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Abstract 

  

Abstract 
The conjugating green algae (Zygnematophyceae) inhabit a wide range of freshwater fed systems 

worldwide – including lakes, rivers, ephemeral ponds and moorlands. Some species even thrive in 

extreme habitats, for example, on terrestrial surfaces or glacial ice. Zygnematophytes have a rather 

simple cellular organization and have been traditionally divided into three morphologically defined 

groups: the placoderm desmids (semi-symmetrical unicells with ornamented cell walls), the saccoderm 

desmids (rod-shaped unicells with smooth cell walls), and the filamentous forms (also with smooth cell 

walls). Surprisingly, the Zygnematophyceae were found to be the closest relatives of land plants 

(Embryophyta) – despite their rather simple organization. Since this discovery, the number of studies 

on zygnematophytes has increased rapidly, and they are now very popular study objects for 

understanding the evolution of land plants. And yet, the evolutionary relationships between major 

zygnematophyte groups are unclear and the zygnematophyte taxonomy is outdated. In particular, the 

saccoderm desmids are under-studied and consist of only a few polyphyletic genera, for example 

Mesotaenium and Cylindrocystis. Interestingly, these algae colonize various extreme habitats and have 

been reported to accumulate colorful specialized compounds, whose inducing factors, biological 

function and chemical identity remain largely unknown.  

During this doctoral study, saccoderm desmids were isolated from freshwater and terrestrial 

habitats, resulting in axenic laboratory cultures. Based on these cultures, the cell morphology as well as 

vegetative and sexual processes were studied with different microscopy techniques. In addition, 

established marker genes (rbcL and 18S rRNA) were used to localize the new strains in the tree of 

zygnematophytes by molecular phylogenetics. Furthermore, available datasets from 46 taxonomically 

diverse zygnematophytes were used to infer a multigene phylogeny (326 nuclear loci) of the 

Zygnematophyceae in a collaborative effort. To study the colorful specialized compounds, species of 

the two genera Ancylonema (with vacuolar pigments) and Serritaenia (with extracellular pigments) were 

subjected to light and nutrient experiments as well as to analytical methods. Additionally, comparative 

transcriptomics was employed to investigate the cellular responses of the selected zygnematophyte 

Serritaenia testaceovaginata to ultraviolet radiation.  

The morphological studies combined with the single-gene phylogenies revealed twelve distinct 

lineages of Mesotaenium-like algae, including four new lineages. This allowed the introduction of a 

provisional nomenclature to facilitate communication and highlight the diversity of these 

morphologically plain zygnematophytes. The well-resolved phylogenomic tree provided a clear 

separation of major zygnematophycean lineages and a basis for the establishment of a new five-order 

system for these algae. Furthermore, a new species of the genus Ancylonema, A. palustre sp. nov., was 

discovered and described. It is the first known mesophilic relative (from moorlands) of common glacier 

algae. The well growing, axenic cultures of A. palustre enabled the full reconstruction of vegetative and 

sexual reproductive processes as well as the experimental induction of reddish, vacuolar compounds. 

Another major contribution was the rediscovery of saccoderm desmids, here assigned to the new genus 
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Serritaenia (formerly Mesotaenium), which produce pigmented extracellular mucilage. Experimental 

work on Serritaenia testaceovaginata provided the evidence for a sunscreening function of the 

pigmented mucilage. This included the specific induction by ultraviolet B radiation, a broad absorbance 

with a maximum in the ultraviolet B waveband, and a perfect cellular localization for shielding. The 

comparative RNA-seq analysis of S. testaceovaginata revealed a plant-like UVB perception system and 

specialized metabolite pathways (shikimate and phenylpropanoid biosynthesis) that were regulated 

during pigment production. Furthermore, several extracellular oxidative enzymes, which are known to 

act on phenolic compounds, as well as ATP-binding cassette transporters, which are known to transport 

phenolics across membranes, were highly upregulated in S. testaceovaginata upon UVB exposure. 

Together with the chemical properties of the pigmented mucilage, these results suggest a polyphenolic 

nature of Serritaenia's sunscreen compound.  

Overall, this thesis presents perspectives for studying and understanding the diversity and 

cellular adaptations of the saccoderm desmids from high-light habitats. In particular, the novel sunscreen 

strategy of Serritaenia is discussed in a broader context and compared to known sunscreen compounds 

from plants, cyanobacteria and fungi. Finally, the potential of combining biodiversity research and 

functional characterization of non-model organisms is discussed. 
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Kurzzusammenfassung 
Die Jochalgen (Zygnematophyceae) besiedeln weltweit eine Vielzahl von Süßwassersystemen, darunter 

Seen, Flüsse, ephemere Gewässer und Moore. Einige Arten leben sogar in Extremhabitaten, 

beispielsweise auf terrestrischen Oberflächen oder Gletschereis. Die Organisation der Jochalgen ist 

relativ einfach und sie wurden traditionell in drei Gruppen eingeteilt: Placoderme einzellige Formen 

(spiegelsymmetrische Algen mit ornamentierten Zellwänden), saccoderme einzellige Formen 

(stäbchenförmige Algen mit glatten Zellwänden) und filamentöse Formen (mit glatten Zellwänden). 

Trotz ihrer eher einfachen Organisation, erwiesen sich die Jochalgen als die nächsten Verwandten der 

Landpflanzen (Embryophyta). Seitdem hat die Forschung an Jochalgen rasant zugenommen und heute 

sind sie beliebte Studienobjekte für das Verständnis der Landpflanzenevolution. Die evolutionären 

Beziehungen zwischen den größeren Jochalgengruppen ist aktuell jedoch weitgehend ungeklärt und die 

Taxonomie ist veraltet. Besonders die saccodermen Formen sind schlecht untersucht und bestehen nur 

aus wenigen polyphyletischen Gattungen, zum Beispiel Mesotaenium und Cylindrocystis. 

Interessanterweise, besiedeln die saccodermen Formen eine Reihe extremer Lebensräume, in welchen 

sie farbige Substanzen akkumulieren. Die Induktion, biologische Funktion und chemische Identität 

dieser Substanzen sind noch weitestgehend unbekannt. 

Im Rahmen dieser Doktorarbeit wurden saccoderme Jochalgen aus aquatischen und 

terrestrischen Habitaten isoliert. Mittels bestimmter Aufreinigungsmethoden wurden aus diesen Zellen 

axenische Kulturen für Laboruntersuchungen etabliert. Sowohl die Zellmorphologie als auch vegetative 

und sexuelle Prozesse wurden mithilfe verschiedener Mikroskopietechniken untersucht. Um die neuen 

Stämme phylogenetisch einzuordnen, wurden etablierte Markergene (rbcL und 18S rRNA) verwendet. 

In einer kollaborativen Arbeit, wurden zudem verfügbare Datensätze von 46 taxonomisch diversen 

Jochalgen verwendet und eine Multigen-Phylogenie (326 Gene) der Jochalgen berechnet. Außerdem 

wurden die nichtphotosynthetischen Pigmente der beiden Gattungen Ancylonema (mit vakuolären 

Pigmenten) und Serritaenia (mit extrazellulären Pigmenten) mittels Licht- und Nährstoffexperimenten 

induziert und mit analytischen Methoden untersucht. Mit vergleichender Transkriptomik wurden zudem 

die zellulären Reaktionen der ausgewählten Jochalge Serritaenia testaceovaginata auf Ultraviolett-

Strahlung studiert. 

Die morphologischen Studien kombiniert mit den Einzelgen-Phylogenien zeigten zwölf 

verschiedene Linien Mesotaenium-ähnlicher Algen, darunter vier neue Linien. Dies ermöglichte die 

Einführung einer vorläufigen Nomenklatur, welche die Kommunikation erleichtert und die Vielfalt 

dieser morphologisch einfachen Jochalgen gebührend reflektiert. Die Multigen-Phylogenie ermöglichte 

die Etablierung eines neuen Systems aus fünf Ordnungen für die Jochalgen. Des Weiteren wurde eine 

neue Art der Gattung Ancylonema, A. palustre sp. nov., entdeckt und beschrieben. Es ist der erste 

bekannte mesophile Verwandte (aus Moorgebieten) der ansonsten ausschließlich auf Eis lebenden 

Ancylonema-Arten. Die gut wachsenden, axenischen Kulturen von A. palustre ermöglichten die 

Rekonstruktion vegetativer und sexueller Fortpflanzungsprozesse sowie die experimentelle Induktion 



Kurzzusammenfassung 

  
rötlicher, vakuolärer Substanzen. Ein weiterer wesentlicher Beitrag war die Wiederentdeckung von 

Jochalgen, die hier der neuen Gattung Serritaenia (früher Mesotaenium) zugeordnet werden und 

pigmentierten, extrazellulären Schleim produzieren. Die experimentellen Arbeiten an Serritaenia 

testaceovaginata lieferten den Nachweis, dass der pigmentierte Schleim den Algenzellen als 

Sonnenschutz dient. Dies beinhaltete die spezifische Induktion durch Ultraviolett-B-Strahlung, eine 

breite Absorption mit einem Maximum im Ultraviolett-B-Bereich sowie eine perfekte zelluläre 

Lokalisation zur Abschirmung. Die vergleichende Transkriptomstudie von S. testaceovaginata zeigte 

die Präsenz eines pflanzenähnlichen Rezeptorsystems für Ultraviolett-B-Strahlung sowie spezieller 

Stoffwechselwege (Shikimat- und Phenylpropanoid-Biosynthese), die während der Pigmentproduktion 

reguliert werden. Weiterhin wurde eine Hochregulierung von ABC-Transportern, welche phenolische 

Substanzen durch Membranen transportieren können, festgestellt. Ähnliche Reaktionen wurden auch 

von mehreren extrazellulären, oxidativen Enzymen beobachtet, die phenolische Substanzen umsetzen 

könnten. In Kombination mit den chemischen Eigenschaften des pigmentierten Schleims, deuten diese 

Ergebnisse auf eine polyphenolische Natur des Sonnenschutzpigments von Serritaenia hin. 

Die vorliegende Arbeit weist Perspektiven auf, wie in Zukunft die Diversität und die zellulären 

Anpassungen der saccodermen Jochalgen aus sonnenexponierten Lebensräumen besser untersucht und 

verstanden werden können. Insbesondere die neuartige Sonnenschutzstrategie von Serritaenia wird in 

einem breiteren Kontext diskutiert und mit bekannten Sonnenschutzsubstanzen aus Pflanzen, 

Cyanobakterien und Pilzen verglichen. In der Schlussbetrachtung wird das Potenzial der Kombination 

von Biodiversitätsforschung und funktioneller Charakterisierung von Nicht-Modellorganismen erörtert. 
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Introduction 2 

The green lineage: Spotlight on the algal relatives of land plants 
Green algae have an interesting evolutionary position. They are part of the Archaeplastida and derive 

from a primary endosymbiosis (Bhattacharya & Medlin, 1998; Irisarri et al., 2022). During this event, a 

heterotrophic eukaryote took up a cyanobacterium, which developed into a semiautonomous organelle, 

the chloroplast. It led to the emergence of phototrophic eukaryotes, which performed oxygenic 

photosynthesis and eventually resulted in the green algae, the red algae, and the glaucophytes 

(Bhattacharya & Medlin, 1995; Cavalier-Smith, 2000; McFadden & van Dooren, 2004). Within the 

green algae, there is an early divergence of two clades, the two divisions Chlorophyta and Streptophyta 

(Fig. 1; Bierenbroodspot et al., 2024; Leliaert et al., 2012; Lemieux et al., 2007). The Streptophyta 

include green algae from freshwater and terrestrial habitats as well as the land plants (Embryophyta) 

(Becker & Marin, 2009; Bierenbroodspot et al., 2024). Most subgroups of the Streptophyta are not 

particularly diverse, but the land plants are a notable exception with ~ 450,000 species (Leliaert et al., 

2012; Pimm & Joppa, 2015). Besides the land plants, six different groups of algae belong to the 

Streptophyta, namely the Charophyceae, Coleochaetophyceae, Klebsormidiophyceae, 

Chlorokybophyceae, Mesostigmatophyceae and Zygnematophyceae (Irisarri et al., 2021; Wodniok et 

al., 2011). As the streptophyte green algae form a paraphyletic group from which land plants evolved, 

they are important for understanding the transition from algae to plants. 

 
Fig. 1: Schematic phylogeny of the green algae depicting major forms of organization. Note that the shown relationship of 
the Zygnematophyceae and plants does not reflect the current state of knowledge (see main text); figure kindly provided 
by Frederik Leliaert (Meise Botanic Garden, Belgium). 
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The exact topology of the streptophyte tree was unclear for a long time, and the question of the closest 

relative of land plants was unresolved (Hall et al., 2008; Lemieux et al., 2007; Turmel et al., 2006). Early 

hypotheses were based on the concept that morphological complexity increases in evolutionary derived 

groups. Therefore, the Charophyceae and Coleochaetophyceae, which form relatively complex, 

multicellular thalli, were favored as the closest relatives of land plants (Graham et al., 2000; Karol et 

al., 2001; Kranz et al., 1995). However, early multigene phylogenies suggested that the 

Zygnematophyceae are the closest relatives to the embryophytes (Timme et al., 2012; Wodniok et al., 

2011). More recently, this was confirmed by several phylogenomic analyses (Cheng et al., 2019; 

Gitzendanner et al., 2018; Irisarri et al., 2021). The Zygnematophyceae have a rather simple cell 

morphology with vegetative non-flagellated unicells or filaments. Unlike other streptophyte green algae, 

they lack centrioles and flagellated stages, and are characterized by a special mode of sexual 

reproduction known as conjugation (Hall & McCourt, 2017; Tsuchikane & Sekimoto, 2019). During 

conjugation the contents of two vegetative haploid cells are transformed into amoeboid gametes, which 

fuse to form a resistant diploid zygospore (Permann, et al., 2022; Pickett-Heaps & Fowke, 1971; 

Sekimoto, 2000). Due to their special mode of genetic recombination, the Zygnematophyceae are also 

referred to as “conjugating green algae”. Overall, the Zygnematophyceae are morphologically very 

different from the land plants and it was proposed that these algae underwent a secondary reduction 

during evolution (De Vries & Archibald, 2018; Delwiche & Cooper, 2015; Wickett et al., 2014). 

However, despite their simple growth form, zygnematophytes exhibit a great ecological diversity. Many 

species grow benthic, some planktonic and some have a terrestrial lifestyle (Hall & McCourt, 2017). 

Some species from the genera Mougeotia and Spirogyra can be considered nuisance algae which form 

pond scum in eutrophic waters (McKernan & Juliano, 2001; Zohary et al., 2019). However, many 

unicellular species are key organisms for peatlands (Neustupa et al., 2023), and some thrive in extreme 

habitats, for example on glacial ice (Remias et al., 2009). The glacier algae of the genus Ancylonema 

can form blooms on the ice surfaces in alpine and polar regions, and thereby contribute to increased 

glacial melting rates (Di Mauro et al., 2020; Lutz et al., 2014). 

The zygnematophytes have a long taxonomic history. They have been studied since the 19th 

century and comprise likely more than 4,000 described species (de Bary, 1858; Hall & McCourt, 2017; 

Kützing, 1843). Traditionally, the class was divided into two orders, based primarily on differences in 

cell wall structure: The Zygnematales, unicells and filaments characterized by smooth, non-ornamented 

cell walls, and the Desmidiales, unicells with cell wall pores and a rather complex cell wall. The 

Desmidiales, also known as “placoderm desmids”, are also characterized by two symmetrical cell halves 

(semicells) that are connected by a narrow bridge (isthmus) (Gerrath, 1993; Gontcharov, 2008; Mix, 

1972). In contrast, the unicellular representatives of the Zygnematales, have a rather simple cell 

morphology (mainly rod-shaped) and are referred to as “saccoderm desmids” (Fig. 2; Gerrath, 1993; 

Gontcharov, 2008; Kadlubowska, 1984; Prescott, 1972). Molecular phylogenetics revealed that the 

Desmidiales are indeed a monophyletic group, while the Zygnematales are paraphyletic (Besendahl & 
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Bhattacharya, 1999; Gontcharov et al., 2003, 2004; McCourt et al., 2000). As in many other protist 

groups, the exclusive use of morphological characters proved to be unsuitable for drawing evolutionary 

conclusions in the Zygnematophyceae (Gontcharov & Melkonian, 2008, 2011; Hall et al., 2008; 

Schiwitza & Nitsche, 2021; Zhao et al., 2016). The phylogenetic analyses were mainly based on nuclear 

rRNA genes, the mitochondrial cox3 (subunit III of the cytochrome c oxidase) gene and the chloroplast 

rbcL (large subunit of the ribulose-bisphosphate carboxylase) gene. Based on these marker genes it was, 

however, not possible to resolve the deep nodes of the zygnematophycean tree. Hence, the true 

relationships between major zygnematophycean groups are still unresolved. 

The definition of species in the Zygnematophyceae is another prevailing problem. For example, 

the members of certain genera of placoderm desmids (e.g. Cosmarium, Micrasterias) have distinct 

genetic sequences, but show only minor morphological differences. This makes it difficult to define 

taxonomic units on the basis of morphology, a problem called pseudocryptic diversity (Gontcharov & 

Melkonian, 2008; Nemjová et al., 2011). Furthermore, some other zygnematophyte species show 

phenotypic plasticity. This is the expression of specific cellular characteristics in a species, depending 

on environmental conditions (Chia et al., 2015; Neustupa et al., 2008). This had exactly the opposite 

effect and led to the description of redundant species names (Kouwets, 2008). The saccoderm desmids 

are particularly affected by these circumstances. Their plain morphology and the difficulties in 

distinguishing species and genera have led to numerous unverified synonyms and misclassifications. 

