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Abstract 
The amoeba Dictyostelium discoideum is a versatile and genetically tractable model organism 

used in research for many cellular processess. This work is focused on the biochemical study 

of two different processes in the amoeba.  

The first part was the establishment of monitoring techniques for viral infections in the amoeba. 

For this purpose, two detection method should be established: a qPCR-based assay for the 

counting of the Acanthamoeba polyphaga mimivirus (APMV) and Tupanvirus (TPV) genomes 

and a high-throughput system for detection of giant viruses using flow cytometry. While qPCR-

based genome counting was possible, flow cytometry was abandoned due to the high signal-to-

noise ratios. In the qPCR-based monitoring of viral genome abundance it was observed that no 

net increase occurred in D. discoideum AX2 cells. Due to the better available toolbox, APMV 

was chosen to elucidate this phenomenon. APMV is taken up into the amoeba, however, the 

number of viral particles decreased until 6 hours post infection (hpi), indicating that APMV 

was not able to enter the replicative stage, possibly failing in the phagolysosomal pathway. 

Infection of phagolysosomal mutants indicated that lysosomal enzyme might be key in the 

defense against APMV. The RNAi machinery was not found to be involved. 

The second part covers the potential ribosome heterogeneity during development of 

D. discoideum with a focus on the 2´-O-methylation (2´-O-Me) and pseudouridylation (Ψ). 

Both chemical modifications are introduced sequence-specifically by box C/D and box H/ACA 

small nucleolar RNPs (snoRNPs), respectively. Using bioinformatics and RNAseq analysis, 30 

novel box C/D snoRNAs were identified in D. discoideum, many of which are differentially 

expressed during development. However, in silico approaches failed to deliver the responsible 

box H/ACA snoRNAs. Many box C/D snoRNAs were associated with a 2´-O-Me site. Modified 

positions were determined by the application of RiboMeth-seq for 2´-O-Me and HydraPsiSeq 

for Ψ. Several 2´-O-Me and Ψ sites were found to be substoichiometrically modified and some 

positions displayed dynamic modification levels during the development of the amoeba. All 

modified nucleotides were localized within the rRNA secondary structures predicted by 

homology-based modelling and many were found in the vicinity of integral structural elements. 

The U3 snoRNA, important for ribosome biogenesis, is featured in seven locis in the amoeba. 

Experiments and previous data implied a sudden generation of novel and potentially specialized 

ribosomes during development. The identification of U3 snoRNAs in representative members 

of the Dictyostelia allowed the establishment of a generalized secondary structure. Taken 

together, the presented data from D. discoideum is the first evidence for ribosome heterogeneity 

in the Amoebozoa supergroup, allowing to suggest that it is a common feature of all eukaryotes. 
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Zusammenfassung 
Die Amöbe Dictyostelium discoideum ist ein vielseitiger und genetisch modifizierbarer 

Modellorganismus zur Untersuchung einer Vielzahl zellulärer Prozesse. Diese Arbeit 

beschäftigt sich mit zwei verschiedenen Aspekten in Dictyostelium. 

Im ersten Teil der Arbeit wurden die Methoden zur Quantifizierung von Viren in D. discoideum 

etabliert. Zu diesem Zweck sollten zwei Methoden getestet werden: eine qPCR-basierte 

Zählung von Acanthamoeba polyphaga mimivirus (APMV)- und Tupanvirus (TPV)-Genomen 

und Durchflusszytometrie-basierte Detektion der Viren. Während eine qPCR-basierte 

Genomzählung möglich war, wurde die Durchflusszytometrie aufgrund des 

Hintergrundrauschens nicht weiterverfolgt. Die Experimente zeigten keinen Netto-Anstieg der 

Genomzahl an. APMV wurde aufgrund der besseren Werkzeug-Verfügbarkeit für die weitere 

Aufklärung dieses Phänomens gewählt. Während APMV in die Amöbe aufgenommen wurde, 

konnte bis 6 Stunden nach der Infektion eine Abnahme der Virenzahl beobachtet werden. Dies 

implizierte, dass APMV nicht in die replikative Phase eintrat und möglicherweise im 

Phagolysosom gescheitert war. Infektionen von phagolysosomalen Mutanten zeigten, dass 

potenziell die lysosomalen Enzyme eine Rolle in der APMV-Abwehr spielen. 

Der zweite Teil dieser Arbeit befasste sich mit der potenziellen ribosomalen Heterogenität in 

der Entwicklung von D. discoideum mit Fokus auf die 2´-O-Methylierung (2´-O-Me) und die 

Pseudouridylierung (Ψ). Beide Modifikationen werden durch die box C/D und box H/ACA 

small nucleolar ribonucleoprotein (snoRNP)-Komplexe sequenzspezifisch durchgeführt. Durch 

bioinformatische und RNAseq-Analysen wurden 30 bisher unbekannte box C/D snoRNAs in 

D. discoiduem identifiziert und eine entwicklungsabhängige Expressionsänderung beobachtet, 

allerdings konnten box H/ACA snoRNA-Kandidation nicht gefunden werden. Die 

Modifikationsstellen wurden mit RiboMeth-seq für 2´-O-Me und HydraPsiSeq für Ψ 

identifiziert. Einige Positionen lagen substoichiometrisch modifiziert vor und einige zeigten 

eine entwicklungsspezifische Veränderung des Modifikationsgrades. Alle modifizierten 

Positionen wurden in den rRNA-Sekundärstrukturen lokalisiert und viele fanden sich in der 

Nähe wichtiger Strukturelemente. Die für die ribosomale Biogenese wichtige U3 snoRNA ist 

siebenmal im Genom von D. discoiduem kodiert. Die durchgeführten Experimente und 

bestehende Daten implizierten, dass die rRNA-Prozessierung im Entwicklungsprozess 

beschleunigt stattfinden könnte. Zudem gelang die Etablierung eines Sekundärstrukturmodells 

für die Dictyostelia. Zusammengefasst liefern die gesammelten Daten die ersten Beweise für 

die ribosomalen Heterogenität in den Amoebozoen. Dies erlaubt den Rückschluss, dass die 

Biogenese spezialisierter Ribosomen ein gemeinsames Merkmal aller Eukaryoten darstellt. 
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Introduction 
Dictyostelium discoideum as a model organism 

Dictyostelium discoideum is a well-established model organism of basic cellular processes 

discovered in 1935 [2, 3]. The AX2 strain has been established in 1970 and is able to grow in 

liquid medium, instead of being reliant on a bacterial food source [4]. A wide spectrum of 

experimental tools has been established for the amoeba [5], and these are frequently used the 

study of mechanisms governing cell motility, host-pathogen interactions, autophagy, social 

evolution (reviewed in [6]), mobile genetic elements [7], and their domestication by the RNA 

interference (RNAi) machinery [8-10]. D. discoideum cells usually propagate by mitotic 

division; upon starvation, however, a complex developmental process is initiated (Figure 1), in 

which about 100,000 cells aggregate to form within 24 h a fruiting body containing spores [11]. 

The organization of ribosomal DNA (rDNA) is unusual in D. discoideum. In most metazoans, 

the genes for the ribosomal RNAs (rRNAs) are organized in rDNA clusters, an arrangement 

that is thought to facilitate efficient rRNA transcription. Such rDNA clusters exist also in 

D. discoideum; however, they are not encoded in chromosomes but localized on 

extrachromosomal elements [12, 13]. Each nucleus contains about 100 copies of these elements 

of 88 kb, that each feature two rRNA transcription units organized as palindromes [14]. A first 

model for rRNA processing from the primary 37S transcript in the amoeba has been proposed, 

and sequences of the mature rRNAs in D. 

discoideum were determined experimentally 

[15]. In the last decades, Dictyostelium has 

been extensively used to study the molecular 

interactions and pathogenic bacteria like 

Pseudomonas aeruginosa [16, 17], 

Legionella pneumophila [18, 19], 

Vibrio cholerae [20], Mycobacteria [21-24], 

Francisella noatunensis [25, 26], 

Neisseria meningitidis [27], Burkholderia 

cenocepacia [28], and Salmonella [29]. These 

bacteria are phagocytosed by the amoeba and 

subsequently avoid intracellular killing by 

modulating or escaping the phagosomal 

maturation pathway.  

 
Figure 1. Development cycle of the amoeba 
D. discoideum. Shown are the vegetative 
growth phase and the development cycle 
induced upon starvation. The mobile slug 
stage is reached after 16 h and the fruiting 
body containing the spores is formed after 
24 h. Taken from Maeda and Chida [1]. 
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Introduction to giant viruses and their hosts 

Giant viruses, their host, and their parasites: a multilayered interaction 

This chapter is included in a manuscript previously published in “Frontiers in Cellular and 

Infection Microbiology”: 

 

Diesend, J., Kruse, J., Hagedorn, M., & Hammann, C. (2018). Amoebae, Giant Viruses, and 

Virophages Make Up a Complex, Multilayered Threesome. Frontiers in Cellular and Infection 

Microbiology, 7, 527. https://doi.org/10.3389/fcimb.2017.00527 

 

 

Introduction to giant viruses 

The discovery of giant viruses in the early 2000s led to a mind shift in the field of virology with 

respect to the potential origins of viruses [30, 31]. Originally, viruses were thought of as 

submicroscopic particles with a self-evident denial that viruses might exist, whose size would 

be large enough to be resolved with a simple light microscope [32, 33]. Due to this mindset, the 

large, gram-positive particles in an Acanthamoeba polyphaga population were at first 

erroneously classified as bacteria [31, 34, 35]. Only the absence of rDNA in the presumed 

bacterium, led to the discovery and definition of the Acanthamoeba polyphaga mimivirus 

(APMV) in 2003 [31]. The acronym mimivirus (for mimicking microbe) reflects the 

resemblance to bacteria upon gram staining. At the same time, the discovery of APMV was the 

first ever report of a virus infecting amoebae. Amongst other features that are detailed below, 

APMV is unusual as it contains a large genome of 1.14 Mbp, thereby even surpassing the 

genome size of some bacterial species [30]. APMV particles are characterized by an up to 

700 nm large capsid (Figure 2A), which is well above the resolution of a simple light 

microscope. Once it was established that giant DNA viruses of amoeba exist, many more such 

viruses, belonging to the nucleocytoplasmatic large DNA viruses (NCLDV) were found in the 

environment, as well as within a wide range of host organisms from humans, monkeys, and 

oysters [36-38]. Ex vivo studies of human cell lines revealed that APMV is capable of infecting 

myeloid and mononuclear blood cells and interferes with the type I Interferon system [39]. In 

addition, a distantly APMV-related NCLDV family member has been shown to productively 

infect T-lymphocytes under laboratory conditions [40]. In 2008, a small viral particle was 

discovered in A. polyphaga and was identified to be a virus parasitizing upon viral factories of 

giant viruses called Sputnik 1 [41]. Due to the functional similarity to bacteriophages in 
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mediating lateral gene transfer, Sputnik was classified as a virophage [41]. Here, we will review 

the since 2008 expanding family of virophages and discuss the implications for giant virus 

reproduction inside amoebae. 

