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Preface & Author’s Contribution 

The present thesis starts with a summary in English and German language, followed 

by an introduction about the relevant topics and by 5 independent manuscripts. The 

author’s contribution (AWR) to each manuscript is listed below. 

 

The first manuscript “Unexpected conservation of the RNA splicing apparatus in 

the highly streamlined genome of Galdieria sulphuraria” was published in BMC 

Evolutionary Biology in April 2018 (Qiu et al., 2018). This work reveals the unique 

nature of Galdieria sulphuraria 074W among red algae with respect to the conservation 

of the spliceosomal machinery and introns, possibly as a strategy for generating 

functional diversity to support their independent lifestyle in spite of its limited coding 

capacity. A complex spliceosomal machinery can compensate for gene loss in the 

shadows of nuclear genome reduction. AWR performed the wet-lab work (Cell culture, 

RNA-extraction, library preparation), handled the sequencing process and mapped the 

resulting reads onto the genome. AWR contributed parts of the manuscript. 

 

The second manuscript, “Streamlined genomes of polyextremophile red algae 

(Cyanidiales) maintain 1% horizontal gene transfers with diverse adaptive 

functions” was published in eLife in June 2019 org (Rossoni et al., 2019). This work 

analyses the extent and role of horizontal gene transfer (HGT) in eukaryotes, one of 

the most critically disputed topics in evolutionary biology. The applicability of HGT 

versus Differential Loss is discussed. The presumption that eukaryotic HGT unfolds in 

the eukaryotic kingdom in the same manner that prokaryotic HGT unfolds in the 

prokaryotic kingdom is incorrect. The maintenance of HGT in a scenario of selection 

for genome reduction underlines the importance of HGT to eukaryote evolution. AWR 

co-designed the experiment, applied for additional funding (SMRT® Microbe), 

performed the wet-lab work (Cell culture, DNA-extraction, library preparation), handled 

the sequencing process, assembled the genomes and predicted gene models. Data 

analysis was performed by AWR, except the generation of phylogenetic inferences. 

The manuscript-draft was written by AWR. AWR also contributed to subsequent 

versions of the manuscript. 
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The third manuscript carries the title: “Cold Acclimation of the Thermoacidophilic 

Red Alga Galdieria sulphuraria - Changes in Gene Expression and Involvement 

of Horizontally Acquired Genes” and was published in Plant Cell Physiology in 

December 2018 (Rossoni and Schoenknecht et al., 2018). Here, we applied RNA-

sequencing to obtain insights into the acclimation of the thermoacidophilie Galdieria 

sulphuraria 074W towards temperatures 20°C below its growth optimum and to study 

how horizontally acquired genes contribute to cold acclimation. Besides finding some 

interesting and unexpected acclimation strategies, such as the upregulation of C1 

metabolism, we provide evidence that genes acquired by horizontal gene transfer play 

an important role in cold acclimation of this organism. The latter is an important 

contribution to the ongoing debate to which degree adaptive evolution in eukaryotes 

has been driven by horizontal gene transfer. AWR performed the wet-lab work (Cell 

culture, RNA-extraction, library preparation), handled the sequencing process and 

mapped the resulting reads onto the genome. AWR performed data analysis, wrote 

parts of the manuscript and significantly contributed to the outcome and discussion. 

The forth manuscript “Photorespiratory glycolate oxidase is essential for the red 

algae Cyanidioschyzon merolae under ambient CO2 conditions” was published in 

the Journal of Experimental Botany in February 2016. It illustrates the significance of 

photorespiration in red algae (Rademacher et al., 2016). This publication focuses on 

the relevance of the enzyme glycolate oxidase in the extremophile red alga 

Cyanidioschyzon merolae under photorespiratory conditions. Horizontally acquired 

genes are not significantly regulated under non-stress conditions, supporting the 

hypothesis of stress adaptational benefits. AWR performed RNA-Seq read mapping 

onto the genome and was partially involved in data analysis. 

The fifth manuscript “Systems Biology of Cold Adaptation in the 

Polyextremophilic Red Alga Galdieria sulphuraria” was published in the Journal 

Frontiers in Microbiology, section Extreme Microbiology, in May 2019. Cold stress was 

applied to Galdieria sulphuraria for more than 100 generations. Natural selection 

towards temperature tolerance is a systems biology problem which requires the 

gradual orchestration of an intricate gene network and deeply nested regulators. AWR 

co-designed the experiment, performed the wet-lab work, handled the sequencing 

process and performed data analysis. The manuscript-draft was written by AWR. 
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I.1 Summary 

The new wealth of data made available by next generation sequencing technologies 

has spurred a novel generation of investigations that are challenging established 

concepts in the field of eukaryotic genome evolution. First, the classic notion of 

molecular neofunctionalization through genome/gene duplication and expansion, 

exemplified by plants and animals, is being contrasted by free-living organisms with 

highly reduced genomes exhibiting a surprising adaptational capacity. Second, the 

frequency and extent of eukaryotic horizontal gene transfer (HGT) as potential driver 

of adaptive evolution infringes the dogma of strict vertical inheritance in eukaryotes. 