These algae currently consist of only a few poorly defined and polyphyletic genera, for example 

Mesotaenium and Cylindrocystis (Gontcharov, 2008; Gontcharov et al., 2003). Hence, the taxonomy 

of the phylogenetically diverse saccoderm desmids is still confusing and their true diversity 

remains unrecognized.  

The Zygenmatophyceae are the closest algal relatives of land plants and important subjects to 

study evolutionary transitions (Gitzendanner et al., 2018; Wodniok et al., 2011). Land plants evolved 

around 500 million years ago and led to a dramatic change of life on earth (Benton et al., 2022; Morris 

et al., 2018). The colonization of the terrestrial habitat by plants, a process known as “terrestrialization”, 

could only be achieved through a successful adaptation to certain abiotic stress factors (also referred to 

as stressors). In terrestrial habitats, organisms can be exposed to prolonged drought, extreme temperature 

Fig. 2: Three morphologically defined groups of the Zygnematophyceae; from Busch & Hess, 2022b, modified. 
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fluctuations (including freezing) and increased solar radiation. It is assumed that the ecophysiological 

adaptations of the first land plants included osmoregulation and osmoprotection, desiccation and frost 

tolerance as well as heat resistance (Dadras et al., 2023; Delaux et al., 2012; Jiao et al., 2020; Nishiyama 

et al., 2018; Rensing et al., 2008). Some authors even suggest that the ancestors of streptophyte green 

algae were pre-adapted to a life on land in terms of their cellular and metabolic properties (Becker & 

Marin, 2009). To learn more about how the common ancestor of land plants and zygnematophytes coped 

with terrestrial stress factors, it is interesting to compare the cellular toolbox of these algae with that of 

land plants. This way, it is possible to identify characteristics that are exclusive to land plants and those 

that were probably already present in the algal ancestor. So far, only relatively few zygnematophyte 

species (e.g. from the genera Mesotaenium, Mougeotia, Penium, Spirogloea, Zygnema) have been 

subjected to in-depth genomic or transcriptomic analyses (Cheng et al., 2019; Dadras et al., 2023; Feng 

et al., 2024; Fürst-Jansen et al., 2021; Jiao et al., 2020; Rieseberg et al., 2023). These analyses revealed 

adaptations, which were previously thought to be specific to plants. Some examples are specific stress 

responses (de Vries et al., 2020; Holzinger et al., 2014), homologues of phytohormone receptors (de 

Vries et al., 2018; Sun et al., 2019), and key enzymes of the phenylpropanoid pathway (de Vries et al., 

2017). Interesting insights were further gained from the genome of the saccoderm desmid Spirogloea 

muscicola. It revealed an expansion of certain genes (GRAS and PYR/PYL/RCAR), which are known 

to increase the resistance to biotic and abiotic stressors in land plants. These genes were likely gained 

via horizontal gene transfer from soil bacteria (Cheng et al., 2019). However, the genomic analyses also 

reveal significant taxon-specific differences, which reflects the vast diversity of the zygnematophytes 

and their lifestyles (Rieseberg et al., 2023). To understand how the algal progenitor of land plants 

adapted to terrestrial conditions, we need to learn more about terrestrial zygnematophytes and 

how they cope with abiotic stressors. 

 

Zygnematophytes and their adaptations to terrestrial stressors  
Algae that live in terrestrial habitats derive from different eukaryotic supergroups. This includes 

members of the chlorophyte and streptophyte green algae (Rindi et al., 2009) as well as xanthophytes 

(Rybalka et al., 2020), eustigmatophytes (Neustupa & Némcová, 2001), euglenophytes (Ashley et al., 

1985), cryptophytes (Paulsen et al., 1992), dinophytes (Kutovaya et al., 2012) and bacillariophytes 

(Foets et al., 2021). Furthermore, numerous cyanobacterial genera can be found in terrestrial habitats 

(Gaysina et al., 2018). Terrestrial algae are specialists and require specific environmental conditions to 

survive and grow. Under suitable conditions terrestrial algae can form blooms that are visible to the 

naked eye as colorful biofilms (e.g. green, brown, red). Such biofilms can be composed of a single or 

several algal species (Baumann et al., 2018; Liu et al., 2012; Williamson et al., 2018). In multi-species 

biofilms, it has been shown that different taxa occupy well-defined areas depending on their competitive 

strength and ecophysiological preferences (Jung et al., 2019; Oren et al., 1995). The dominant algal 

groups on land belong to the cyanobacteria and green algae (Broady, 1979; Büdel et al., 2016; Leliaert 
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et al., 2012; Lin et al., 2013; Rybalka et al., 2023). Most of the terrestrial green algae stem from to the 

Chlorophyta, including the common photobionts of lichens (Honegger, 2009). In fact, chlorophytes and 

the widespread streptophyte genus Klebsormidium are among the best studied terrestrial green algae, as 

they can be easily isolated and cultivated (Hodač et al., 2012, 2016; Mikhailyuk et al., 2008, 2015). In 

contrast, terrestrial zygnematophytes are underexplored and there is no recent literature on their diversity 

and identification. This might be due to the fact that these algae are very sticky and difficult to isolate. 

Furthermore, some of them have very low growth rates and are easily overgrown by chlorophyte green 

algae. And yet, zygnematophytes colonize various terrestrial surfaces, including tree bark, deadwood, 

bare soil, various types of rock as well as bryophytes (de Bary, 1858; Fucikova et al., 2008; Pichrtová 

et al., 2016). In these habitats, the algal cells are attached to the substrate and can be exposed to long 

periods of drought. Additionally, zygnematophytes colonize other extreme habitats, that may not be 

strictly terrestrial, but are dominated by terrestrial stressors. For example, on glacier surfaces, water is 

abundant, but the algal cells are exposed to freezing temperatures and high levels of solar radiation 

(Procházková et al., 2021; Remias et al., 2012). Furthermore, shallow and temporary bodies of water, 

such as puddles, are colonized by certain zygnematophyte species. Such water bodies can dry up or have 

semi-moist margins (Aigner et al., 2013; Pichrtová et al., 2016). 

All of these habitats present a “high-stress” environment for microalgae. There are three primary 

stressors to consider: desiccation, extreme temperature fluctuations and high solar radiation (Karsten et 

al., 2007; Karsten & Holzinger, 2014; Permann et al., 2022). All of these conditions can lead to cell 

damage, which can be fatal if no protection is in place. Drought leads to a loss of membrane fluidity, 

the disintegration of organelles and the irreversible aggregation of macromolecules (i.e. proteins, nucleic 

acids, membrane lipoproteins) (Holzinger & Karsten, 2013; Lüttge et al., 2011). In addition, reactive 

oxygen species (ROS) are generated, in particular, when cells dehydrate in the light. In this situation, 

photosynthetic pigments are excited, but the energy cannot pass the photosynthetic electron transport 

chain due to damaged proteins (Rothschild & Mancinelli, 2001; Smirnoff, 1993). The resulting ROS 

can damage DNA, cause conformational changes in proteins, and lead to lipid peroxidation (Halliwell, 

1987; Kranner & Birtić, 2005). The diversity of cellular damage demonstrates, that terrestrial algae must 

have evolved strategies to cope with dry conditions. In zygnematophytes, most research on adaptive 

strategies has been done on a few filamentous representatives, for example polar and alpine Zygnema 

species. Adaptive strategies against drought can be classified into two groups, namely those that prolong 

periods of hydration and those that alter the cells to survive dehydration. One strategy, which prolongs 

the period of hydration is the production of extracellular mucilage. Under dry conditions, Zygnema 

filaments have been shown to form massive mucilaginous sheaths, that protect the alga from excessive 

water loss (Fuller, 2013; Pichrtová, 2015; Pichrtová et al., 2014). In fact, zygnematophytes in general 

are well known for their ability to produce large amounts of extracellular mucilage (Domozych & 

Domozych, 2008). This mucilage can be complex in composition, with polysaccharides being the major 

component and may also contain uronic acid and proteins (Kiemle et al., 2007). The extracellular 
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mucilage of Zygnema circumcarinatum, for example, contains arabinogalactan proteins, which have 

been demonstrated to facilitate cell-cell and cell-surface adhesion (Palacio-López et al., 2019). Another 

mechanism to prolong periods of hydration, is the synthesis and accumulation of organic osmolytes such 

as sugars and sugar alcohols. These substances can lower the osmotic potential within the cell and 

thereby prevent excessive water loss (Holzinger & Karsten, 2013; Nagao et al., 2008). In Zygnema 

sucrose-synthesizing enzymes are upregulated during desiccation, and the analysis of osmolytes from 

alpine Zygnema samples revealed that sucrose is the dominant substance (Hawes, 1990; Rippin et al., 

2017). Mechanisms that enable cells to survive dehydration include modifications to the plasma 

membrane and cell wall to maintain fluidity and flexibility. Zygnematophytes of the genera Penium and 

Zygnema modify their plasma membrane and cell wall composition in response to water scarcity 

(Domozych et al., 2021; Herburger et al., 2019). In one Zygnema species, for example, the pectic 

substance homogalacturonan accumulates during desiccation and increases desiccation resistance 

(Herburger et al., 2019). Moreover, a variety of cellular repair proteins are upregulated upon dehydration 

to counteract cell damage. These include DNA repair proteins, ROS scavenging enzymes, chaperones, 

and aquaporins that facilitate water flux across the plasma membrane (Rieseberg et al., 2023; Rippin et 

al., 2017). 

Extreme temperatures can lead to heat denaturation of biomolecules, on one hand, and to 

structural destruction by ice crystals, on the other (Lepock et al., 1993; Tan et al., 2021). At high 

temperatures, the fluidity of membranes can increase to a lethal level, chlorophyll degrades (at 70-80 

°C) (Lípová et al., 2010), and proteins (>40°C) (Lepock et al., 1993) and nucleic acids (>85°C) (Rice & 

Doty, 1957) denature. In response to a rapid short-term increase in temperature, the two filamentous 

zygnematophytes Mougeotia and Spirogyra, show upregulation of heat shock proteins and aquaporins, 

remodeling of the photosynthetic apparatus, and a change in amino acid metabolism. However, each 

species showed its own, individual gene expression profile, which suggests species-specific differences 

(de Vries et al., 2020). At cool temperatures, membrane fluidity decreases and the rate of metabolic 

reactions slows down. This also leads to slower repair processes (Queiroz et al., 1998; Roos & Vincent, 

1998). Exposure to sub-zero temperatures damages the plasma membrane, in particular (Steponkus & 

Lynch, 1989). Antarctic Zygnema species have been shown to survive repeated freeze-thaw cycles with 

very fast recovery rates (Hawes, 1990; Pichrtová et al., 2016), indicating that psychrophilic 

zygnematophytes must have cellular mechanisms to survive freezing temperatures. Currently, the 

research on the adaptations of zygnematophytes to extreme temperatures is limited, and the underlying 

mechanisms are not yet fully understood. However, a very recent study suggests that the psychrophilic 

zygnematophyte Ancylonema nordenskioeldii may be protected from freeze-thaw injury by an ice-

binding protein (Procházková et al., 2024). 

Sunlight is essential for algae to carry out photosynthesis, grow and reproduce. However, 

extreme solar radiation interferes with biological processes. High levels of PAR (photosynthetically 

active radiation: 400-700 nm) result in damage of the photosynthetic apparatus (Franklin & Forster 
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1997) and ultraviolet radiation (UV) can damage a variety of biomolecules. Ultraviolet A radiation 

(UVA, 315-380 nm) causes the formation of ROS and ultraviolet B radiation (UVB, 280-315 nm) 

damages DNA and proteins directly. UVB leads to the dimerization of pyrimidine bases in DNA and 

destroys tryptophan residues in proteins (Hargreaves et al., 2007; Pattison & Davies, 2006; Vincent & 

Neale, 2000). In terrestrial algae, UV- and light-absorbing specialized compounds (also referred to as 

secondary pigments) protect the cells from strong solar radiation. One example is the secondary 

carotenoid astaxanthin, which is accumulated by a number of chlorophyte green algae in sun-exposed 

habitats and acts as a photoprotective agent (Bidigare et al., 1993; Gao & Garcia-Pichel, 2011; Lemoine 

& Schoefs, 2010). Common and well-studied UV-screening compounds are the colorless mycosporine-

like amino acids (MAAs) found in various algal groups, including certain chlorophyte and streptophyte 

green algae (Garcia-Pichel & Castenholz, 1993; Hartmann et al., 2020; Kitzing & Karsten, 2015). In 

Zygnematophyceae, however, no MAAs could be detected (Aigner et al., 2013; Remias et al., 2012). 

Instead, there are indications of colorless, phenolic compounds with presumed screening ability in the 

cytoplasm of some Zygnema species (Holzinger et al., 2018; Pichrtová et al., 2013). Furthermore, 

reddish, water-soluble compounds have been described in the vacuoles of several zygnematophytes from 

glacial and alpine environments (Fig. 3; Barcytė et al., 2020; Garduño-Solórzano et al., 2021; Nedbalová 

& Sklenár, 2008; Remias et al., 2012; Stancheva et al., 2014). The vacuolar reddish pigments of the ice-

inhabiting alga Ancylonema alaskanum were isolated from natural material and identified as a 

glycosylated purpurogallin derivative by nuclear magnetic resonance spectroscopy. The isolated 

compound absorbed visible light as well as ultraviolet radiation, suggesting a role in photoprotection 

(Remias et al., 2012). However, the cultivation of zygnematophytes from extreme habitats is challenging 

– if possible at all – (Remias & Procházková, 2023), which makes experimental studies on the formation 

of these vacuolar compounds 

difficult. The extracellular 

mucilage of zygnematophytes 

has been suggested to have a role 

in sun protection as well (Lütz et 

al., 1997). Moreover, there are 

sporadic reports of pigmented 

extracellular mucilage in certain 

Mesotaenium species (de Bary, 

1858; Fucikova et al., 2008). 

However, we currently lack any 

understanding of their formation, 

identity and biological function. 

Although many zygnematophyte species inhabit sun-exposed habitats, their photoprotective 

strategies remain poorly understood. Sunscreening compounds which are known from other algae (e.g. 

Fig. 3: Habitat and cell morphology of ice-inhabiting Ancylonema species: 
A. alaskanum (upper right) and A. nordenskioeldii (lower right); from Busch & 
Hess, 2022b, modified, original images were kindly provided by Daniel Remias. 
Scale bars: 10 µm. 
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MAAs, secondary carotenoids) do not seem to play a major role. Zygnematophytes accumulate poorly 

known specialized compounds, which might represent novel biological sunscreens. As 

zygnematophytes are the closest relatives of land plants, there is a high interest in learning more 

about these photoprotective strategies. 

 

Aims of this thesis 
The principal objective of this thesis is to investigate the phylogeny, morphological traits, life histories 

and cellular adaptations of saccoderm desmids traditionally ascribed to the polyphyletic genus 

Mesotaenium. The results will facilitate our understanding of the diversity of these poorly studied life 

forms, paving the way for their taxonomic revision. This will also provide a more detailed account of 

zygnematophyte diversity in general. Special emphasis is placed on species from sun-exposed habitats 

and their cellular responses to UV radiation, a dominant terrestrial stressor. Specifically, I pose the 

following questions: 

1) Are there major undiscovered zygnematophyte lineages in terrestrial habitats, and how 

do they differ in terms of their morphology and cellular adaptations? 

2) Which environmental factors induce the colorful specialized compounds found in 

zygnematophytes, and what is the biological function of these substances? 

3) What is the metabolic origin of zygnematophycean secondary pigments, and how is their 

biosynthesis triggered on a molecular level? 

To address these questions, freshwater and terrestrial habitats were sampled and screened for saccoderm 

desmids. The found algae were isolated and axenic cultures were established. In addition, available 

strains of saccoderm desmids were ordered from public culture collections and purified. The resulting 

cultures were studied concerning their cell morphology as well as vegetative and sexual reproduction. 

By using established marker genes (rbcL and 18S rRNA), the studied strains were phylogenetically 

placed in the tree of zygnematophytes and their evolutionary history reconstructed. 

Light and nutrient limitation experiments were performed to induce and study the colored 

specialized compounds found in the two genera Ancylonema and Serritaenia. Controlled laboratory 

experiments and analytical techniques such as microspectrophotometry were used to determine the 

physicochemical and physiological properties of the specialized compounds and the algal cells. 

Based on the established laboratory setup, a comparative RNA-seq analysis was performed to 

investigate the response of a selected terrestrial zygnematophyte (S. testaceovaginata) to UV radiation. 