 

The diverse families of giant viruses that infect amoebae 

The discovery of APMV sparked the interest in giant viruses and spawned a contemporary 

research field of its own [31]. Up until today, two giant virus families belonging to the NCLDV 

have been described that primarily infect amoeba: the Mimiviridae and the Marseilleviridae 

(Figure 2B). The latter has the A. polyphaga marseillevirus (APMaV) as founding member, 

which was discovered in 2009 led to the classification of a second group of giant viruses termed 

Marseilleviridae [42, 43]. In the last decade, nine additional viruses have been associated with 

the Marseilleviridae group [44]. The Acanthamoeba castellani lausannevirus (ACLaV) was 

discovered by incubating water from the Seine river in France with A. castellani, a close relative 

of A. polyphaga [45]. ACLaV is the first known giant virus to encode histone-like proteins, 

which could point towards a DNA packaging mechanism similar to eukaryotes [45]. The 

Cannes 8 virus (Ca8V) [46] and the Senegal virus (SNGV) [47] have been isolated using similar 

co-culture methods and are grouped with the Marseilleviridae. The icosahedral capsid of the 

Marseilleviridae is between 190 and 250 nm in diameter [42]. Like the genome of the 

Mimiviridae, the 370,000 bp double-stranded DNA (dsDNA) genome is encased in a lipid 

bilayer and encodes about 450 proteins [43, 45-47]. Both, Mimiviridae and Marseilleviridae, 

share only nine core genes with all NCLDVs (Figure 2C) and 180 genes are shared with at least 

two of the NCLDV families [48, 49]. Based on the discovery of APMV and its complex 

genome, it was suggested to incorporate viruses into the tree of life by defining them as capsid-

encoding organisms contrary to the ribosome-encoding organisms, which are represented by 

eukarya, bacteria, and archaea [50].  
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APMV – the best studied giant virus of amoeba 

APMV was the first giant virus of amoeba to be discovered [41] and confronted the scientific 

community with features never observed in a virus before. Its capsid size and genetic 

complexity with many genes usually found in eukaryotic and prokaryotic cells challenged the 

Lwoff’s characteristics of a virus [30, 50]. The AT-rich 1.14 Mbp APMV genome features an 

impressive number of 979 protein-encoding genes in a dense arrangement [30, 59]. Several of 

 
Figure 2. Structure of APMV and the core genes and relationship of giant viruses. (A) Viral 
particles of APMV feature a viral core with the genome, mRNAs and prefabricated proteins. 
This is surrounded by the indicated membranes and the capsid structure that contains a 
pentagonal, star-shaped structure termed ‘stargate’, which is involved in the release of the 
viral core into the host cell's cytosol upon phagocytosis. The capsid is decorated with a 
compact layer of fibrils. For details see main text. (B) Cladogram displaying the relationships 
of the different lineages of the Mimiviridae and Marseilleviridae. Since the discovery of 
APMV, over 100 new mimivirus strains have been characterized using samples of various 
origins in amoebal co-culture methods [51-53]. All Mimiviridae share a capsid size between 
370 and 600 nm and a 1.02 to 1.26 Mb AT-rich genome which encodes about 1.000 putative 
proteins [44]. Based on sequence homology, the Mimiviridae can be divided into three 
distinct lineages (Figure 2B): lineage A with APMV as prototype and a total of 18 members, 
as reviewed recently [44], lineage B with the moumouvirus as prototype and four additional 
members [44, 54], and lineage C with Megavirus chiliensis as prototype and a total of 12 
members [44, 55]. The tree was created using the sequences of the D13 major capsid 
proteins of the indicated prototype viruses using Phylogeny.fr, with the relative evolutionary 
distance indicated [56, 57]. (C) List of nine genes conserved throughout all NCLDV families. 
Figure taken from Diesend et al. [58]. 
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its genes are only found in giant viruses of amoeba and code for virus-atypical proteins involved 

in DNA repair, protein folding, transfer RNA (tRNA) synthesis and translation, and more [30]. 

In addition, the APMV genome displays some plasticity and encodes self-splicing introns, 

inteins, and a specific set of mobile genetic elements called transpovirons [60]. Furthermore, 

the genome contains many genes likely acquired via horizontal gene transfer, paralogous genes, 

and so called ORFans, which are genes that encode proteins with unknown function [61-64]. 

Many of these genes are shared with the poxviruses, phycodnaviruses, and other NCLDVs [64]. 

ORFans represent roughly 50% of genes and about 40% of the APMV proteome, which results 

in a high number of factors with unknown functions that might act during viral replication and 

morphogenesis [65]. Alike "classical" viruses, APMV genes are partly under the control of 

early and late stage-specific promoters [30, 66].  

The APMV particles possess remarkable structural features, separating them from the classical 

structures of viruses (Figure 2A). In its center, the viral DNA, messenger RNAs (mRNAs) and 

proteins are packed into the core compartment [67, 68] and enclosed by a lipid membrane. 

Among the pre-packed proteins are 12 enzymes involved in transcription, five in DNA repair, 

two in RNA modification, and five in protein modification [65]. The central compartment is 

surrounded by an approximately 340 nm-large lipid bilayer and a secondary bilayer directly 

underneath an icosahedral capsid. This is comprised of major capsid proteins (MCPs) and 

features a five-branch proteinaceous structure, the ‘stargate’, at one vortex [68]. The capsid 

itself is covered by a compact layer of about 120 to 140 nm long, heavily glycosylated fibrils, 

which potentially facilitate the attachment of APMV to its host cells [69].  

 

Infection cycles of giant viruses in amoebae 

Even though the replication cycle of most giant viruses differ in aspects like nuclear 

involvement, duration, assembly and release of the viral progeny, key steps in the infection 

appear to be conserved, as summarized recently [44]. For example, all known giant viruses 

enter the host cell by phagocytosis and release their DNA into the cytosol in a similar manner 

[70]. Furthermore, viral replication takes place in specialized endoplasmatic reticulum (ER)-

derived compartments that are found in the cytosol and are called viral factories [67, 68, 71].  

After uptake, the virus resides in a de-novo phagosome. Subsequently, the phagosomal and viral 

membranes fuse, which allows the release of the viral core, that contains the genome, proteins, 

and mRNAs into the cytosol [71, 72]. Alike the well-described poxvirus [73], the structural 

integrity of the viral core seems to be retained until viral factories arise [71, 74]. Intriguingly, 

recent experiments suggest that viral transcription might be initiated already before the release 
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of the viral core [75]. Once in the cytosol, replication of the viral genome begins immediately 

and the expression of early stage genes leads to the formation of early stage viral factories [75-

77]. The replication cycle is confined to the cytosol, again a trait shared with the poxvirus [31, 

74]. This also suggests that giant viruses (like the poxvirus) must carry transcription complexes 

to initiate transcription immediately after infection [74, 78]. In later stages of infection, these 

viral factories merge into one large cytosolic compartment for replication and capsid assembly 

[75, 76]. It should be noted that viral factories are not chaotic, but rather appear to feature 

distinct assembly lines for their progeny. The viral factory is made up of functional regions 

playing discrete roles in replication, capsid assembly, DNA packaging, and attachment of fibrils 

[75, 76]. In the outermost layer of the viral factory, the internal membrane layers of APMV are 

assembled from host-derived membrane vesicles, which are thought to rupture, thereby forming 

open single-layer membrane sheets [77]. Capsid assembly occurs around these membrane 

sheets and is scaffolded by the major capsid protein L425 [77]. Upon capsid formation, the 

genome is deposited into the empty viral particle through a transient interstice distal from the 

‘stargate’ structure [72]. There is little evidence for a nuclear stage of giant viruses. However, 

the nuclei of A. polyphaga and A. castellani exhibit transient changes in their morphology 

during the early stages of infection with members of the Marseilleviridae family [79]. This 

indicates that nuclear host factors might play a role in the APMV replication, a notion that is 

supported by a two-fold decrease of the nuclear size in infected A. polyphaga cells [44]. This 

might be due to a substantial redistribution of nuclear factors for viral replication, transcription 

or other processes [44]. Albeit indirectly, this scenario is supported by data on the cytoplasmic 

replication of the Vaccinia virus (a poxvirus), to which mimivirus replication bears similarities 

[71] and for which the involvement of nuclear enzymes has been demonstrated [80].  

 

Virophages as parasites of the Megavirales 

The description of Megavirales infection of amoebae was followed by the discovery of the 

fascinating virophage Sputnik 1 in 2008 [41]. Sputnik 1 was found infecting the viral factories 

of the mamavirus, a close relative of APMV [41]. Replication of the Sputnik virophages inside 

APMV-infected A. castellani cells is deleterious to APMV replication and results in abortive 

DNA replication and disruption of capsid biogenesis [41]. Many published articles denote 

Sputnik and other virophages as satellite viruses [81-83]. Satellite viruses are characterized by 

their dependency on factors of a helper virus. However, the Sputnik genomes encodes factors 

involved in (DNA) replication [41]. Therefore, Sputnik is a full virus and not a defective viral 

particle or sub-viral agent. Furthermore, it was never observed that co-infection with a satellite 
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virus leads to the formation of defective helper virus particles [84]. Altogether, these 

observations suggest a virophage rather than a satellite virus [84, 85].  

All known existing members of the dsDNA virophage family parasitizing on giant viruses are 

categorized into the large virus-dependent or -associated (Lavida-)viridae family divided into 

the Sputnikvirus and Mavirus genera [86]. At the species level, the Sputnikvirus genus can be 

differentiated into the APMV-dependent Sputnik virophage and the APMV-dependent Zamilon 

virophage, while Mavirus genus (not shown) contains only the Cafeteria roenbergensis virus 

(CroV)-dependent mavirus [86]. 

Sputnik replicates inside mamavirus-infected A. castellani cells within the viral factories, 

nonetheless, with different kinetics as the mamavirus and at multiple hot spots inside the factory 

[41]. Studies on amoebae infected with different mimiviruses revealed that the Sputnik 

virophages can parasitize on mimiviruses from all Mimiviridae lineages but not the 

Marseilleviridae lineages [87]. Productive infection of APMVs viral factories results in the 

emergence of newly generated Sputnik 1 particles six h post infection with a concomitant 

decrease of infective APMV particles [88]. The 18,343-kilobase circular dsDNA genome of the 

Sputnik virophages possesses 21 partly overlapping open reading frames (ORFs) encoding for 

several factors involved in DNA replication, e.g. a DNA polymerase or primase and a Tyr 

recombinase [41]. Furthermore, four of the 21 ORFs are strongly homologous to APMV-

encoded genes [41, 87]. Since Sputnik virophages encode lambda-type integrases, the 

molecular tools for genome integration are present [41]. Until now, only the integration of the 

Sputnik 1 genome into the Lentillevirus genome – a relative of APMV - has been observed in 

vitro [60]. There is no indication of Sputnik genome integration into the host cell genome, yet. 

The Zamilon virophage (belonging to the Sputnikvirus genus) was discovered together with the 

Mont1 virus which was recovered from soil samples from Tunisia [37, 89]. The 60 nm-wide, 

spherical virophage carries a 17,276 bp dsDNA genome encoding 20 genes. Although the 

Zamilon virophage shares 76% of its genomic sequence with the Sputnik virophages, Zamilon 

can only infect lineages B and C [89]. Furthermore, the tv_L8 protein, encoded in the 

transpovirons of the Monve virus (Mimiviridae, lineage B), shares significant homology with 

the ORF8-encoded protein of the Zamilon virophage [89]. This suggests that direct genetic 

interactions between the giant virus and the Zamilon virophage might occur within co-infected 

amoebae. However, no experimental data has confirmed such interactions so far. Recently, a 

new virophage, the Rio Negro virophage (RNV) has been discovered in Samba virus isolates 

from the Brazilian Amazon [90]. While the RNV genome is still incomplete, based on the 
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genomic sequence of its predicted major capsid proteins, it was associated with the Sputnikvirus 

genus [86, 90].  

