compared using a Mann-Whitney-U-test. For distance decay
relationships, we replaced zeroes in our raw dataset based on a Bayesian-multiplicative replacement (cmultRepl,
R zCompositions package’®) and calculated the Aitchison distance, as we are dealing with compositional data”.
Aitchison distance is used as an community dissimilarity proxy. Linear regression slopes of distance decay rela-
tionships were tested against zero with an ANOVA.

Figures were prepared with R (R Core Team) version 3.6.1, CorelDRAW x 8 and ArcGIS Pro 2.6.

Results

Differential pattern of diversity between soil and freshwater.  Total number of assembled reads after
filtering was 35,445,831 which grouped in 33,745 OTUs. Of these 18,745 OTUs (corresponding to 13,957,146
reads) were found exclusively in soil sites and 14,337 (corresponding to 13,429,169 reads) exclusively in freshwa-
ter sites. OTU richness was 1212 +420 OTUs per sample in soil and 852 +427 OTUs per samples in freshwater.
For habitat comparisons we further restricted the analyses to OTUs occurring in at least two samples resulting
in 10,515 OTUs (34,139,127 reads) with an OTU richness of 918+ 334 per sample in soil and of 588 +290 per
sample in freshwater.

Community composition and richness strongly differed between soil and freshwater (Fig. 1). In soil Ascomy-
cota, Basidiomycota, remaining Opisthokonta and Ciliophora dominated while Ciliophora and algae dominated
freshwater samples, in particular by Chlorophyta and Dinophyta. While in soil 4530 of the 6744 OTUs were
affiliated with fungi, in freshwaters only 938 of the 4434 OTUs were affiliated with fungi.

Estimates of the effective number of eukaryotic microbial OTUs (true diversity) revealed that the soil com-
munity is more diverse than the freshwater community (p <0.05, Fig. S2). This was largely due to the higher
OTU richness in soil samples while evenness was rather similar between freshwater and soil sites (Fig. S5). When
restricting the analysis to either protists or fungi we found different pattern. We found a higher diversity in soil
when the analysis was restricted to protists excluding fungi (p <0.05), even though soil protist richness was
lower than freshwater protist richness (Fig. S2). The higher diversity in soils is thus to a large extend related to
a higher evenness (Fig. S5) while protist communities in freshwater are rather dominated by individual OTUs.
In contrast, the diversity of fungi was similar in freshwater and in soil (p >0.05) (Fig. S2) but the architecture
of fungal community composition differed between soils and freshwater. While richness of fungi was higher in
soils, evenness was higher in freshwater resulting in similar diversity indices (Figs. S2, S5).

Corresponding to the effective OT'U number we also found that richness was significant higher in soil sites
compared to fresh water (p <0.05). Richness revealed a deviating pattern for protists and for fungi: richness of
fungi was significantly higher in soil than in freshwater (p <0.05) while richness of protists was significantly
higher in freshwater (p <0.05).

Soil did not only hold a higher richness but also a higher dissimilarity among samples as compared to
freshwater: The community dissimilarity analyses clearly revealed a generally higher dissimilarity among soil
samples (Fig. $3). However, neither soil nor freshwater community dissimilarity changed significantly with

Scientific Reports |

(2020) 10:20025 | https://doi.org/10.1038/s41598-020-77045-7 nature research


https://github.com/MW55/Natrix
https://github.com/manfred-uni-essen/V9-cluster

www.nature.com/scientificreports/

1
1

soil ‘ freshwater

O 0.2 0.4 0.6 0.8

other

Chiorophyta
Cryptophyceae
Katablepharidaceae
Heterolobosea

Cercozoa
Dinophyta
Ciliophora
Apicomplexa
Chrysophyceae
Diatomeae
Peronosporomycetes
Stramenopiles_rem
Amoebozoa
Apusozoa
Opisthokonta_rem
Choanoflagellata
Chytridiomycetes
Mucoromycota
Basidiomycota
Ascomycota

e other
u u .. -. n Chiorophyta

Cryplophyoeae
Katablepnaridaoeae
Heterolobosea

Cercozoa
Dinophyta
Ciliophora

Apicomplexa

. Chrysophyceae
Diatomeae
I - I - Peronosporomycetes

Stramenopiles_rem
Amoebozoa
Apusozoa

[ | [ ] [ | Opisthokonta_rem
Choanoflagellata
[ | [ | Chytridiomycetes
Mucoromycota

Basidiomycota
S T UM Ascomycota

other
Chlorophyta
Cryptophyceae
Katablepharidaceae
Heterolobosea
Cercozoa
Dinophyta
Ciliophora
Apicomplexa
Chrysophyceae
Diatomeae
n Peronosporomycetes
Stramenopiles_rem
| H . u Amoebozoa
Apusozoa
Opisthokonta_rem
Choanoflageliata
Chytridiomycetes
Mucoromycota
Basidiomycota
Ascomycota

relative richness (OTU based)

shared fraction

read based

il i

relativ richness (OTU based)

other
Chiorophyta
Cryptophyceae
Katablepharidaceae
Heterolobosea
Cercozoa
Dinophyta
Ciliophora
Apicomplexa
Chrysophyceae
Diatomeae
Peronosporomycetes
Stramenopiles_rem
Amoebozoa
Apusozoa
EN 'EEE W W Opisthokonta_rem
Choanoflagellata
Chytridiomycetes
Mucoromycota
Basidiomycota

| BB | W Ascomycota

total community

read based

Figure 1. Relative total community composition (bottom) and relative total composition of the overlapping
OTUs (top). Taxonomic composition based on relative abundance of OTUs that are present in at least two sites
(blue) and taxonomic composition based on presence absence data of OTUs that are present in at least two sites
(orange). The sites are sorted by the abundance of Ascomycota in soil sites. Remaining OTUs which could be
assigned to a rough taxonomic level were marked as _rem. Created with the R-package gplots™

increasing distance up to 800 km, i.e. both slopes of the linear regressions slopes are not significantly different
from 0 (ANOVA, p<0.001).

Community overlap between aquatic and terrestrial habitats. The vast majority of the OTUs were
exclusive to either soil or freshwater. Only 6.3% of the OTUs (663) were shared between both habitat types
(Fig. 2B) while 35.9% (3771) occured exclusively in freshwater and 57.8% (6081) exclusively in soil (Fig. 2A).
Even though the fraction of shared OTUs was already low, the distribution of most of these shared OTUs showed
strong preferences to either soil or freshwater indicating that the fraction of habitat generalists is considerably
smaller (Fig. 2C; please refer also to Tables S2 and S3 for an overview on the presumably generalistic taxa, i.e.
taxa with a relative read abundance between 25 and 75% in soil and in freshwater, respectively. For an overview
of all shared OTUs see Table S4). It is noteworthy that the analysis of corresponding sites revealed an average of
20+ 18 shared OTUs (min. 3, max. 87).

Even though only 6.3% of the OTUs were shared between soil and freshwater, their relative share of the
OTU richness in individual samples was considerably higher reflecting a comparatively wide distribution of
these OTUs: shared OTUs on average account for 14.6% of the OTUs in soil sites (min. 6.9%, max. 25.42%) and
for 13.32% in freshwater sites (min. 5.25%, max. 32.74%). With respect to average relative read abundance, the
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Figure 2. (A) Distribution of OTUs across soil (dark) and fresh water (light). The red frame marks overlapping
OTUs. (B) Is an enlarged view of (A), namely OTUs that occur in soil and freshwater (red frame). The green
frame indicates OTUs that have their origin rather in soil and the yellow frame indicates OTUs that have their
origin rather in freshwater. (C) Abundance distribution pattern of 663 shared OTUs across soil (brown) and
fresh water (blue) sites. X-Axis represents the average proportion of the shared OTUs in the complete soil and
freshwater community and Y-axis represents the affiliation to soil and freshwater. A cutoff at 0.00025% is chosen
as shared OTUs that represent more are spurious. Curve fitting was done with a generalized additive model

(y ~s(log(x))).

importance of the shared OTUs is even higher representing 24.28% of the reads in soil sites (min. 3.52%, max.
56%) and 31.26% in freshwater sites (min. 1.13%, max. 68.06%).

The importance of highly abundant OTUs among those shared between both habitat types together with the
slope of the curve in Fig. 2B indicate that in particular soil OTUs may be randomly dispersed to freshwaters
(Fig. 2B green frame): most of the shared OTUs strongly dominate in soils (with low fractions of reads in fresh-
waters) indicating potential soil origin of these OTUs while considerably less OTUs showed the opposed pattern
of high read fractions in freshwater and low fractions in soils (Fig. 2B yellow frame). Interestingly this tendency
to specialize (with respect to habitat type) differed between OTUs with low and high read abundances: while
many OTUs with low to moderate read abundances occurred in similar fractions in both habitat types, those
with high read abundances strongly dominated in just one of the habitat types (Fig. 2C), i.e. may be considered
potential habitat specialists (randomly dispersed to the other habitat type).

Irrespective of the presence of the shared OTUs in both habitat types, the richness of shared taxa within
distinct samples is systematically affiliated with different taxonomic groups in soil and in freshwater (Fig. 1): In
soil samples the majority of OTUs detected in both habitat types were affiliated with opisthokonts (especially
fungi), followed by Ciliophora, Cercozoa and Stramenopiles. In contrast, in freshwater samples the majority of
shared OTUs was affiliated with Chlorophyta, Cryptophyceae, Katablepharidaceae and Ciliophora.

Beyond this general pattern we also observed a systematic difference between rare and abundant OTUs:
Shared OTUs with high abundances were predominantly affiliated with taxonomic groups considered to be
dominant in the respective habitat, e.g. fungi and gliding taxa in soil, while shared OTUs with low abundances
were affiliated to a wider (and more stochastic) selection of taxa (Fig. S4). For instance, in soils the relative
contribution of opisthokonts (in particular fungi) to the fraction of shared OTUs was high within the abundant
OTUs while the relative contribution of Chlorophyta and Chrysophyceae but also of Apicomplexa and Perono-
sporomycetes was higher within the rare OTUs (i.e. OTUs with low abundances). The contribution of Cercozoa
and Ciliophora was similar for abundant and rare OTUs (Fig. S4).