To functionally annotate gene sequences, the sequence data was compared with database entries from 

plants, especially the model plant Arabidopsis thaliana. These comparisons were also used to draw 

evolutionary conclusions. In addition, I was involved in a collaborative study, in which we used 

multigene phylogenies to resolve the deep branches of the zygnematophyte tree, creating the framework 

for future taxonomic advancements.  
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Scientific contributions 

Chapter I: Sunscreen mucilage: a photoprotective adaptation found in terrestrial green algae 

(Zygnematophyceae) 

Short summary: In this study, we describe and analyze an extracellular sunscreen in a new genus of 

zygnematophyte green algae. A similar phenomenon was only known from cyanobacteria and is unique 

within the zygnematophytes. The study provides evidence for a sunscreening function, namely the 

induction based on UVB radiation, a broad absorbance with a maximum in the UVB portion, and a 

perfect localization for shielding (outside of the cell). We establish the new zygnematophyte genus 

Serritaenia and reveal a so far hidden diversity within the genus. 

Author contribution: The author of this doctoral thesis took natural samples, isolated single cells from 

natural material, established axenic cultures, and performed laboratory experiments (except micro-

spectrophotometry: done by external facility). Data analysis, manuscript writing and figure design were 

performed by the author. Results and preliminary manuscript versions were discussed with the last 

author (S. Hess). A part of the sampling and laboratory experiments was done during the author's master 

thesis, while the analysis of the data and the preparation of the manuscript were done during the doctoral 

studies. 

Publication: Busch A., Hess S. (2022): Sunscreen mucilage: a photoprotective adaptation found in 

terrestrial green alga (Zygnematophyceae). European Journal of Phycology 57: 107-124. 

https://doi.org/10.1080/09670262.2021.1898677 

 

Chapter II: Comparative transcriptomics elucidates the cellular responses of an aeroterrestrial 

zygnematophyte to UV radiation 

Short summary: Using comparative transcriptomics, the cellular reaction of an aeroterrestrial 

zygnematophyte (Serritaenia testaceovaginata) to UV radiation was studied. While the cellular 

reactions of land plants to UV radiation have been studied very well, it is the first study of this kind on 

their closest algal relatives, the Zygnematophyceae. Our results reveal a plant-like UVB perception 

system in zygnematophyte green algae and point to a phenolic origin of Serritaenia's sunscreen 

compound, whose synthesis might be extracellular and oxidative. Comparing our results with the vast 

information on land plants, it appears that the reaction of zygnematophyte green algae towards UV 

radiation is similar to land plants in terms of photosynthesis, DNA repair, ROS scavenging and light 

perception. The specialized (=secondary) metabolite pathway, however, does not seem to correspond 

exactly to that of land plants and probably harbors other enzymes and pathways, which await future 

characterization. 
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Author contribution: The author of this doctoral thesis co-designed the study and performed laboratory 

experiments. The author independently performed bioinformatic analyses after an introduction to 

comparative transcriptomics by one of the co-authors (J. Gerbracht). Data interpretation, manuscript 

writing and figure design were performed by the author. Results and preliminary manuscript versions 

were discussed with the co-authors U. Höcker, K. Davies and S. Hess. The whole study was performed 

during the doctoral studies. 

Publication: Busch A., Gerbracht J. V., Davies K., Hoecker U., Hess S. (2024). Comparative 

transcriptomics elucidates the cellular responses of an aeroterrestrial zygnematophyte to UV radiation. 

Journal of Experimental Botany: erae131. https://doi.org/10.1093/jxb/erae131 

 

Chapter III: A diverse group of underappreciated zygnematophytes deserves in-depth 

exploration 

Short summary: Unicellular zygnematophytes with a rather simple cell morphology, traditionally 

referred to as “saccoderm desmids”, have a broad geographic distribution and are ecologically diverse. 

However, these life forms are understudied and harbor several polyphyletic genera. To study these 

organisms in more detail, diverse freshwater and terrestrial habitats were sampled, interesting candidates 

were isolated and axenic cultures were established. The study highlights the morphological, genetic and 

ecophysiological diversity of Mesotaenium-like zygnematophytes, and reveals twelve genetically 

distinct lineages, four of which have not been recognized before. The different lineages vary in their cell 

morphology, growth form and lifestyle. Furthermore, the study indicates that a significant proportion of 

these algae colonize terrestrial surfaces and display intriguing cellular adaptations to their natural 

habitat, including the production of colored specialized compounds. 

Author contribution: The author of this doctoral thesis took natural samples, isolated single cells from 

natural material, established axenic cultures, and performed laboratory experiments. Data analysis, 

manuscript writing and figure design were performed by the author. Results and preliminary manuscript 

versions were discussed with the last author (S. Hess). Some of the data on algal strains were collected 

during the author's master thesis. Data analysis and manuscript writing was done during the doctoral 

studies. 

Publication: Busch A., Hess S. (2022): A diverse group of underappreciated zygnematophytes deserves 

in-depth exploration. Applied Phycology 3: 306-323. https://doi.org/10.1080/26388081.2022.2081819 
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Chapter IV: A mesophilic relative of common glacier algae, Ancylonema palustre sp. nov., 

provides insights into the induction of vacuolar pigments in zygnematophytes 

Short summary: The zygnematophyte green algae of the genus Ancylonema colonize glacier surfaces in 

many different areas on the planet. In their natural habitat, the cells display a phenolic, intracellular 

pigment of reddish color, whose induction and biological function is unknown. These algae are true 

psychrophiles, which impairs research on this group, as they depend on low temperatures and are 

difficult to cultivate. In our study, we describe a mesophilic Ancylonema species, A. palustre sp. nov., 

which shows unique autecological and photophysiological characteristics. We studied its vegetative and 

sexual processes and identified nutrient limiting conditions to induce zygospore formation, providing 

the first detailed account of sexual processes in the genus Ancylonema. Moreover, we found that nutrient 

limiting conditions combined with UVB radiation result in the production of the reddish, vacuolar 

pigment, which supports a function in photoprotection. 

Author contribution: The author of this doctoral thesis co-designed the study. The laboratory 

experiments (except pulse amplitude modulation fluorometry: done by D. Remias and L. Prochazkova) 

and data analysis were conducted by the author and E. Slominski (bachelor student co-supervised by the 

author). Manuscript writing and figure design were performed by the author. Results and preliminary 

manuscript versions were discussed with the co-authors: D. Remias, L. Prochazkova, S. Hess. The whole 

study was performed during the doctoral studies. 

Manuscript under review: Busch A., Slominski E., Remias D., Procházková L., Hess S. A mesophilic 

relative of common glacier algae, Ancylonema palustre sp. nov., provides insights into the induction of 

vacuolar pigments in zygnematophytes. Environmental Microbiology (under review). 

 

Chapter V: A phylogenomically informed five-order system for the closest relatives of land 

plants 

Short summary: Due to their interesting phylogenetic position, the Zygnematophyceae have attracted 

increasing attention in recent years. The internal zygnematophyte phylogeny, however, is largely 

unknown. We conducted a phylogenomic analysis (326 nuclear loci) for 46 taxonomically diverse 

zygnematophytes. Moreover, we studied a filamentous green alga representing Mougeotiopsis 

calospora PALLA, which was described 120 years ago, but never subjected to molecular analyses. We 

found, that M. calospora lacks discernible pyrenoids and that it branches with unicellular species. It 

represents another zygnematophycean lineage with filamentous growth, which was not known before. 

Furthermore, we propose a new five-order system for the Zygnematophyceae based on our well-

supported phylogenomic tree and provide evidence for five independent origins of true filamentous 

growth within the Zygnematophyceae.  
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Author contribution: The study was designed by S. Hess and J. de Vries. The author of this doctoral 

thesis established the axenic culture of Mougeotiopsis calospora, studied the strain with conventional 

light microscopy and confocal laser scanning microscopy, and interpreted the data in a taxonomic 

context. Furthermore, the author provided the morphological description of M. calospora and the Figure 

1A-E for the manuscript, and reviewed the latter before submission. This work was done during the 

doctoral studies. 

Publication: Hess S., Williams,S. K., Busch A., Irisarri I., Delwiche,C. F., de Vries S., Darienko T., 

Roger A. J., Archibald J. M., Buschmann,H., von Schwartzenberg,K., de Vries J. (2022): A 

phylogenomically informed five-order system for the closest relatives of land plants. Current Biology 

32: 4473-4482. https://doi.org/10.1016/j.cub.2022.08.022 
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for 
 

‘Sunscreen mucilage: a photoprotective adaptation found in 
terrestrial green algae (Zygnematophyceae)’ 

 
Busch & Hess, 2021 

 
 
 
 
 
Supplementary Table S1: Studied Serritaenia strains and associated data (collection sites and 
accession numbers of the Central Collection of Algal Cultures (CCAC) and rbcL gene sequences).  
 
 

  

Strain Taxonomy Collection site / coordinates Sample information CCAC rbcL 

DEL.1 
 

Serritaenia sp. 
 

Dellbrück, Cologne (DE) 

50.974429, 7.091823 

Blackish bryophytes on tree bark (forest) 

 

CCAC 9318 
 

MW159370 
 

KH.1 
 

Serritaenia sp. 
 

Frei-Laubersheim, Bad Kreuznach (DE) 

49.806280, 7.882115 

Blackish bryophytes on dead wood (forest) 

 

CCAC 9319 
 

MW159371 
 

OBE.1 
 

Serritaenia sp. 
 

Monsau, Wiehl (DE) 

50.958607, 7.581137 

Blackish forest soil and bryophytes 

 

CCAC 9320 
 

MW159369 

CCAC 0155 
 

Serritaenia sp. 
 

Strohner Maarchen, Strohn (DE) 

50.122289, 6.928597 

Slurry with various desmids 

 

CCAC 0155 
 

FM992358 

OBE.sm2 
 

Serritaenia sp. 
 

Wohlsberg, Wiehl (DE) 

50.961667, 7.578056 

Blackish bryophytes on dead wood (forest) 

 

CCAC 9321 
 

MW159373 
 

OBE.sm1 
 

Serritaenia sp. 
 

Wohlsberg, Wiehl (DE) 

50.961667, 7.578056 

Blackish bryophytes on dead wood (forest) 

 

CCAC 9322 
 

MW159372 
 

CCAC 3781 

  

Serritaenia sp. 
 

Naafbachtal (DE) 

n/a 

Epiphytic bryophytes on tree bark 

 

CCAC 3781 
 

MW159374 
 

GSM.5.thin 
 

S. testaceovaginata 
 

Clingmans Dome Rd, Great Smoky Mountains, NC (USA) 

35.568104, -83.481939 

Red-brown biofilm on wet rock surface 

 

CCAC 9324 
 

MW159377 
 

GSM.5.thick 
 

Serritaenia sp. 
 

Clingmans Dome Rd, Great Smoky Mountains, NC (USA) 

35.568104, -83.481939 

Red-brown biofilm on wet rock surface 

 

n/a 
 

MW159376 
 

GSM.4.4 
 

Serritaenia sp. 
 

Forney Ridge Trail, Great Smoky Mountains, NC (USA) 

35.555917, -83.497417 

Bryophytes with brown mucilage 

 

CCAC 9323 
 

MW159375 
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Supplementary Fig. S1: Unrooted Neighbour-Joining phylogeny of 43 zygnematophycean rbcL gene 
sequences displaying the polyphyly of Mesotaenium (red) and the position of the new genus Serritaenia 
(green). Support values are shown on the respective branches (NJ/ML). Branches with maximum 
support (100/100) are bold. The scale bar represents 0.02 nucleotide substitution per site. 
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Supplementary Figs S2 and S3: Illustrations published with the original descriptions of Mesotaenium 
braunii (S2: A, 1-8), M. braunii var. minus (S2: A, 9-11), and M. testaceovaginatum (S3). The illustration 
of M. testaceovaginatum (S3) is designated as lectotype for this species. 
 

 
S2 

 
 
 

S3 
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Supplementary Figs S4-S6: Microspectrophotometric measurements taken from the mucilage of 
Serritaenia testaceovaginata (strain GSM.5.thin) over a spectral range of 200–1600 nm. S4 and S5 
display absorbance spectra of mucilage with varying degree of pigmentation from two independent wet 
mounts with 21 and 33 measurements, respectively. S6 displays 15 absorbance measurements of non-
pigmented mucilage for comparison. 
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Supplementary Text: 
 
 

Rationale for the new genus Serritaenia and taxonomy of its members 
 

The studied algae resemble certain species of the ill-defined and polyphyletic genus Mesotaenium 
NÄGELI, which – according to AlgaeBase – contains 29 recognised species and 39 infraspecific taxa 
(Guiry & Guiry, 2020). As revealed by former molecular inferences (Gontcharov et al., 2004; 
Gontcharov & Melkonian, 2010) and shown in our rbcL phylogeny as well, some of these Mesotaenium 
species fall in several (at least four) not directly related evolutionary lineages of the Zygnematophyceae. 
Although the members of these lineages exhibit clear differences in cellular details (Gontcharov, 2008), 
all of them are – until now – referred to as Mesotaenium, and a taxonomic revision of these algae is 
pending. 
 
The following species resemble the algae studied in this work (with homotypic synonyms; ≡): 
 

M. braunii  DE BARY 
 
M. braunii var. minus  DE BARY 

≡ M. macrococcum var. minus  (DE BARY) COMPÈRE 
≡ Palmogloea macrococca var. minor  (DE BARY) RABENHORST 

 
M. macrococcum  (KÜTZ.) J.ROY & BISSET 

≡ Palmogloea macrococca  KÜTZ. 
 
M. testaceovaginatum  FUČÍKOVÁ, J.D.HALL, J.R.JOHANS. & R.L.LOWE 
 
 

Common defining characters of these species and our strains are cylindrical cells, a length-to-width ratio 
of maximum 2–3 (depending on the species), and a plate-like chloroplast in the centre of the cell (not 
parietal) with serrate or crenate edges. Furthermore, the cells are typically surrounded by mucilage (often 
in form of layered capsules) and thrive in terrestrial habitats (de Bary, 1858; West & West, 1904; 
Fučíková et al., 2008). With that, these algae differ fundamentally from M. endlicherianum NÄGELI (the 
type species of the genus Mesotaenium), whose cells are more slender (length-to-width ratio 3–4), 
contain a chloroplast with smooth margins, and seem to lack conspicuous extracellular mucilage 
(Nägeli, 1849). In addition, M. endlicherianum is not reported to show the angled cell arrangement 
observed in our strains shortly after cell division, and, instead, divides in a chain-like manner. 
 
Unfortunately, at present there is no algal strain available that closely matches the description of 
M. endlicherianum. This also applies to strain SAG 12.97 (the closest known relative of the algae 
studied here), which was probably misidentified and repeatedly referred to as ‘M. endlicherianum’ 
(Gontcharov et al., 2003, 2004; Gontcharov, 2008; Matasci et al., 2014; Cheng et al., 2019). Hence, we 
lack important phylogenetic information about the type species of Mesotaenium and cannot place this 
generic name with certainty. However, the marked phenotypic differences between M. endlicherianum 
NÄGELI and the algae studied here justify a separate genus name for the latter. In the context of potential 
genus names, it also has to be noted that Mesotaenium macrococcum was first described as Palmogloea 
macrococca KÜTZ. (Kützing, 1845). The genus Palmogloea, however, was established earlier (Kützing, 
1843) with P. protuberans (SM.) KÜTZ. as the only species, which hence represents the type species of  
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the genus. This type species is considered a chlorophycean green alga (Fott & Nováková, 1971), so that 
the genus Palmogloea is not appropriate for zygnematophyceaen algae. Consequently, the studied algae 
require a new genus name and we here introduce Serritaenia gen. nov. (see main text for formal 
description). 
 
The morphologically ‘simple’ Mesotaenium species have mostly been described on the basis of the cell 
shape and size of vegetative material. The lack of meaningful original descriptions in several cases and 
the resulting uncertainties led to a convoluted taxonomic history with a high number of infraspecific 
taxa and synonyms (Guiry & Guiry, 2020). At present there are a few names used for Zygnematophyceae 
that are here included in the genus Serritaenia. As detailed below, the available information about these 
taxa varies, and there are still some questions to be solved. Based on a careful comparison of our 
Serritaenia strains with published taxa (including original material), we follow a conservative approach 
and form only two new combinations (Art. 6.10. and 41 in Turland et al., 2018) in this study. As the 
holotype of one species (M. testaceovaginatum) was evidently lost, we designate a cited illustration 
published along with the original description as lectotype (Art. 7.3. and 9.3. in Turland et al., 2018) and 
provide a supporting epitype connected to genetic information (Art. 9.9. in Turland et al., 2018). Some 
details about relevant species follow. 
 
Mesotaenium macrococcum (KÜTZ.) J.ROY & BISSET is a widely accepted name for Zygnemato-
phyceae that closely resemble Serritaenia species (Lenzenweger, 2003; Coesel & Meesters, 2007; 
Brook & Williamson, 2010; Ettl & Gärtner, 2014). As already mentioned above, it is a nomenclatural 
synonym of Palmogloea macrococca KÜTZ., a rather ill-defined species that caused much debate about 
its identity (Archer 1864, 1866; Hicks 1864). As far as we know, the question whether P. macrococca 
is a zygnematophycean green alga is still not solved, but the name M. macrococcum found its way in 
contemporary taxonomic literature. The current circumscription of this taxon in monographs and 
identification guides is quite broad and probably based on a variety of biological species as indicated by 
the stated cell sizes (e.g. cell width of 5–19 µm in Ettl & Gärtner, 2014). We here show that genetically 
separate Serritaenia strains have a relatively narrow and stable cell width range, emphasising the need 
to reflect the observed phenotypic diversity on the taxonomic level. Unfortunately, the description of 
P. macrococca is fairly meagre (Kützing, 1845), and the associated drawing difficult to interpret 
(Kützing, 1847). To assess whether P. macrococca is a Serritaenia-like alga and can be considered for 
a new combination, we studied the original material of that species (deposited at the Naturalis 
Biodiversity Center in Leiden, NL). Based on our microscopic examination alone, we cannot solve this 
question with certainty (genetic work in progress), so that we refrain from establishing a new 
combination of P. macrococca at this point. However, the cells of P. macrococca turned out to be 
markedly smaller than expected (about 10 µm wide) and, thus, are not identical with M. braunii (cells 
15–19 µm wide). Consequently, the synonymy of these taxa seems to be unjustified and the name 
M. braunii becomes relevant for the large-celled representatives of the Serritaenia-clade. 
 