The Maverick-related virus (mavirus), belonging to the Mavirus genus, parasitizes upon the 

viral factories of CroV that infects the marine heterotrophic nanoflagellate 

Cafeteria roenbergensis [91, 92]. The 19.063 bp circular dsDNA mavirus genome possesses 

20 ORFs including a retroviral rve-family integrase, a protein-primed DNA polymerase, a 

filamenting temperature-sensitive mutant K (FtsK)-helicase repair of Archaea (HerA)-type 

genome packaging ATPase, and a cysteine protease, and two major capsid proteins all also 

found conserved in Maverick/Polinton (MP) retroelements [86, 92, 93]. Additionally, the 

termini of the mavirus genome consist of long terminal repeats similar to those found in MP 

retroelements [86, 94]. Both findings suggest that these retroelements might have originated 

from mavirus genome integration events in mavirus co-infected cells (Fischer & Suttle, 2011, 

Krupovic et al., 2015). Nonetheless, this hypothesis for the origins of MP retroelements remains 

to be tested experimentally. Fischer and Hackl [95] succeeded to monitor complete mavirus 

genome integration into the C. roenbergensis genome by co-infection with a low multiplicity 

of infection (MOI) of CroV. Intriguingly, genes in the mavirus genome possess promoter 

sequences similar to the late stage promoter of CroV [95]. As a consequence, re-infection of C. 

roenbergensis carrying the integrated mavirus genome with CroV resulted in inhibition of viral 

DNA replication and increased host cell survival [95]. In contrast to Sputnik, the mavirus enters 

the amoebae independent of its viral host, likely passively via an endocytic pathway, and target 

the cytoplasmatic viral factory of CroV [92, 96].  

Other virophages have been discovered by metagenomic analysis of water samples (e.g. the 

Organic Lake virophage [97], the Yellowstone Lake virophages 1-7 [98, 99]), however, the 

viral and cellular host platforms for these remain to be determined [86].  

 

Known and potential defense mechanisms of D. discoideum 

Phagocytosis and phagosomal maturation are basic cellular defense mechanisms and, 

accordingly, the molecular machinery is highly conserved between the amoeba and immune 

cells of higher eukaryotes. [100, 101]. These cellular defense mechanisms include the concerted 

action of phagocytosis/autophagy [102], which originally evolved from eukaryotic ancestors 

like Dictyostelium [100]. In addition, in the last decades evidence accumulated, that RNAi plays 

a role in the defense against intracellular pathogens in D. melanogaster and C. elegans [103-

107]. This machinery is also highly conserved in D. discoideum [108], however, a role for the 

amoebal RNAi in cellular defense has not been established so far. In the following, the key 
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players of phagocytosis, autophagy, and RNAi in Dictyostelium and their potential in its defense 

mechanisms will be described. 

 

Phagocytosis in Dictyostelium 

Professional phagocytes like D. discoideum engulf and internalize particles larger than 200 nm 

with membrane protrusions called pseudopods and, subsequently, digest and/or kill the contents 

of the de novo freshly formed phagosome. In general, particles are recognized by surface 

receptors, triggering actin (de-)polymerization to move the membrane around the particle. The 

novel phagosomal compartment formed by this mechanism is transformed into a highly 

degradative environment through several well-defined fusion and fission steps, summarized as 

phagosomal maturation [109]. Phagocytosis in the amoeba evolved mainly as a feeding and 

defense mechanism, a feature that is conserved throughout evolution [110]. Therefore, many of 

the proteins and principles are highly conserved [100, 101]. 

Since Dictyostelium is a rather simple phagocyte, fewer and less specific phagocytic receptors 

of D. discoideum have been described (reviewed in Cosson and Soldati [101]). Mammalian 

phagocytic cells present on the cell surface several types of receptors able to initiate 

phagocytosis, including toll-like receptors (TLRs), integrins, scavenger receptors, and lectins 

[111]. Homologs of these receptors or at least proteins with functional domains associated with 

these specific receptors have been found in the amoeba [112]. D. discoideum also possesses 

five integrin-β-like Sib (SibA-E) family proteins partly involved in substrate/particle adhesion 

[113] and three scavenger proteins (LmpA-C) [114-116]. Of the latter, only LmpB is present 

on the cell surface [117], while LmpA and LmpC gradually accumulate on (post-)lysosomes 

[117, 118]. The exact molecular functions of the scavenger receptors in the amoeba, 

nonetheless, is still unclear. The lectin receptors in D. discoideum have only been passively 

confirmed by association of amoebal cells to carbohydrates immobilized to a polyacrylamide 

matrix [119, 120], however, the molecular characterization of these receptors involved is still 

pending.  

Upon binding of a substrate to plasma membrane receptors, F-actin is re-arranged driven by the 

Arp2/3 complex, which is regulated by the SCAR/WAVE (WASH) complex [121-123]. The 

F-actin re-arrangement and its regulation by Rho GTPases are excellently and comprehensively 

reviewed in Bozzaro et al. [124] and Rivero and Xiong [125]. Nonetheless, phagosomal uptake 

and maturation is not only regulated by proteins but also by second messengers. For example, 

phosphatidylinositol phosphates (PIPs) regulate the phagosomal uptake and maturation [126, 
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127], e.g., the phosphatase Dd5P4 acts on PI(3,4,5)P3 dephosphorylating it to PI(3,4)P2, 

facilitating phagocytic cup closure [128]. 

Maturation of the phagosome is a tightly orchestrated sequence of events and begins during the 

closure of the phagocytic cup. The Rab GTPase Rab7 is recruited to the early phagosome as 

early as 1 min after the uptake and regulates the delivery of lysosomal enzymes into the 

phagosome [129, 130]. It usually acts in cooperation with Rab5 as one of the main regulators 

of phagosomal maturation [131, 132]. Another protein recruited upon closure of the phagocytic 

cup to the nascent phagosome is the H+-vacuolar ATPase (V-ATPase) [133, 134]. Responsible 

for the acidification of the compartment [135], the V-ATPase decreases the pH inside the 

phagosome to 3.5-4 [136] after 10 to 30 min [137, 138]. This acidification is a prerequisite for 

the delivery and activity of lysosomal enzymes [139] and the killing and digestion of bacteria 

[109]. The V-ATPase and the lysosomal enzymes are retrieved by the WASH complex in waves 

of recycling [123, 140]. This results in a shift of the phagosomal pH back to neutral (pH ~7), 

marking the beginning of the maturation into a postlysosome [109, 141]. The postlysosomal 

compartment is characterized by an actin coat and the presence of various proteins like 

vacuolins (vacA and vacB), flotillins, and coronin [142-144]. The mature postlysosome fuses 

with the plasma membrane and ejects its undigested contents [143, 145]. Exocytosis is also 

regulated via local calcium concentrations, with mucolipin, a Ca2+ transporter, pumping Ca2+ 

ions into the compartment and inhibiting exocytosis [146]. While in D. discoideum exocytosis 

is a constitutive process, in mammalian immune cells the regulation by local Ca2+ 

concentrations is only observed secretory lysosomes [147]. 

 

Autophagy in D. discoideum 

After the first description of autophagy, research of the process in the amoeba gained significant 

traction in the recent decades. In general, autophagy is a process of self-digestion for nutrient 

acquisition. The first description of autophagy in Saccharomyces cerevisiae [148, 149] and the 

growing interest in this process, led to the discovery of all relevant components in the amoeba  

[150-152]. First studies in D. discoideum focused on autophagy maintaining cell viability 

during nutrient deprivation, i.e., development of Dictyostelium. Cell viability is maintained by 

the gradual digestion and recycling of intracellular materials as a source of energy and essential 

metabolites for development [153]. There are, however, also nonrecycling functions of 

autophagy in aggregation and differentiation of the amoeba. For example, SDF-2, an essential 

factor for spore formation, and its precursor AcbA are secreted by an autophagy-dependent 

mechanism [154]. Until now, many forms of autophagy have been described and the lines 
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separating it from other processes like phagocytosis are blurring [155]. The following 

paragraphs will describe a general overview of the process. 

The double-membraned, degradative vesicle formed around a target is a hallmark of autophagy 

[152]. This formation of the autophagosome can be divided into three stages, induction, 

elongation, and completion, that are facilitated by protein complexes consisting of autophagy-

related (Atg) proteins [152]. The inductive phase is initiated by the Atg1 complex containing 

Atg1, Atg13, Atg101, and the scaffold protein FIP200 [156-158] by phosphorylation of Atg6 

in the phosphoinositide-3-kinase (PtdIns3K) complex, triggering the production of 

phospholipid PtdIns3P [159]. This induction occurs in the so-called omegasome, a newly 

generated subdomain of the ER [160]. The PtdIns3P levels at this site are tightly regulated by 

factors like Vmp1 [161, 162], which is essential for the acquisition of Atg proteins involved in 

membrane trafficking during autophagosome elongation like Atg18, Atg2, and Atg9 [151, 163, 

164]. In the following steps, the omegasome is expanded to form the isolation membrane (IM 

or phagophore), which requires the concerted action of eight conserved core Atg proteins [165]. 

This expansion is facilitated by a series of ubiquitin-like conjugations leading to the association 

of Atg8a and Atg8b to the lipid phosphatidylethanolamine (PE) in the inner and outer 

membranes of the IM, respectively [166, 167]. This process is excellently reviewed for 

D. discoideum in Fischer and Eichinger [158] and also displayed in Figure 3, which is taken 

from the same review. Following the conjugations of the inner and outer membranes, 

autophagosome biogenesis is completed with the closure of the double membrane [168, 169]. 

At some point, the outer membrane of the mature autophagosome fuses with a lysosome, with 

the lysosomal enzymes proceeding to degrade the inner autophagosomal membrane and its 

contents [170]. In Dictyostelium, the molecular actors involved in that process are not 

conclusively identified. However, the completed autophagosome is transported along the 

microtubules to the lysosome [171]. The subsequent fusion between autophagosome and 

lysosome in D. discoideum is dependent on soluble NSF attachment receptors (SNAREs), Rab 

GTPases, and membrane tethering factors [172]. 

In addition to its functions in development and nutrient recycling as outlined before, autophagy 

also constitutes a major first line of defense against pathogenic bacteria [109]. Upon the 

detection of bacterial invader trying to manipulate or escape the phagosome, Dictyostelium 

triggers, like its mammalian counterparts, a stringent pathway called xenophagy, leading to the 

engulfment and degradation of the damaged phagosomes and its contents [109, 173]. For this 

purpose, the bacterium and the phagosomal remnants are ubiquitinated, acting as a degradation 

signal [174, 175]. The association of the receptors to the ubiquitin moieties triggers the 
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recruitment of the nascent phagophore via the interaction of an LC3-interacting region on the 

receptor protein with the main autophagosomal marker Atg8 (called LC3 in higher eukaryotes) 

[174]. In D. discoideum, p62/SQSTM1 is one of such autophagy receptors [151], and it 

recognizes cytosolic F. noatunensis [26] and M. marinum [176, 177]. In summary, autophagy 

represents a major line of defense for the amoeba in addition to its function in nutrient recycling. 