In contrast, in freshwater the share of opisthokonts was high in the fraction of OTUs with low abundances
but low within the abundant OTU. In contrast, Ciliophora, Oomycota and Chrysophyceae are more important
in the fraction of OTUs with high read abundances. It is noteworthy that Apicomplexa and Cercozoa seem to
play a minor role of the taxonomic overlap in freshwater (Fig. S4).
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Discussion

Differential pattern of diversity between soil and freshwater. It is well known that morphological
and molecular community analyses systematically deviate regarding the relative importance of distinct taxa.
For instance, a higher relative abundance has been demonstrated for ciliates in molecular surveys which is due
to different factors including copy number variation of the ribosomal genes”. Nevertheless, morphological as
well as molecular surveys reveal corresponding trends in richness as long as the methodology within one study
is consistent. For instance, community composition of soil clearly differed from that of freshwater in our study
(Fig. 1). This is consistent with molecular?®?**$480 and morphological surveys**#52,

Irrespective of a generally high community dissimilarities both for soil and for freshwater (which was more
pronounced in soils), we found a higher richness in soils which is consistent with the literature (e.g.'*'7?*).
Interestingly, evenness of protists was generally higher in soil as compared to freshwater while it was the other
way round for fungi. In other words the dominance of few protist taxa is more pronounced in freshwater lakes
while dominance of few fungi is more pronounced in soils. This finding is noteworthy as it supports a differential
role for community and ecosystem stability in soils and freshwater for protists and fungi with respect to the local
extinction of distinct species (cf.#*-5).

Community overlap between aquatic and terrestrial habitats. It is well documented that
soils and lakes host different protist communities as their environmental characteristics are fundamentally
different**?*478¢_ However, as boundaries between habitats are diffuse, exchange of taxa and shared taxa between
both compartments are proven®***. For instance, Crump et al.*® showed that an arctic freshwater lake harbors
18% of the microbial eukaryotic upslope community and Graupner et al.*® demonstrated the non-permanent
exchange of taxa between the compartments as a result of flooding. Here we show for a set comprising 30 sites
that the number of shared microbial eukaryotic OTUs between soil and freshwater lakes is, however, very low
(6.31%).

The small fraction of taxa occurring in both habitats indicate that communities presumably largely consists
of taxa which are typical for either soil or freshwater and for which probably only few cells were dispersed to the
other habitat type by chance. This view is supported by a strongly uneven share of most of these taxa to soil and
freshwater communities (Fig. 2C). Among those OTUs which were found in both habitats in particular the most
abundant ones were strongly unevenly distributed indicating that they are characteristic for one habitat type and
just few cells may have been dispersed by chance. Only a few taxa (and interestingly predominantly taxa with low
overall relative abundances) seem to be of similar importance in both habitat types and can thus presumably be
considered as habitat generalists (Tables S2 and S3). For instance, within the taxa shared between both habitats we
found sequences affiliated with taxa known to occur in soil and freshwater such as the ciliate Microdiaphanosoma
arcuatum®, the ascomycete Tetracladium maxilliforme®® and the diatom Fistulifera pelliculosa®®®'. In contrast,
some other OTUs found within the shared fraction were previously known from only one habitat type, e.g. the
OTUs related to the ascomycete Podosphaera fusca®® and the ciliate Phialina salinarum®. This is not necessarily
contradictory to our results as sequence similarities of our OTUs to these latter species were often rather low
and may not sufficiently resolve closely related species varying in their environmental demands®. Further, the
resolution of the V9 region may be not appropriate for separating individual fungal taxa® and therefore inferring
information from the assigned taxa may be misleading.

Our data indicate that in particular taxa affiliated with Opisthokonta, Cercozoa and Apicomplexa may rather
be specific for soils and their presence in freshwater samples is presumably largely due to random dispersal®*~%.
This is consistent with the study of Graupner et al.*® which demonstrated that despite an exchange of these taxa
between soil and water, most of the exchanged taxa fail to establish in the new environment. As Opisthokonta
(especially fungi), Apicomplexa and Cercozoa are highly abundant in terrestrial habitats?»*-'%! the chance of
random dispersal to freshwaters is high for these taxa.

In contrast, taxa assigned to Chlorophyta, Peronosporomycetes and Chrysophytceae may rather disperse
from freshwater to soil habitats. This seems also conclusive as in particular Chlorophyta and Chrysophyceae are
more abundant in freshwater than in soil**®. This is possibly also true for Chytridiomycetes as their abundance
and diversity in freshwater is slightly higher—again dispersal from freshwater to soil has been demonstrated™.
Our results also indicate a predominant exchange of Peronosporomycetes from water to soil. For this taxon,
however, published data indicate an exchange from soil to water**1%2, Possibly, this hints to differential routes
of dispersal for different taxa® but data so far are inconclusive. Peronosporomycetes may nevertheless be an
interesting taxon for further studies on habitat specificity and dispersal.

For Ciliophora the dominant direction of dispersal between the two habitat types is even less clear. Numer-
ous ciliate OTUs occurred in both habitat types and these taxa made up for a similar share in freshwater and in
soil communities®46:47:9103.104,

Opverall, our data indicate that the direction of dispersal is predominantly from soil to freshwater (Fig. 2B): A
majority of the shared OTUs occurred predominantly in soils with only low read numbers in freshwater. At first
sight, this may seem to confirm the idea of soil protists as aqueous organisms®, with an aquatic origin which
may therefore be able to cope with aquatic environments while freshwater protists lack an adaption to terrestrial
habitats'®. However, our data demonstrate that the vast majority of OTUs is habitat specific with only a very
minor fraction capable of maintaining in both habitat types. Even for the fraction of shared OTUs our data indi-
cate that the majority of taxa presumably is not established in both habitat types and that the presence of taxa in
both habitats may largely be due to random dispersal rather than a broad niche adaptation®®%.

Nevertheless, despite the small number of shared OTUs they account for an integral part (up to ~68%) of
the read abundances. This does not necessarily indicate a high abundance of generalistic taxa but may be rather
due to a higher chance of random dispersal and subsequent random detectability of these taxa in both habitats.
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This view is supported by the high fraction of shared taxa with a strongly biased distribution towards either
soil or freshwater and by the fact that particularly OTUs with high read abundances show such strongly biased
distributions (Fig. 2C). Further, these latter taxa mostly belong to taxonomic groups considered either typical
for soils (such as fungi) or freshwater (such as distinct algae).

Only some taxa with low to moderate read abundances show a rather uniform pattern across soil and fresh
water, indicating that these may be true generalists without a distinct habitat preference (Table S3). For some of
these taxa the presence in aquatic and terrestrial habiats was already shown as e.g. for Cladosporium cladospori-
oides'"”, Gomphonema parvulum'® and Pythium capillosum'*'', while other presumably generalistic taxa so far
were known only from one habitat type (e.g. Boeremia exigua (terrestrial) and Articulospora proliferata (aquatic)).

As we cannot exclude the possibility that some of the OTUs in our data set represent inactive cells (e.g. resting
stages, dead organisms) the number of shared OTUs may in fact be even smaller. Our results provide evidence
that either the exchange of organisms is very low, the survival of these organisms in the other habitat type is low
or both. However, we have to admit that the sampling depth of our study (as any such study) is restricted to the
sampling volume. According to the sampling volume of several hundred milliliters of water and several grams
of soil in our study we most likely have missed taxa which are very rare in a compartment (few individuals per
liter of water / per gram of soil). That may explain why the overlap between corresponding soil and freshwater
sites is very low and commends the general investigation of all freshwater sites and all soil sites. Thus, several of
the taxa found to be habitat-specific may occur in the other habitat types at low abundance which may reflect,
however, most likely random drift of some cells rather than true occurrence as an active member of the respective
community. We also cannot exclude the possibility that some taxa were missing in either habitat due to spatial
or seasonal variability in particular as soil communities differ over scales ranging from hectares to square mil-
limeters, even when topography and texture are relatively uniform?*34111-113 and samples were taken a few years
apart. We are aware that soil and freshwater campaigns did not take place in the same year. Still, Gilbert et al.
and Bock et al. showed that microbial communities show repeatable seasonal patterns and Shade et al. showed
that microbial communities can stay relatively stable over time and as we sampled during mid summer we expect
that the abundances may changed, but the mere presence of OTUs should be stable®!'*!° The intention of our
study was not to link active interacting communities but rather to reflect differences and commonalities between
soil and aquatic communities on a comparable spatial (geographic) scale. We therefore consider the temporal
difference to be neutral (if not advantageous) as the temporal and logistic separation decreases the chance of
(natural and artificial) cross contamination between aquatic and terrestrial samples while taxon coverage may
be rather stable due to resting stages in the seedbank of soils**"*2,

However, in future studies the inclusion of freshwater sediments seems reasonable as conditions between soil
and aquatic sediments may be more similar and soil organisms may deposit to and dwell in freshwater sediments
even if they cannot compete in the pelagial. Further, sampling over a long time period could provide valuable
information about the long-time establishment of exchanged species.

Conclusions
Our study showed that the community in soil and freshwater is fundamentally different and that co-occurring
OTUs are rare. In addition, abundant shared OTUs are rather affiliated with one habitat type and most likely
dispersed to the other habitat by chance. Only few rare shared OTUs may represent true habitat generalists. This
gives evidence , that soil and freshwater communities are rather closed communities and that an establishment
of taxa from the respective other habitat type is unlikely even though inoculation occurs and, in particular
freshwater habitats seem regularly to be inoculated by individual OTUs originating from soil.