Mesotaenium braunii DE BARY (illustrated in Supplementary Fig. S2) was established in a very detailed 
description and there is little doubt that this species belongs to the Serritaenia-clade. De Bary clearly 
depicted the chloroplast morphology, the mucilage capsules, and even mentioned the presence of an 
extracellular (violet) pigment (de Bary, 1858). The stated cell dimensions of M. braunii (15–19 µm) 
closely match those of our Serritaenia strains DEL.1, KH.1 and OBE.1. Here, we introduce a new 
combination, Serritaenia braunii comb. nov., but for now refrain from selecting a reference strain, as 
there might be the option to study original material of M. braunii in future (currently inaccessible to us). 
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Mesotaenium braunii var. minus DE BARY (illustrated in Supplementary Fig. S2) was described as a 
smaller variety that reaches only half the size of M. braunii (= cell width 8–9.5 µm). Thus, it conforms 
with the small-celled Serritaenia strains OBE.sm1, OBE.sm2, CCAC3781 and GSM4.4, which show 
marked genetic distances to the large-celled Serritaenia strains. The small-celled strains are, however, 
not monophyletic, complicating the application of the name M. braunii var. minus. In addition, we found 
that the type material of Palmogloea macrococca resembles M. braunii var. minus in size, questioning 
the justification of the latter name due to priority (in case these organisms are indeed identical; pending 
genetic analyses). Because of this uncertainty, we refrain from creating any new combination at this 
point. M. braunii var. minus is also known under its homotypic synonyms M. macrococcum var. minus 
(DE BARY) COMPÈRE and Palmogloea macrococca var. minor (DE BARY) RABENHORST. 
 
Mesotaenium testaceovaginatum FUČIKOVÁ, J.D.HALL, J.R.JOHANS. & R.L.LOWE (illustrated in 
Supplementary Fig. S3) was most recently described from the Great Smoky Mountains National Park 
(North Carolina, USA) on a purely morphological basis (Fučíková et al., 2008). In search of this species 
at its type locality, we found two morphotypes* (GSM.5.thin and GSM.5.thick), which differed in 
morphology, rbcL gene sequence, and their ability to grow under laboratory conditions. Both 
morphotypes matched the original description of M. testaceovaginatum to some extent: The cell 
dimensions provided in the written description (cell width 12–14 µm) and the drawing (Fig. 6 on p. 55 
in Fučíková et al., 2008) correspond to GSM.5.thin, while the cells depicted in the micrographs (Figs 
26–28 on p. 55 in Fučíková et al., 2008) rather resemble GSM.5.thick. As confirmed by one of the 
authors, a mix-up of the two co-occurring morphotypes in the description is, indeed, possible (pers. 
comm. K. Fučiková). Unfortunately, the holotype of M. testaceovaginatum, the aldehyde-fixed natural 
sample GSM 10/23/04 J5A (John Carroll University, Ohio), was lost. Furthermore, the holotype is very 
likely to contain both morphotypes, along with other algal taxa, so that the designation of a lectotype 
from the cited illustrations (as part of the original material) seems reasonable (Art. 9.3. in Turland et al., 
2018). In agreement with the cell dimensions given in the written description, we designate the drawing 
(Fig. 6 on p. 55 in Fučíková et al., 2008; reproduced in Supplementary Fig. S3) as lectotype (see also 
Art. 9.14. in Turland et al., 2018), and fixed cells of strain GSM.5.thin as supporting epitype. In addition, 
we establish a new combination, Serritaenia testaceovaginata comb. nov., and emend the written 
description of that species (see main text). As S. testaceovaginata currently has the most detailed (and 
unambiguous) description, we designate it as the type species of the genus Serritaenia. 
 
Furthermore, there are some infraspecific taxa to be discussed. M. macrococcum var. micrococcum 
(KÜTZ.) WEST & G.S. WEST, synonymous with M. micrococcum (KÜTZ.) KIRCHN., is not considered 
for inclusion in the genus Serritaenia. Although these names were sometimes regarded as synonyms of 
M. braunii var. minus (Krieger, 1937), they are clearly based on Palmogloea micrococca KÜTZ. (see 
West & West 1904). The latter species, however, differs drastically from the algae studied here and 
rather represents Coccomyxa (Trebouxiophyceae, Chlorophyta) or relatives (Kützing, 1847, 1849). The 
varieties M. macrococcum var. lagerheimii WILLI KRIEG. and M. macrococcum var. truncatum (WEST 
& G.S. WEST) WILLI KRIEG. both display major morphological differences to Serritaenia and are not 
considered for inclusion in this genus as well. Finally, there is evidence of a species named Palmogloea 
macrococca var. nigrescens C. CRAMER in the Index Nominum Algarum database (Silva Center for 
Phycological Documentation, The University Herbarium at UC Berkeley, USA), but we were unable to 
locate its original description so far. Given the meaning of the name (Latin: nigrescens = blackening, 
darkening), it might be possible that Cramer’s variety is a Serritaenia-clade member (name pointing to 
blackish extracellular pigmentation?). Future in-depth studies may shed some light on these orphan taxa. 

  

________________________________________________________________________________________________ 
* The term ‚morphotype‘ is here used in the broad sense and does not denote a taxonomic level. 
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Fig. S1 RNA samples used for sequencing. RNA denaturing gel of isolated RNA from Serritaenia 
testaceovaginata under condition 1 (NK) and condition 2 (UV) in triplicates.  
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Fig. S2 UpSet plot of knumber annotations. UpSet plot showing the number of ORFs (intersection 
size) annotated by the indicated annotation tools and databases and their combinations.  
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Fig. S3 KEGG pathway nucleotide excision repair. Presence and regulation in S. testaceovaginata are 
indicated by the color of the boxes. 
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Fig. S4 KEGG pathway base excision repair. Presence and regulation in S. testaceovaginata are 
indicated by the color of the boxes. 
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Fig. S5 KEGG pathway mismatch repair. Presence and regulation in S. testaceovaginata are indicated 
by the color of the boxes. 
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Fig. S6 GO terms enriched in downregulated genes. 
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Fig. S7 Phylogenetic tree of CHS. 
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Fig. S8 Phylogenetic tree of CHALCONE ISOMERASE (CHI) and CHI-Like (CHIL). 
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Fig. S9 Phylogenetic tree of UGT. 
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0.6

UGTs acting on flavonoids and 
related specialised metabolites

UDP-DEPENDENT: GLYCOSYLTRANSFERASES
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Fig. S10 Phylogenetic tree of ligB genes. 

 

Betalain-producing Caryophyllales. 
Species form two phylogenic clades, 
and within each is a DODA gene (for 
betalain biosynthesis) and a DODA-like 
gene (of unknown function)
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Fig. S11 Phylogenetic tree of caffeoylshikimate esterases. 
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Fig. S12 Phylogenetic tree of BAHD acyltransferases. 
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Fig. S13 Phylogenetic tree of NAD(P)H-dependent reductases (CAD and CCR-like). 
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 Bromheadia finlaysoniana AAB62873 DFR 
 Cymbidium hybrida AAC17843 DFR 

1.0

Dihydroflavonol 4-reductase (DFR)

Anthocyanidin reductase (ANR)

REDUCTASES

Cinnamyl alcohol dehydrogenase (CAD), 
Cinnamoyl-CoA reductase (CCR) and 

CCR-like

Isoflavone reductase (IFR) and 
Leucoanthocyanidin reductase (LAR)

Double bond reductase outgroup

Alpha-pyrone 
reductase
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Fig. S14 Phylogenetic tree of O-methyltransferases. 
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 Danio rerio (Zebrafish) A4IG53 Catechol OMT 
 Rattus norvegicus P22734 Catechol O-methyltransferase 

 Dunaliella salina KAF5838081 putative SAM-MT 
 Klebsormidium nitens GAQ84666 putative OMT 

 Selaginella moellendorffii XP_002979270 catechol-OMT 
 Marchantia paleacea KAG6558114 Caffeic acid-OMT 

 Haplomitrium mnioides QCG81601 CCoAOMT 
 TRINITY_DN5278_c0_g1_i2.p1 

 TRINITY_DN7410_c0_g2_i1.p1 
 TRINITY_DN7410_c0_g1_i2.p1 
 TRINITY_DN7410_c0_g1_i6.p1 

 TRINITY_DN2526_c2_g1_i16.p2 
 TRINITY_DN2526_c2_g1_i15.p1 

 TRINITY_DN6561_c0_g1_i14.p1 
 TRINITY_DN6561_c0_g1_i10.p2 
 TRINITY_DN6561_c0_g1_i8.p1 
 TRINITY_DN6561_c0_g1_i6.p1 

 Zea mays CAB45149 caffeoyl-CoA OMT 
 Pinus taeda Q9ZTT5 CCoAMT 

 Arabidopsis thaliana AAM64800 caffeoyl-CoA OMT 
 Cyclamen persicum BAK74804 anthocyanin OMT 
 Petunia hybrida AIE77047 anthocyanin OMT 

 Torenia hybrida BAP74301 anthocyanin 3'5'-OMT 
 Sesamum indicum XP_011086775 flavonoid 3',5'-OMT 
 Vitis vinifera C7AE94 Anthocyanin-OMT 

 Fragaria vesca  XP_004299737 flavonoid 3',5'-OMT 
 TRINITY_DN8655_c0_g2_i1.p1 

 Prunus mume XP_008241354 Caffeic acid 3-OMT 
 Mapoly0044s0121 
 Mapoly0044s0123 
 Mapoly0044s0122 

 Plagiochasma appendiculatum COMT4 
 Plagiochasma appendiculatum ARS23163 F4'OMT 

 Mapoly0681s0001 
 Mapoly0136s0036 

 Mapoly0040s0105 
 Mapoly0002s0065 

 Mapoly0002s0063 
 Mapoly0002s0334 
 Mapoly0129s0005 
 Mapoly0015s0023 
 Mapoly0055s0090 
 Mapoly0055s0089 
 Mapoly0015s0025 
 Mapoly0129s0006 

 Mapoly0015s0024 
 Mapoly0013s0033 
 Mapoly0337s0001 
 Mapoly0015s0026 

 Hevea Reticuline XP_021682741 7 OMT  
 Pinus sylvestris AQX17822 COMYT like 
 Morus notabilis XP_010094294 Norcoclaurine 6 OMT  

 Arabidopsis thaliana Q9T003 Acetylserotonin OMT 
 Ocimum basilicum AFU50300 Flavonoid OMT6 

 Mentha x piperita AAR09602 Flavonoid 4'OMT 
 Ocimum basilicum AFU50295 Flavonoid OMT1 
 Mentha x piperita AAR09599 Flavonoid 7OMT 

 Thalictrum flavum Q5C9L7.1 norcoclaurine 6OMT 
 Papaver somniferum Q6WUC1 norcoclaurine 6OMT 

 Ocimum basilicum Q93WU2 (Iso)eugenol OMT 
 Catharanthus roseus Q8GSN1 MyricetinOMT 

 Mentha x piperita Q6VMW0 Flavonoid 8OMT 
 Vitis vinifera resveratrol B6VJS4 di-OMT 

 Hordeum vulgare CAA54616 Flavonoid 7OMT 
 Glycine max C6TAY1 Flavonoid 4'OMT SOMT2 

 Glycyrrhiza echinata Q84KK6 Isoflavone 4'-OMT 
 Pisum sativum O24305 (+)-6a-hydroxymaackiain 3-OMT 
 Lotus japonicus Q84KK4 Isoflavone 4'-OMT 

 Selaginella moellendorffii ADE88153 COMT like 
 Asparagus officinalis XP_020260885 caffeic acid 3 OMT 

 Thalictrum flavum Scoulerine 9OMT 
 Pinus sylvestris Pinosylvin-OMT 
 Gingko bilboa AER35881 OMT  

 Mentha x piperita AAR09601 Flavonoid 3'OMT 
 Chrysosplenium americanum Q42653 Flavonoid 3OMT 
 Arabidopsis thaliana XP_020871511 Flavonoid 3'OMT  

 Triticum aestivum Q38J50 Flavonoid 3'4'5'-OMT 
 Oryza glaberrima XP_052165229 flavone 3'-OMT 
 Oryza sativa Q6ZD89 Flavonoid 3'OMT1 
 Zea mays NP_001106047 caffeic acid-OMT  

 Oryza sativa BAM13734 Flavonoid 7OMT 
 Citrus sinensis XP_006493515 Anthranilate NMT 
 Solanum pennellii XP_015079768 Caffeic acid 3OMT 
 Solanum lycopersicum flavonol 3'OMT 

 Cicer arietinum Isoliquiritigenin XP_004491872 2'OMT 
 Epimedium sagittatum AIS92510 Caffeic acid OMT 

 Populus trichocarpa XP_002302677 Eugenol OMT 
 Nicotiana tomentosiformis XP_018625480 caffeic acid 3-OMT 
 Capsicum annuum XP_016545476 caffeic acid 3-OMT 
 Solanum lycopersicum NP_001306101 catechol-OMT 
 Lycium ferocissimum XP_059301525 catechol OMT 

0.9

O-METHYLTRANSFERASES
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Fig. S15 Phylogenetic tree of 4-Coumaroyl CoA: ligase (4CL). 
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Fig. S16 Phylogenetic tree of class III peroxidases (PRXIII) from streptophyte representatives (algae, 
bryophytes, ferns and flowering plants). Sequences of streptophyte algae are highlighted in red and ultrafast 
bootstrap values are shown at the branches. Scale bar = number of expected substitutions per site. * 
annotation stems from RedOxiBase (samples were wrongly annotated in the 1kp dataset and might originate 
from Zygnema sp.) 
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Table S1 Recipe of algal culture medium KW. One milliliter of each stock solution is added to one 
liter of demineralized water. The pH should be around 6. 

 

  

Components Stock solution 
HEPES 238.1 g/l dH2O 
KNO3 100 g/ l dH2O 
MgSO4 x 7 H2O 20 g/l dH2O 
NaH2PO4 x H2O 0.69 g/50 ml  
Na2HPO4 x 2 H2O 0.89 g /50 ml 
CaCl2 x 2 H2O 14.7 g/l dH2O 

P-II Metals stock solution 
EDTA (Titriplex III) 
H3BO3 
MnCl2 x 4 H2O 
ZnSO4 x 7 H2O 
CoCl2 x 6 H2O 

 
3.00 g/l dH2O 
1.14 g/l dH2O 
144.00 mg/l dH2O 
21.00 mg/l dH2O 
4.00 mg/l dH2O 

Fe-EDTA stock solution 
EDTA (Titriplex II) 
FeSO4 x 7 H2O  
1N KOH  

 
5.22 g / l dH2O 
4.98 g / l dH2O 
54.00 ml / l dH2O 
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Table S2 Streptophyte green algal transcriptomes and genomes screened for class III peroxidases. 