 

 
Figure 3. The molecular events occurring during autophagy. Induction of autophagosome 
formation is facilitated by the Atg1 and PtdIns3K complexes at the omegasome, a subdomain 
of the ER. Atg2, Atg9, and Atg18 are involved in the membrane trafficking promoting 
autophagosome elongation. A series of ubiquitin-like conjugations leads to the association of 
Atg8 to the phospholipid PE in the inner and outer membranes of the forming IM. After 
association of Atg8, autophagosome formation is completed upon closure of the double 
membrane. The figure was taken from the review by Fischer and Eichinger [158]. 
 

RNA interference (RNAi) as a defense mechanism 

Downstream of these processes, RNAi constitutes another layer of defense against pathogenic 

bacteria or viruses in various organisms stretching from plants to invertebrates [178-180]. RNAi 

was originally observed by Fire et al. [181] when they injected complementary RNA into the 

gut of C. elegans, which resulted in efficient and inheritable gene silencing. For this discovery 

Andrew Mello and Craig Fire were awarded the Nobel prize in 2006. Shortly after this 
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discovery, small interfering RNAs (siRNAs) generated by the action of the RNase III protein 

Drosha were described to be effector molecule in RNAi [182, 183]. These siRNAs have a 

characteristic size of 21 or 22 nt with a 2 nt 3´-overhang on both strands and a 5´-

monophosphate [184]. These characteristics and the process of the generation of siRNAs from 

a double-stranded RNA (dsRNA) by RNase III proteins called dicers is conserved throughout 

members of all eukaryotic supergroups [185]. Research in the last two decades uncovered more 

about the proteins and complexes involved, especially downstream of siRNA generation. The 

generated siRNAs form the RNA-induced silencing complex (RISC) by integrating one siRNA 

strand into an argonaute (Ago) family protein [186]. Selection of the integrated siRNA strand 

is purely dependent on the thermodynamic stability of the 3´-ends of the duplex [187, 188]. The 

siRNA-Ago complex targets complementary mRNA sequences while the slicer activity of Ago 

cleaves the bound substrate [189, 190]. The characterization of siRNA generation and RISC, 

however, did not explain the inheritability of the gene silencing occurring upon dsRNA 

formation. Fire et al. (1998) already speculated that this observation suggests the presence of 

some kind of amplification mechanism in the RNAi response. Indeed, the RNA-dependent 

RNA polymerase (RdRP) EGO-1 in C. elegans was found to be required for a robust RNAi 

response [191]. Since this discovery, RdRPs were identified in many other eukaryotes and the 

molecular mechanism of the RNAi response amplification was characterized [185]. In brief, a 

complementary strand is synthesized by an RdRP in a primer-dependent or primer-independent 

manner, which is subsequently processed into secondary siRNAs by dicer proteins [192-194]. 

Another mechanism has been described for C. elegans. In the guiding mode mechanism 

primarily 22-nt long RNA molecules, featuring a 5´-end trimethylated guanosine, are de novo 

generated by the RdRP RRF-1 [195-197].  

 

Research in recent years revealed multiple functions of RNAi, i.e., constituting a layer of 

protection against viral infections in plants and invertebrates (as reviewed in Ding and Voinnet 

[178]). For example, dicer-like protein Dcr2 of D. melanogaster was involved in conferring 

immunity against four different insect viruses with a (+) single-stranded RNA (ssRNA) genome 

[103-105]. Similarly, RNAi plays a role in the antiviral defense mechanisms of C. elegans [106, 

107]. In addition to these defense responses against RNA viruses, RNAi was also described to 

be involved in the repression of dsDNA virus replication, as demonstrated for the Cauliflower 

mosaic virus and the Cabbage leaf curl virus [198]. In case of the former, the 35S leader of the 

viral polycistronic transcripts forms an extensive secondary structure with long double-stranded 

stretches [199]. These double-stranded regions are targeted by dicer-like proteins in 
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Arabidopsis and processed into viral siRNAs, which then proceed to inhibit viral replication 

[178, 198]. Most of these RNAi-mediated antiviral defense mechanisms have been described 

for plants and higher eukaryotes and similar processes have not been described for basal 

eukaryotes, yet. However, the RNAi machinery seems to be a common feature of all eukaryotic 

supergroups including the Amoebozoa [108, 185]. Especially D. discoideum features a highly 

potent RNAi response, able to suppress the retrotransposition of transposable elements like 

DIRS-1, Skipper-1, and TRE5-A [200]. The first indications for a role of the amoebal RNAi 

machinery in pathogen defense come from transcriptome analyses of Dictyostelium cells 

infected with M. marinum and L. pneumophila [201]. Besides the classical responses to 

pathogens like the upregulation of phagosomal factors and autophagy, an induction of RNAi 

factors was observed independent of the identity of the bacterial invader [201]. So far, no 

viruses have been described to infect D. discoideum. 
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Introduction to (r)RNA modifications in D. discoideum 

Parts of this chapter are included in the manuscript entitled “Ribosome heterogeneity in 

Amoebozoa: fractional 2´-O-Methylation in the ribosomal RNA of Dictyostelium discoideum”, 

which is published in Scientific reports. All sections concerned with 2´-O-methylation in the 

amoeba are adapted from this manuscript. 

 

The diverse world of RNA modifications  

Chemical modifications of RNA 

Chemical modifications of RNAs have a long-standing history. The first RNA modification to 

be discovered was the pseudouridine (Ψ) in 1957, only a few years after the first DNA 

modification, 5-methylcytosine, was described in the literature [202, 203]. Since then, the 

number of known modification of RNA bases has exploded to ~170 known RNA nucleosides 

[204]. The early discoveries of these modifications relied on chromatographic separation and 

characterization by organic chemistry [205]. RNA modifications can be found in many non-

coding RNAs (ncRNAs) like tRNAs, rRNAs, small nuclear RNAs (snRNAs), and small 

nucleolar RNAs (snoRNAs) [204], but also in mRNAs [206]. A high number of RNA 

modifications affect molecular processes like transcription, splicing, mRNA stability, 

translation, RNA export, and RNA degradation [207-215], underlining the relevance of 

chemical modification of nucleotides. 

As the most modified RNA molecule and the first small RNA to be discovered, tRNAs were 

the richest source for information on the high variety of chemical modifications (Figure 4A and 

B). Up to ~25% of their nucleotides are modified [204, 205, 216], ranging from simple 

methylations to highly complex, multistep attachment of chemical groups (Figure 4C; [217]), 

which contribute to folding, stability, and function of the RNA [218]. Nucleoside methylations 

in tRNAs play an important role in the maturation of these molecules. For example, N1-

methyladenosine (m1A) at position 9 of mitochondrial tRNALys stabilizes the canonical clover-

leaf structure during tRNA biogenesis by hindering intra-stem base pairing, which otherwise 

forms a dysfunctional extended hairpin structure [219-221]. Another example is the family of 

methylguanosines (m2G, m2
2G, and m2

2Gm) that are highly conserved at tRNA positions 10 and 

26, where they disrupt early base pairing in tRNA maturation to allow for proper folding [222]. 

Additionally, the methylguanosines at tRNA positions 2, 3, and 10 are important for proper 

recognition during aminoacylation, as determined by substitution of these positions with 

inosine [223]. Other modifications like Ψ, dihydrouridine (D), and 5-methylcytosine (m5C) are 
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more involved in the stabilization of the tRNA secondary structure [224-226]. Beyond the 

addition of single chemical groups, the position 34 and 37 in the anticodon loop are the most 

heavily modified nucleotides in tRNAs [227]. The position U34, the wobble position, is 

modified in the elongator-dependent pathway up to 5-methoxycarbonymethyl-2-thiouridine 

(mcm5s2U; Figure 4C) in a small subset of tRNAs and is important for the recognition of the 

cognate codon [228]. Position 37, located on the 3´ side of the anticodon, is usually 

hypermodified when an A or U is present at position 36. Modifications at this site include highly 

sophisticated structures like hydroxywybutosine (OHyW), N6-threonylcarbamoyladenosine 

(t6A), etc. [204, 227, 229]. This diverse set of RNA modifications at position 37 serves to 

stabilize the A/U and U/A base pairs at position 36 in the codon-anticodon interaction and to 

prevent intraloop base pairing, thereby contributing to translational fidelity [230, 231]. 

With the rise of NGS techniques, RNA modifications were also found in less abundant RNA 

molecules and, especially, research of chemical modifications of mRNAs gained traction in the 

last decade [211, 232]. The most abundant modification in mRNAs, N6-methyladenosine 

(m6A), is co-transcriptionally and reversibly introduced on the N6 of the adenosine base by the 

methyltransferase complex with methyltransferase-like 3 (METTL3) and METTL14 at its core 

[233-235]. m6A affects many developmental processes and diseases including the maternal-to-

zygotic transition in Danio rerio [236], the cortical neurogenesis [237], and acute myeloid 

leukemia [238]. Molecularly, this is achieved by the interaction of so-called reader proteins 

with m6A, recruiting machineries such as translation, RNA decay, or localization [222].  

The regulation, complexity, and diversity of RNA modifications found throughout all 

evolutionary supergroups is extensive [204, 206, 236]. Borland et al. [239] showed by mass 

spectrometry that D. discoideum, the model organism used in this work, also features a highly 

diverse set of chemical modifications. While many thought in the beginning that these 

modifications represent a steady state, scientific progress in the last decades revealed a dynamic 

landscape of RNA modifications. Especially tRNAs, mRNAs, and rRNAs have been found to 

be heterogenous in their set of chemical modifications in dependence of environmental and 

developmental processes [227, 233, 240]. The following chapters will mainly focus on the 

modifications introduced into rRNA. 
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Figure 4. Transfer RNAs as treasure trove in the detection of chemical modifications of RNAs. 
(A) Schematic overview of RNA modifications in the secondary structure of a yeast tRNA. 
Modified sites are indicated in red, and the type of the RNA modification and the responsible 
enzymes are given. The figure is adapted from El Yacoubi et al. [229]. (B) Pie chart of non-
coding RNA (ncRNA) species with known chemical modifications in the Modomics database 
[204]. (C) A small selection of the diverse RNA modifications found in eukaryotic tRNAs ranging 
from simple base methylations (e.g., m7G or m1A) to chemically complex modifications (e.g., 
mcm5s2U, i6A, or t6A). The structures were drawn with ChemDraw v. 19.1 based on 
information from the Modomics database [204]. 
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Chemical modifications of ribosomal RNA 

Early on, the peptidyltransferase reaction of the ribosome was shown to be resistant to protein 

degradative treatment [241]. This was the first indication that a non-proteinaceous factor is the 

catalytic entity in protein biosynthesis. Indeed, that rRNA is this catalytic entity, rather than 

proteins, was subsequently confirmed by ground-breaking and highly decorated 

crystallographic work [242-244]. This is also reflected in their biogenesis, as maturation of 

ribosomes is amongst the most complex cellular processes and requires about 200 facilitating 

proteins, as reviewed recently [245]. This process can be broken down into six crucial steps:  

 

1. Synthesis of rRNA, snoRNAs, ribosomal proteins, and assembly factors 

2. Cleavage and processing of the ribosomal primary transcript 

3. Chemical modification of the nascent rRNA 

4. Assembly of the ribonucleoprotein complex in the nucleus 

5. Nuclear export of the complex 

6. Quality control of synthesized ribosomes 

 

Amongst many other processes, the introduction of post-transcriptional, covalent modifications 

(step 3) in rRNA is of utmost importance for ribosome biogenesis and function, as summarized 

by Sloan et al. [240]. Ribosomal RNA contains a high number of chemical modifications 

including acetylations, base methylations, or 3-amino-3-carboxypropylation (acp) [240]. The 

most prominent nucleotide modifications in rRNA are 2´-O-ribose methylation (2´-O-Me; 

Figure 5A) and Ψ (Figure 5B) that are introduced site-specifically. These modifications are 

thought to be important for RNA folding, ribosome stability and translational fidelity [246-

248]. In recent years, a specialization of ribosomes in response to environmental changes and/or 

developmental processes has been suggested, with substoichiometric chemical modifications 

being implicated as a major source of ribosome heterogeneity [240, 249]. As such, examples 

for fractional rRNA modifications are found in various species, including S. cerevisiae, where 

18 positions are modified in less than 85% of the ribosomal population [250], and also 

approximately a third of the 2´-O-Me positions in rRNA of Homo sapiens are found 

hypomodified [251]. Recently, altered 2´-O-Me levels were also discovered during the 

development of D. rerio [252]. Functionally, ribosome heterogeneity has been proposed to 

constitute a fine-tuning mechanism for translational activity of an unknown subset of mRNAs 

[253, 254].  
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Figure 5. Chemical modification of ribonucleotides. Modification reactions were drawn using 
ChemDraw v. 19.1. Modified groups are marked in red. (A) Methylation of the 2´-hydroxyl 
group of the ribose moiety. (B) Isomerization of the uridine nucleotide by attachment of the 
uracil base via a C1-C5 glycosidic bond to the ribose. 
 