Further, soil habitats show a significant higher OTU richness and higher diversity compared to freshwater
habitats, which is also reflected by a higher community dissimilarity compared to freshwater habitats. However,
true diversity was similar for fungi as richness was higher in soils but evenness was higher in freshwater.
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Microbial community shifts induced
by plastic and zinc as substitutes
of tire abrasion

G. Sieber'™, D. Beisser'?, J. L. Rothenberger!, M. Shah'*, M. Schumann?®, B. Sures®3 &
J. Boenigk®2

Aquatic environments serve as a sink for anthropogenic discharges. A significant part of the discharge
is tire wear, which is increasingly being released into the environment, causing environmental
disasters due to their longevity and the large number of pollutants they contain. Main components

of tires are plastic and zinc, which therefore can be used as substitutes for tire abrasion to study

the effect on microbial life. We investigate environmentally realistic concentrations of plastic and
zinc on a freshwater microeukaryotic community using high-throughput sequencing of the 185V9
region over a 14-day exposure period. Apart from a generally unchanged diversity upon exposure

to zinc and nanoplastics, a change in community structure due to zinc is evident, but not due to
nanoplastics. Evidently, nanoplastic particles hardly affect the community, but zinc exposure results
in drastic functional abundance shifts concerning the trophic mode. Phototrophic microorganisms
were almost completely diminished initially, but photosynthesis recovered. However, the dominant
taxa performing photosynthesis changed from bacillariophytes to chlorophytes. While phototrophic
organisms are decreasing in the presence of zinc, the mixotrophic fraction initially benefitted and

the heterotrophic fraction were benefitting throughout the exposure period. In contrast to lasting
changes in taxon composition, the functional community composition is initially strongly imbalanced
after application of zinc but returns to the original state.

Pollution is a globally growing problem, triggering unforeseen consequences and incalculable harm to
biodiversity!-°. One important pollution source is tire abrasion”®. Tires contain numerous substances like car-
bon black, additives, fabric, curing agents, sulfur, metals, but also styrene and butadiene, which are precursors
of polystyreneg’lz. Wearing off the tire leaves particles on the surface, which, due to abrasion and UV radiation,
degrade to micro- and nanoplastic*'*~'°. During the next heavy rainfall event, these particles are then carried
into the water bodies (Fig. 1).

The particles can remain in the environment for centuries, if not millennia, due to their long half-life, attribut-
able to their low biodegradability'®. One of the most important toxic compounds in tires in terms of quantity is
zing, i.e., tires contain around 1% zinc'®. Some adverse effects are already described**-2, but the overall impact on
microeukaryotic communities are insufficiently investigated yet>*~% as the effects of nano- and microparticles
and associated toxic substances are mostly unknown®.

Further, for tire abrasion it is unclear to what extent potential effects are caused by the nanoplastics or by
toxic compounds adsorbed to or embedded in the nanoplastic particles®”8132831:32,

Strong effects on microeukaryotic communities are likely as both direct and indirect harmful effects via
physical contact, phagocytosis, feeding and accumulation via the food web are likely*’ . A shift in bacterial
communities has been shown by Fu et al. suggesting indirect effects on microeukaryotes i.e. through feeding
interactions*"*2. Effects of micro- and nanoplastics are known to increase with decreasing particle size**-*”. Nano-
plastics can permeate into lipid membranes* leading to lipid peroxidation* and to cell membrane disruption
by direct contact, physical piercing, plasmolysis and physiological stress®>**->*, Nano- and microplastics have
further been shown to cause a decrease in chlorophyll content and photosynthetic activity in microalgal cultures,
independent of growth inhibition and shading effects*>*>°5°. The underlying effects are diverse, ranging from

Biodiversity, University of Duisburg-Essen, Essen, Germany. 2Centre for Water and Environmental Research,
University of Duisburg-Essen, Essen, Germany. 3Aquatic Ecology, University of Duisburg-Essen, Essen,
Germany. “Research Center One Health Ruhr, University Alliance Ruhr, Environmental Metagenomics, University
of Duisburg-Essen, Essen, Germany. *“email: guido.sieber@uni-due.de
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Figure 1. Pictorial representation showing how pollutants from tire abrasion enter aquatic ecosystems. While
driving, the tire wears off and leaves particles on the road surface, which are further degraded to micro-

and nanoparticles by friction and UV radiation. These particles are discharged with the next heavy rainfall
into aquatic and terrestrial ecosystems. There they interact and affect microbial organisms and are further
accumulated along the food chain'’.

reduced CO, uptake to increased reactive oxygen species (ROS) production, distorted thylakoids and negatively
affected photosynthesis genes**>>>%,

Zing, on the other hand, is one of the most common and abundant metals in the environment®. Even though
essential for cells at low concentration, it is toxic at higher concentrations due to several effects on the physiol-
ogy of cells’®*. For instance, excess zinc can lead to lipid peroxidation, decreasing cellular chlorophyll content,
photosynthesis reduction and reduced diversity in microorganisms®-°!. Zinc excess can further negatively affect
the activities of carbon-, nitrogen-, and phosphorus-acquiring enzymes®. In order to cope with zinc individual
microeukaryotes activate defense mechanisms such as the production of antioxidants and metal chelators®.

In this study, we examined the effects of 100 nm polystyrene nanoparticles and zinc as a substitute for tire
abrasion, and its effects on a natural freshwater microbial community using mesocosms in conjunction with
next generation amplicon sequencing.

The objectives of this study were to determine effects on the community composition both for the polystyrene
nanoparticles and for zinc. Regarding nanoplastic we particularly hypothesize a decrease of microeukaryotes
lacking cell walls or possessing (thin) cellulose but hardly an effect on taxa with robust cell walls such as diatoms
and fungi and thus an increase of the relative abundance of the latter. Nanoplastics may invade the cells of the
former taxa more easily, damage the cellulose wall and thylakoid membranes, while the latter taxa should be
better protected from such effects®>. We conjecture effects on phototrophs and heterotrophs, however we assume
that heterotrophic microeukaryotes are affected more severely due to weaker defenses, mistaking plastic for food
and accumulation compared to phototrophic microeukaryotes and fungi which should be reflected by a relative
decrease of phagotrophs in the microbial community. Nevertheless, negative effects on photosynthesis have
also been shown for cultivated microorganisms®>*®. Such effects may decrease the abundance of phototrophic
microorganisms and counterbalance the expected community shifts.

With respect to zinc, we expect to see a greater impact onphototrophic microorganisms than on heterotrophic
or mixotrophic ones as it impacts nutrient acquiring enzymes and negatively affects photosynthesis. The impact
of zinc on cells, however, may be modulated by interactions with outer structures such as cell walls. Biomolecules
present in cell walls such as mannans, glucans, phosphomannans, chitin, chitosan and melanin are known to
act as bioabsorbants of metals®. We therefore expect that organisms possessing thick and robust cell walls, in
particular fungi, are more tolerant to zinc and that consequently their relative abundance will increase®. Think-
ing along these lines, we hypothesize strong negative effects for phagotrophic taxa as most of these taxa lack cell
walls and further accumulate zinc along the food chain. In consequence, we further hypothesize a decrease of
heterotrophs, an increase of fungi and a presumably intermediate response of phototrophic taxa. However, as
metal binding to cell walls should eventually reduce the free zinc concentration, the mid- to long-term effects
may be the other way around and organisms lacking zinc-binding molecules on the surface may benefit.
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Methods

Lake water was taken from lake Baldeney (Germany, Essen 51.402484 N, 7.007840 E) on the 22 nd of August
2019 5 m from the shoreline. Water was filtered through a stainless steel filter (2 mm) and subsequently through
a 100 um mesh to exclude larger metazoa and debris. The water was stored indoors in an open 2400 L stain-
less steel tank. To compensate for missing substrate we added an amount of 0.025% of NSY medium (Nutrient
broth, peptone from soybean and yeast extract media) and WC medium (freshwater medium) (modified from
Guillard & Lorenzen®) (Table S1) every day. The water was exposed to daylight, gently stirred for 30 s once a
day and ventilated by four aquarium aerators. After two days of initial acclimatization, we transferred the water
into 25 glass aquariums (45 L each) with one aquarium aerator each and allowed for a secondary acclimatization
for one day. The experiment was run under natural light conditions in an air-conditioned greenhouse at 19 °C
air temperature. Basic chemical parameters, such as pH, conductivity and water temperature, are shown in the
supplement (Table S2).

In the experiment we tested the effects of polystyrene nanoparticles (Micromod, Germany, 100 nm poly-
styrene, micromer®-F green) and zinc (applied as zinc chloride) in a replicated factorial design®”*". In addition,
we ran acontrol containing silicate nanoparticles (Micromod, Germany, 100 nm silica, sicastar®-F). We applied
nanoparticles in a concentration of 3 x 10® particles ml™ and zinc chloride in a concentration corresponding
to 1 mg Zn ™! (15.3 umol/l). The experimental setup therefore consisted of five different treatments with five
replicates each. Namely, control (without any exposure), zinc exposure (Zn), nanoplastic exposure (NP), zinc &
nanoplastic (ZnNP), and the additional silica nanoparticle exposure (Si). The silica nanoparticle treatment was
applied to differentiate between effects due to particle concentration from effects due to particle composition
(polystyrene and silica). The nanoplastic concentration (0.158 pg/1) applied corresponds to concentrations found
in the environment®. Baselines of metals and actual zinc concentrations are shown in the supplement (Tables S3,
S4). Dissolved metals were measured by measuring filtered samples (using Whatmann™ 0.45 pum cellulose nitrate
filters). The metals concentrations were analyzed using inductively coupled plasma mass spectrometry (ICP-MS).
The analyses were carried out with a quadrupole ICP-MS system (Perkin Elmer Sciex Elan DRC-e) operating at
1000 W plasma power, 14 1/min plasma gas flow and 0.95 I/min nebuliser gas flow and an auto sampler system
(Perkin Elmer AS-90) connected with a peristaltic pump with a sample flow of 1 ml/min. To avoid contamination
and memory effects the wash time between measurements was set to 10 s (with 1% HNOs;, suprapure). Before
analyses, the samples were diluted 1:10 using a solution of 1% HNO; (suprapure) with a concentration of 10 ng/1
of yttrium (Y) as internal standard. In order to control the accuracy and stability during measurements a standard
solution of all analytes in concentration of 10 ug/l was analyzed after every 10 samples. The calibration was car-
ried out with a series of 1 1 dilutions of a multielement standard solution (ICP Multielementstandard solution,
Merck, Darmstadt, Germany) using additionally Molybdenum standard (AAS-standard, Bernd Kraft, Duisburg,
Germany). Element concentrations were calculated as mg 1! using corresponding regression lines (correlation
factor >0.999)%7°. A lower dissolved zinc concentration than calculated is present under natural conditions, as
zinc is bound to organisms and particles and is therefore not freely available (Fig. S1). Pre-experiments confirmed
that no zinc adsorption to the aquariums was detectable. Formation of nanoplastic aggregates, however, occurs
naturally and cannot be overcome without addition of surfactants to ensure initial dispersion, which is not
feasible in the experiment; thus particles were sonicated in 0.1 M Na,COj for 15 min’"’?> (Manufacturer) prior
to the experiment. Corresponding amounts of Na,CO; were added to the treatments without nanoparticles to
exclude effects caused by Na,COs.