Here, we chose the Cyanidiales, a group of unicellular and polyextremophile red algae, 

as model organisms for studying the above-mentioned controversies due to their broad 

ecological boundaries in spite of highly streamlined genomes (12 Mbp – 16 Mbp) and 

miniature gene inventories (4,400 – 6,500 genes). 

 

The reduced genetic capacity of the Cyanidiales results from of two phases of genome 

reduction along their evolutionary history which led to the loss of multiple core 

eukaryotic traits (e.g. flagella, basal bodies, GPI anchor biosynthesis, etc.) that are 

lacking in many red algae. In contrast to this trend, we observed the upkeep of a 

complex splicing machinery (SM) in the Galdieria lineage. Galdieria sulphuraria 

maintained 149 of the original >157 spliceosomal components that were present in the 

last common red algal ancestor [Manuscript 1]. In addition, it continued increasing its 

intron number over time – an effect that is positively correlated to increased transcript 

diversity. We subsequently hypothesized that the expansion of introns and the upkeep 

of an increased SM burden in a scenario of natural selection towards genome 

reduction may be explained by the benefits provided to Galdieria sulphuraria by this 

costly system, e.g. greater adaptive capacity through alternative splicing and increased 

transcript diversity. RNA expression analysis on cold stressed Galdieria sulphuraria 

revealed significant temperature-dependent alternative splicing, mostly through intron 

retention. We conclude that spliceosomal complexity and intron richness constitute a 

potential mechanism to counteract the consequences of genome reduction and for 

generating functional diversity to ameliorate gene loss in free living organisms. 
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Another possible strategy to boost the adaptational ability of free-living eukaryotes can 

be through the acquisition of foreign genes via HGT, one of the most hotly debated 

topics in modern evolutionary biology. In spite of increasing evidence for eukaryotic 

HGT from various genome sequencing projects, proponents of eukaryotic HGT have 

failed to deliver quantitative explanations for the absence of a eukaryotic pangenome 

as well as the lack of cumulative effects in horizontally acquired genes. In comparison 

to prokaryotes, the sequenced eukaryotic genomes are still few and broadly dispersed 

across the tree of life. We addressed these issues by sequencing 10 novel Cyanidiales 

genomes from 9 geographically isolated habitats (combined with the already-published 

Cyanidioschyzon merolae 10D, Galdieria sulphuraria 074W and Galdieria phlegrea 

DBV009) and determined that 1% (96 orthogroups) of their gene inventory is HGT-

derived [Manuscript 2]. In addition to phylogenetic inference, HGT candidates 

significantly differ from native genes in GC-content (> 1%), number of splice sites (0.97 

- 1.36 fewer exons per gene) and differential gene expression in response to stress 

(HGT candidates are enriched within the differentially expressed genes). The majority 

of HGT candidates also originated from extremophilic prokaryotes, e.g. Sulfobacillus 

thermosulfidooxidans, that share similar habitats as the Cyanidiales and encodes 

functions related to polyextremophile traits, further supporting the narrative regarding 

their beneficial role during adaptation. By analyzing gain and loss pattern we conclude 

that the absence of a eukaryotic pangenome and cumulative effects can be explained 

by the rarity of eukaryotic HGT and a stronger propensity of HGT candidates to gene 

erosion in comparison to native genes. Because eukaryotic HGT is the exception 

rather than the rule, its quantity in eukaryotic genomes does not need to increase as a 

function of time and likely reached equilibrium between acquisition and erosion in the 

distant past. The presumption that eukaryotic HGT will (and should) unfold in the 

eukaryotic kingdom in the same manner as does prokaryotic HGT among prokaryotes 

is highly questionable.  