Strain Data type Source of data Data availability 
Penium 
margaritaceum AEKF 

Transcriptome 1kp project  https://www.onekp.com/public_data.html 

Chaetosphaeridium 
globosum DRGY 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Netrium digitus FFGR Transcriptome 1kp project https://www.onekp.com/public_data.html 
Klebsormidium 
subtile FQLP 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Spirogyra sp. HAOX Transcriptome 1kp project https://www.onekp.com/public_data.html 
Cylindrocystis 
cushleckae JOJQ 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Spirotaenia 
minuta NNHQ 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Coleochaete 
irregularis QPDY 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Cosmarium 
ochthodes STKJ 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Coleochaete 
scutata VQBJ 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Mesotaenium 
endlicherianum WDCW 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Roya obtusa XRTZ Transcriptome 1kp project https://www.onekp.com/public_data.html 
Cylindrocystis 
brebissonii YOXI 

Transcriptome 1kp project https://www.onekp.com/public_data.html 

Mougeotia sp. ZRMT Transcriptome 1kp project https://www.onekp.com/public_data.html 
Mesotaenium 
endlicherianum 

Genome Cheng et al., 
2019 

https://figshare.com/articles/dataset/Genom
es_of_subaerial_Zygnematophyceae_provi
de_insights_into_land_plant_evolution/991
1876/1 

Spirogloea muscicola Genome Cheng et al., 
2019 

https://figshare.com/articles/dataset/Genom
es_of_subaerial_Zygnematophyceae_provi
de_insights_into_land_plant_evolution/991
1876/1 

Chaetosphaeridium 
globosum SAG26.98 

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Coleochaete orbicularis Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Klebsormidium 
flaccidum UTEX 321 

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Mougeotia scalaris 
SAG164.80 

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Nitella mirabilis 
transcriptomes of 
lower and upper tissues 

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Penium 
margaritaceum SAG22.
82 

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Spirogyra pratensis 
UTEX 921 

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 

Spirogyra sp. 
Transcriptome Au1  

Transcriptome Cooper and 
Delwiche, 2016 

https://figshare.com/articles/dataset/Green_
algal_transcriptomes_for_phylogenetics_a
nd_comparative_genomics/1604778 
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Serritaenia sp. 
OBE.sm1 

Transcriptome This study https://www.ebi.ac.uk/ena/browser/view/P
RJEB72628 

Serritaenia sp. OBE.1 Transcriptome This study https://www.ebi.ac.uk/ena/browser/view/P
RJEB72628 

Cylindrocystis crassa 
SAG23.97 

Transcriptome This study https://www.ebi.ac.uk/ena/browser/view/P
RJEB72628 

Mesotaenium 
endlicherianum 
SAG12.97 

Transcriptome Dadras et al., 
2022 

https://mesotaenium.uni-
goettingen.de/download.html 

Mougeotiopsis 
calospora MZCH580 

Transcriptome Hess et al., 2022 https://www.ncbi.nlm.nih.gov/Traces/wgs/
?val=GJZN01 
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Abstract 
The zygnematophyte green algae of the genus Ancylonema are common colonizers of glaciers in several 

distinct regions around the globe. In their natural habitat they exhibit a remarkable reddish-brown 

pigmentation due to vacuolar compounds related to gallic acid. Blooms of these algae result in glacier 

darkening and enhanced melting rates. The currently known Ancylonema species are true psychrophiles, 

which impairs experimental work and limits our functional understanding of these algae. For example, 

the biosynthesis, inducing factors and biological function of Ancylonema´s secondary pigments are not 

known. Here, we report a mesophilic Ancylonema species, A. palustre sp. nov. from temperate 

moorlands, which forms the sister lineage to all known psychrophilic strains. Despite its morphological 

resemblance to the latter, it shows unique autecological and photophysiological characteristics, and let 

us describe vegetative and sexual cellular processes in great detail. Furthermore, we experimentally 

tested for abiotic factors that induce the secondary pigments of zygnematophytes and found that low 

nutrient conditions combined with ultraviolet B radiation result in vacuolar pigmentation, indicating a 

sunscreening function. Our well-growing, bacteria-free cultures of A. palustre will facilitate 

comparative genomic studies of meso- and extremophilic zygnematophytes and might hold the key in 

understanding how Ancylonema species colonized the worlds glaciers. 

 

Key words: Conjugatophyceae, peat bog, phenolic compounds, photoprotection, streptophyte algae, 

UV radiation, Zygnematophyceae 
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Introduction 
The conjugating green algae (Zygnematophyceae) comprise about 4,000 described species with rather 

simple growth forms, ranging from non-flagellated unicells to filaments (Brook & Williamson, 2010; 

Coesel & Meesters, 2007; Hall & McCourt, 2015). As revealed by several phylogenomic studies, these 

algae are the closest relatives of the land plants and hence important research subjects to understand the 

transition from aquatic to terrestrial life (Timme et al., 2012; Wickett et al., 2014; Wodniok et al., 2011). 

Of particular interest are physiological adaptations to terrestrial conditions that potentially predated the 

origin of the land plants and thereby facilitated their evolution (de Vries et al., 2017, 2020; Fürst-Jansen 

et al., 2020). Most zygnematophytes thrive in freshwater-fed systems of various trophic levels, including 

ponds, lakes and moorlands. However, some lineages colonize more extreme habitats such as rock 

surfaces, deadwood, tree bark, and even glacial ice (Busch & Hess, 2022a; Remias et al., 2009). Only 

very few known zygnematophytes adapted to the freezing temperatures and high solar radiation existent 

on glaciers. The two most widespread zygnematophyte species inhabiting such extreme habitats are 

Ancylonema nordenskioeldii and A. alaskanum (Procházková et al., 2021). They have been found on 

glaciers of the European Alps, Greenland, Alaska, Svalbard, the Altai Mountains, the Himalaya and 

Antarctica (Kol, 1942; Ling & Seppelt, 1990; Remias et al., 2009; Takeuchi, 2001; Takeuchi et al., 2006, 

2019; Williamson et al., 2018; Yoshimura et al., 1997), and occasionally grow at high densities. In the 

recent years, glacier algae gained much attention, since their blooms have detrimental effects on glaciers. 

A dark cover of algal cells, anthropogenic black carbon and mineral debris reduces the albedo of glacial 

ice surfaces, absorbs solar radiation and thereby accelerates glacial melting during summer (Cook et al., 

2020; Stibal et al., 2017; Williamson et al., 2018, 2019; Yallop et al., 2012). The coloration caused by 

Ancylonema blooms results, in part, from reddish-brown, non-photosynthetic pigments, which 

accumulate in vacuoles of the algal cells (Remias et al., 2009). These secondary pigments are of phenolic 

origin, and a main compound from A. alaskanum was previously identified as purpurogallin carboxylic 

acid-6-O-β-d-glucopyranoside, which shows a broad absorbance the UV-VIS portion of sunlight 

(Remias, Schwaiger, et al., 2012). In the natural habitat, these phenolics equip the algal cells with a 

remarkable, dark brown coloration. Hence, several biological functions of Ancylonema’s secondary 

pigments have been proposed, including a function as sunscreen, chemical defense agent, and ice-

melting agent (Remias, Schwaiger, et al., 2012). A photoprotective function seems most likely, as these 

compounds very effectively absorb UVR and VIS and are supposed to shade the low-light-adapted 

chloroplasts (Williamson et al., 2020). However, this hypothesis was never experimentally tested as the 

psychrophilic nature of the known Ancylonema species is a hurdle for experimental research. The 

recently established cultures depend on low temperatures (≤ 5 °C), grow very slowly and are not axenic 

(Jensen et al., 2023; Remias & Procházková, 2023). So far, we lack any knowledge about the 

biosynthetic pathway of intracellular pigments of zygnematophytes and the environmental factors that 

trigger their biosynthesis. 
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In the temperate moorlands of Germany, we discovered mesophilic Ancylonema strains, which 

showed a remarkable resemblance to their psychrophilic relatives, including the reddish-brown 

intracellular pigmentation. We established well-growing, axenic cultures, which were used to pinpoint 

the evolutionary origin of these algae by molecular phylogenetics, and to characterize the vegetative cell 

cycle and sexual processes, including zygospore formation. Furthermore, we studied the photosynthetic 

performance of the mesophilic strains and tested abiotic factors (nutrient conditions, light regimes) for 

their effect on the biosynthesis of secondary pigments. Overall, this is the first report and detailed 

characterization of a mesophilic Ancylonema species, here described as A. palustre sp. nov., setting the 

ground for future comparative genomic and ecophysiological studies. 

 

Experimental procedures 

Collection and cultivation of algae 

Natural samples were collected at two moorlands in Germany (see Table S1 for detailed sampling 

information) and screened for algal cells. Single cells were isolated with a micropipette under visual 

control with a Motic AE2000 inverted microscope (Motic, Hong Kong), washed in sterile water, and 

transferred into the liquid growth medium Waris-H (McFadden & Melkonian, 1986). The isolated cells 

were incubated at low, artificial light from white LEDs (< 30 µmol photons m-2 s-1), which resulted in 

well grown cultures. These cultures were used to establish bacteria-free strains by spray-plating as 

previously described (Busch & Hess, 2022a). The bacteria-free cultures were grown at 15 °C under a 

14/10 h light/dark cycle with a photon fluence rate of about 30 µmol photons m-2 s-1 photosynthetically 

active radiation (PAR) supplied by LinearZ SunLike LEDs (5700 K, Lumitronix, Hechingen; see Figure 

1A for spectral power distribution). The established algal strains, N3 and V5, are available through the 

senior author (S.H.) of this study. 

Light and scanning electron microscopy  

Time-lapse microscopy and photodocumentation of experimental cultures were done with the Motic 

AE2000 inverted microscope (Motic, Hong Kong) equipped with a MikroLive 6.4MP CMOS camera 

(MikroLive, Oppenau). For high-resolution imaging, the Zeiss Axio Observer inverted microscope 

equipped with the objective lenses Plan-Neofluar 40×/1.3 and Plan-Neofluar 100×/1.3 and the Axiocam 

512 color (Carl Zeiss, Oberkochen) was used. For scanning electron microscopy, cells were collected 

by sedimentation, fixed with 2.5% glutaraldehyde and 1% osmium tetroxide in MT buffer (30 mM 

HEPES, 15 mM KCl, 5 mM EGTA, 5 mMMgSO4, pH 7), dehydrated in a graded series of ethanol:water 

mixtures, transferred into hexamethyldisilazane, and finally dried in the fume hood as previously 

described (Moye et al., 2022). The dry samples were sputter-coated with gold and examined with a 

ZEISS Neon 40 scanning electron microscope at 2.5 kV acceleration voltage (Carl Zeiss, Oberkochen). 

Brightness and contrast of micrographs were adjusted with Photoshop CS4 (Adobe Inc., Dublin).  
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DNA sequencing, alignment and molecular phylogenetics 

Algal material from 15 ml of an axenic culture was collected by centrifugation (500 g, 10 min), washed 

twice with sterile, ultrapure water, and again collected by centrifugation. The resulting pellet was snap 

frozen in liquid nitrogen and lyophilized with the freeze-drying system BETA 1-8 LD plus (Christ, 

Osterode am Harz). Twenty SiLibeads Type ZY 6.0 of about 3 mm (Sigmund Lindner GmbH, 

Warmensteinach) were added to each sample, followed by mechanical lysis of the freeze-dried cells in 

a TissueLyser II (QIAGEN, Hilden). The samples were subjected to two minutes of shaking with a 

frequency of 30 min-1. To extract DNA, the samples were further processed with the DNeasy 

PowerLyzer PowerSoil Kit (QIAGEN, Hilden) according to the manufacturer’s instructions. The 

chloroplast encoded gene for the RuBisCO large subunit (rbcL) was amplified by a semi-nested PCR 

with the primers MaGo1F, MaGo2F and MaGo3R as previously described (Busch & Hess, 2022a; 

Gontcharov et al., 2004). The nucleus-encoded gene for the 18S rRNA was amplified with the universal 

eukaryotic primers EukA and EukB (without terminal polylinker; (Medlin et al., 1988)) after the 

following protocol: initial denaturation (95 °C, 180 s), followed by 35 cycles of denaturation (95 °C, 45 

s), annealing (55 °C, 60 s), and elongation (72 °C, 180 s). All PCRs were done with the Taq DNA 

Polymerase (Invitrogen, Waltham, MA, USA) according to the manufacturers protocol. The PCR 

products were subjected to commercial Sanger sequencing (Eurofins Genomics, Ebersberg) with the 

primers MaGo2F and MaGo3R (rbcL gene) and EukA and EukB (18S rRNA gene). The nearly complete 

rbcL and 18S rRNA gene sequences were assembled from two overlapping reads using the AlignIR™ 

2.0 software (LI-COR Biosciences, Lincoln, US) and deposited at GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/) under the accessions PP555606, PP555607, PP555608 (rbcL 

gene) and PP544794, PP544795 (18S rRNA gene). The sequences were manually aligned with available 

gene sequences of other Zygnematophyceae using the SeaView 4.5.4 alignment editor (Galtier et al., 

1996; Gouy et al., 2010). For the rbcL gene, we used an existent alignment (Busch & Hess, 2022a), 

while 18S rRNA gene sequences were retrieved from the National Center for Biotechnology Information 

(https://www.ncbi.nlm.nih.gov/). This resulted in two final datasets: (1) 35 zygnematophycean rbcL 

gene sequences with 1,290 sites, (2) 15 zygnematophycean 18S rRNA gene sequences with 1,675 sites. 

They were subjected to phylogenetic inferences with maximum likelihood (ML), neighbour joining (NJ) 

and maximum parsimony (MP) methods using the MEGA11 software (Tamura et al., 2021). The ML 

analyses were done with the GTR+I+G model (discrete Gamma distribution; 5 categories), NJ analyses 

with the P-distance model with the “partial deletion” option, and MP analyses with the Subtree-pruning-

regrafting (SPR) algorithm. To assess statistical support of the branches, we performed 1,000 bootstrap 

repetitions for every analysis and added the resulting values to the ML topology shown in the results 

and the supplements. A pairwise distance analysis of six selected rbcL gene sequences was performed 

with 1,304 sites. All codon positions were included, but ambiguous positions were removed for each 

sequence pair (pairwise deletion option). 
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Pulse–amplitude modulated fluorometry 

Cells of strains N3 and V5 were grown in Waris-H medium under the standard culturing conditions (see 

above) and then acclimated to two light conditions (12/12 h light/dark cycle), here termed “low light” 

(PAR: 19-22 µmol photons m-2 s-1, UVA: 0.05-0.06 W m-2, UVB: 0.005-0.006 W m-2) and “high light” 

(PAR: 140-170 µmol photons m-2 s-1, UVA: 0.3 W m-2, UVB 0.02-0.03 W m-2) for one week. During 

acclimatization the cells were kept at 15 °C and agitated by shaking at 150 rpm. After harvest by 

sedimentation, the cells were subjected to pulse–amplitude modulated fluorometry with a Walz PAM 

2500 in a KS-2500 suspension cuvette (0.4 ml) at 15 °C. To determine the relative electron transport 

rates (rETR) of photosystem II, the apparent quantum yield for electron transport (α) and the light 

saturation point (Ik), we performed rapid light curve (RLC) measurements with photon flux densities 

(PFD) of 5, 34, 67, 104, 201, 366, 622, 984, 1389, 1666 and 2018 μmol photons m−2 s−1 for 30 s each. 

For each density, four independent replicates were measured. Data analysis was done as previously 

described (Procházková et al., 2018). 

High PAR treatments 

Algal material (strain N3) was suspended in fresh KW medium (see Table S2 for recipe) and distributed 

to 35 mm suspension tissue culture dishes (Sarstedt, Nümbrecht). The cells were then exposed to the 

SunLike high-power LED (5,000 K, 50 W, Seoul Semiconductor, Ansan) in a 14/10 h light/dark cycle 

(see Figure 1B for spectral power distribution). Different irradiance settings (100-1,300 µmol photons 

m-2 s-1) were realized by adjusting the distance to the lamp. The algal cells were observed and photo-

documented over at least 14 days. PAR irradiance was measured with the MQ-500 Full-Spectrum 

Quantum Sensor (Apogee Instruments Inc., Utah) through the lids of the used Petri dishes. The 

experiments were done in triplicates. 

UVR treatments 

Algal material (strain N3) was suspended in fresh KW medium (see Table S2 for recipe) and distributed 

to 100 mm tissue culture dishes (VWR international, Darmstadt). The “UVA treatment” was achieved 

with the TL-D Blacklight Blue fluorescent tube lamp (18 W, Philips, Hamburg), the “UVB treatment” 

with the UVB Broad Band TL (20 W, Phillips, Hamburg). For both treatments, cells were exposed for 

4 h during the light phase of a 14/10 h light/dark cycle with PAR emitted by LinearZ SunLike LEDs 

(5,700K, Lumitronix, Hechingen) (see Figure 1C,D for spectral power distribution). Different irradiance 

settings (1-8 W m-2 for UVA, 0.2-2.0 W m-2 for UVB) were realized by adjusting the distance to the 

lamps. The algal cells were observed and photo-documented over at least 14 days. UVA and UVB 

irradiances were measured with the digital UV radiometers Solarmeter® Model 4.2 and Solarmeter® 

Model 6.2, respectively (Solar Light Company Inc., Pennsylvania) through the lids of the Petri dishes. 

The experiments were done in triplicates. 

 

Nutrient limitation treatments 
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We designed three variations of the KW medium, which were limited in nitrate (-N), phosphate (-P) or 

both (-P-N) (see Table S2 for recipes). Well-growing material of strain N3 was suspended in these 

media, distributed in six-well tissue culture plates (VWR international, Darmstadt), and subjected to 

different light regimes. The latter included a treatment with moderate/high PAR (200 µmol photons m-

2 s-1), UVA at 8 W m-2, and UVB at 0.6 W m-2 (selected on the basis of our previous experiments with 

varying irradiances). The experiments were done in triplicates and cells were photo-documented over at 

least 14 days. 

 

Results 

Habitat characteristics and natural material 

Two monoclonal and axenic strains of Ancylonema palustre (N3 and V5) were established in this study. 

Both strains derive from moorlands in western Germany (Figure 2A). The strain N3 was isolated from 

squeezed Sphagnum moss of a waterlogged area in the spring bog of Neuenhähnen, Waldbröl, Germany 

(Figure 2B,C). The strain V5 was found in the organic, oxygenated sediment of a shallow bog pond with 

acidic, brown water, close to a disturbed raised bog system of the moorland Großes Veen, Hamminkeln, 

Germany (Figure 2D). Cells from this site displayed reddish-brown cytoplasm (Figure 2E), which was 

lost during cultivation. The climate of both sampling sites is temperate/oceanic (annual temperature 

average: Neuenhähnen 9.4 °C, Hamminkeln 10.8 °C) with considerable rainfall (>850 mm/year), 

classified as Cfb after Köppen (Geiger, 1954). 