Sample processing. Samples were taken after 1 h, 12 h, 24 h, 48 h/2 days, 96 h/4 days, 168 h/7 day and
336 h/14 days after stirring and before addition of nutrient media. This sampling scheme was chosen to capture
immediate effects at the beginning with a dense sampling and medium-term effects, which become rather vis-
ible only after a few generations, with a more broader sampling towards the end. Briefly, we withdrew 400 ml
(sampling points 1, 12 and 24 h) and 200 ml (sampling points 48, 96, 168, 336 h) with sterile 1 L glass bottles
and filtered the sample on a polycarbonate filter (0.2 um). Sampling volume was less for the last four samplings
as filters clogged earlier.Saturation curves were used to manually rule out that samples were under-sampled. This
sampling scheme is considered biomass normalized because filters that are close to clogging were sampled, so
that sampled biomass is comparable.

From each sample, 4 ml subsamples were taken and adapted to darkness (30 min) for measuring the photosyn-
thetic activity using the AquaPen-C AP100 QJIP protocol (Photon System Instruments, Brno). Each subsample
was measurement twice (2 times 2 ml) and the average was taken for analysis (Table S5).The Fv/Fm quotient
describes the maximum photochemical quantum yield of the photosystem II (PSII) in a dark adapted state, with
Fv being the variable fluorescence or difference between maximum and minimum yields (Fm-F,), of chlorophyll
a fluorescence. The measured 'Fv/Fm'- ratio is related to the photochemical conversion efficiency of the PSII
and describes the proportion of functional PSII indicating stress and vitality. The "Fix Area' value measures the
area under the induction curve of fluorescence during a saturation light flash (1 s), which serves as an indirect
proxy for the chlorophyll a content’>~7>. Photosynthesis proxies were statistically compared against the control
using Wilcoxon tests.

Filters were air dried and immediately stored in 1.5 ml eppendorf tubes with 400 ul RNA/DNA Shield (Zymo
Research) and frozen at -80 C° until DNA extraction. DNA was extracted using the Zymo Quick DNA/RNA
microprep plus kit with a modified protocol. Briefly, each step was performed at room temperature and samples
were centrifuged until the fluid passed the columns (30-70 s) at 10.000 rpm.Two filters with the surrounding
DNA/RNA shield solution were transferred in a bashing bead tube (Zymo BashingBeads Lysis Tubes (0.1 &
0.5 mm)) and homogenized using the FastPrep instrument (MP Biomedical). Homogenization was run five times
for 30 s at 5.5 m/s. Between homogenization steps the samples rested 1 min on ice. The bashing bead tubes were
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centrifuged for 30 s, the supernatant was transferred in a 1.5 ml tube and mixed with 400 pl lysis buffer. After 30 s
the sample was transferred onto a Zymo-Spin IC-XM column in a 1.5 ml RNAse free tube and was centrifuged.

400 pl preperation buffer was added to the DNA carrying column and the column was centrifuged. Followed
by two washing steps with 700 and 400 pl wash buffer and a final dry centrifugation for 2 min. The dry columns
were transferred to a 1.5 ml tube and 30 ul RNAse/DNAse free water was added. After 5 min an elution centrifu-
gation was performed. DNA was frozen at — 20 °C.

PCR amplification targeted the 18S V9 region. Forward primers are based on 1391f. (5'-GTACACACCGCC
CGTC-3")78. Reverse primers are based on EukR (5'-TGATCCTTCYGCAGGTTCACCTAC-3")"". The final
concentrations in all of the PCR reactions were as follows: 0.5 ul of DNA template in 25 pl PCR reactions with
0.02 units/ul of Q5 DNA polymerase (NEB), 5 ul Q5 buffer, primers at a final 0.5 um concentration, dNTPs at
0.2 um final concentration and 16.25 ul water. The PCRs conditions included an initial denaturation at 98 °C for
30 s and 25 cycles of: 98 °C for 30 s, annealing for 10 s at 60 °C, extension for 15 s at 72 °C, followed by a final
extension step at 72 °C for 2 min.

DNA-Sequencing: Equimolar subsamples were pooled and commercially sequenced using a NovaSeq6000,
yielding 150 bp-long paired-end reads (Fasteris, Geneva, CH).

Bioinformatics. Adapter removal, quality trimming and demultiplexing using molecular identifier (MID)
sequences were performed by the sequencing company (Fasteris). The base quality of the sequence reads was
checked using FastQC”. A split-sample filtering protocol for Illumina amplicon sequencing was used for two
technical replicates per DNA sample”. The raw sequences were quality filtered®® (PRINSEQ-lite v.0.20.4) to
remove reads with an average Phred quality score below 25. The paired-end reads were assembled and quality
filtered with PANDASeq® (v2.10). All reads with uncalled bases, an assembly quality score below 0.9, a read
overlap below 20, or a base with a recalculated Phread-score below 1 were removed. After dereplicating chimeras
were identified and filtered using UCHIME® (v7.0.1090) with default settings. Sequences that were not pre-
sent in both sample branches were discarded”. Operational taxonomic units (OTUs) were created swarm with
default settings®® and amplicon sequencing variants (ASVs) were created with DADA2% (1.18.0). Sequences
can barely be tracked down to represent distinct species or even strains, thus, the use of taxonomic units (OTUs
or ASVs) is mandatory to perform analyses. The tools were used within the modular bioinformatic pipeline
Natrix®. Sequences wereBLAST (Basic Local Alignment Search Tool) aligned against the National Center for
Biotechnology Information (NCBI) nucleotide database (nt) (downloaded Feb. 2020). OTUs with less than 100
reads in total, occurring in less than 10 samples, having a BLAST e-value larger than 1 x 107 or a percentage of
identity less than 90% were discarded. Sequencing depth waschecked with rarefaction curves and samples that
did not reach saturation were manually curated. Namely, the samples NP1_336h, NP5_168h, ZnNP5_168h,
Zn5_336h, C2_336h were removed before analysis.

True diversities and functional group abundances were computed from rarefied reads (function rrarefy from
the vegan R Package®®, version 2.5.7%). Reads were rarefied to the mean read amount (419,158) from all sam-
ples. True diversities are based on the Simpson index using the R package RAM®® as well as Pielou's evenness.
True diversity, also known as Hill numbers or effective number of species, were chosen as a measurement for
diversity as it is not a non-linear diversity index (e.g. Shannon index, Simpson index) but is suitable for linear
comparisons between samples. True diversity and OTU richness was statistically compared against the control
using Wilcoxon tests.

We assigned the nutritional mode to OTUs by using their BLAST based percentage identity values to spe-
cies/taxa where the nutritional mode is known. We accepted individual thresholds for correctly resolving the
assigned taxonomy to the phylum, clade, class, order, genus, species and strain level, while referring to Table S6.
For the phylum/clade/class/order level we accepted a percentage identity of 90%, for the family level 92%, for
the genus level 94.5%, for the species level 98.7% and for the strain level 99%°%°. These thresholds were derived
from research on bacteria and archaea and were used here for eukaryotes, since similar, universally usable,
thresholds are not available for the V9 18S region in eukaryotic microorganisms. Differential abundant OTUs
were calculated by their log,fold changes using the R Package DESeq2®® on raw count data with an accepted
adjusted p value below 0.01. The design formula accounts for effects caused by individual treatments and not by
temporal effects (design = ~ time + treatment).

For the non-metric multidimensional scaling (NMDS) we replaced zeroes in our dataset based on a Bayesian-
multiplicative replacement (cmultRepl, R zCompositions package®') and calculated the Aitchison distance, as we
are dealing with compositional data®®. Aitchison distance is used as a community dissimilarity indicator. This
distance matrix was used to compare the treatments among each other using a Benjamini-Hochberg p-adjusted
pairwise adonis (adonis padj). The same test wasapplied to functional community compositions of individual
treatments. Figures were created with R and Adobe Illustrator'”*”.

Data availability. The datasets generated and analyzed during the current study are available in the Gen-
bank repository (PRJNA844210) available after the manuscript was accepted.

Results

Sequencing results. The total number of assembled reads after filtering was 70,807,761 which formed
1410 OTUs. Of these 419,158 + 182,342 assembled reads and 571 + 189 OTUs were found in individual samples.
Results shown here are based on OTUs as patterns were inconclusive for ASVs (Fig. S2).

Effects of treatments on the community structure. Microeukaryotic communities in the differ-
ent treatments differed and the separation increased over time. Besides a general temporal development we

Scientific Reports |

(2022) 12:18684 | https://doi.org/10.1038/s41598-022-22906-6 nature portfolio



www.nature.com/scientificreports/

. & | Time
40 - v
® 1 hour
'S W 12 hours

e A 1day

i X 2days
¥ 4 days
€ 7 days
-+ 10 days

20 -

‘\ A ’ kK Treatment
0- = Iy .’ ’ g | control
A ¥ ® NP
® Silica
o °® e AAY o’ ® ® Zn
r ZnNP

-20 - n ®

.25 0 25 50

Figure 2. Non-metric multidimensional scaling (NMDS) ordination plot of individual treatments over time
showing their community development and differentiation during the time-course of the experiment. A stress
value of 0.105 denotes a decent ordination representation. Treatments are color-coded and sampling points are
shape-coded. It can be observed that the x-axis represents time and the y-axis individual treatments Samples
close to each other are more similar, thus their community structure is more similar than the community
structure of more distant samples. The distance between individual samples is rank-based and not linear. The
differentiation of the Zn and ZnNP treatment compared to the control becomes obvious over time, while there
is no differentiation of Si and NP treatment, when compared to the control.

observed a pronounced effect of zing, i.e. the shift of the community composition was stronger in treatments
exposed to zinc while exposure to silicate and polystyrene nanoparticles did not or hardly affect the development
of the community compared to the control treatment (Fig. 2). The community turnover and the impact of zinc
became visible both on the level of individual OTUs (Fig. 2) as well as on the level of higher-level groups (S3).