2´-O-Me can be found on a high number of non-coding [216, 255, 256] and coding [257] RNA 

molecules. This modification is introduced either by stand-alone methyltransferases [258, 259] 

or by snoRNA-guided protein complexes containing the methyltransferase fibrillarin [260]. 

Independent of the mode of action, the 2´-hydroxyl in the ribose moiety of all four nucleotides 

can be modified (Figure 5A). The importance of ribosomal 2´-O-Me for translational fidelity is 

underlined by studies depleting cellular fibrillarin and, in consequence, the loss of translational 

activity [261]. Even though the complete loss of ribosomal 2´-O-Me has strong phenotypic 

effects, the functions of the vast majority of individual 2´-O-methylations are not clear, yet. 

Rather, they seem to contribute to the rRNA structure, as 2´-O-Me-modified nucleotides that 

are paired or intra-helically stacked exhibit altered conformational preferences, favoring the 

A

B
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C3´-endo over the C2´-endo sugar pucker confirmation (Figure 6; [262]). The stabilization of 

the C3´-endo form is caused by the steric repulsion among the 3´-phosphate, the 2´-O-methyl, 

and the 2-carbonyl groups in the C2´-endo conformation [263]. The transition to the C3´-endo 

form in ssRNA before folding, results in a stabilization of the helix upon duplex formation [264, 

265]. The structural bias of 2´-O-methylated nucleotides is important for biologically relevant 

functions. For example, Polikanov et al. [247] described that the functionally relevant 

conformation of the G2553 base is maintained by the intercalation of the 2´-O-methyl group on 

U2552 in the A-loop of the Thermus thermophilus’ 23S rRNA. G2553 is in direct contact with 

and helps accommodating the A site tRNA [247]. Similarly, the 2´-O-methylated G2251 

contacts the C2065 ribose and U2449 base via hydrophobic interactions to stabilize the base 

pairing with the 3´-end of the P-site tRNA [247]. Both 2´-O-methylated positions are highly 

conserved in ribosomes in all kingdoms of life. In addition to these selected positions in rRNA, 

specific 2´-O-Me modified nucleotides have been implicated in spliceosomal assembly and 

disassembly [266, 267], in aiding exon ligation [268], and disrupting tRNA selection and 

proofreading [269]. A comprehensive overview on the (structural) impact of a whole 2´-O-Me 

landscape on RNA structures is largely missing and only beginning to emerge. It was shown 

recently, nonetheless, that 2´-O-Me stabilizes alternative secondary structures of the HIV-1 

transactivation response element in vitro, which are unfavorable and exhibit shorter lifetimes 

in nuclear magnetic resonance (NMR) for unmodified RNA molecules [209].   

 

 
Figure 6. Bias of 2´-O-methylated towards C3´-endo sugar pucker conformation. The ‘Base’ 
can be any of the four RNA bases and the methylation of the 2´-hydroxyl is marked in red. The 
figure is drawn with ChemDraw v. 19.1 based on Abou Assi et al. [209] and information from 
Kawai et al. [263]. 
 

Upon its discovery in 1957, Ψ was originally mischaracterized as a 5th core nucleotide, due to 

its high abundance in cellular RNA molecules [202]. It was renamed, however, after thorough 

experimental characterization [270] indicated Ψ (5-ribosyluracil) was an isomer of uridine (1-

ribosyluracil). The isomerization starts with the break of the N1-C1´-bond between the uracil 
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base and the ribose [271]. The new C5-C1´ bond is formed after a 180° rotation of the base 

along the N3-C6 axis (Figure 5B), yielding an additional hydrogen bond donor at the Hoogsteen 

edge [271]. The isomerization of uridine to Ψ is generally catalyzed by a highly conserved set 

of enzymes: the pseudouridine synthases. In bacteria, Ψ is introduced site-specifically by stand-

alone proteins [272], while in eukaryotes and archaea only a fraction of modifications are 

occurring in this manner (reviewed in Rintala-Dempsey and Kothe [273]). Most 

pseudouridylations in the rRNA of eukaryotes are made by the snoRNA-guided box H/ACA 

small nucleolar ribonucleoprotein (snoRNP) complex containing dyskerin as the functional 

pseudouridine synthase [274]. Ψ is present on a wide range of cellular RNA molecules like 

snRNAs (reviewed in Guthrie and Patterson [275]), tRNA [216, 230], and rRNA (reviewed in 

Ofengand and Fournier [276]). Especially, rRNA pseudouridylation is essential for tRNA 

binding and translational fidelity [277]. This is compounded by the clustering of Ψ in 

functionally important sites like the peptidyl transferase center (PTC) [278], the decoding center 

[279, 280], the intersubunit bridges [248], and LSU’s Helix 69 [281-284]. The exact role of 

ribosomal Ψ in the processes occurring in these functional regions, however, is still unclear. Ψ 

in snRNAs is equally important for snRNP function and biogenesis, with all tested Ψ in the 

snRNAs of Xenopus oocytes being essential for splicing [285, 286]. One example is the well-

characterized function of Ψ35-containing U2 snRNA’s involvement in mRNA splicing in yeast 

[287]. Crystal structures of the pre-mRNA/U2 duplex imply that the bulged branch-point 

nucleotide A is stabilized by Ψ35 in the first step of splicing [288]. Thereby, Ψ35 helps to 

expose the 2’-hydroxyl for a nucleophilic attack [288].  

Since useless features are usually lost during evolution, the high abundance of Ψ supports a 

likely positive influence on the structural dynamics, stability, and conformation of modified 

cellular RNAs. Indeed, the Ψ-A base pairs formed exhibit similar geometry than U-A base 

pairs, but display a higher thermodynamic stability, thereby increasing RNA duplex formation 

[289, 290]. Ψ can form, in addition to A, stable base pairs with G and C, making it a flexible 

base pairing partner [291]. One stabilizing effect of Ψ first observed in crystal structures of 

tRNA(Gln) is the coordination of water molecules between its nucleobase (Ψn) and surrounding 

sugar-phosphate backbone (O1P n and O1P n-1), enhancing the rigidity of the RNA structure 

[292]. Other effects on RNA structure are, like 2´-O-Me, caused by the preference of the ribose 

for the C3´-endo sugar pucker conformation and the resulting augmented base stacking [289, 

291]. In a biological context, it was described that the C3´-endo form may antagonize the 

binding of RNA molecules to their corresponding RNA-binding proteins (RBP), e.g., RNA 

binding to PUM2 [293] or U2AF2 [294], and Xenopus’ snoRNP assembly [295]. Given these 
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experimental observations, RBPs may exhibit a C2´-endo conformation bias [296]. The 

mechanisms how RBP-binding is affected by Ψ either directly or indirectly by structural 

modulation of the RNA, however, remains to be elucidated.  

 

Despite the well-characterized stabilizing nature of Ψ, the biological function of the 

modification is highly dependent on sequence context. A recent study by Hudson et al. [297] 

systematically characterized differences in the thermodynamic stability of RNA duplexes with 

and without Ψ in dependence of varying sequences context. Not surprisingly, duplexes 

containing NΨ/ΨN at their termini were found to be more stable than NU/UN-containing ones, 

while the stability of RNA duplex with internal NΨ/ΨN neighbors was further increased [297]. 

This context dependency is also observed in the base stacking of single-stranded RNA 

molecules [290]. Beyond the local sequence context, effects of Ψ depend on its position in the 

secondary structure of the RNA [289, 298]. The structural impact of Ψ in longer, cellular RNAs 

is uncharted at present.  

 

RNAs guide RNA modifications: the small nucleolar RNAs (snoRNAs) 

Box C/D and Box H/ACA snoRNAs 

Ribose methylations (Figure 5A) and pseudouridylations (Figure 5B) are site-specifically 

introduced in rRNA by snoRNPs, as summarized recently [240, 249, 299]. They come in two 

flavors: H/ACA snoRNPs catalyze the conversion of uridine to Ψ, while box C/D snoRNPs 

introduce methyl groups at the 2´-hydroxyl of ribose residues [260, 300]. For each class of 

snoRNPs, a conserved and distinct set of four proteins form the catalytic complex, of which 

dyskerin in the H/ACA snoRNPs isomerizes uridine [301], while fibrillarin in box C/D 

snoRNPs acts as the methyltransferase on 2´-hydroxyl groups [302]. The rRNA target positions 

are defined by the individual snoRNA components of the snoRNPs. For both classes, specific 

base pairing patterns select the nucleotide to be modified.  

 

Box C/D snoRNAs possess conserved box C (5´-RUGAUGA-3´) and box D (5´-CUGA-3´) 

motifs that are essential for their structure, function, and biogenesis (Figure 7) as well as less 

conserved box C´ and box D´ motifs [303-305]. Nucleotides of the box C and box D motifs 

interact with each other, forming a kink-turn, and similar, but weaker interactions may also 

occur between nucleotides of the box C´ and box D´ motifs. The kink-turn was first described 

in rRNA and typically consists of two stems separated by a short loop [306]. While the first 



Introduction 
 

37 

stem (Stem-I) is composed of standard Watson-Crick base pairs, the second stem begins with 

two trans Hoogsteen/sugar-edge A•G base pairs, resulting in the unpaired nucleotides in the 

loop inducing a ~120° kink in the helical axis [306]. Mutations in the nucleotides forming the 

kink-turn inhibits box C/D snoRNA localization to the nucleolus [307], suggesting that 

intramolecular base pairing of box C and box D are essential for snoRNA processing and 

snoRNP structure. Indeed, the k-turn structure is first recognized by 15.5K proteins (Snu13 in 

yeast and L7Ae in archaea) [307, 308]. Even though L7Ae is able to recognize the less 

conserved box C´/D´ motifs [309], the eukaryotic 15.5K protein only binds the highly 

conserved box C/D motifs [310]. There are indications, however, that 15.5K is recruited to the 

C´/D´ motifs in eukaryotes through protein-protein interactions with Nop56 and Nop58 [311]. 