Morphology and cell division 

Vegetative cells from laboratory cultures were bright green and rod-shaped with rounded cell poles 

(Figure 3A). Cells of both strains were very similar in size, with a cell width of around 7 µm and a cell 

length ranging from 16 to 34 µm (n=100, see Figure S1 for boxplots). While the cell width appeared to 

be relatively uniform, the cell length varied considerably due to cell growth between cell divisions. At 

interphase, each cell contained a single nucleus of about 3.6 µm in diameter (n=40) with a spherical 

nucleolus of about 1.7 µm (n=40). The nucleus was located in the cell’s center between two chloroplasts 

(Figure 3A,B). These chloroplasts were mostly parietal and shovel-shaped with smooth margins, and 

there was no sign of a connecting bridge between them (Figure 3B). Each of the chloroplasts typically 

contained a single, circular or slightly elliptic pyrenoid of about 2.5 µm in diameter (n=80; Figure 3B). 

Only rarely, we observed additional smaller pyrenoids. Time-lapse microscopy revealed the sequence 

of cellular events during the cell cycle (Figure 3C, Movie S1). The cell division started with the 

duplication of the pyrenoids, which was followed by nuclear division (Figure 3D, stages 1-3). The two 

new nuclei then migrated into the cell’s halves and subsequently a cross wall was formed in the center 

of the cell, starting with an increased vesicle movement (Figure 3D, stages 4, 5). Once the cross wall 

became more defined, the chloroplasts started to divide. The nearly synchronous divisions of the cell 

and the chloroplasts resulted in two firmly attached daughter cells with two chloroplasts each (Figure 
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3D, stage 5). The daughter cells separated slowly and attained the typical rod-shaped morphology by 

subsequent longitudinal cell growth (Figure 3D, stages 6, 1). We did not observe any pronounced 

formation of cell chains. 

Molecular phylogeny 

Figure 4A displays the best rbcL gene phylogeny (ML topology) of the genus Ancylonema plus selected 

outgroup lineages (Meso-4 – Meso-7 and Zygogonium ericetorum). Our new strains N3 and V5 are 

closely related to an available rbcL sequence (FM992361) of an alga isolated from wet rock in a forest 

of the Eifel, Germany (A. Gontscharov, pers. comm., no strain information available, Procházková et 

al., 2021). This alga might be identical to an uncharacterized algal strain of the Central Collection of 

Algal Cultures (CCAC2248), which was also sequenced in this study. Together, the four sequences of 

mesophilic algae form a highly supported clade (100/100/99), whose members are here assigned to the 

new species A. palustre. The A. palustre clade shows a sister relationship to the known sequences from 

psychrophilic Ancylonema strains. This grouping is very robust as well (100/100/99), so that we include 

the new, mesophilic strains in the genus Ancylonema. The subclade of psychrophilic representatives 

contains sequences from recently established cultures (OQ222865, OQ584255- OQ584267) as well as 

from field material (OQ202166, MW922839, MW922839). They stem from the Greenland ice sheet 

(violet circles) and the Alps (blue squares), and do not group according to their geographic origin. The 

rbcL gene phylogeny further reveals that the sequence MW922840, previously assigned to the species 

A. alaskanum (Procházková et al., 2021) is not identical or directly related to the cultivated A. alaskanum 

strain WP251 (Remias & Procházková, 2023). This points to some prevailing taxonomic problems 

concerning the species concepts of A. alaskanum and A. nordenskioeldii. 

The mesophilic strains N3 and V5 showed only minor genetic differences in the rbcL gene. 

Pairwise distance analysis revealed a difference < 0.5 % between the four A. palustre sequences, while 

the genetic difference between these sequences and those of A. alaskanum (OQ222865) and A. 

nordenskioeldii (MW922839) were 2.8 and 3 %, respectively (see Table S3 for details). Overall, we 

recognize two genetically distinct subclades of the genus Ancylonema, which correlate with the 

ecological preferences of the strains (psychrophilic vs. mesophilic). We also generated sequence data of 

the 18S rRNA gene and inferred an 18S rRNA gene phylogeny. Even though the taxon sampling was 

not as broad and the phylogenetic signal of the 18S rRNA gene relatively weak, we observed a split of 

psychrophilic and mesophilic Ancylonema species in two subclades as well (Figure S2).  

Photophysiology of laboratory cultures 

For both strains (N3, V5), we collected rapid light curves of cells acclimated to “low light” and “high 

light” conditions, respectively (Figure 4B,C). The maximum electron transport rate (ETRmax) was 

markedly higher in the high light adapted cells, which also showed a slightly higher light saturation 

point (Ik). The low-light utilization efficiency α ranged from 36 to 42 in both strains, with higher values 

in low light adapted cells. Both strains showed signs of photoinhibition irrespective of the 

acclimatization conditions. In strain N3 the onset of photoinhibition was at about 200 µmol photons 
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m-2 s-1, in strain V5 it was somewhat earlier at about 100 µmol photons m-2 s-1. Overall, short-term 

acclimatization of A. palustre cells to higher light conditions resulted in lower α, higher Ik and enhanced 

ETRmax. 

Cellular reactions to different light and nutrient conditions 

Under our standard laboratory conditions (30 µmol photons m-2 s-1; 15 °C, Waris-H medium) the cells 

of A. palustre lost their reddish-brown, intracellular pigmentation. However, in very old cultures we 

observed the sporadic occurrence of slightly reddish cells, pointing to an effect of the nutrient 

availability on the production of secondary pigments. Furthermore, it is already established that other 

saccoderm desmids (Serritaenia spp.) can be triggered to form other dark sunscreen pigments 

(extracellular) by experimental UVB exposure (Busch & Hess, 2022b). To test whether the production 

of vacuolar pigments in A. palustre can be experimentally induced, we subjected cells of strain N3 to 

different light and nutrient conditions. 

The cells were exposed to three different spectral power distributions, termed “High PAR”, 

“UVA” and “UVB” (Figure 1B-D), at varying irradiances, and showed distinct cellular reactions (Figure 

5A-I). All three spectral ranges triggered the formation of vacuolar pigments (referred to as 

“pigmentation” in the following) after two to seven days, but with very different effectiveness. While 

high PAR (> 200 µmol photons m-2 s-1) and UVA (> 1 W m-2) resulted in very faintly pigmentated cells 

(Figure 5C,F), UVB at > 0.2 W m-2 led to a marked vacuolar pigmentation (Figure 5H,I). The varying 

extent of the dark pigmentation was confirmed with high resolution brightfield microscopy (Figure 6A-

C). Furthermore, we observed a significant shrinkage of the chloroplasts under very high PAR and UVB 

conditions (Figure 5C,I). High PAR (> 500 µmol-2 s-1) had clearly adverse effects on the cells, including 

the deformation and bleaching of the chloroplasts, the formation of unusual pigment inclusions 

(vacuoles of reddish-brown color), and cell death (Figure 5C). The formation of pigment inclusions was 

also observed under very high UVA exposure (> 8 W m-2, Figure S2). 

Limitation of nitrate (-N) and phosphate (-P) in the culture medium showed clear effects on the 

cells of A. palustre under standard light conditions. While the absence of phosphate in the medium alone 

did not have any visible effect on the cells (Figure 5J), nitrate limitation led to the formation of large 

colorless globules within the cytoplasm (Figure 5K). The strongest effect was observed under combined 

phosphate/nitrate limitation (-P-N), including the formation of colorless globules and reddish cytoplasm. 

These effects were already apparent after four days of treatment, but increased further with time (Figure 

5L,M). High resolution microscopy also revealed a pronounced shrinkage of the chloroplast under P-N-

limitation (Figure 6D). 

Finally, we tested the cumulative effects of -P-N limitation and three light conditions that 

triggered the intracellular pigments, but did not harm the cells (PAR: max. 200 µmol photons m-2 s-1, 

UVA: max. 8 W m-2, UVB: max. 0.6 W m-2). All combinations led to pigmented cytoplasm (Figure 5N-

P), which was most intense under the UVA and UVB treatments. After 45 days of treatment, cells under 

-P-N limitation and UVB exposure displayed strongly colored cytoplasm and relatively small but green 
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chloroplasts, resembling the Ancylonema cells found in nature (Figures 5Q, 6E). Under all tested 

conditions the intracellular secondary pigments had a reddish color.  

Formation and morphology of zygospores 

Under -N limitation and -P-N limitation both A. palustre strains formed roundish zygospores by 

conjugation of monoclonal cells, leaving behind two empty parental cell walls (Figure 6F). These cell 

walls exhibited a roundish hole with a dilatated margin of porous/fibrillar texture (Figure 6G). Mature 

zygospores measured 13–21 µm (n=20) and had a multifaceted morphology with three discernible cell 

walls (Figure 6H). The latter may correspond to the exo-, meso- and endospore of other 

Zygnematophyceae (Permann et al., 2023). The inner zygospore wall (endospore) had a round outline 

and tightly surrounded the protoplast, while the middle wall (mesospore) created the polyhedral 

appearance by folds and/or ribs (Figure 6H). In scanning electron micrographs, it became apparent that 

the polygonal faces of the zygospores were not flat but rather represented depressions (Figure 6I). Most 

of the zygospores were likely to have 12 faces, as most observed faces had five adjacent faces 

(comparable to a dodecahedron). The surface of the polyhedral wall (mesospore) was granular due to 

fine warts, but in many cases partially covered by a smooth, skin-like envelope, the potential exospore 

(Figure 6J). This envelope appeared to be ruptured and displayed fairly long fibrils (potentially 

cellulose) at the edges (Figure 6J, inset). Time-lapse microscopy of the zygospore maturation revealed 

that the zygospores of A. palustre started as spherical cells with a smooth cell wall, which then increased 

in thickness and was subsequently slightly deformed by another secondary cell wall (Figure 6K, Movie 

S2). This secondary cell wall grew bigger and produced the polyhedral geometry of the zygospore. On 

top of this secondary wall were some remains of a smooth cell wall, which may correspond to the 

ruptured, skin-like layer observed in the scanning electron microscope. The formation of a third cell 

wall, which tightly surrounds the spherical protoplast could not be captured very well, but this is likely 

to be the last event during zygospore maturation (compare with Figure 6H). 

 

Discussion 

Until now, Ancylonema species have only been known from glacial ice (rarely snow) and represent the 

best studied psychrophilic streptophyte algae. Hence, the discovery of mesophilic Ancylonema strains 

from temperate moorlands raise the question of how they differ from the known species. From the 

morphological point of view, they appear similar at first glance. Both the psychrophilic species (A. 

alaskanum, A. nordenskioeldii) and the new mesophilic species form rod-shaped cells with rounded cell 

poles, and contain shovel-shaped chloroplasts with smooth margins and circular pyrenoids. However, 

our morphological analysis revealed distinct differences concerning the cell width, the number of 

observed chloroplasts, conjugation and zygospore morphology. In the saccoderm desmids, the cell width 

appears to be a relatively stable character of taxonomic significance. This character can differ between 

genetically distinct strains, but was shown to remain unaltered in natural vs. cultivated material (Barcytė 
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et al., 2020; Busch & Hess, 2022b). The new species A. palustre is more slender than the cultivated 

strain of A. alaskanum (7 vs. 8,5 µm) and the natural material of A. nordenskioeldii (>10 µm) 

(Procházková et al., 2021; Remias & Procházková, 2023). Our time-lapse studies on A. palustre revealed 

that this species (in culture) has always two chloroplasts per cell throughout the cell cycle. This is 

because the division of the chloroplasts coincides with the formation of a new cross wall. In natural and 

cultivated material of A. alaskanum, cells with only one chloroplast have frequently been documented 

(Procházková et al., 2021; Remias et al., 2009; Remias & Procházková, 2023). Of course, cell cycle 

processes might be influenced by environmental conditions and future in-depth studies on cultivated 

glacier species have to complete our picture. Under nutrient-poor conditions (esp. nitrate limitation), A. 

palustre forms zygospores by conjugation of monoclonal cells, which exit the parent cell walls during 

the process and form a spherical zygote. This effect of nitrate limitation is consistent with published 

observations on other genera, e.g. Mesotaenium, Spirogyra, and Closterium (Hogetsu & Yokoyama, 

1979; Tiflickjian & Raybum, 1986; Yamashita & Sasaki, 1979; Zwirn et al., 2013). The zygote of A. 

palustre develops into a zygospore with three cell wall layers, which correspond to the endo-, meso- and 

exospore layers (Permann et al., 2023). The relatively thick mesospore of A. palustre exhibits a 

remarkable multifaceted morphology, most closely resembling a dodecahedron. In some other species 

(e.g. Spirogyra, Mougeotia) the mesospore was shown to contain lipids and aromatic compounds and is 

thought to be responsible for the high resistance of zygospores against environmental factors (Permann 

et al., 2022; Permann, Herburger, Felhofer, et al., 2021; Permann, Herburger, Niedermeier, et al., 2021). 

Furthermore, the mesospore represents a defining character of taxonomic value, as it can vary in color 

(e.g. brown, yellow, purple), shape and ornamentation depending on the species (Pichrtová et al., 2018; 

Poulíčková et al., 2007; Takano et al., 2019). As far as we know, mature zygospores have not been 

documented for the psychrophilic Ancylonema species. However, Remias et al. (Remias, Holzinger, et 

al., 2012) found conjugating A. nordenskioeldii cells, which apparently do not exit the parent cells and, 

thereby, produce more irregular zygotes with a prominent conjugation bridge. There is another account 

for zygospores of psychrophilic Ancylonema strains from continental Antarctica (Ling & Seppelt, 1990). 

These algae, referred to as “Mesotaenium berggrenii”, lack any genetic information and show a 

conspicuous variation in cell sizes, potentially pointing to more than one species. In contrast to A. 

nordenskioeldii, the documented zygotes are spherical. As they have a smooth cell wall and no 

discernible mesospore, they might be immature and further studies have yet to show whether these 

psychrophilic strains form multifaceted mesospores similar to those of A. palustre. 

The molecular phylogenies of two marker genes (rbcL, 18S rRNA) confirm the separation of 

mesophilic and psychrophilic Ancylonema species, which form two distinct clades and show clear 

genetic divergence in the rbcL gene (> 2.8%). Hence, we are confident in proposing a new species for 

the three mesophilic Ancylonema strains (N3, V5, CCAC2248), accepting minor genetic differences (< 

0.5%) among them, as we did not recognize any marked phenotypic differences. The taxonomic 

situation in the psychrophilic clade appears to be more difficult. Both psychrophilic morphospecies A. 
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nordenskioeldii and A. alaskanum are part of a genetically shallow branch of sequences from 

environmental samples and crude cultures, that still lack a sound taxonomic treatment (Jensen et al., 

2023). Furthermore, two separate isolates assigned to A. alaskanum occupy distinct positions, being 

non-monophyletic (MW922840 and sequences of WP251). The sequences derived from the same 

Austrian glacier, but were sampled in different years (2017 and 2020). Overall, the genetic variation 

visible in the psychrophilic clade indicates that the actual diversity of these algae might be greater than 

reasonably represented by only two described species. The morphological variability of Ancylonema 

cells in the field, e.g. the range of cell width (4-12 µm) observed by different authors for cells assigned 

to A. alaskanum (Remias et al., 2009), supports this hypothesis, and just recently Remias et al. (Remias 

et al., 2023) recognized another undescribed species in glacier ice samples from Svalbard, the Alps of  

Switzerland and Austria, and Sweden by environmental ITS2 sequencing (reference ITS2 sequence: 

PP138441). We conclude that the genus Ancylonema probably hides more species than currently 

recognized, which deserve to be characterized by integrative taxonomy and ecophysiological studies in 

the future. 

The strains of the two main Ancylonema clades occur in very different habitats. While glacial 

habitats are characterized by low temperatures close to the freezing mark, moorlands (including ponds) 

in the sampled zones can warm up considerably during summer (the maximum ambient temperatures in 

these zones are well above 15 °C). This climatic difference is reflected by the preferred temperatures of 

the available Ancylonema cultures. While A. alaskanum dies at temperatures above 10 °C (unpubl. 

observation, D. Remias), A. palustre grows well at 15 °C and higher. Furthermore, the two habitat types 

differ strongly in the level of solar radiation experienced by the algae. The lower altitudes of the sampled 

moorlands, potential shading by plants, debris and sediment, and absorbance by the water column 

(especially when humic substances are present), should reduce light and UV irradiances considerably 

(as compared to glacier surface habitats).  

Our photophysiological measurements show that the two mesophilic Ancylonema strains (N3 

and V5) reacted partly similar at higher irradiances, if grown under “low light” conditions: The onset of 

photoinhibition (a decline in rETR) was noticed. This happened at relatively low light levels, when 

compared to the Ancylonema strain from glacier ice (< 200 vs. 366 µmol photons m-2 s-1; (Remias & 

Procházková, 2023)). Consistently, a typical low-light (i.e. reduced Ik, increased alpha) or high-light 

(i.e. increased Ik, reduced alpha) acclimation of the photosystems was noticed. There are, however, 

significant differences between the photosynthetic performance of the glacier ice alga A. alaskanum and 

the two mesophilic strains, if grown under high light: First, the light saturation point of the psychrophile 

was one magnitude higher (Ik=472; (Remias & Procházková, 2023)) when compared to the mesophiles. 