While community composition developed similarly within treatments without additional Zn (control, silicate
and NP) as well as within zinc-treatments (Zn and ZnNP) the development was different between these two
groups (pairwise adonis padj> 0.01; Fig. 2). The communities in the zinc treatments started diverging from the
zinc-free treatments already within the first hour after exposure (Figs. 2, 3) and continued to diverge until the end
of the experiment. In particular, the relative abundances of Chrysophyta and Euglenozoa were initially higher
in the zinc-treatments but later replaced by a higher abundance of Choanoflagellata, Cercozoa, Amoeba and
Chlorophyta. While there are generally less Bacillariophyta, Chytridiomycota and Dinophyta (Fig. S3) compared
to zinc-free treatments.

The exposure of silica and polystyrene nanoparticles did not significantly affect the development of the com-
munity. Likewise, we did not find indications for an interactive effect of nanoplastic and zinc on the community
structure.

Diversity. While taxon composition was changing during the course of the experiment and developed dif-
ferently between zinc and non-zinc treatments (Fig. 2) the diversity was hardly affected: OTU richness did not
significantly change in the course of the experiment (padj>0.01) (Fig. S4, Table S8). Similarly, the true diversity,
as well as evenness, was not significantly affected throughout the experiment (wilcoxon p>0.01) (Figs. S5, S6).
Further, diversity indices were similar between zinc and non-zinc treatments (wilcoxon p>0.01). Diversity is
thus decoupled from the taxonomic community profile. Although the relative abundances of individual taxa/
OTUs changed, the evenness did not.

Functional attributes. Roughly 90% of the OTUs (1273 OTUs, i.e. 702 heterotrophic, 26 mixotrophic, 41
parasitic, 504 phototrophic) were appointable to a trophic mode, i.e. phototrophic, mixotrophic, heterotrophic
or parasitic, while 137 OTUs could not be assigned to a trophic mode.
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Figure 3. Ternary plot showing the functional community composition and its shift. Treatments are color-
coded and sampling points are shape coded. Consumers include parasitic and fungal OTUs. Ternary plots are
three dimensional composition plots. Relative abundances of samples always sum up to 100%. The closer a
sample is located towards one corner (nutrition type), the more organisms affiliated with this nutritional type
are represented in the community in terms of relative abundance. Samples close to each other are similar in
their functional community composition. Distances are based on the relative abundance of the three functional
groups, thus distances between samples behave linear.

The relative importance of trophic modes changed over time and the strength of this change depended on
the treatment, i.e. the shift was stronger in the zinc treatments as in the non-zinc treatments. Within groups, i.e.
between control, Si and NP on the one hand and between Zn and ZnNP on the other, no significant differences
were observed (pairwise adonis, p>0.01), while the difference between these groups is significant (pairwise
adonis, p<0.01).

Initially phototrophs dominated in all treatments. During the course of the experiment, the community
shifted towards a rather heterotrophic dominated community and subsequently back to a more balanced com-
munity with a slight dominance of heterotrophs. In the non-zinc treatment the shift of nutritional modes was
moderate while in the zinc-treatments the initial shift was sharp and phototrophs decreased drastically. In conse-
quence, the relative importance of mixotrophs increased initially in the zinc treatment and later on the commu-
nity was nearly exclusively composed of heterotrophs. Towards the end of the experiment, phototrophs became
more frequent again and functional diversity became similar to the control in the zinc treatment as well. Thus,
the ratio of consumers, mixotrophs and phototrophs is largely balanced towards the end and became similar to
the starting conditions in all experiment. However, taxon composition changed strongly (Tables S8, S9, S10, S11).

In the zinc treatments (Zn and ZnNP) the dominant phototrophs of the initial community, i.e., Bacillari-
ophyta, were nearly entirely replaced by Archaeplastida as the experiment progressed (Fig. S10). It is noteworthy
that the Chlorophyta species Halochlorella rubescens made up a major part of the phototrophic fraction. Con-
sidering the last sampling day this OTU made up 16.8 +9.9% of the total reads in the Zn and 13.3+9.1% in the
ZnNP treatment, representing 63.5+31.8% and 40% * 14.2 of the Chlorophyta fraction, respectively.

The mixotrophic subcommunity is diminished in the zinc treatments (Zn and ZnNP) and consisted mostly of
Chrysophyta with a small share of Dinophyta. In contrast, Dinophyta dominated this fraction almost exclusively
in the non-zinc treatments (control, Si and NP) (Table S10).

In all treatments heterotrophs were initially dominated by Chrysophyta and Ciliophora while they were
Cercozoa and Ciliophora dominated towards the end of the experiment. However, their relative importance
differed, as the zinc treatments contained a higher fraction of Amoebozoa and Cercozoa but a lower fraction
of Ciliophora and Chytridiomycota. Interestingly, the NP treatment contained more Cercozoa than any other
treatment (Table S11) which is one of the few deviations of the NP treatment from the control.

The relative abundance of parasites decreased in the zinc treatments and that of fungi increased in the non-
zinc treatments towards the end of the experiment.

Scientific Reports |

(2022) 12:18684 | https://doi.org/10.1038/s41598-022-22906-6 nature portfolio



www.nature.com/scientificreports/

Differentially abundant OTUs

Ascomycota

Amoebozoa

Bacillariophyta

Heterolobosea

Cercozoa
Logz foldchanges
Chl hyt G
orophyta N o
.
Choanoflagellata 0
e -10
_— Chrysophyta l -20
-30
——— Chytridiomycota
Ciliophora
Cryptophyta
Dinophyta
[
Euglenozoa
—_——

remaining OTUs

ZnNP Zn Silica NP
Treatment

Figure 4. Log,-fold changes of differentially abundant OTUs and their affiliation to subgroups compared to
the control. Only differences with an adjusted p value of 0.01 are shown. Each line represents one OTU. OTUs
are sorted in descending order based on their log,-fold changes in the ZnNP treatment. Log,fold changes are
color-coded, the descending order is: green, blue, grey, orange, red. Differences visible here are solely based on
the factor treatment.

Fv/Fm photosynthesis proxy. The shift of trophic modes is supported by photosynthesis proxies (Fig. S7).
While photosynthesis proxies do not significantly vary in the non-zinc treatments (control, Si, and NP) (wil-
coxon p>0.01), they develop parabolically in the zinc treatments, i.e., an initial strong decrease is followed by
a plateau phase and a full recovery towards the end. Compared to the control, photosynthesis proxies were
lower in zinc treatments throughout the experiment (wilcoxon p <0.01) with the exceptions of the last sampling
(336 h) for the ZnNP treatment and the last two samplings for the Zn treatment.

Differentially abundant OTUs. Community composition shifted differently in treatments and so did
individual OTUs. Compared to the control, 519 OTUs (36.81%) were differentially abundant in other treatments
(Fig. 4, Table S12) (padj < 0.01). This was most pronounced in the Zn treatment with 351 more abundant and 116
less abundant OTUs and in the ZnNP treatment with 315 more abundant and 118 less abundant OTUs. Patterns
between these two treatments were similar as they shared 397 of the differentially abundant OTUs (78.93%). In
contrast, in the non-zinc treatments only a minor fraction of OTUs deviated from the control, i.e. 11 OTUs were
more abundant and 26 were less abundant and in the NP treatment 4 OTUs were more abundant and 2 were less
in the Si treatment.

The differentially developing OTUs again demonstrate the strong effect of zinc and a minor (but present) effect
of nanoparticles. Thus, while nanoplastic particles have no effect on the diversity or community composition
(Fig. 2) they have an effect on few individual OTUs (accounting for 2.62% of the reads).

In general, the majority of differentially abundant OTUs which were affiliated with Ascomycota, Amoebozoa,
Chrysophyta, Cryptomycota and Euglenozoa had a higher abundance as compared to the control with only few
exceptions. In contrast, most of the differentially abundant OTUs which were affiliated with Bacillariophyta and
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Chytridiomycota had lower abundances in the treatments while OTUs affiliated with Cercozoa, Chlorophyta,
Choanoflagellata and Dinophyta showed a mixed pattern with a balanced occurrence of some more and some
less abundant OTUs.

Some strongly differential abundant OTUs occur with a log,fold change of — 30 to 28 (Fig. 4), each with a
percentage identity value of less than 98.7%. Therefore reliable affiliations to species are questionable, namely,
an unclassified fungi (98.33%), an uncultured Chytriomycota (93.02%) Holosticha diademata (93.86%), Stepha-
nodiscus hantzschii (98.43%), Apouronema harbinensis (98.2%) and Hemiselmis virescens (92.59%) (Table S12).

Interestingly, the OTUs most strongly deviating from the control were mostly affiliated with common taxa
(Tablr 1). Noteworthy is that Cryptomonas sp. seem to react differently to zinc (Zn and ZnNP) as compared to NP.

Discussion

The environment is subject to many types of pollution, with heavy metals and plastics being of particular
importance®**. These pollutants are being released in particular from tires”**** and affect microbial communi-
ties, especially microeukaryotes®~*”. Zinc is bound initially to suspended natural particles®®-%°, which explains
the deviation from the calculated value (Table S2). Effects on the community structure by zinc are conclusive,
as excessive zinc concentrations are toxic®”'%'-1% and lead to lipid peroxidation, decreased chlorophyll content,
and reduced activities of carbo-nitrogen and phosphorus acquiring enzymes®*%2.