Crytallographic observations imply that the 15.5K protein stabilizes an RNA structure favoring 

the recruitment of the remaining box C/D snoRNP core proteins [312, 313], thereby, 

constituting an initiation complex for snoRNP biogenesis. As a next step in eukaryotes, Nop56 

binds to fibrillarin before assembly on the initiation complex occurs [314]. The archaeal Nop5 

exhibits the same mechanism [315], however, the second eukaryotic Nop5-homolog Nop56 

only associates with the pre-snoRNP after fibrillarin is present [314]. However, the interactions 

of Nop56 that are necessary for the recruitment are not yet described. In the fully assembled 

snoRNP, Nop56 and Nop58 bind to the box C and box C´, respectively, while one copy of 

fibrillarin each binds to the box D and the box D´ [316]. Immediately upstream of the D and/or 

D´ box are antisense elements that form 7 to 21 bp duplexes with the RNA target and direct the 

active site of fibrillarin to the 2´-hydroxyl of the nucleotide base paired to the 5th nucleotide 

upstream of the D or D´ [260, 302, 317]. Methylation of the target nucleotide occurs in an 

S-adenosylmethionine (SAM)-dependent reaction [302]. It has been shown that additional base 

pairing independent of the box C/D snoRNA antisense elements between the snoRNA and 

rRNA enhances methylation [318]. Since the D and D´ box can bind a copy of fibrillarin and 

both possess upstream antisense elements, box C/D snoRNAs can in principle guide two 

distinct 2´-O-methylations in one or multiple RNA molecules [260]. A reorientation of box C/D 

snoRNAs with non-canonical box C´/D´ motifs inside the snoRNP complex might lead to 

alternative base pairing, increasing the target number of a given snoRNA even further [319]. 

Structural analysis of archaeal box C/D sRNPs revealed that the substrate-binding channel of 

the complex accommodates only 10 base pairs of the snoRNA/rRNA duplex [320]. While 

shorter and stable duplexes are allowed, longer duplexes need to be unwound and therefore 

increase the residence time of the duplex within the complex [320]. It can be speculated that 
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this might constitute a control mechanism to ensure that important sites in the rRNA are 

modified, e.g., those interactions with long complementary stretches [320]. 

 

 

Figure 7. Features of box C/D snoRNAs. Conserved residues of boxes C and D are shown. They 
interact to form a functionally important k-turn by means of trans Hoogsteen/sugar-edge 
A•G base pairs, shown in conventional Leontis-Westhof symbols [321]. The core snoRNP 
proteins are shown schematically. The guiding sequences is upstream of the D box with 
methylation occurring in rRNA at the position pairing to the 5th nucleotide upstream of the D 
box (indicated with a methyl group). Base pairing with rRNA (red) is schematically shown. 
Boxes C´ and D´ are usually less well conserved (indicated by small lettering). The separate 
antisense sequence upstream of box D´, allows guidance to a further methylation site.  
 

Box H/ACA snoRNAs are characterized by their eponymous box H (ANANNA) and box ACA, 

essential for nuclear localization and recruitment of the snoRNP complex proteins [300, 322-

324]. Typically, these snoRNAs (Figure 8) consist of double hairpin loops separated by a hinge 

region with each of them possessing an internal pseudouridylation pocket where the target U is 

isomerized to Ψ [300]. The RNA target sites are identified by site-specific base pairing with the 

box H/ACA snoRNA [300]. The RNA component does not act alone in pseudouridylation, 

rather, they form a complex with four common core proteins: Cbf5 (dyskerin in humans), Nhp2, 
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Gar1, and Nop10 (Figure 8). These H/ACA snoRNP core proteins were found to be essential 

for the Ψ formation reaction and stability of the complex [325-328]. The molecular mechanism 

of pseudouridylation was a point of discussion for the last two decades with three main 

hypotheses being put forward: the Michael addition scheme, the acylal scheme, and the glycal 

scheme [329-332]. The first involves two nucleophilic attacks linking the uracil base to the Ψ 

synthase, followed by repositioning of the uracile C1´ close to the ribose C5 and formation of 

the C-C bond [329-331]. The acylal scheme mechanism would generate an acylal intermediate 

after uracil liberation upon the nucleophilic attack of the active site aspartate of the Ψ synthase 

with subsequent rotation of the base and re-attachment of C1´ to the ribose C5 [333]. However, 

recent studies rather support the glycal scheme of Ψ formation [332, 334]. In this model, the 

C2´ carbon deprotonation and detachment of the uracil base forms a glycal complex with double 

bonds between the C1´ and C2´ of the ribose moiety [334]. In vitro reconstitution and 

subsequent assays identified three pivotal sequence and structural features: an obligatory 

distance of 14-16 nt between the target U and either box H or ACA, the thermodynamic stability 

of the snoRNA/target RNA duplex, and the hairpin stability forming the pseudouridylation 

pocket [335]. The substrate RNA is not threaded through the pseudouridylation pocket during 

base pairing, forming a one-sided Ω-shaped interaction motif as observed by NMR studies 

[336]. Such an interaction would allow for a quick and consecutive target RNA base pairing, 

modification, and release from the H/ACA snoRNP complex [336]. Extensive crystallographic 

work throughout the last two decades yielded a detailed insight into H/ACA snoRNP function 

and structure [337-341].These studies have shown that Cbf5, Nop10, and archaeal L7Ae 

(ortholog of Nhp2) interact with the upper stem of the box H/ACA hairpin [337, 338]. Gar1, 

however, only binds to Cbf5 and does not directly interact with the box H/ACA snoRNA or the 

substrate RNA, likely regulating the release of the modified target RNA [339, 341]. The 

positioning of Cbf5’s active site in proximity of the pseudouridylation pocket is facilitated by 

additional interactions with box H or ACA and the lower stem of the hairpin [337, 338]. Base 

paring of the substrate RNA triggers additional interaction between the snoRNP and the 

guide/substrate pair and ensures precise positioning of the target nucleotide in the catalytic site 

of Cbf5 [340, 341]. 
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Figure 8. Features of the box H/ACA snoRNP in eukaryotes. The box H/ACA snoRNA (shown 
in black) is characterized by a double hairpin structure, with each being an individual 
functional unit. Box H and box ACA are shown with their conserved sequence motif, which is 
essential for the formation of the snoRNP complex [300]. The four core H/ACA snoRNP 
proteins, Cbf5 (DKC1 in humans; blue), Gar1 (green), Nop10 (purple), Nhp2 (orange) are 
shown. The substrate RNA and the nucleotides in the pseudouridylation pockets are drawn in 
red. The figure was adapted and is based on the information from Ge and Yu [342]. 
 

Transcription and processing of box C/D and box H/ACA snoRNAs 

Throughout the evolutionary tree of life, snoRNA can mostly be divided into independently 

encoded and transcribed snoRNA genes and intronically encoded snoRNA genes (reviewed in 

Dieci et al. [343]). The majority of snoRNAs in plants [344] and yeast [345] are encoded in 

either monocistronic or polycistronic transcriptionally independent units. Polycistronic coding 

units can consist of homologous or heterologous snoRNA genes [346, 347]. While in 

S. cerevisiae and S. pombe only a minor fraction of snoRNAs can be found in introns [345, 

348], the number of intronic snoRNA genes is increased in higher eukaryotes [349-351] with 

the exception of plants [344]. Independent of the mode of transcription or clustering, the same 

set of endo- and exoribonucleases is involved in the maturation of the pre-snoRNA [352, 353]. 

Pre-snoRNA transcription and processing will only be covered briefly in the next paragraphs 
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and for more detailed information we refer to the excellent reviews on transcription by Dieci et 

al. [343] and on snoRNA maturation by Kufel and Grzechnik [354]. 

Transcription of guide snoRNA from independent promoters is generally facilitated by RNA 

polymerase II (Pol II) [355-357]. The promoter elements driving transcription of guide 

snoRNAs, however, are largely unknown. Only snoRNA genes in yeast are described to feature 

TATA boxes and A/T-rich sequences in their promoters [358]. Also, snR52’s promoter features 

A and B boxes which are typical for tRNA genes and recognized by RNA polymerase III (Pol 

III) [359], which is observed as well in a broad spectrum of eukaryotic organisms [356, 360, 

361]. Transcription of intron-encoded guide snoRNA is coupled to its host gene and therefore 

its promoter elements [343]. As pre-mRNAs are synthesized by Pol II and the snoRNA residing 

in an intron is liberated by splicing [343, 362]. Interestingly, abundance of the mature snoRNA 

is not necessarily coupled to host gene expression. Some transcripts of human snoRNA-

containing genes are targeted for degradation by nonsense-mediated decay (NMD) after 

splicing of the intronic snoRNA(s) [363]. In addition, alternative splicing of host genes 

containing snoRNA genes that are partially or fully located in one of its exons leads to NMD 

[363].  

Processing of pre-snoRNAs into mature guide snoRNAs generally adheres to the same 

sequence of events independent of species and genomic organization. In yeast it begins with 

the 3´-end of the transcribed pre-snoRNA being processed upon Nrd1-Nab3-Sen1 (NNS) 

termination [364, 365] by the exosome and its exonuclease cofactor Rrp6 [366, 367]. In some 

of the pre-snoRNAs, the endoribonuclease Rnt1, an RNase III protein, creates the entry site for 

the exosome and Rrp6 by downstream cleavage of the snoRNA sequence [352]. Intronic 

snoRNAs are released by the splicing debranching enzyme Dbr1 and subsequent Rnt1 cleavage 

and are therefore not coupled to NNS termination [368, 369]. Since Pol II transcripts carry a 

m7G cap [370], exonucleolytic processing can only occur after Rnt1 binds and cleaves a stem 

loop structure in the 5´ extension of the pre-snoRNA [369]. The resulting 5´-end can 

subsequently be processed by the 5´-3´ exonucleases Rat1 and Xrn1 into the mature snoRNA 

[371]. The mature 5´- and 3´-end of the snoRNA are determined by the snoRNP complex, as it 

physically blocks the exonucleolytic enzymes from proceeding [366, 371].  

 

snoRNAs involved in rRNA biogenesis 

Several different snoRNAs have been implicated in the processing of pre-rRNA in various 

species [372]. During evolution, a core set of snoRNAs or functional homologs established 

which fulfil the same steps in processing. This set includes the U3 snoRNA [373], the U14 
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snoRNA [374], snR10 [375], U17 snoRNA/snR30 [376], and U22 snoRNA [377]. 

Additionally, the RNase MRP complex has been shown to facilitate the processing of internal 

transcribed spacer I (ITSI) [378]. Due to preliminary data concerning its role in enhanced rRNA 

processing in development and its potential impact on ribosomal (Christian Hammann, personal 

communication), this work is focused on the U3 snoRNP.  