Second, the psychrophile reached the highest rETR at very high light levels (rETR of 42 at 1500-2100 

µmol photons m-2 s-1; (Remias & Procházková, 2023)). Third, the glacier ice alga showed very low 

utilization efficiency at low light (alpha = 0.09; (Remias & Procházková, 2023)). In contrast, the 

mesophiles showed no chlorophyll fluorescence from 1000 µmol photons m-2 s-1 on, but were able to 
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keep a high utilization efficiency at low light levels, irrespective of the acclimation conditions. Overall, 

these differences indicate that Ancylonema strains from the two very different habitat types (moorlands 

vs. glaciers) display pronounced ecological adaptations.  

Interestingly, the mesophilic Anyclonema strains produce a secondary pigmentation, which is 

surprisingly similar to that found in the glacier species. Based on the visual resemblance of the 

pigmented cells and the phylogenetic proximity of the algae, we assume that the pigmentation is based 

on the same or similar phenolic compounds as those detected in A. alaskanum, namely purpurogallin 

derivates (Remias, Schwaiger, et al., 2012). Even though a role of these substances as sunscreen is likely, 

other functions have been proposed as well. For example, antimicrobial effects and a thawing function 

through heat dissipation (Remias, Schwaiger, et al., 2012). Most of the currently known 

zygnematophytes that produce striking intracellular pigments (e.g. Zygogonium ericetorum, 

Temnogametum iztacalense, psychrophilic Ancylonema species) are either uncultivated or difficult to 

grow, as they occur in extreme habitats in terms of temperature and/or nutrient composition (Aigner et 

al., 2013; Garduño-Solórzano et al., 2021; Remias et al., 2009). Here, we used our well-growing cultures 

of A. palustre to test for abiotic inducing factors of intracellular zygnematophycean pigments and found 

that both nutrient availability and radiation influence the secondary pigment biosynthesis. It might seem 

remarkable that -N-P limited conditions alone lead to a slight reddish pigmentation in A. palustre (esp. 

over longer periods of time), while this was not regularly observed in richer media (e.g. Waris-H). 

However, the habitats of A. palustre were oligotrophic (strain N3) or dystrophic (strain V5), so that a 

culture medium poor in nitrate and phosphate might better reflect natural nutrient conditions and favor 

a close-to-natural metabolism – including the production of phenolic pigments. A very strong induction 

was observed under ultraviolet radiation, in particular UVB, which suggests that the reddish-brown 

pigments in Ancylonema are indeed specific reactions to harmful wavebands. Even though we cannot 

exclude that the strong vacuolar pigmentation has other functions, especially in psychrophilic strains 

(e.g. thawing agent to create liquid water), the occurrence of these pigments in mesophilic strains and 

their induction by UVB support a primary function in photoprotection. 

 With these experiments we optimized the experimental production of the intracellular phenolics 

of zygnematophytes and were able to create strongly pigmented cells with a close-to-natural phenotype 

in the laboratory. This paves the way for molecular and analytical follow-up studies on how these 

pigments are composed and synthetized. In particular, the application of genomic techniques, which 

often depend on high cell numbers, will be applicable to A. palustre and may help to answer the question 

of how psychrophiles evolved in one particular lineage of zygnematophytes. 
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Taxonomy 

 
Class Zygnematophyceae Round ex Guiry 2013 

 

Genus Ancylonema Berggren, 1872 

 

Ancylonema palustre sp. nov. 

Description: Cells rod-shaped, 6-8 µm wide and 16-34 µm long, with rounded apices. Two parietal or 

axial chloroplasts per cell, with smooth edges and a single more or less circular pyrenoid per chloroplast 

of about 2.5 µm. Nucleus vesicular, about 3.6 µm in diameter, often located in the cell’s center between 

the chloroplasts, with spherical nucleolus of about 1.7 µm. Cytoplasm colorless or reddish due to 

secondary pigments. Zygospores form outside of parent cells, with three cell walls including a 

multifaceted (dodecahedron-like), colorless mesospore, 13-21 µm in diameter. 

Etymology: The species name is derived from paluster (neuter palustre) [Latin] = living in the swamp; 

referring to the natural habitat.  

Type (here designated): Permanent slide with fixed material of strain N3 deposited in Herbarium 

Berolinense (Botanic Garden and Botanical Museum Berlin), accession B 40 >>To be added after 

review<<, locality: Neuenhähnen, North Rhine-Westphalia, Germany; collected 2020, leg.  S. Hess. 

Reference sequence: PP555607 (rbcL gene sequence of strain N3). 

PhycoBank ID: >>To be added after review<< 
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Figure 1. Spectral emittance of the applied light sources. (A) Standard cultivation (LinearZ SunLike 
LEDs, 5,700 K). (B) “PAR only” treatment (SunLike high-power LED 5,000 K, 50 W). (C) “UVA” 
treatment (TL-D Blacklight Blue fluorescent tube lamp, 18 W + LinearZ SunLike LEDs, 5,700 K). (D) 
“UVB” treatment (UVB Broad Band TL, 20 W + LinearZ SunLike LEDs, 5,700 K). 
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Figure 2. Collection sites of the studied Ancylonema palustre strains. (A) Map of Germany showing the 
two moorlands from which the algal strains (N3 and V5) were isolated. (B, C) Spring bog of 
Neuenhähnen, Germany. White arrow denotes waterlogged area with Sphagnum (shown in (C)), from 
which strain N3 was isolated. (D) Shallow bog pond with brownish water of the Großes Veen, 
Hamminkeln, Germany. Strain V5 was isolated from the oxygenated sediment. (E) Natural material of 
A. palustre from the pond shown in (D) with pronounced secondary pigmentation. 
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Figure 3. Morphology and cell division of Ancylonema palustre. (A) Cells of strain N3 under standard 
cultivation conditions. The nucleus (nuc) lies between two well-separated chloroplasts (chl), each of 
which contains a circular pyrenoid (pyr). (B) A. palustre cell (strain N3) shown in three focal planes. 
(C) Time series of cell division in strain N3 (time shown in mm:ss). (D) Generalized scheme of cell 
division in A. palustre. Scale bars: 10 µm. 
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Figure 4. Phylogenetic position and photophysiology of A. palustre. (A) Maximum likelihood 
phylogeny of 35 zygnematophycean rbcL gene sequences displaying the relationships within the genus 
Ancylonema. Sequences from psychrophilic Ancylonema strains stem either from the Greenland ice 
sheet (violet circles) or the European Alps (blue squares). Support values > 70% from different analyses 
(ML/NJ/MP) are shown on the respective branches. Branches with maximum support (100/100/100) are 
bold. The scale bar represents 0.02 nucleotide substitutions per site. (B, C) Rapid light curves of A. 
palustre strains N3 (B) and V5 (C), and deduced parameters (rETR = relative electron transport rate, α 
= low light utilization efficiency, and Ik = light compensation point). Both strains were measured after 
acclimatization to “high light” (HL; green circles and red diamonds) and “low light” (LL; blue triangles 
and violet squares). Values are means of four replicate measurements and the datapoints were fitted to 
the photoinhibition model of Walsby (Walsby, 1997). 
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Figure 5. Phenotypic characteristics of A. palustre (strain N3) after ten days of incubation (if not stated 
differently) under different light regimes and nutrient conditions. (A-C) Three selected irradiance levels 
of the “PAR only” treatment. (D-F) Three selected irradiance levels of the “UVA” treatment. (G-I) 
Three selected irradiance levels of the “UVB” treatment. (J) KW medium without phosphate (-P). (K) 
KW medium without nitrate (-N). (L, M) KW medium without phosphate and nitrate (-P-N). (N-Q) -P-
N limitation combined with “PAR only” (N), “UVA” (O), and “UVB” (P, Q) treatments. Scale bar: 10 
µm. 
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Figure 6. Phenotypes of A. palustre under different cultivation regimes and details of zygospore 
formation and structure. (A-E) Representative cells from cultures of strain N3 exposed to “PAR only” 
(see Figure 5C), “UVA” (see Figure 5F), “UVB” (see Figure 5I), -P-N limitation (see Figure 5M), and -

P-N limitation combined with “UVB” (see Figure 5Q). (F) Mixed culture of strains N3 and V5 with 
mature zygospores, which are sometimes attached to empty parent cell walls (black arrows). (G) 
Scanning electron micrograph of an empty cell (strain V5) with a nearly circular hole after release of 
the gamete. (H) Mature zygospore (strain V5) with three distinctive cell walls, namely exospore (exo), 
mesospore (meso), and endospore (endo). (I) Scanning electron micrograph of two mature zygospores 
(strain V5) revealing the dodecahedron-like morphology. (J) Scanning electron micrograph of a 
zygospore (strain N3) with ruptured exospore (exo). (K) Time series of zygospore maturation in strain 
V5 (time shown in mm:ss). Scale bars: 5 µm in A-E, G-J; 10 µm in F, K.  
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Table S1. Studied strains with sampling sites including coordinates, and sampling dates.  

Strain Location Coordinates Sampling date 
V5 Pond, Großes Veen, Hamminkeln, Germany 51.712889, 6.560639 March 2021 
N3 Wet Sphagnum, Neuenhähnen, Waldbröl, Germany 50.840533, 7.534120 November 2020 

 
 
 
 
 
 
 

Table S2. Recipe of algal culture medium KW. One milliliter of each stock solution is added to one 
liter of demineralized water. The pH should be around 6. For the -P treatment, NaH2PO4 x H2O and 
Na2HPO4 x 2 H2O were omitted. For the -N treatment, KNO3 was omitted. For the -P-N treatment, 
NaH2PO4 x H2O, Na2HPO4 x 2 H2O and KNO3 were omitted.  

Components Stock solution 
HEPES 238.1 g/l dH2O 
KNO3 100 g/ l dH2O 
MgSO4 x 7 H2O 20 g/l dH2O 
NaH2PO4 x H2O 0.69 g/50 ml  
Na2HPO4 x 2 H2O 0.89 g /50 ml 
CaCl2 x 2 H2O 14.7 g/l dH2O 

P-II Metals stock solution 
EDTA (Titriplex III) 
H3BO3 
MnCl2 x 4 H2O 
ZnSO4 x 7 H2O 
CoCl2 x 6 H2O 

 
3.00 g/l dH2O 
1.14 g/l dH2O 
144.00 mg/l dH2O 
21.00 mg/l dH2O 
4.00 mg/l dH2O 

Fe-EDTA stock solution 
EDTA (Titriplex II) 
FeSO4 x 7 H2O  
1N KOH 

 
5.22 g / l dH2O 
4.98 g / l dH2O 
54.00 ml / l dH2O 
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Table S3. Percentage of base differences between rbcL sequences of selected Ancylonema strains. All 
codon positions were included, ambiguous positions were not considered (pairwise deletion option). 

 

 
 
 
 
 
 
 
 
 
 
 

Figure S1. Boxplots showing the cell width (A) and cell lengths (B) of the two A. palustre strains N3 
(blue) and V5 (orange); n = 100. 

  

 

  

MW922839 A. nordenskioeldii OQ222865 A. alaskanum  WP251 strain A. palustre  V5 A. palustre  3N FM992361 A. palustre
OQ222865 A. alaskanum WP251 strain 1,104417671
A. palustre  V5 2,985074627 2,911646586
A. palustre  3N 2,885572139 2,81124498 0,385505012
FM992361 A. palustre 2,985074627 2,911646586 0,077160494 0,537221796
A. palustre  CCAC2248 2,997002997 2,822580645 0 0,461538462 0,076982294
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Figure S2. Maximum likelihood phylogeny of 15 zygnematophycean 18S rRNA gene sequences. 
Support values are shown on the respective branches (ML/NJ/MP) when > 40%. The scale bar 
represents 0.002 nucleotide substitutions per site. 
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Figure S3. Cells (strain N3) with shrunken/deformed chloroplasts and pigment inclusions; brightfield. 
(A, B) High PAR treatment, > 500 µmol photons m-2 s-1. (C, D) UVA treatment, > 8 W m-2. 
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Perspectives for understanding the diversity of saccoderm desmids 
The Zygnematophyceae have received considerable attention due to their ubiquity in freshwater 

ecosystems, their interesting evolutionary position, and the beauty of the placoderm desmids (e.g 

Gerrath, 1993; Brook & Williamson, 2010; de Vries et al., 2017, 2018, 2020). Yet, their internal 

relationships and their taxonomy have not been appropriately clarified. The delimitation of species 

within the zygnematophytes is challenging, and despite a long history of research, a stable taxonomic 

system of the major groups which reflects their phylogeny was lacking (Cheng et al., 2019; Gontcharov 

et al., 2004; Gontcharov & Melkonian, 2008, 2011; Hall et al., 2008). Numerous species concepts have 

been proposed to define species boundaries (e.g. biological, morphological, phylogenetic, ecological 

species concepts) (Novarino, 2012). However, when considered in isolation, each of these concepts has 

certain limitations, and the extent to which they can be applied to different organisms varies considerably 

(Guiry, 2012). For example, the biological species concept relies on reproductive isolation as a defining 

character. In microorganisms, however, not all groups mate and mating experiments are difficult to 

perform (Caron & Hu, 2019; Schlegel & Meisterfeld, 2003). Hence, the biological species concept alone 

cannot be applied to many microorganisms. 

In this thesis, an integrative taxonomic approach was used to delimit taxonomic units within the 

Zygnematophyceae. Integrative taxonomy is a method of species delimitation that combines a variety 

of data, including molecular, phenotypic, behavioral and ecological data, in order to provide a 

comprehensive understanding of the diversity within a given group (Cicero et al., 2021). In this thesis, 

a combination of molecular, phenotypic and ecological data was used. Phylogenetic inferences were 

based on rbcL and 18S rRNA gene sequences. In the Zygnematophyceae, the 18S rRNA gene turned 

out to be too conserved to draw evolutionary conclusions at the genus and species level. The rbcL gene-

based phylogenies, in contrast, resolved genus-level clades well and can differentiate intra-genus 

diversity. Furthermore, the rbcL gene is the most commonly used genetic marker for the 

Zygnematophyceae, resulting in the best possible coverage of different zygnematophyte taxa in 

molecular analyses (Busch & Hess, 2022b, 2022a). Nevertheless, based on the rbcL gene phylogenies, 

the distinction between species is not entirely clear in all genera. For example, certain strains of the 

genus Serritaenia showed marked differences in cell morphology besides identical rbcL gene sequences 

(Busch & Hess, 2022b). In the future, a detailed taxonomy of species (e.g. in the genus Serritaenia) 

could be based on more variable genetic markers, such as the internal transcribed spacers (ITS-1 and 

ITS-2) of the rRNA operon. This approach has been successfully employed in other streptophyte green 

algal groups (Mikhailyuk et al., 2008, 2018; Remias et al., 2023).  

The phylogenetic analyses were combined with morphological studies based on axenic cultures. 

The comparability of the morphological studies was ensured by well-defined culture conditions (e.g. 

light regime, nutrient composition of the culture medium, and temperature), which turned out to be very 

important due to phenotypic plasticity within the Zygnematophyceae. Based on my own observations 

in the saccoderm desmids, phenotypic plasticity can relate to chloroplast morphology, growth form and 
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the presence of colored specialized compounds (Busch & Hess, 2022b). Furthermore, in certain 

placoderm desmids (e.g. Micrasterias, Staurastrum) the cell shape and size was shown to change in 

relation to the pH and temperature (Černá & Neustupa, 2010; Neustupa & Woodard, 2024). The selected 

methodology led to the identification of taxonomically valuable characters, which are suited to 

distinguish several of the twelve lineages of Mesotaenium-like algae. These morphological 

characteristics include the cell shape, chloroplast shape and number during interphase, pyrenoid shape 

as well as nucleus position (Busch & Hess, 2022a). Moreover, the cell width turned out to be a valuable 

character to distinguish between genotypes (possible species) of a given lineage of saccoderm desmids, 

as for example shown in the genera Serritaenia (Busch & Hess, 2022b), Ancylonema (Chapter IV: Busch 

et al., under review), and Cylindrocystis (Barcytė et al., 2020). Moreover, the full vegetative life history 

(incl. cell division) and zygospore development was studied with time-lapse microscopy. The full 

reconstruction of the vegetative life history allowed an optimal evaluation of cell morphological 

characters, since chloroplast number and shape as well as the cell length vary during the different life 

history stages (Chapter IV: Busch et al., under review). In addition, the morphology of the zygospore is 

valuable for the identification of species in the Zygnematophyceae. The zygospores of the different 

zygnematophyte taxa exhibit considerable variation in morphology, and have been used traditionally to 

differentiate species of placoderm desmids and filamentous zygnematophytes (Brook, 1981; Brook & 

Williamson, 2010; Permann et al., 2021; Takano et al., 2019). However, conjugation and zygospore 

formation cannot be always observed in natural material. In the laboratory, these processes have been 

successfully induced in a few cases, e.g. Spirogyra species (El-Sheekh et al., 2017), Closterium 

peracerosum-strigosum-littorale complex (Tsuchikane et al., 2012), and Mesotaenium kramstai 

(Tiflickjian & Raybum, 1986). The successful induction of conjugation in A. palustre by nutrient 

limitation now encourages to test other new zygnematophyte strains as well. If successful, this can add 

another layer of taxonomically valuable information for the future delimitation of saccoderm desmids. 

With respect to the ecological versatility of the group, an ecological characterization should be part of 

an integrative approach as well. The optimal growth temperature as well as photophysiological 

parameters varies between strains, and is certainly related to their evolution and natural distribution. 