The striking impact of zinc after just one hours is especially noteworthy. Zinc entails major cell damages lead-
ing to disturbed osmosis, causing the cells to disintegrate in a matter of minutes'*. Thus the differences between
the communities of zinc and non-zinc communities after one hour presumably reflect immediate death and lysis
of some individuals following the addition of zinc. This suggests that even short pulses of zinc pollution cause
devastating effects, thus, threatening microbial life, ecosystem balance and their function. Further, following
this short-term effect is a mid-term effect, as biosorption of metal by microeukaryotes increases with time of
exposure leading to enhanced toxicity®*1%5-1%7,

In general, the community composition changed over time as was to be expected for mesocosm systems'*
(Fig. 2). However, we observed pronounced differences between treatments indicating significant effects of the
tire abrasion substitutes. In particular, community structure was strongly affected by zinc, but not significantly by
nanoparticles. In contrast, diversity in terms of OTU richness and effective number of species was barely affected,
demonstrating the stability of diversity upon exposure to nanoplastic, zinc and their combination (Figs. S5, S6).
In the plastic and silicate nanoparticle treatments we also did not observe strong deviations in the development
of the community composition as compared to the control indicating a generally weak effect of nanoparticles.
This is in contrast to our initial hypothesis but not necessarily surprising as microeukaryotes are surrounded by
a high concentration of particles, including nanoparticles, in their natural environment and microeukaryotic
communities should be adapted to varying nanoparticle concentrations'*''. In contrast, in the zinc treatments
community composition changed over time, i.e. taxon composition changed (Fig. 2) but community structure
with respect to species richness and evenness stayed stable. This finding is congruent with discoveries on effects
of arsenic, microplastic and nanoplastics in soil®.

In all treatments the functional diversity shifted initially towards a stronger contribution of heterotrophic
taxa and later back to a more balanced composition, which agrees with the literature regarding functional
redundancy''""'2, As soon as ecosystem functions are disturbed by unfavorable conditions, which lead to the
decline of the organisms performing them, the ecosystem strives to compensate by having the functions taken
over by other organisms which can cope with the present conditions. Still, this is valid in an open ecosystem with
high diversity''"!*and is more limited in closed mesocosm experiments with limited diversity and dispersion
especially regarding the inability of new species to colonize the mesocosms.However, this functional diversity
shift was more pronounced in the zinc treatments.

A major finding therefore is that while diversity indices (e.g. effective number of species and evenness)
barely reflect an effect of zinc, taxon composition and functional composition do. The functional commu-
nity composition with respect to trophic modes was strongly imbalanced by the applied tire wear substitutes
(Fig. 3). We observed a shift in the functional composition over time in all treatments with a general trend from
phototrophic to heterotrophic organisms. The impact of zinc accelerated and amplified this functional shift
considerably while there was no corresponding effect for nanoparticles. This was unexpected but conclusive as
it is possible that the inert nanoplastic particles formed aggregates and were therefore no longer bioavailable
for microeukaryotes'>!'4116_ Alternatively, microorganisms may be used to cope with particles of all size!!7~12!.
Further the idea that plastics are just a vector for harmful substances could provide an explanation for nano-
plastics alone not having a strong effect>*>!?2. The relative abundance of phototrophs sharply decreased initially
in the zinc-treatments causing a short-term increase of mixotrophs and heterotrophs. The relative increase of
mixotrophs presumably reflects the abrupt loss of many phototrophic individuals, which were directly affected
by the applied substitutes (e.g. cell disintegration)'**!!%as a strong growth of mixotrophs and heterotrophs is
unlikely due to the average generation time of around 26 hours'?. In contrast, despite certain losses of individuals
as well, the heterotrophs as a functional group seem to profit early from the zinc addition—most likely due to
increased carbon and food availability due to the increased number of dying and dead individuals*®'"*. Within
the first days of the experiment, community composition develops towards a community strongly dominated
by heterotrophs (=90%). After a couple of days, the detectable increase of heterotrophs is likely based on the
decrease of phototrophs and at the same time the actual increase of heterotrophs. Towards the end of the experi-
ment the community composition drifts back towards a more balanced community composition. Thus, the strong
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initial effect on the phototrophic community may not be explicitly linked to photosynthesis pathways but may be
rather taxon-specific and linked to properties, which are not directly related to photosynthesis. A general link to
impaired photosynthesis would not allow another organisms group to peform photosysnthesis (i.e. Chlorophyta),
but would have a negative effect on all photosynthesis performing organisms.

Based on the initial response, it is not possible to decide whether the decrease in photosynthetic taxa and in
community photosynthesis reflects a general effect of zinc on photosynthesis pathways or rather a sharp decrease
of the dominating phototrophic taxa (i.e. diatoms), potentially caused by zinc acting on other structures or path-
ways. Regarding a general effect on phototrophs, photosynthesis and photosynthesis pathways can additionally
be directly affect by zinc®'?%, Further, phototrophic taxa may be more susceptible to zinc for other reasons, i.e.
pathways and structures not directly linked to photosynthesis may be affected. For instance, one could argue that
while phototrophs have detoxifying mechanisms like osmotic adjustment, excretion of complexing compounds,
metal binding compounds, chelation and an antioxidant protection system®"¢!2>126 heterotrophs may further
use particle excretion as an additional way to deal with toxic substances therefore may be slightly better at
detoxifying, hence, tolerating zinc®”'#’-13°, However, the recovery of phototrophic fraction towards the end of the
experiment indicates that there are some photosynthetic taxa capable of dealing with high zinc concentrations. In
particular, the dominant algae at the onset of the experiment, i.e. Bacillariophyta, were largely replaced by green
algae. This suggests that the observed effect may be limited to or more pronounced in taxa like the Bacillariophyta
while other taxa like the (or at least some) green algae rather thrive under high zinc conditions (Fig. S3, S10).
This may be linked, for instance, to cell wall properties and cell wall synthesis rather than photosynthesis itself,
i.e. silicate cell walls and synthesis pathways may be more strongly impacted by zinc as compared to cell walls
made of sugars (cellulose or chitin) in many other taxa. In fact, it is documented that Bacillariophyta are rather
sensitive to heavy metals and build deformed frustules, while Archaeplastida, especially Chlorophyta, can better
cope with metal pollutions%6>105124130-133 ‘Eor jnstance, the chlorophyte species Halochlorella rubescens thrived
well in the zinc treatments. The high abundance is coherent with the literature, since this species was used in the
wastewater sector'** and was investigated especially for zinc removal from wastewater'*.

The relative abundance of heterotrophic and mixotrophic fractions increased initially. One could assume that
the mixotrophs took over the photosynthetic ecosystem function during this period until the obligate photo-
trophs eventually recovered. The photosynthesis proxies contraindicate this, i.e. the Fv/Fm values are collapsing
(Fig. S7). Thus, mixotrophs probably rely largely on their ability to feed heterotrophically during this period.

This observed switch to a predominantly heterotrophic community is reasonable assuming that the phototro-
phs in the original community are vulnerable to zinc and that heterotrophs profit from increased food availability
in form of dead algal biomass, i.e. it is likely that especially photosynthetic organisms serve as food source?>>2°6>?
(Fig. S7). The assumed selective advantage of heterotrophs during the initial phase of the experiment is consist-
ent with a decreasing importance of mixotrophs and a further increasing importance of obligate heterotrophs.

The addition of zinc also resulted in a lower relative abundance of parasites (Fig. S9). As most parasites are
host-specific, the relative abundance of parasite and host is likely coupled'**-1*. As zinc is causing a decline in
phototrophs, it will directly (e.g. disturbed osmosis) or indirectly (e.g. killing the host) affect parasite relative
abundance'®. The decrease of parasites thus suggests that many taxa were parasites of diatoms!**14141,

We did not observe a strong effect on fungi (Fig. S9) and fungal diversity is not affected by zinc, suggesting
that a direct impact is unlikely'#2. This is not surprising as the fungal fraction is low in pelagic freshwaters!+>!4*
and the nature of compositional data may obscure shifts especially in rare taxa. In summary, it is evident that
zinc is strongly unsettling the balance between heterotrophs and phototrophs.

In contrast to our expectations, nanoparticles did not strongly affect microeukaryotic communities or func-
tional composition. We observed no combined effect of zinc and nanoplastic. Even though we have to reject our
hypothesis of direct effects on the community and functional level, this finding is plausible: Microeukaryotes
aresurrounded by a high concentration of particles with different surface properties (e.g. clay, silt, bacteria).
Thus, they are likely well adapted to cope with them!”~'*!. Further, nanoparticles cluster easily to hetero- and
homoaggregates'>!'*"!1¢ and are therefore less likely to have direct interactions with microeukaryotes. Still,
plastic leachates and surfactants are known to negatively affect microorganisms in various ways'*>14¢ but rather
due to the respective surfactants or leachates than the nanoparticles themselves?!4”148, Our results on tire wear
substitutes back this idea as zinc (being a leachate from tire wear) has a strong impact while nanoplastic (as
potential vector) is rather neutral (Fig. 2, 3, S7). It should also to be noted that nanoplastic remains in the environ-
ment for centuries’®, thus a short- to medium-term exposure likely does not reveal all effects. However, with an
average generation time of 26 h the investigated runtime allows to observe effects over multiple generations'?.
Furthermore, it should be noted that nanoplastics normally occur in combination with microplastics, through
this combination the effects in natural environment can deviate''*>. With the given half-life of tires, which are
made to persist, it becomes obvious that the pollution caused by tires is increasing. With increasing pollution
from tires, the chances are rising that at some point microorganisms develop ways to utilize and break down
their components, thus playing an important role in biodegradation and bioremediation'~>!. However, this
should not be relied upon, because even if this is the case the pollution level will be so advanced that damage
caused to biodiversity is already irreversible.

Differential abundant OTUs. On the level of individual OTUs zinc caused large scale community modu-
lations (pairwise adonis p <0.01, DESeq2 Wald test p <0.01) (Fig. 2, 3, 4), while effects of nanoparticles were less
prominent. In particular, a difference between polystyrene and silica nanoparticles became apparent, which was
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only detectable on this level. Corresponding to the community and functional group level effects most photo-
trophic taxa decreased after exposure to zinc. This comprises species affiliated with e.g. the chrysophyte genera
Mallomonas and Synura'>>'*, the green algal genus Micractinium'* as well as many diatom genera (e.g. Sella-
phora, Fistulifera and Nitzschia)'*13>1 While the energy providing photosynthesis as well as cellular integrity is
impaired, the degree of impairment is not uniform among taxa**>°%1%_Ag an exception, the diatom Conticri-
bra weissflogiopsis, increased in relative abundance and may be an interesting candidate for restoration and treat-
ment of zinc polluted waters. Again in concert with the community and functional group level findings OTUs
affiliated with preferably heterotrophic taxa such as Amoebozoa, (heterotrophic) Chrysophyta and Euglenozoa
were generally increasing after zinc exposure®, which is conclusive as they benefit from impaired organisms
(e.g. Spumella, Poteriospumella, Pedospumella, Chlamydomonas)'**-1% and several of these species are rather
metal insensitive (e.g. Vannella simplex, Bodo saltans, Rhynchomonas nasuta)**-'*!. While zinc affected a broad
spectrum of OTUs, nanoparticles affected only few. Silica nanoparticles lead to only a few differentially abun-
dant OTU (e.g. Cyclotella meneghiniana), while polystyrene nanoparticles lead to several differentially abundant
OTUs. The weak effect in particular of silica nanoparticles is plausible as silica particles (e.g. clay minerals) occur
naturally in the environment and protists presumably are adapted to dealing with such particles.