 

Subsequently, we tested the – thus far – hypothesized involvement of HGT genes in 

stress adaptation through multiple experiments. Gene expression was measured using 

RNA-Sequencing in cold-stressed Galdieria sulphuraria 074W [Manuscript 3] and 

“CO2-stressed” Cyanidioschyzon merolae 10D [Manuscript 4]. In both cases, strong 

transcription of HGT genes was measured, providing evidence for the successful 

integration of HGT genes into the transcriptional machinery of the host (the average 
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read count for HGT candidates in Galdieria sulphuraria 074W and Cyanidioschyzon 

merolae 10D were 130 CPM and 184 CPM, respectively). In Galdieria sulphuraria 

074W, HGT genes reacted significantly stronger to temperature changes in 

comparison to native genes, supporting the presumed involvement of HGTs to stress 

adaptation. Furthermore, some interesting and unexpected acclimation strategies 

under cold stress were found, such as the upregulation of C1 metabolism, especially 

the S-adenosylmethionine cycle and folate cycle. In contrast, HGT genes in 

Cyanidioschyzon merolae 10D did not differ in response intensity from native genes. 

Since high CO2 does not constitute a stressful condition in phototrophic organisms, no 

transcriptional differences between the two gene sets were expected. Although there 

is no direct way to test the past impact of HGT on the evolutionary trajectory of the 

Cyanidiales, taken together, we interpret these results as supporting indications for 

their positive contribution with regards to extremophile adaptation. 

 

Finally, we analyzed the effects of prolonged exposure to cold temperature upon the 

genetics and growth phenotype of Galdieria sulphuraria RT22 for a period spanning 

>100 generations [Manuscript 5]. DNA-sequencing revealed 757 variants located on 

429 genes (6.1% of the transcriptome) mostly encoding functions involved in cell cycle 

(33.8% of enriched GO-Terms), gene regulation (20.9%) and signaling (7.7%). At 

epigenetic level, variants targeting the intergenic region were enriched in CpG islands. 

As a consequence, cold stressed samples grew ~30% faster at the end of the 

experiment in comparison to the starting population. Rather than targeting specific 

pathways, natural selection towards temperature tolerance is a systems biology 

problem which requires the gradual orchestration of an intricate gene network and 

deeply nested regulators at genetic and epigenetic level equally affecting native and 

HGT genes. 
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I.2 Zusammenfassung 

Die Vielfalt neuer genetischer Daten, welche im Verlauf des letzten Jahrzehnts mittels 

moderner Sequenziertechnologien generiert wurde, hat zu einer ganzen Reihe 

innovativer Untersuchungen geführt. Diese lang etablierten Grundsätze auf dem 

Gebiet der Evolutionstheorie hinterfragen. So steht die klassische Vorstellung 

molekularer Neofunktionalisierung durch Genom- und Genduplikationen in 

Eukaryoten, am besten exemplifiziert im Pflanzen- und Tierreich, im starken Kontrast 

zur überraschenden Anpassungsfähigkeit von freilebenden Mikroorganismen mit ihren 

sehr kleinen Genomen. Die Cyanidiales, eine Gruppe einzelliger und 

polyextremophiler Rotalgen (Galdieria, Cyanidium und Cyanidioschyzon), 

repräsentieren einen solchen Fall. Trotz ihrer Anpassungsfähigkeit an die 

verschiedensten Umweltbedingungen besitzen die Cyanidiales stark reduzierte 

Genome (12 Mbp - 16 Mbp) und verfügen nur über ein minimales Geninventar (4.400 

- 6.500 Gene). In den Cyanidiales korreliert die Anzahl der Gene somit nicht positiv mit 

ihrer Adaptationsfähigkeit. Darüber hinaus besitzen die Cyanidiales die Fähigkeit, 

fremdes Genmaterial aus der Umgebung in die eigene DNA zu integrieren. Dieser 

Mechanismus des horizontalen Gentransfers (HGT) widerspricht jedoch dem Dogma 

der streng vertikalen Vererbung nach Darwin und Mendel in Eukaryoten. Ob, neben 

Bakterien und Archaeen, auch Eukaryoten fremde Gene in das eigene Erbgut 

integrieren können und daraus adaptive Vorteile erlangen, ist eine der größten 

Kontroversen der modernen Evolutionsbiologie. 

 

Die reduzierte genetische Kapazität der Cyanidiales ist das Ergebnis zweier Phasen 

der Genomreduktion im Verlauf ihrer 1,3 Milliarden Jahre alten Evolutionsgeschichte. 