Members of the genus Ancylonema for example show clear differences in growth temperature as well 

photosynthetic capacity (Chapter IV: Busch et al., under review). Extended information on the 

ecophysiology of the described species might help us to understand the remarkable pseudo-cryptic 

diversity observed within certain genera (e.g. Serritaenia) and the ecological niches these algae occupy. 

While standard genetic markers such as the rbcL gene are well suited to resolve recent 

evolutionary splits, the deep nodes of the zygnematophycean phylogeny cannot be resolved (Busch & 

Hess, 2022a; Gontcharov et al., 2004). However, this is important to understand the evolution of 

characters within the group. The zygnematophytes comprise filamentous forms, rather simple rod-

shaped cells as well as the symmetric placoderm desmids (Busch & Hess, 2022a). Placoderm desmids, 

for example, exhibit a diversity of cell wall ornamentations (spines, pores, warts), whose biological 
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functions are so far unknown (Kouwets, 2008). Furthermore, it was unknown how the filamentous forms 

(e.g. Spirogyra, Mougeotia, Zygnema) are related to each other and how the trait of simple 

multicellularity arose during evolution (Cheng et al., 2019; Gontcharov, 2008; Gontcharov et al., 2004; 

Hall et al., 2008). A modern approach to resolve such questions is phylogenomics. In a collaborative 

approach, we inferred a multigene phylogeny of the Zygnematophyceae with 326 nuclear loci. Based 

on this well-supported phylogenomic tree, we could resolve the major zygnematophycean groups very 

well, and established a new five-order system of the Zygnematophyceae. Furthermore, the 

phylogenomic tree revealed that filamentous growth evolved at least five times independently within 

the zygnematophytes (Hess et al., 2022). However, the tree only captured a fraction of the existent 

zygnematophyte diversity and many of the saccoderm desmids studied in this thesis were not available 

at the time. In fact, my single gene trees reveal a much greater diversity of these morphologically plain 

zygnematophytes, which is currently not reflected in multigene phylogenies and higher-level 

systematics (Busch & Hess, 2022a). In the future, I aim to include these lineages in new phylogenomic 

studies and to further develop the taxonomy of zygnematophytes, in particular of the polyphyletic genera 

Mesotaenium and Cylindrocystis. 

 

Deciphering the molecular background of a new photoprotective strategy in 
zygnematophytes 
Although many members of the Zygnematophyceae live in high-light habitats, not much is known about 

their photoprotective mechanisms (Fucikova et al., 2008; Pichrtová et al., 2016; Remias, Holzinger, et 

al., 2012). Given that these algae are the closest relatives of land plants, it is reasonable to assume that 

their adaptive strategies are similar to those of plants (Cheng et al., 2019; de Vries et al., 2017, 2018; 

De Vries & Archibald, 2018). Many plants synthesize specialized compounds of the flavonoid family 

in response to various abiotic stressors, including UVB radiation (Ferreyra et al., 2021). For example, 

the well-known anthocyanins, water-soluble compounds of red to blue color that accumulate in 

vacuoles, originate from the flavonoid biosynthetic pathway (Barceló et al., 1994; Davies et al., 2022). 

Furthermore, auronidins and sphagnorubins, which derive from the same pathway, are known from 

bryophytes of sun-exposed habitats. These reddish to violet pigments accumulate in the plant cell wall 

(Berland et al., 2019; Davies et al., 2022; Rudolph et al., 1981; Rudolph & Vowinkel, 1969). Earlier 

studies already indicated that the prominent secondary pigments of some zygnematophytes differ 

markedly from those of land plants. In members of the two genera Ancylonema and Zygogonium, the 

intracellular, reddish compounds were identified as purpurogallin derivatives and gallic acid polymers, 

respectively (Newsome & van Breemen, 2012; Remias et al., 2012). These compounds are thought to 

originate directly from the shikimate biosynthetic pathway, and, hence, stem from a metabolic route 

different to those of the mentioned plant sunscreens. 
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In this thesis, I studied a group of saccoderm desmids which exhibit an unusual pigmentation of 

their extracellular mucilage. This phenomenon was documented more than 150 years ago in a species 

named Mesotaenium braunii (de Bary, 1858), and more recently in Mesotaenium testaceovaginatum 

(Fucikova et al., 2008) - both now belong to the new genus Serritaenia introduced during my doctoral 

studies (Busch & Hess, 2022b). However, the formation and ecological function of the extracellular 

pigments in these algae remained unknown. In my work, I established axenic cultures and developed an 

experimental setup to trigger the pigment biosynthesis in the laboratory. This was the basis for providing 

the evidence that the extracellular pigments have a sunscreen function, and for identifying some relevant 

molecular components through comparative transcriptomics (Busch et al., 2024; Busch & Hess, 2022b). 

To qualify as a microbial ultraviolet sunscreen, a compound has to meet certain criteria: 1) The 

compound must exhibit a high absorption coefficient in the UV range. 2) The natural concentration of 

the compound must be sufficient to cause a significant reduction in the UV dose received. 3) The 

compound should be produced specifically during sensitive life cycle stages and/or in response to UV 

exposure. 4) The compound should be deposited in a conformation that is optimal for screening (e.g. in 

tegumentary layers) (Gao & Garcia-Pichel, 2011). The pigmented mucilage of Serritaenia fulfills all of 

the aforementioned criteria and has been demonstrated to block up to 60% of the incident UVB radiation, 

which compares to the estimated UVB screening factors of cyanobacterial mycosporine-like amino acids 

(Busch & Hess, 2022b; Garcia-Pichel & Castenholz, 1993). Overall, the “sunscreen mucilage” of 

Serritaenia clearly represents a photoprotective strategy, which is unique among the known 

zygnematophytes – maybe even among all green algae.  

The closest analogies of Serritaenia's sunscreen mucilage can be found in the world of 

prokaryotes (Fig. 4). Cyanobacteria accumulate photoprotective pigments in their gelatinous sheaths or 

capsules. Two compounds have been identified, namely scytonemin (e.g. in Scytonema species; yellow 

color) (Garcia-Pichel & Castenholz, 1991; Proteau et al., 1993) and gloeocapsin (e.g. in Gloeocapsa 

species; red color) (Storme et al., 2015). The synthesis of scytonemin begins in the cytoplasm, later 

reactions likely occur in the periplasm (cyanobacteria are gram-negative), yielding scytonemin, which 

then accumulates in the extracellular 

sheath (Gao & Garcia-Pichel, 2011; 

Soule et al., 2009). However, as 

shown in this thesis, the compounds 

in the sunscreen mucilage of 

prokaryotic and eukaryotic algae are 

different. While scytonemin absorbs 

light with a maximum in the UVA 

waveband (Garcia-Pichel & 

Castenholz, 1991), Serritaenia's 

sunscreen mucilage has its 

Fig. 4: Gloeocapsa sp. (left) and Serritaenia sp. (right) with pigmented 
extracellular mucilage; from Storme et al., 2015 and Busch & Hess, 2022a, 
modified. Scale bars 10 µm (left) and 20 µm (right). Left: The publisher 
for this copyrighted material is Mary Ann Liebert, Inc. publishers. 
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absorbance maximum in the UVB waveband (Busch & Hess, 2022b). Furthermore, the cyanobacterial 

sheath pigments can be readily extracted with methanol/ethyl acetate mixtures or acetone (Garcia-Pichel 

& Castenholz, 1991). In contrast, Serritaenia's sunscreen pigment is resistant to a variety of solvents as 

well as harsh acid hydrolysis, and so far, was not accessible to standard chemical analyses such as 

chromatographic methods coupled with mass spectrometry (Busch & Hess, 2022b). Given all these 

differences and the considerable evolutionary divergence between Serritaenia and Cyanobacteria, it is 

unlikely that the pigmentation observed in Serritaenia corresponds to that of cyanobacteria. It is likely 

to be a sunscreen compound new to science. 

In order to approach the question of its chemical nature from a different perspective, I have 

explored the metabolic pathways that are induced during the synthesis of Serritaenia's sunscreen 

mucilage with comparative transcriptomics. For most general cellular processes, including the 

perception of UV radiation, I identified clear homologues from land plant model systems. The finding 

of a relatively complete and conserved UVR8 receptor system, which senses UVB radiation in higher 

plants, was very interesting (Busch et al., 2024). This suggests that the perception systems for ubiquitous 

terrestrial stressors are likely old and conserved in the green lineage (Tilbrook et al., 2016; Zhang et al., 

2022). In contrast, the specialized metabolite pathways of Serritaenia diverged notably from those of 

plant model systems. While the enzyme repertoire of the shikimate pathway was complete, the 

phenylpropanoid biosynthesis was only fragmentarily recovered, and the flavonoid biosynthesis 

pathways (including anthocyanin biosynthesis) seemed not functional in Serritaenia (Busch et al., 

2024). However, there are reports of phenolic compounds and flavonoids, detected by mass 

spectrometry, in members of the Zygnematophyceae (Holzinger et al., 2018; Jiao et al., 2020). 

Furthermore, phenolic polymers, that were referred to as “lignin-like substances”, have been detected in 

other streptophyte green algae, namely Coleochaete and Nitella (Delwiche et al., 1989; Ligrone et al., 

2008). As the known biosynthetic pathways for polyphenols and flavonoids are fragmentary in 

zygnematophytes, the presence of such substances may be explained by novel enzymes that currently 

cannot be annotated, cryptic activities of known enzymes, or alternative biosynthetic routes that are yet 

to be explored. 

Despite these knowledge gaps, Serritaenia's response to UV radiation points to the regulation 

of enzymes, which are part of the plant phenylpropanoid pathway. In addition, the data revealed some 

enzymes with exciting functionalities, which are highly upregulated under UV exposure. This includes 

extracellular oxidative enzymes, such as a class III peroxidase and multicopper oxidases, as well as 

ABCG transporters (Busch et al., 2024). In plants, ABCG transporters were shown to transport phenolics 

across the plasma membrane (Alejandro et al., 2012; Takeuchi et al., 2018). Class III peroxidases and 

multicopper oxidases subsequently facilitate the polymerization of such phenolic moieties, resulting in 

the formation of phenolic polymers within the apoplast (McCaig et al., 2005; Ostergaard et al., 2000; 

Sakharov et al., 2001). Altogether the results gained with comparative transcriptomics point to a 
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polyphenolic nature of Serritaenia's sunscreen pigment, whose synthesis might be extracellular and 

oxidative. 

This hypothesis aligns very well with the observations made during the attempts to purify 

Serritaenia's sunscreen pigment. The precipitation under acidic conditions and the destruction under 

strong alkaline treatment are typical for other, well-known phenolic polymers (Butler & Day, 1998; de 

Ascensao & Dubery, 2003; García et al., 2009). In fact, phenolic polymers are common in 

phylogenetically diverse organisms, where they have various biological functions. For example, lignins 

are a class of phenolic polymers of vascular plants (tracheophytes) with the main building blocks: 

coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol. Lignins are formed by monolignol 

polymerization via free radical coupling in the plant cell wall, where they enhance the hydrophobic 

properties and rigidity (Vanholme et al., 2019). Melanins constitute another group of polyphenols, which 

are well-known as sunscreens in animals (incl. humans). These brown to black pigments have been 

found in members from various higher-level taxa in the prokaryotes and eukaryotes (Plonka & 

Grabacka, 2006). In fungi, melanins are localized in the cell wall and supply protection against high 

radiation, drought and extreme temperatures (Butler & Day, 1998). However, the defined composition 

of lignins, which are primarily composed of the three aforementioned monolignols, and the black to 

brown color of melanins (independent of the pH value) make it unlikely that the sunscreen pigment of 

Serritaenia belongs to one of these organic compounds. In the future, the sequence data generated 

(transcriptomics) will be complemented by analytical data (metabolomics) in order to decipher the 

precursor molecules and monomers from which the sunscreen is made. In addition, mass spectrometry 

imaging (MSI) may offer a potential solution to circumvent the purification hurdle. The technique could 

be used to identify specialized compounds and proteins enriched in the pigmented mucilage of 

Serritaenia. 

The present studies have paved the way for a detailed characterization of interesting proteins in 

Serritaenia, whose plant homologues have important functions in the transport and synthesis of 

specialized compounds. So far, the function of these proteins in the Zygnematophyceae remained 

completely unknown. In the future, interesting protein candidates identified in the Serritaenia 

transcriptome can be expressed in heterologous expression systems, e.g. in the yeast Pichia pastoris. 

The class III peroxidase and multicopperoxidases of Serritaenia, for example, could be tested for their 

activity on phenolic compounds. Vesicles from yeast expressing Serriatenia's ATP-binding cassette 

transporters, could be isolated and tested for their transport activity on different compounds (as done for 

the monolignol transporter AtABCG29 from A. thaliana). Another approach is to use plant knockout 

mutants for rescue experiments. Here, homologs identified in Serritaenia (e.g. the ABCG transporters) 

can be tested for phenotype rescue in corresponding knockout lines, e.g. the AtABCG29 knockout 

mutant in A. thaliana (Alejandro et al., 2012). By establishing the actual activities of Serritaenia's 

extracellular oxidative enzymes and ATP-binding cassette transporters, we will be able to further 
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uncover the cellular processes that protect Zygnematophytes in high-light habitats. Overall, such studies 

will broaden our view, which was long focused on model plants. 

 

Biodiversity meets functional characterization: new avenues to explore 
Over the last decade, genomes and transcriptomes have become increasingly available from a wide range 

of organisms, including over 200 assembled algal genomes. (Hanschen & Starkenburg, 2020). The 

application of “omics”-techniques (i.e. genomics and transcriptomics) find wide applications in different 

biological disciplines. This includes cell biology, ranging from physiology and metabolism to 

development and life cycles to questions of evolutionary biology (Anderson, 2022). The application of 

phylogenomics, for instance, contributes to the understanding of evolutionary trends and significant 

evolutionary processes, including terrestrialization, primary endosymbiosis events, and the origin of 

eukaryotic life on earth (Burki et al., 2020; De Vries & Archibald, 2018; Eme et al., 2011; Irisarri et al., 

2022). Another powerful tool is the application of comparative transcriptomics to get a global snapshot 

of expressed genes under defined conditions in an organism. Most importantly, de novo transcriptome 

assemblies offer the potential to study cellular behavior on a molecular scale in non-model organisms, 

which lack genome data and an established transformation system. This approach enables the transfer 

of knowledge from reference organisms to less well-characterized systems (Blaby-Haas & Merchant, 

2019; Cordoba et al., 2021; Geng et al., 2021). The method, however, also has its limitations as 

functional annotations rely heavily on the available data from model organisms in the databases. In 

S. testaceovaginata, for example, 20 of the 50 most upregulated genes could not be functionally 

annotated using the NCBI RefSeq database (National Library of Medicine reference sequences database) 

(Busch et al. 2024). Whole genome assemblies of other algal groups contain a similarly high proportion 

of genes that cannot be functionally annotated. For instance, over 30% of the predicted proteins in the 

genome of the streptophyte green alga Klebsormidium nitens lacked a Pfam domain and could not be 

assigned to any of the nearly 1.2 million orthologous groups defined in the EggNOG database (Blaby-

Haas & Merchant, 2019). This illustrates the extent of the genes and functional capabilities of non-model 

organisms that remain to be discovered.  

Streptophyte green algae are poorly characterized on the genetic level. The majority of protein 

functional annotations are derived from sequence similarity searches against one or more databases. In 

contrast, in A. thaliana, the most extensively studied photosynthetic eukaryote, 30% of functional 

annotations are associated with experimental evidence (Blaby-Haas & Merchant, 2019; Hanschen & 

Starkenburg, 2020). Due to the relatively close relationship of zygnematophytes and land plants, most 

predicted proteins in Serritaenia were functionally annotated with potential homologs from the model 

plant A. thaliana. However, these annotations must be interpreted with caution. Although the 

Zygnematophyceae are the sister clade of land plants, it is important to note that there is still a significant 

evolutionary distance between these algae and the well-studied flowering plants. Hence, predicted 
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homologs do not necessarily have the same function. To further evaluate a putative homology of certain 

proteins and their function, protein phylogenetics are a powerful tool. This also applies to the in silico 

analysis of protein domains and protein structure predictions (Busch et al., 2024). However, the available 

bioinformatic tools for functional annotation cannot fully replace wet-lab studies on proteins. In the 

future, it will be necessary to conduct experimental research on enzymes and molecular factors of 

underrepresented organisms. This will help us to make much more accurate functional predictions on 

the basis of genetic data. 

Biodiversity exploration and functional studies on the cellular level have long been separate 

disciplines in biology. My doctoral study on a poorly-known subgroup of zygnematophyte algae 

combines both. It illustrates how this combination leads to an understanding of the cellular functions 

and ecology of a group of organisms, and provides evolutionary insights as well. In this approach, 

genomes and transcriptomes are valuable resources as they provide a window into the functional 

potential of non-model organisms. Especially protist research profits enormously from 

“omics”-techniques. We now gain a much deeper understanding of the molecular basis of biological 

phenomena – from the cellular to ecosystem level (Anderson, 2022). In the future, the combination of 

biodiversity and functional research will extend the databases with phylogenetically diverse datasets. 

Furthermore, the in vitro characterization of non-model factors will likely reveal novel metabolic routes, 

and deepen our understanding of speciation and ecosystem functioning.  
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