Nanoplastic may not cause large scale community modulations, but individual species can be affected as
already shown for bacterial phytoplankton'*"!¢2. Interestingly, a number of OTUs (e.g. affiliated with Cryptomonas
sp., Acrispumella msimbaziensis, Neobodo designis, Spumella sp., Chlorella sp.) (Tables 1, S12) which increased
in relative abundance in the zinc-containing treatments were decreasing when exposed just to NP. It is likely
that drawbacks of nanoplastic become rather visible on higher trophic levels as nanoplastic accumulated due to
feeding on microeukaryotes®*116:163.164,

However, the individual groups show generally a clear pattern with increasing (e.g. Amoebozoa, Chrysophyta)
or decreasing (e.g. Bacillariophyta) abundances with individual exception due zinc exposure. While different
patterns for the remaining, Chlorophyta, Dinophyta, Cercozoa, Choanoflagellata and Heterolobosea, are present.
The relative amount of increasing and decreasing OTUs isbalanced implying unclear patterns for these groups.
Which is conclusive as microdiversity is contrasting among certain phyla or groups and is therefore not a trait
specific for certain phyla or groups, therefore, tolerances and deficiencies are different even for closely related
taxa. Individual OTUs show different reactions while being within the same genus (e.g. Acanthamoeba, Cerco-
monas)®>195165_ After all, when working with compositional data one has to note that increasing abundances can
have three reasons: (i) the abundance is actually increasing, (ii) the abundance of other groups are decreasing,
thus, an ostensible increase is visible or (iii), a mixture of both. This peculiarity may lead to a distorted percep-
tion and masking of effects.

The effects of tire abrasion as derived from tire abrasion substitutes, however, may behave different in the
environment, as tire wear abrasion is a non-point source of pollution that tends to occur in pulses, in particular
after long dry period followed by heavy rainfall?>'*"-172 Tt is therefore likely that immediate effects (e.g. disintegra-
tion of cells) are more important than mid- to long-term effects for pelagial organisms'® and more pronounced
than indicated by our study. Finally, the used tire abrasion substitutes presumably provide a simplified sight, as
tires consist of far more potential hazardous substances'’*!73-175, Due to the quantitative importance of tire abra-
sion and the here and elsewhere already documented'’>'” significance of different tire abrasion substitutes the
impact of tire abrasion on the surrounding environments is drastic with unpredictable long term consequences
requiring further examination.

Conclusion
Ongoing pollution by tire abrasion contaminants, like nanoplastic and zinc, will accumulate, reach high concen-
trations in the environment, and trigger effects in biological communities®*!**—it is just a matter of time. Here we
demonstrated the significance of tire abrasion substitues, in particular zinc, for eukaryotic microbial communities
with a pronounced short-term functional imbalance and lasting effects on species composition. Tire abrasion
strongly affects microeukaryotic communities, but predominantly due to the release of leachates, while the tire
wear particles have a minor effect. Zinc has an immediate effect on susceptible cells (death, photosynthesis) and
a medium-term effect on the community structure and functional diversity. However, the functional diversity
is restored over time and general community diversity is not affected at any point. Still, long-term effects may
occur causing unpredictable harm to protists especially if nanoparticles contain surfactants or release leachates.
It would be interesting to investigate how the microeukaryotic community behaves after stressor release, in
particular after zinc exposure, and if the potential to shift back to the initial community profile is still present or if
it is irreversible lost due to stressor exposures. In future studies methods such as RNA based analyses (metatran-
scriptomics), mass spectrometry (proteomics, metabolomics) and ecophysiological methods may provide more
insights into the functional basis of the community response.
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Zn ZnNP NP Si
Ascomycota Phaeosphaeria graminis Leptosphaeria sp.
Fuscohilum siciliana
Phaeosphaeria graminis
Amoebozoa Vanella simplex Acanthamoeba sp.
Vexillifera bacillipedes Ripella sp. GP2
Ripella sp. GP2 Ripella sp. DP13
Acanthamoeba culbertsoni Acanthamoeba culbertsoni
Bacillariophyta Conticribra weissflogiopsis Conticribra weissflogiopsis Cymbella tumida Cyclotella meneghiniana
Sellaphora sp. 108 Sellaphora sp. 108 Cyclotella meneghiniana
Sellaphora cf. seminulum Fistulifera saprophila
Fistulifera saprophila Nitzschia dissipata
Cerczoa Cercomonas sp. Cercomonas sp.
Rhogostoma sp. CCAP 1966/4 Rhogostoma sp. CCAP 1966/4
Rhogostoma sp. CCAP 1966/4 Rhogostoma sp.
Cercomonas rapida Cercomonas rapida
Paracercomonas sp. Panamal(l
Chlorophyta Chlamydomonas bilatus Chlamydomonas bilatus Mpychonastes sp. 6A3
Chlamydomonas raudensis Haematococcus lacustris Mychonastes homosphaera
Chlamydomonas pumilio var. pumilio Chlamydomonas raudensis Desmodesmus sp. HH 10203
Micractinium singularis Micractinium singularis Chlorella sp. BUM11008
Micractinium sp. SAG 48.93 Micractinium sp. SAG 48.93
Micractinium sp. CCAP 248/14 Micractinium sp. CCAP 248/14
Choanoflagellata | Codosiga botrytis Codosiga botrytis
Salpingoeca fusiformis Salpingoeca fusiformis
Chrysophyta Poteriospumella sp. Poteriospumella sp. Paraphysomonas sp. HD
Pedospumella encystans Spumella sp. TGS6 Acrispumella msimbaziensis
Spumella sp. TGS6 Poterioochromonas malhamensis Spumella sp. TGS6
Mallomonas sp. Mallomonas sp.
Synura sp. Synura sp.
Chytridiomycota | Rhizophlyctis rosea Zygophlyctis planktonica
Zygophlyctis planktonica Rhizophlyctis rosea
Rhizophydium patellarium Rhizophydium patellarium
Ciliophora Paramecium putrinum Paramecium tetraurelia
Cyclidium vorax Paramecium putrinum
Cyclidium varibonneti Cyclidium vorax
Vorticella sp. 4 PS-2013 Vorticella sp. 4 PS-2013 Vorticella campanula
Cryptophyta Cryptomonas pyrenoidifera Cryptomonas pyrenoidifera ]C(z)j(gtlu(;gonus sp. Dumo2
Cryptomonas sp. NIES-3916 Cryptomonas sp. NIES-3916 Cryptomonas sp. Yeonra43011B
Cryptomonas sp. Yeonra43011B Cryptomonas sp. Dumo2 100310C Cryptomonas sp. NIES-3916
Teleaulax amphioxeia
Dinophyta Unruhdinium penardii
Euglenozoa Bodo saltans Bodo saltans Neobodo designis
Neobodo designis Rhynchomonas nasuta
Rhynchomonas nasuta Neobodo designis
Lepocinclis oxyuris
Heterolobosea Naegleria clarki Naegleria clarki
Naegleria sp. KDN1 Naegleria sp. KDN1
Naegleria sp. J14Z1 Naegleria sp. J14Z1

OTUs are only considered when the species/genera level is resolved properly with a percentage identity above 98.7%. Thus, sometimes

less than 3 OTUs are present. OTUs with an identical species association can occur more than once as the NCBI database have multiple

entries for individual species.

Table 1. Showing the top 3 increased (black) and top 3 decreased (red) differential abundant OTUs for
individual groups and treatments.
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Abstract

Microbial communities in freshwater streams play an essential role in ecosystem
functioning via biogeochemical cycling. Yet, the impacts of treated wastewater influx
into stream ecosystems on microbial strain diversity remain mostly unexplored.
Here, we coupled full-length 16S ribosomal RNA gene Nanopore sequencing and
strain-resolved metagenomics to investigate the impact of treated wastewater on a
mesocosm system (AquaFlow) run with restored river water. Over 10 days,
community Bray-Curtis dissimilarities between treated and control mesocosm
decreased (0.57+0.058 to 0.26 £+0.046) based on ribosomal protein S3 gene
clustering, finally converging to nearly identical communities. Similarly, strain-
resolved metagenomics revealed a high diversity of bacteria and viruses after the
introduction of treated wastewater; these microbes also decreased over time
resulting in the same strain clusters in control and treatment at the end of the
experiment. Specifically, 39.2% of viral strains detected in all samples were present
after the introduction of treated wastewater only. Although bacteria present at low
abundance in the treated wastewater introduced additional antibiotic resistance
genes, signals of naturally occurring ARG-encoding organisms resembled the
resistome at the endpoint. Our results suggest that the previously stressed
freshwater stream and its microbial community are resilient to a substantial

introduction of treated wastewater.
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1 | INTRODUCTION

Freshwater stream ecosystems are characterized by high biodiversity.
Micro- and macroorganisms in these environments are responsible
for essential ecosystem services with a major impact on biogeo-
chemical cycling (Cardinale et al., 2012; Maavara et al., 2020; Ripl,
2003). These ecosystems have been exposed to environmental
fluctuations on a daily, seasonal, and interannual timescale for
centuries (Bucci et al., 2014; Burns et al., 1998; Hamid et al., 2020;
Portillo et al., 2012). Over time, organisms have adapted to these
natural disturbances (Crump et al., 2009; Lytle & Poff, 2004).
Especially starting from the 20th century, additional anthropogenic
stressors have been introduced to stream ecosystems such as water
pollution, flow modification, habitat degradation, and climate change-
derived effects (Beattie et al., 2020; Dudgeon et al., 2006; Grill et al.,
2019; Reid et al., 2019). One major anthropogenic stressor in stream
ecosystems, particularly in urban areas, is the inflow of treated
wastewater from wastewater treatment plants. The percentage of
treated wastewater in the water body of an urban stream can reach
from up to 30% during normal conditions to over 50% during
low-flow conditions, for example, during dry seasons (Drewes
et al., 2018).