Im Verlauf ihrer Evolution sind mehrere eukaryotische Kernmerkmale verloren 

gegangen, wie z.B. Flagellen, Basalkörper, GPI-Ankerbiosynthese etc. Im Gegensatz 

zu diesem „Verlusttrend“ hat Galdieria sulphuraria eine komplexe Spleißmaschinerie 

(SM) behalten [Manuskript 1]. Darüber hinaus steigerte Galdieria sulphuraria die 

Anzahl der Introns im Verlauf der Zeit von 1.677 (letzter gemeinsamer Vorfahre aller 

Rotalgen) auf 13.245 - ein Effekt, der positiv mit einer erhöhten Transkriptvielfalt durch 

alternatives Spleißen korreliert. Diese wiederum hängt mit einem erhöhten 

Adaptationspotential zusammen. Daraus erfolgte die Hypothese, dass die Expansion 

von Introns und die Bewahrung einer komplexen SM in einem Szenario natürlicher 

Selektion zur Genomreduktion nur durch adaptive Vorteile für Galdieria sulphuraria 
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erklärt werden kann. Diese Hypothese wurde anhand einer RNA-Expressionsanalyse 

getestet, bei der Galdieria sulphuraria kälteren Temperaturen ausgesetzt wurde. Als 

Folge konnte signifikantes, temperaturabhängiges, alternatives Spleißen beobachtet 

werden, meist durch Intron-Retention. Wir schließen daraus, dass sowohl die 

Komplexität der Spleißmaschinerie als auch die hohe Anzahl an Introns potenzielle 

Kompensationsmechanismen für freilebende Organismen darstellen. Somit kann 

zusätzliche funktionelle Diversität erzeugt werden um den Folgen der Genomreduktion 

entgegenzuwirken. 

 
Eine weitere mögliche Strategie zur Steigerung der Anpassungsfähigkeit könnte durch 

den Erwerb fremder Gene über HGT stattfinden. Trotz zunehmender Evidenz für 

eukaryotischen HGT aus verschiedenen Genomsequenzierungsprojekten konnten 

weder Erklärungen für das Fehlen eines eukaryotischen Pangenoms noch für das 

Fehlen kumulativer Effekte in HGT-Genen gefunden werden. Einer der 

wahrscheinlichsten Gründe dafür ist die geringe Anzahl an sequenzierten Genomen 

verwandter Spezies innerhalb des eukaryotischen Stammbaums. Wir haben uns 

dieser Problematik angenommen und 10 neue Cyanidiales-Genome assembliert. 

Anhand phylogenetischer Inferenz konnte festgestellt werden, dass 1% der 

Cyanidiales-Gene einen horizontalen Ursprung aufweist [Manuskript 2]. Diese 96 

orthologen Gruppen (641 Gene insgesamt) weisen signifikante Unterschiede zur 

nativen Genpopulation auf, wie z.B. einen erhöhten GC-Gehalt und eine geringere 

Anzahl an Exons pro Gen. Zudem stammte die überwiegende Mehrheit der HGT-Gene 

von polyextremophilen Prokaryoten ab, welche ähnliche Lebensräume wie die 

Cyanidiales bewohnen. Diese kodieren mehrheitlich polyextremophile Eigenschaften, 

welche die Anpassung der Cyanidiales an extreme Habitate gefördert haben. Aus der 

Analyse der Genakquisitions- und Genverlustmuster innerhalb der Cyanidiales konnte 

gefolgert werden, dass sowohl das Fehlen eines eukaryotischen Pangenoms als auch 

die Abwesenheit kumulativer Effekte durch zwei Faktoren erklärt werden kann: 

erstens, die Seltenheit des eukaryotischen HGTs und zweitens die stärkere Neigung 

der HGT-Gene zur Generosion. Entsprechend muss die Menge an HGT-Genen in 

eukaryotischen Genomen nicht zwangsweise mit der Zeit zunehmen. Ein 

Gleichgewicht zwischen Erwerb und Erosion könnte somit bereits in der fernen 

Vergangenheit erreicht worden sein. Die Annahme, dass sich HGT in der 

eukaryotischen Lebensdomäne auf dieselbe Weise entfaltet wie HGT in der 

prokaryotischen Lebensdomäne, ist nicht zwingend korrekt. 
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Zusätzlich wurde die - bisher prognostizierte - Beteiligung von HGT-Genen in der 

Stressantwort verschiedener Cyanidiales als Indikator für ihre angenommene Rolle in 

der adaptiven Evolution gemessen. Die systemische Genexpressionsänderung von 

kältegestressten Galdieria sulphuraria 074W [Manuskript 3] und CO2-gestressten 

Cyanidioschyzon merolae 10D [Manuskript 4] wurde mittels RNA-Sequenzierung 

gemessen. In beiden Fällen konnte eine starke Transkription von HGT-Genen bestätigt 

werden. Dies lieferte den ersten Nachweis für ihre funktionelle Integration in die 

Transkriptionsmaschinerie des Wirts. Die durchschnittliche Transkriptionsrate der 