The RNA component, the U3 snoRNA, carries a box C/C´ and a box D/D´ (B) motif, placing it 

in the family of box C/D snoRNAs [379]. In addition to the canonical box motifs, the U3 

snoRNA contains three non-canonical highly conserved sequence motifs: box GAC, box A´, 

and box A [380]. Unlike other box C/D snoRNAs, the U3 snoRNP does not introduce 2´-O-Me 

but it is an essential part of the small subunit (SSU) processome, a complex involved in 

processing, assembly, and maturation of SSU [381], involved in the early processing (site A0, 

A1, and A2 in yeast) of the SSU rRNA [373, 381-383]. For its role rRNA processing, the 5´ 

domain of the U3 snoRNA (Figure 9) base pairs with four distinct stretches in the 5´-ETS and 

the SSU rRNA regions of the nascent rRNA transcript [384]. Base pairing of the U3 snoRNA 

and the rRNA precursor alone, however, is not sufficient for cleavage at A0, A1, or A2 in yeast 

(the A0 site is absent in D. discoideum [15]). The U3 snoRNA is generally transcribed as an 

independent transcript by Pol II [385, 386], however, Pol III transcription is described in some 

instances [387, 388]. Like many other Pol II transcripts, the U3 snoRNA carries a 

trimethylguanosine (m2,2,7G) cap [389]. U3 snoRNA promoters in vertebrates and invertebrates 

typically contain the proximal sequence element (PSE) also driving the transcription of snRNAs 

[390]. In yeast, the promoter contains a TATA box in addition to some enhancing upstream 

promoter elements [391].  

Even though the U3 snoRNA does not guide methylation, it still needs a complex of all 

members of a canonical box C/D snoRNP (Figure 9) for its activity [392, 393]. In the special 

case of the U3 snoRNP, an additional protein is found as part of the complex: Rrp9 in yeast or 

U3-55K in humans [394]. Rrp9 was first identified in purified U3 snoRNPs from Chinese 

hamster ovary cells [395] and quickly established as essential for rRNA processing [394]. Only 

recently, however, the interactions between Rrp9 and the U3 snoRNA and their impact on 

rRNA processing were characterized in detail by crosslinking and analysis of cDNA [396]. The 

study found that the arginine-289 is required for efficient cleavage at A1 and A2, with the 

combination of the mutations of R289A and helix VI of the U3 snoRNA-SSU rRNA being 

lethal [396]. The association of the U3 snoRNP to the SSU processome was found by co-

precipitation of Sof1 [397] and Mpp10 [398]. Even though, the U3 snoRNA and its protein 
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complex are highly conserved throughout many evolutionary supergroups, a characterization 

in the Amoebozoa and its potential intricacies is lacking.  

 

 
Figure 9. Conserved U3 snoRNA structure. Annotated are the conserved sequence motifs and 
the 5´ domain (inset of the figure). Binding of the core proteins is shown on the conserved U3 
snoRNA structure. The figure was drawn on the basis of Ojha et al. [372]. 
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Aims of the thesis 

Establishment of monitoring techniques for viral infections of the amoeba 

It was the aim of this part of the work to establish protocols and techniques to infect 

D. discoideum productively with giant viruses. For this purpose, a qPCR-based quantitative 

approach to count the viral genomes of APMV and Tupanvirus (TPV) during the infection was 

set up. This technique was chosen due to its ability to detect miniscule amounts of viral DNA 

in a large pool of amoebal DNA molecules. Furthermore, it was the aim to fluorescently label 

the virus and establish parameters needed for detection in flow cytometry. Setting up these 

techniques would allow the monitoring of the infection and its initial events in invasion of 

D. discoideum. Depending on the results of initial infections of the amoeba, different aims 

would be pursued:  

 

Scenario 1: No productive infection of D. discoideum occurs 

In case of no detectable viral replication, it would be the aim to investigate the cellular fate of 

the virus by fluorescence microscopy of APMV-infected cells. Furthermore, the possible 

pathways implicated in this way in the defense against the virus should be manipulated either 

by knockout of factors involved in the process or external manipulation. In case no effect could 

be observed, other giant viruses might be used in the infection of D. discoideum. 

 

Scenario 2: Viral DNA replication occurs but viral morphogenesis is disrupted 

There are many intracellular processes in D. discoideum which might contribute to the 

disruption of the viral morphogenesis of APMV and could potentially be manipulated. 

Therefore, it would be the aim to investigate the factors leading to these observations. One 

possible scenario might be the repression of viral gene expression. Dictyostelium might be able 

to detect and degrade viral transcripts using its RNAi machinery, as already observed for 

bacterial pathogens. 

 

Scenario 3: APMV productively infects D. discoideum 

In case of a productive infection cycle with detectable replication of the viral genome and 

generation of viable viral progeny, the aim would be to characterize the molecular mechanisms 

of the infection or parts of it. The factors involved in this process are not described on a 

molecular level, due to the natural host A. polyphaga not being genetically tractable. Being 

established as a model organism, infections of D. discoideum and the associated viral defense 

organisms would be more convenient to investigate the infection.  
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Elucidation of the landscape of chemical modification of rRNA in D. discoideum 

Even though chemical modifications of rRNA are described across many evolutionary groups 

from archaea to higher eukaryotes, information on ribomal 2´-O-Me and Ψ in the Amoebozoa 

and its model organism D. discoideum is still missing. Earlier work has identified 17 box C/D 

and one box H/ACA snoRNA(s) in D. discoideum, and verified the function of the former in 

rRNA 2´-O-methylation [346]. The number of box C/D snoRNAs, however, was not sufficient 

to cover a potential 2´-O-Me landscape. In addition, ribosome heterogeneity in developmental 

processes has been described as a common theme in other evolutionary supergroups, 

nonetheless, it has not been addressed for the Amoebozoa, yet. 

Owing to these observations, we set out here to elucidate the global pattern of chemical 

modifications in D. discoideum and its development by employing RiboMeth-seq (RMS) for 

2´-O-Me [250] and HydraPsiSeq (HPS) for Ψ [399]. As of the time of this thesis, the rRNA 

secondary structure of D. discoideum and its differences predominantly in the expansion 

segments towards other species has not been described, yet. To locate the modifications in the 

rRNAs and create a comprehensive map, their secondary structure should be predicted by 

homology to other eukaryotic SSU and LSU rRNAs. Upon establishment of the global 2´-O-

Me and Ψ, box C/D and box H/ACA snoRNAs of the amoeba should be identified using 

snoScan, a program developed to find potential box C/D snoRNA loci in the given genome 

[400]. Mapping to their corresponding target sites in the rRNAs should be performed using 

RNAhybrid [401]. A further description of the snoRNA/rRNA interaction would follow. 

Previous work in the group established by using northern blots that the U3 snoRNA is 

developmentally regulated and that the abundance for the 37S primary rRNA transcript is 

decreased 8 and 16 h in the development. As a first step, the U3 snoRNA expression should be 

re-confirmed using RNAseq data sets from axenic growth and 16 h of development. In addition, 

it was of interest to determine the genomic organization and secondary structure of the U3 

snoRNA in D. discoideum and its close relatives in the group of Dictyostelia using in silico 

approaches. Promoter analysis, furthermore, should reveal if any difference in the regulation of 

U3 snoRNA transcription appeared during the evolution of the dictyostelids. 

Overall, this work aims to yield new insights in the chemical modifications and processing of 

D. discoideum’s rRNAs and reveal potential ribosome heterogeneity, also in its development.  
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Materials & Methods 
Parts of the Materials & Methods section were taken and adapted from the PhD theses of 

Manfred Schäck [402], Janis Melanie Kruse [403], and Marek Malicki [404]. Parts of this 

chapter are included in the manuscript entitled “Ribosome heterogeneity in Amoeboza: 

fractional 2´-O-Methylation in the ribosomal RNA of Dictyostelium discoideum”, which is 

published in Scientific Reports. All sections concerned with 2´-O-methylation in the amoeba 

are adapted from this manuscript. 

 

Materials 

Equipment 

Autoclave      Systec, Linden 

Balances: 

Finebalance     1413MP8; Sartorius, Göttingen 

Binocular      Carl Zeiss Jena, Jena 

Blotting equipment: 

Semidry blot     Fastblot; Biometra Göttingen 

Centrifuges: 

Centrifuge 5417C    Eppendorf, Hamburg 

Centrifuge 5418R    Eppendorf, Hamburg 

Heraeus Multifuge 3 S-R   ThermoFisher Scientific, Waltham 

Rotina 380R     Hettich, Tuttlingen 

Cell counter      Casy TT Cell Counter; OLS, Bremen 

Electrophoresis equipment: 

Agarose gels     Mupid-One; Advance, Tokyo 

PA gels     University of Kassel 

SDS PA gels     Invitrogen, Waltham 

Geiger counter     MiniMonitor 900G; ThermoFisher  

Scientific, Waltham 

Gel documentation     IX Imager 20; Intas, Göttingen 

Incubators: 

 Shake ‘n’ stack incubator   Thermo Hybaid, Heidelberg 

Shaking incubator    Certomat BS-1, Sartorius, Göttingen 

 Incubator     ThermoFisher Scientific, Waltham 
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uniINCU 28 Cool incubator   LLG Labware, Meckenheim 

Microscopes: 

Axio Vert.A1     Zeiss, Jena 

Motic AE 2000    Motic Europe, Barcelona 

LSM 510 /ConfoCor 2   Zeiss, Jena 

pH-meter      Inolab pH7110; WTW Weilheim 

Phosphoimager     FLA3000; Fujifilm, Düsseldorf 

Power supplies: 

≤ 300 V     Enduro 300 V; Labnet, Edison 

≥ 3,000 V     Consort EV232; Consort, Turnhout 

Shaker for Dictyostelium    Laboshake; Gerhardt, Königswinter 

Spectrophotometer: 

Nanodrop 2000    ThermoFisher Scientific, Waltham 

Biophotometer plus    Eppendorf, Hamburg 

Thermocyclers: 

Biometra TAdvanced    Analytik Jena, Jena 

FlexCycler     Analytik Jena, Jena 

Primus 25     Peqlab Hain Lifesciences, Nehren  

realplex2 Mastercycler   Eppendorf, Hamburg 

UV-table (365 nm)     ECX-F20.L; Vilber, Eberhardzell 

Water bath      Memmert, Schwabach 

 

Consumable items 

24-well plates      Sarstedt, Nürnbrecht 

Coverslips      ThermoFisher Scientific, Waltham 

Cuvettes      Ratiolab, Dreieich 

Falcon tubes (15 mL, 50 mL)    ThermoFisher Scientific, Waltham 

Filter paper      Whatman, Dassel 

Fluoresbrite® YG 4.5 µm carboxylate beads  Polysciences, Hirschberg a. d. Bergstraße 

Nitrocellulose filter     Type HAWP 04700, Millipore, Eschborn 

Nitrocellulose membrane    porablot™ NCP, Macherey-Nagel, Düren 

PCR reaction tubes (0.2; 0.5 ml)    Sarstedt, Nürnbrecht 

Petri dishes (10 ml)     Corning, New York 

Reaction tubes (1.5 ml; 2 ml)    Sarstedt, Nürnbrecht 
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Syringes      Omnifix-F 1 ml B. Braun, Melsungen 

 

Kits 

GeneJet™ Gel extraction Kit    ThermoFisher Scientific, Waltham 

GenElute Plasmid MiniPrep kit   Merck, Darmstadt 

CloneJet PCR cloning Kit (pJET1)   ThermoFisher Scientific, Waltham 

 

Chemicals 

Unless indicated otherwise, chemicals were purchased from Roth, Karlsruhe and Merck, 

Darmstadt. 