Although microbial activity has been considered important for
ecosystem integrity (Cotner & Biddanda, 2002; Fasching et al., 2020),
most studies have not considered microbial communities when
studying the biome of streams (Gautam et al., 2022; Zeglin, 2015).
Typically, experiments on stressor effects in streams have focused
solely on higher organisms such as fish or invertebrates (Kim et al.,
2020; Wright & Ryan, 2016), thus neglecting a major part of
biodiversity, that is, prokaryotes and viruses. The latter are even
considered to be a “blank spot on the map” in stream research
(Peduzzi, 2016). Despite exceeding other microbes in diversity and
particle number, information on viral interaction with organisms for
example is missing so far (Bar-On et al., 2018; Whitman et al., 1998).
Thus, how microbial and viral communities are influenced by treated
wastewater are a major gap of knowledge, which is nevertheless of
great importance as river water serves as a major source of potable
water in densely populated regions (Strathmann et al., 2016).

The AquaFlow mesocosm setup has previously been used to
study the effects of flooding events on microeukaryotic communities
(Graupner et al., 2017). In this study, the AquaFlow system was used
to simulate an inflow of treated wastewater to understand its effect
on microbial communities in river water. We studied prokaryotic and
viral communities in the water phase for 10 consecutive days and in
6 mesocosms in parallel (three control systems and three treatment
systems). The reference water used in our study was sourced from
the near-natural stream Boye, which had been used as an open sewer
from the beginning of the last century until 2017. After a series of
renaturation procedures, it has been fully restored since 2021 (Prati
et al., 2022; Winking et al., 2014, 2016). In this study, we used a
combination of full-length 16S ribosomal RNA (rRNA) genes
sequenced via Oxford Nanopore Technology (ONT) and genome-
resolved metagenomics on an Illumina NovaSeq. 6000 platform to

conduct an in-depth analysis of the prokaryotic community, ranging
from community changes over time to strain-resolved bacterial and
viral analyses. Our results show that treated wastewater introduces a
new microbial community to the existing stream ecosystem. This
community differed not only at the bacterial phyla level but also
strain level of the near-identical bacterial and viral metagenome-
assembled genomes (MAGs) of cooccurring phyla. During an
incubation period of 10 days in the AquaFlow systems, both treated
and control experiments developed highly similar microbial commu-
nities after 10 days, suggesting the resilience of the river water
community used herein regarding a pulse disturbance by treated

wastewater.

2 | MATERIALS AND METHODS
2.1 | Study design and mesocosm setup

The AquaFlow mesocosm system was used to investigate the effects of
treated wastewater on a natural stream ecosystem. The individual flow
mesocosm systems are described in detail by Graupner et al. (2017). In
short, one mesocosm system included three water tanks (~40, ~40, and
~270L) connected by two steel channels (10 cm width and 4 and 2m
long) and a pump (10 L/min) to maintain a circular flow (shown as a
scheme in Figure A1). The channels were filled with 60L sediment
taken from the river Boye (Germany; 51°33'19.7" N and 6°56'38.3" E,
used as an open sewer until 2017 and fully restored in 2021) and
homogenized in a concrete mixer before filling in. Per system, 350 L
stream water from the same location as the sediment was prefiltered
(200 um pore size) and filled into the system. Throughout the
experiment, the water temperature was kept at 19°C and natural
sunlight was used as a light source. All six systems, three controls, and
three treatments were run in parallel in February and March 2021.

Before the start of the experiment, an acclimatization phase of
14 days was performed, that is, running the systems as described and
interconnecting the mesocosms each day until approximately 700 L
were exchanged. Afterward, treated wastewater from the municipal
wastewater treatment plant Schwerte (North Rhine-Westphalia,
Germany) was filled into three systems to reach a percentage of
33% treated wastewater (~120 L) per mesocosm after removing the
same volume of control water beforehand in treatment systems.
The wastewater treatment plant (WWTP) operated as explained in
Rothe et al. (2021) with the following measurements at the effluent
on the day of sampling: turbidity 3.4 NTU; chemical oxygen demand
16 mg/L; total phosphorus 0.23 mg/L; temperature 9.1°C; pH 6.81;
and conductivity 928 uS/cm.

Thus, three systems served as controls (“C”") and three systems as
treatments (“T"). Water samples were taken after 1h, 12h, 24h,
2 days, 4 days, 7 days, and 10 days (samplings S1-S7). For each sample,
0.4L water was filtered onside on 0.2 um polycarbonate filters
(Nucleopore; Cytiva) in duplicates, air-dried, submerged in 400 ul
DNA/RNA shield (Zymo Research), frozen in liquid nitrogen, and stored
at -80°C until DNA extraction. DNA extraction was done at room
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temperature using the Zymo Quick DNA/RNA microprep plus kit
(Zymo Research). Two filters with DNA/RNA shield solution were
transferred in a Zymo BashingBeads Lysis Tube and homogenized using
a FastPrep (MP Biomedical) with five steps at 5.5 m/s for 30s and a
resting step on the ice for 1 min after each step. Bashing bead tubes
were centrifuged for 30's, the supernatant was transferred to a 1.5 mL
tube, and mixed with 400 uL lysis buffer. After transferring the samples
to a Zymo-Spin IC-XM column, steps were performed according to the
protocol until the addition of 30uL RNAse/DNAse free water,
incubation for 5 min, and centrifugation to elute the DNA. The latter

was stored at —20°C until further processing.

2.2 | DNA amplicon sequencing and processing

Full-length 16S rRNA sequencing was performed for all 42 samples
(systems C1-C3 and T1-T3; samplings S1-S7 each) using the 16S
Barcoding kit (SQK-RAB204; RAB_9053_v1_rev-
M_14Aug2019; Oxford Nanopore). The protocol was followed at
each step if not mentioned otherwise using the LongAmp Taq 2x
Master Mix (NEB) for PCR setup and Agentcourt AMPure XP beads
(Beckman Coulter) for clean-up. Instead of 10ng genomic DNA,

version

15 ng was used as an input for the PCR. Sequencing was done on a
MinlON Mk1B using an FLO-MIN106D flow cell, controlled by
MIinKNOW (v21.02.1). Per sample, at least 100,000 reads were
sequenced. Raw sequencing signals were base-called and demulti-
plexed using guppy (v5.0.7; dna_r9.4.1_450bps_hac.cfg).

Basecalled and demultiplexed 16S rRNA gene sequences were
processed using the NanoCLUST pipeline (v1.0dev; UMAP settings --
cluster_sel_epsilon 0.5 -umap_set_size 100000) (Rodriguez-Pérez et al.,
2021) based on the NCBI 16S rRNA database (v28.04.2021). Statistical
analysis of operational taxonomic unit counts was performed using the
R script MC_Stats (v1.2) as described in Weinmaier et al. (2015).
Rarefaction and calculation of the Bray-Curtis dissimilarities were
iterated 100 times and the average distance was calculated. Based on
these dissimilarities principal coordinate analysis, nonmetric multi-
dimensional scaling (NMDS), hierarchical clustering, rarefaction curve,
diversity index, and multiple response permutation procedure (MRPP)

were calculated using the R vegan package (Oksanen et al., 2013).

2.3 | Metagenomic DNA sequencing, assembly,
and annotation

Samples from the first and last sampling points (S1 and S7) were sent
for metagenomic sequencing to the West German Genome Center
(Cologne, Germany). Sequencing was done according to the lllumina
PCR-Free Protocol for Thermal Cycler, Low Input with a sequencing
depth of 20 Gbp (Gigabase pair) (150bp paired-end reads) on a
NovaSeq. 6000 with an S4 FlowCell.

Metagenomic sequences were quality checked using BBduk
(Bushnell; https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-
guide/) and Sickle (Joshi & Fass, 2011) (quality score =20 and
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minimum read length > 20 bp). The microbial community coverage by
short-read metagenomic sequences was estimated using Nonpareil3
(v3.4.1) (Rodriguez-R et al., 2018).

Metagenomic paired-end reads were individually assembled using
a combined approach of metaviralSPAdes (Antipov et al., 2020) and
metaSPAdes (Nurk et al., 2017) (SPAdes version 3.14.0). In short, reads
were first assembled using metaviralSPAdes, generating scaffolds of
viral origin. All metagenomic reads mapping (using Bowtie2; Langmead
& Salzberg, 2012) to these viral scaffolds were excluded from the
following assembly with metaSPAdes. Finally, both metaviralSPAdes
and metaSPAdes assemblies were combined. Prediction of open
reading frames was done for scaffolds equal or larger than 1 kbp using
Prodigal (Hyatt et al, 2010) in meta mode and annotated using
DIAMOND blast (Buchfink et al., 2015) (DIAMOND version 0.9.9;
blastp -e 0.00001 -k 1) against an in-house database called FunTaxDB
based on UniRef100 (state February 2021; Bornemann et al., 2023;
Suzek et al., 2007). The taxonomy of each scaffold was assigned as
described in Bornemann et al. (2022). In brief, the scaffold taxonomy
was assigned based on all proteins detected on the scaffold and the
lowest taxonomic rank when more than 50% of the protein taxonomies
agree. To calculate the average scaffold coverage, quality-checked
reads were mapped to scaffolds using Bowtie2 (Langmead & Salzberg,
2012). For all scaffolds, length, and GC content were calculated.

2.4 | Comparison of taxonomic classification based
on amplicon sequencing and metagenomics

Three approaches were compared to retrieve abundances of
prokaryotes in our samples, that is, 16S rRNA gene data from ONT
sequencing (described above), blasting of metagenomic reads to 16S
rRNA genes from ONT, and rpS3 (ribosomal protein S3) gene analysis
from metagenomic data. The rpS3 gene is a single-copy gene
containing both conserved and di