HGT-Gene in Galdieria sulphuraria 074W betrug 130 CPM und in Cyanidioschyzon 

merolae 10D 184 CPM. Des Weiteren reagierten HGT-Gene in Galdieria sulphuraria 

074W im Vergleich zu nativen Genen signifikant stärker auf Kältestress, eine 

Beobachtung, welche die vermutete Rolle von HGT in Bezug auf die Anpassung der 

Cyanidiales an abiotischen Stress unterstützt. Darüber hinaus wurden einige 

interessante und unerwartete Akklimatisierungsstrategien beobachtet, wie z.B. die 

Hochregulierung des C1-Metabolismus, insbesondere des S-Adenosylmethionins-

Zyklus und des Folat-Zyklus. Im Gegensatz dazu unterscheidet sich die Änderung der 

Transkriptionsrate von HGT-Genen in Cyanidioschyzon merolae 10D nicht signifikant 

von der Transkriptionsrate der nativen Gene. Da ein hoher CO2-Gehalt in phototrophen 

Organismen allgemein keinen Stresszustand hervorruft (der photosynthetische 

Oxidationsstress wird sogar reduziert), wurden a priori keine entsprechenden 

Transkriptionsunterschiede zwischen den beiden Genpopulationen erwartet. Zwar 

kann die Wirkung von HGT auf die vergangene Evolutionstrajektorie der Cyanidiales 

heute nicht mehr direkt getestet werden, jedoch interpretieren wir diese Ergebnisse als 

unterstützende Hinweise für einen positiven Beitrag von HGT auf die Evolution der 

Cyanidiales. 

 
Zuletzt wurden die Auswirkungen einer längeren Kälteeinwirkung auf die Genetik und 

das Wachstum von Galdieria sulphuraria RT22 über einen Zeitraum von > 100 

Generationen gemessen [Manuskript 5]. Die DNA-Sequenzierung ergab 757 

Varianten, die sich auf 429 Gene befanden (6,1% des gesamten Geninventars) und 

überwiegend auf Genen lokalisiert sind, welche mit Funktionen wie Zellzyklus, 

Genregulation, oder Signalübertragung in Verbindung stehen. Auf epigenetischer 

Ebene waren Mutationen in CpG-Inseln signifikant angereichert. Kältegestresste 

Proben wuchsen am Ende des Experiments im Vergleich zur Ausgangsbevölkerung 

um ca. 30% schneller. Die natürliche Selektion zu höherer Temperaturtoleranz 
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erfordert dementsprechend die schrittweise Orchestrierung eines komplizierten 

Gennetzwerks mit tief verschachtelten Regulationsprozessen auf genetischer und 

epigenetischer Ebene. Sie ist nicht auf individuelle Komponenten im Einzelkontext zu 

reduzieren.
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II. Introduction 

More than 150 years have passed since Charles Darwin published his “theory of 

evolution by the means of natural selection” in 1895 [1]. Since then, the theory of 

evolution has repeatedly and successfully stood the test of time. Today’s modern 

synthesis of evolution, first formulated by Theodosius Dobzhansky [2], has 

continuously been synchronized and expanded throughout multiple disciplines of the 

life sciences unifying, e.g., population biology, developmental biology, molecular 

genetics, epigenetics, and mathematical modeling. What is left of Darwin’s original 

notion is now part of a much greater extended evolutionary framework [3]. Since the 

advent of the genomic age, most notably perceived by the broader public through the 

sequencing of the human genome in 2001 [4], thousands of eukaryotic, bacterial and 

archaeal genomes have been wholly or partially decoded [5]. This new breadth of 

genomic data has led to a new generation of evolutionary questions that, while not 

changing the overarching evolutionary narrative, are challenging some of its 

established concepts. This thesis contributes to the elucidation of two novel concepts 

using the Cyanidiales as model organisms: First, the surprising adaptational capacity 

of organisms with highly streamlined genomes. Second, the frequency and extent of 

eukaryotic horizontal gene transfer as a driver of adaptive evolution. 

 
The Cyanidiales 

The red algae (Rhodophyta) are an ancient archaeplastidal phylum that is constituted 

of approximately ~7.000 species [6] which separated from the eukaryotic tree of life ca 

1.6 billion years ago [7], shortly after eukaryotic photosynthesis was established 

through primary endosymbiosis [8-10]. With an age of more than 1.3 billion years, the 

Cyanidiales are not only the first divergent branch within the red algae, but also define 

one of the oldest extant eukaryotic organisms. Hence, they are most probably the 

closest living relatives to the red alga that gave rise to the plastid of Chromalveolata 

via secondary endosymbiosis [8, 11-13] (e.g., diatoms contribute up to 50% of the 

organic carbon fixed annually in the world's oceans [14]). The Cyanidiales comprise 

the rudimental lineages of Galdieria, Cyanidioschyzon, and Cyanidum which thrive in 

highly acidic and thermal habitats worldwide where few other organisms survive (e.g., 

fumaroles, hot springs, geysers, mining wastewaters, etc.). Here, they are the 

dominant photosynthetic organisms in these ecological niches and frequently 

constitute up to 90% of the total biomass and almost 100% of eukaryotic biomass [15]. 
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Their ecological boundaries are defined by temperatures between 12°C – 56°C [16-

19], highly acidic conditions (pH < 0 – 4.5) [20-22], increased concentrations of toxic 

heavy metals and other xenobiotics [23, 24] as well as up to 10% of salt [25]. However, 

specific Cyanidiales lineages such as the mesophilic Cyanidium, and in some cases 

Galdieria phlegrea, are also found in more temperate environments with neutral pH 

[21, 26-30] indicating that neither high acidity nor high temperature are obligate 

conditions for the prevalence of Cyanidiales at a given habitat [31]. 

 

Multiple independent descriptions of the Cyanidiales date back to the first half of the 

19th century and misclassified them into different algal clades due to their uniform 

morphology and lack of distinguishing features. As a consequence, many studies were 

performed with mixed populations [32, 33]. 1933, Geitler named a species he 

described as Cyanidium caldarium and established the family Cyanidiaceae [34] which 

was correctly classified as a red alga (Rhodophyta) only in 1958 [35]. Cyanidioschyzon 

merolae was described as a Cyanidiales in 1978 [36]. This alga is smaller, divides by 

binary fission, is photoautotrophic and does not have a cell wall. Its genome was the 

first algal genome to be sequenced [37]. In 1981, Galdieria sulphuraria was separated 

from a C. caldarium culture based on the presence of linoleic acid [38] and its ability to 

grow heterotrophically on a broad array of carbon sources [39, 40]. Since C. caldarium 

and G. sulphuraria show no obvious phenotypic differences and live as mixed 

populations in the same environment, they are hard to differentiate. As a consequence, 

the majority of literature on C. caldarium published before 1981, such as publications 

referring to ‘Cyanidium caldarium’ forma B [32] or ‘Cyanidium caldarium’ M 8 [41], 

actually applies to G. sulphuraria [25, 42]. Today, six putative family-level taxa are 

acknowledged based on molecular haplotypes: Galdieria sulphuraria, Galdieria 

phlegrea, Galdieria maxima, the Cyanidium lineage, a mesophile Cyanidium lineage 

which has not been successfully isolated as laboratory culture so far, and the 

Cyanidioschyzon lineage [17, 20, 43]. New sampling sites in the APAC region indicate 

even greater biodiversity [16, 44]. The Cyanidiales have been used as model 

organisms for a shifting array of subjects, ranging from exploring the ecological 

boundaries of life and the species composition in extreme environments [45-48] to the 

study of photosynthetic components [49-51], photosynthetic regulation [52] and 

especially the role of the FtsZ ring during organelle division [53-55]. Today, their 

metabolic flexibility in combination with the polyextremophilic traits has lately risen the 
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interest for industrial applications. Pilot studies are evaluating the bio-industrial 

potential of various Cyanidiales strains for urban wastewater treatment [56-58], 

bioremediation [59, 60] as food ingredient [61] and for industrial phycocyanin 

production [62, 63].  

 

Concept 1: Eukaryotic evolution in the shadows of nuclear genome reduction 

The sequenced genomes of C. merolae 10D [37, 64], G. sulphuraria 074W [65] and 

G. phlegrea DBV009 [66] are challenging the field of eukaryotic genome evolution with 

new concepts due to their complete or partial loss of and universal eukaryotic features. 

So far, eukaryotic genome evolution has been primarily attributed to gene/genome 

duplications, leading to the temporary amelioration of evolutionary constraints, which 

in turn promotes gene neofunctionalization, gene family expansion, but also gene loss, 

repeat decay, etc. [67, 68]. Whereas an increase in genome size over time is not 

positively correlated with organismal complexity [69], genome reduction has been 

tightly connected to gene loss, thus narrowing the ecological potential of free-living 

organisms by reducing their ability to innovate and adapt. The best examples for such 

scenarios would be symbiosis [70], parasitism [71], pathogenicity [72] and adaptation 

to novel habitats where a particular set of genes is no longer required for survival and 

lost due to neutral regressive evolution [73]. In this context, analysis of the Cyanidiales 

genomes revealed two phases of ancestral genome reduction along their evolutionary 

history. Their genomes are among the most streamlined and miniaturized genomes 

known today, with genome size ranging between 12 Mb – 16 Mb and a gene inventory 

limited to 4,400 – 6,500 genes. Consequently, multiple core eukaryotic traits are 

missing in Galdieria, Cyanidioschyzon and Cyanidium, such as flagella, basal bodies, 

the glycosyl-phosphatidylinositol anchor biosynthesis pathway, the autophagy 

regulation pathway and phytochrome based light sensing as well as a simplified 

cytoskeleton which is partially missing cytoskeletal motor proteins [74-76]. The ability 

of the Cyanidiales to live in such diverse environments contrasts the established canon 

of genome reduction and its consequences. This controversy is further boosted by 

similar findings in other free-living microorganisms such as Picochlorum [77, 78] and 

Micromonas [79]. The existence of free-living organisms with highly reduced genomes 

must point towards unknown evolutionary strategies for generating functional diversity 

to support independent lifestyles [80, 81]. Due to their species richness and diversity 

of habitats, the Cyanidiales offer the most remarkable model organism for studying the 
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underlying mechanics of adaptation in free-living eukaryotes with reduced genome 

sizes.  

 

One evolutionary mechanism to ameliorate the consequences of gene loss is through 

spliceosomal complexity. Eukaryotic genes are never fully translated to the final protein 

product. They contain pieces of the non-coding DNA located at the beginning (5’ 

untranslated region), the end (3’ untranslated region), or between (introns) the 

information-carrying regions (exons) which have to be processed first. The processing 

(“splicing”) is performed by the spliceosomal machinery (SM). Introns are removed 

(“spliced”) from the pre-mRNA and remaining exons are re-joined together to form the 

mature mRNA. However, not every exon is always fully included in the mature mRNA. 

Differential splicing describes the regulated process during which certain exons can be 

treated equally to introns (spliced from the mRNA) under one condition but kept under 

a different condition. As a consequence, one gene can lead to multiple proteins 

products (isoforms) which can differ in biological function. Genetic information can 

therefore be compacted and stored more efficiently in less space. At the same time, 

mutations can reprogram the inclusion/exclusion patterns of exons and introns during 

splicing. As a result, new isoforms are generated, which potentially provide novel 

functions and adaptive advantages [82]. The complexity of the SM is positively 

correlated to transcript diversity via alternative splicing [83]. However, the upkeep of a 

complex splicing machinery, e.g., ~200 SM proteins in the human genome [84], stands 

in clear contrast to the evolutionary trajectory of the Cyanidiales pushing for genome 

reduction and gene loss (especially since other core eukaryotic traits were lost). The 

sequenced Cyanidiales genomes, together with genomes of other red algae [75, 85, 

86], suggest a varying degree of different evolutionary trajectories within this phylum 

regarding spliceosomal complexity [80, 87]. Galdieria sulphuraria 074W is the most 

intron-rich red alga (13,245 introns in 7174 transcripts) and maintained 149 of the >157 

SM proteins that were present in the red algal ancestor. Also, it has continued 

increasing its intron number over time. In contrast, Cyanidioschyzon merolae 10D had 

the least number of introns (27 introns in 4803 transcripts) and lost the majority of its 

SM machinery (54 components left). RNA expression analysis in Galdieria sulphuraria 

074W reported temperature dependent alternative splicing of more 1766 introns. 

Although not all red algae follow the same strategy, Galdieria sulphuraria 074W 
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provides evidence for the adaptive advantages of an increased intron and SM burden 

in a scenario of natural selection towards streamlined genomes [87]. 

 

Concept 2: Horizontal Gene Transfer - an additional venue of adaptive evolution 

in eukaryotes? 

One of the possible coping strategies is the acquisition of genes through horizontal 

gene transfer (HGT). HGT, equivalent to lateral gene transfer (LGT), is the inter- and 

intraspecific transmission of genes between a donor species and the acceptors of this 

gene. Organisms can thereby improve their genetics through the uptake and 

integration of foreign DNA. HGT in Bacteria [88-90] and Archaea [91] is widely 

accepted and recognized as an essential driver of evolution leading to the formation of 

pan-genomes [92, 93]. A pan-genome comprises all genes shared by any defined 

phylogenetic group of organisms as well as the genes unique to any single species in 

this group, where core genes often comprise central metabolic processes shared by 

all species, whereas genes present only in a subset of species are often associated 

with the origin of adaptive traits. This phenomenon is so pervasive in Bactria that it has 

been questioned whether prokaryotic genealogies can be reconstructed with any 

confidence using standard phylogenetic methods [94, 95]. Eukaryotes, on the other 

hand, were believed to transmit their nuclear and organellar genomes from one 

generation to the next in a vertical manner following classic Darwinian/Mendelian 

inheritance mechanics. In contrast to this notion, as the number of sequenced 

eukaryotic genomes sequencing has exponentially increased in the last decade, an 

increasing body of data has pointed towards the existence of HGT in these taxa as 

well, although at much lower rates than in prokaryotes [96]. However, the frequency 

and impact of eukaryotic HGT outside the context of endosymbiosis and pathogenicity 

remain one of the most hotly debated topics in evolutionary biology. Because the 

correct identification of HGT is rarely trivial and unambiguous, much space is left for 

interpretation and erroneous assignments. Since the first reports of eukaryotic HGT, 

skeptics have challenged its existence declaring eukaryotic HGT is Lamarckian, thus 

false, and merely a result from analysis artifacts [97, 98]. Proponents of eukaryotic 

HGT have failed to deliver explanations for the apparent absence of eukaryotic pan-

genomes as well as the lack of cumulative effects which would be observed when 

genes derived from HGT increasingly diverge from their non-eukaryotic orthologs as a 

function of time. 
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In the context of HGT, the Cyanidiales became more broadly known after publication 

of the genome sequences of Galdieria sulphuraria 074W [65, 99] and Galdieria 

phlegrea DBV009 [66]. Comparative genomics postulated a “hot start” at the root of 

the red algae phylum, which triggered a billion-year lasting adaptation towards 

polyextremophily at the cost of genome reduction [100]. Hence, the ancestor of today’s 

Cyanidiales was likely to be a unicellular, proto-rhodophyte living in aquatic thermal 

environments. Whereas the Cyanidiales have maintained this evolutionary trajectory 

of extremophile adaptation for a period longer than one billion years, it was 

successively lost in the other red algal groups whose descendants are now largely 

mesophilic. The gene sets of Galdieria sulphuraria 074W [65] and Galdieria phlegrea 

DBV009 [66] revealed 73/63 instances of phylogenetic inferences other than the 

cyanobacterial plastid endosymbiont which were interpreted as gene gains from non-

eukaryotic species via eukaryotic HGT. The majority of HGT genes was hypothesized 

to have provided selective advantages during the evolution towards polyextremophily 

strong enough to counteract the background selection pushing towards genome 

reduction and reduced gene inventory. In Galdieria genomes, the functional 

annotations of HGT genes were depicted as indicators of the selective forces that 

acted on the Cyanidiales. In this context, a dominant proportion of the inherited gene 

functions were connected to ecologically important traits for extremophile survival, 

such as heavy metal detoxification, xenobiotic detoxification, ROS scavenging, and 

metabolic functions related to carbon, fatty acid, and amino acid turnover. The authors 

postulated a relevant role in the systems biology of Galdieria sulphuraria (systems 

biology comprises the cellular phenotypes and response networks that emerge from 

interactions between individual system components). Hence, the success of the 

Cyanidiales is not only derived from constant adaptation towards polyextremophily with 

genome reduction as a possible evolutionary motor for major radiation but also 

"boosted" through HGT which expanded and optimized favorable traits [80, 99]. 

Expressional changes in HGT genes as a consequence of temperature stress were 

more pronounced in comparison to native genes in Galdieria sulphuraria, indicating 

their physiological relevance in the role of environmental stress adaptation [101, 102]. 

At the same time, significant differential expression of HGT genes was absent in 

Cyanidioschyzon merolae exposed to high CO2, a condition which does not implicate 

stress [51, 102]. HGT genes are thus not only present as non-coding DNA sequence 
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but also well integrated into the transcriptional machinery. Further, HGT genes 

identified differ significantly from the native genes in various genomic features (e.g., 

GC-content, number of exons per gene, etc.) and originated from extremophilic 

prokaryotes that thrive in similar habitats as the Cyanidiales [102] yet another 

indication for their adaptive potential. However, microevolution at decreased growth 

temperatures over a period spanning > 100 generations of Galdieria sulphuraria did 

not translate into a major selective force acting specifically on HGT genes. Rather, 

natural selection towards temperature tolerance is a systems biology problem which 

requires the gradual orchestration of an intricate gene network and deeply nested 

regulators at genetic and epigenetic level [103]. 

 

Analysis of multiple Cyanidiales genomes has significantly contributed to the ongoing 

debate regarding the existence, frequency, and impact of eukaryotic HGT [102]. The 

absence of a eukaryotic pangenome and cumulative effects can be explained by the 

rarity of eukaryotic HGT and the propensity of HGT candidates to gene erosion. 

Because eukaryotic HGT is the exception rather than the rule, its quantity in eukaryotic 

genomes does not need to increase as a function of time and likely reached equilibrium 

between acquisition and erosion in the distant past. The presumption that eukaryotic 

HGT will (and should) unfold in the eukaryotic kingdom in the same manner as does 

prokaryotic HGT among prokaryotes is highly questionable.  
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