 

Antibiotics 

Amphotericin B (250 µg/mL)   PAA, Cölbe 

Ampicillin (50 µg/mL)    Roth, Karlsruhe 

Penicillin (10000 u/mL)    PAA, Cölbe 

Streptomycin (10 mg/mL)    PAA, Cölbe 

 

Media for cell cultivation 

Media for E. coli: 

LB medium (1 L, pH 7.0)    1% (w/v) Bacto-Tryptone 

       0.5% (w/v) Yeast extract 

       85.5 mM NaCl 

 

LB-Amp medium     50 µg/mL  Ampicillin 

       in LB medium 

 

LB-Agar      1.3% (w/v)  Agar-Agar 

       in LB medium 

 

LB-Amp Agar      50 µg/mL Ampicillin 

       in LB medium 
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Media for amoebae: 

HL5 medium, pH 6.4     HL5 supplemented with glucose, 

       (Formedium, 35.5 g/L) 

 

G0 medium      50 µg/mL Ampicillin 

       0.25 µg/mL Amphotericin B 

       10 u/mL Penicillin 

       10 µg/mL Streptomycin 

       in HL5 medium 

 

BS10 medium      10 µg/mL Blasticidin 

       in G0 medium 

 

G10 medium      10 µg/mL Geniticin G418 

       in G0 medium  

 

PYG medium      1.25 g  Peptone 

       1.25 g  Yeast extract 

       3 g  Dextrose 

 

Sørensen -Agar     13 g/L agar-agar 

       in Sørensen phosphate buffer 

 

Buffers and solutions 

Alkaline phosphatase buffer (pH 9.5)  100 mM Tris 

       100 mM NaCl 

       5 mM  MgCl2 

 

Blocking solution     5% (w/v) skimmed milk 

       in 1X TBS-T 
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Church buffer (pH 7.2)    0.5 M  Na2HPO4 

       1 mM  EDTA, pH 8.0 

       7% (w/v) SDS 

       1% (w/v) BSA 

       0.34% (v/v) H3PO4 

 

DNA loading dye (6X)     20 mM  Tris/HCl, pH 8.0 

120 mM  EDTA pH 8.0 

50% (v/v)  Glycerol 

0.03% (w/v) Bromphenol blue 

0.03%  (w/v) Xylene cyanol 

 

Ethidium bromide solution    1 mg/mL  Ethidium bromide in ddH2O 

 

2X Laemmli buffer (pH 6.8)    0.5 M  Tris 

       20% (v/v) Glycerol 

       10% (w/v) SDS 

       0.1% (w/v) Bromophenolblue 

       1 mM  DTT 

 

NRO lysis buffer (without NP40)   50 mM  HEPES,  

       40 mM  MgCl2 

       20 mM  KCl 

       2 mM  DTT 

       5% (w/v) Sucrose 

 

 

NRO reaction buffer (5X)    200 mM Tris/HCl, pH 8.0 

       250 mM KCl 

       50 mM  MgCl2 

       0.5 mM DTT 

       25% (v/v) Glycerol 
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PA gel elution buffer     40% (v/v) Formamide 

       0.7% (w/v) SDS 

 

PA gel running buffer , pH 8.0   40 mM  MOPS, pH 7.0 

       10 mM  Sodium acetate 

       1 mM  EDTA, pH 8.0 

 

PA gel stock solution (sterile-filtered)  7 M   Urea 

       12% (v/v) Rotiphorese® Gel40 

       20 mM  MOPS, pH 7.0 

 

Paraformaldehyde fixation solution   4% (w/v) paraformaldehyde 

       in 20 mM phosphate buffer, pH 7.4 

 

10X PBS (pH 7.3)     1.37 M  NaCl 

27 mM  KCl 

14 mM  KH2PO4  

43 mM  Na2HPO4  

 

Permeabilization solution    0.1% (v/v) Triton X-100 

       0.5% (v/v) FCS 

       in 1X PBS 

 

PFA quenching solution    1 M glycine 

       in 1X PBS 

 

Poly-L-lysine solution    25 mg/mL poly-L-lysine 

       in 1X PBS 

 

Quenching solution (pH 4.4)    2 mg/mL trypan blue 

       5 mM sodium azide 

       in 0.15 M NaCl / 0.15 M sodium citrate 
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Ponceau S staining solution    0.5% (w/v) Ponceau S 

       5% (v/v) Glacial acetic acid 

 

RNA loading dye (2X)    95% (v/v)  Formamide 

       17 mM  EDTA, pH 8.0 

       0.025% (w/v) Bromphenol blue 

       0.025% (w/v) Xylene cyanol 

 

Sephadex G50 solution    5 g   Sephadex G50 

       70 mL   1X TE buffer 

 

Sørensen phosphate buffer (pH 6.0)   2 mM   Na2HPO4 

       15 mM  KH2PO4 

 

Solution I      25 mM  Tris/HCl, pH 7.4 

       10 mM  EDTA 

       15% (w/v)  Sucrose 

Solution II      200 mM  NaOH 

       1% (w/v)  SDS 

 

Solution III      3 M   Sodium acetate 

 

10X SDS running buffer (pH 8.3)   1.92 M  Glycine 

       250 mM Tris 

       1% (w/v) SDS 

SSC (20X)      3 M   NaCl 

       300 mM  Sodium citrate, pH 7.0 

 

TBE buffer (5X)     445 mM  Tris/HCl, pH 8.2 

       445 mM  Boric acid 

       10 mM  EDTA, pH 8.0 
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10X TBS-T buffer (pH 7.6)    200 mM Tris 

       1.5 M  NaCl 

       1% (v/v) Tween-20 

 

TE buffer (10X)     100 mM  Tris/HCl, pH 7.5 

       10 mM  EDTA, pH 8.0 

 

TNES-7U buffer     20 mM  Tris/HCl, pH 7.5 

       125 mM NaCl 

       10 mM  EDTA, pH 8.0 

       1% (w/v) SDS 

       7 M  Urea 

 

Towbin transfer buffer (pH 8.3)   1.92 M  Glycine 

       250 mM Tris 

       20% (v/v) Methanol 

Strains 

E. coli: 

 XL10-Gold Ultracompetent Cells  Agilent, Santa Clara 

 

D. discoideum: 

 AX2      Watts and Ashworth [4] 

 ∆drnB      Avesson et al. [405] 

DH1-10     Cornillon et al. [406] 

 ∆rrpA      Wiegand and Hammann [407] 

 ∆rrpB      Wiegand and Hammann [407] 

 ∆rrpC      Wiegand and Hammann [407] 

 ∆agnA      Boesler et al. [408] 

 ∆agnB      Boesler et al. [408] 

 ∆atg1      King et al. [140] 

 ∆wshA      Park et al. [409] 

 ∆vacB      Jenne et al. [142] 

 ∆nramp1     Peracino et al. [23] 

 ∆nrampB     Peracino et al. [410] 



Materials & Methods 
 

54 

 ∆racH      Somesh et al. [411] 

 ∆kil1      Benghezal et al. [412] 

 ∆alyA      Müller et al. [413] 

 ∆5P4      Loovers et al. [414] 

 ∆vsk1      kindly provided by the Jin lab, NIH, USA 

 ∆vsk2      kindly provided by the Jin lab, NIH, USA 

 ∆vsk3      Fang et al. [415] 

 

Viruses 

 Acanthamoeba polyphaga mimivirus La Scola et al. [31] 

 Tupanvirus Deep Ocean   Abrahão et al. [416] 

 Cedratvirus A11    Andreani et al. [417] 

 

Enzymes 

Unless indicated otherwise, enzymes were purchased from ThermoFisher Scientific, Waltham 

or New England Biolabs, Ipswich. 

 

Antibodies 

Primary antibodies: 

α-APMV      kindly provided by Bernard La Scola [31] 

α-VatA      Neuhaus et al. [418] 

α-VacB      Rauchenberger et al. [143] 

α-p80       Ravanel et al. [419] 

α-DKC1       Bethyl Laboratories, Montgomery 

 

Secondary antibodies: 

goat α-rabbit-Alexa488    ThermoFisher Scientific, Waltham 

goat α-mouse-Alexa488    ThermoFisher Scientific, Waltham 

goat α-rabbit-Alexa594    ThermoFisher Scientific, Waltham 

Goat α-rabbit alkaline phosphatase conjugated Dianova, Hamburg 

 

Dyes 

SYBR Green I      ThermoFisher Scientific, Waltham 
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DRAQ5™      biostatus, Leicestershire 

Phalloidin-Alexa-468     ThermoFisher Scientific, Waltham 

Phalloidin-Alexa-568     ThermoFisher Scientific, Waltham 

 

Oligonucleotides 

Desalted DNA oligonucleotides were purchased in a synthesis scale of 0.05 μmol from Merck, 

Darmstadt. Sequences are listed in Table S2 and Table S3. 

 

Vectors 

pJET1/blunt      ThermoFisher Scientific, Waltham 

 

Molecular weight standards 

GeneRuler™ 100 bp DNA ladder Plus  ThermoFisher Scientific, Waltham 

GeneRuler™ 1 kb DNA ladder   ThermoFisher Scientific, Waltham 

GeneRuler™ Ultra-low Range DNA ladder  ThermoFisher Scientific, Waltham 

PageRuler™ Prestained Protein Ladder Plus  ThermoFisher Scientific, Waltham 

RiboRuler™ High Range RNA ladder  ThermoFisher Scientific, Waltham 

RiboRuler™ Low Range RNA ladder   ThermoFisher Scientific, Waltham 

 

Software  

BEDtools v. 2.29.2     Quinlan and Hall [420] 

Bioconductor v. 3.13    Huber et al. [421] 

BLAST+ v. 2.12.0     Altschul et al. [422] 

bowtie v. 1.2.3     Langmead and Salzberg [423] 

cutadapt v. 3.3     Martin [424] 

DataCombine v. 0.2.21    Gandrud [425] 

EndNote X9 v. 9.3.3     The EndNote Team [426] 

fastqc v. 0.11.9     Andrews [427] 

featureCounts v. 2.0.0    Liao et al. [428] 

Fiji v. 2.1.0      Schindelin et al. [429] 

FlowJo v. 10.8.0     Becton Dickinson and Company [430] 

GraphPad Prism v. 9.1.1    GraphPad Software [431] 

LinRegPCR v. 11.0     Ramakers et al. [432], Ruijter et al. [433] 



Materials & Methods 
 

56 

Infernal v. 1.1.1     Nawrocki and Eddy [434] 

MAFFT v. 7.475     Katoh and Standley [435] 

MEME v. 5.0.2      Bailey et al. [436] 

miniconda v. 4.10.3     Anaconda Inc. [437] 

miRTrace v. 1.0.1     Kang et al. [438] 

MUSCLE v. 3.8.31     Madeira et al. [439] 

snoScan v. 0.9.1     Lowe and Eddy [400] 

SRA toolkit v. 2.11.1    www.ncbi.nlm.nih.gov/sra 

R2R v. 1.0.6      Weinberg and Breaker [440] 

R v. 4.1.0      R Core Team [441] 

RStudio v. 1.3.959     RStudio Team [442] 

R packages used: 

ComplexHeatmap v. 2.5.3   Gu et al. [443] 

dendsort v. 0.3.3    Sakai [444] 

DESeq2 v. 1.29.6    Love et al. [445] 

GenomicRanges v. 1.41.5   Lawrence et al. [446] 

 GenonmeInfoDb v. 1.25.10   Arora [447] 

ggplot2 v. 3.3.2    Wickham [448] 

mdthemes v. 0.1.0    Neitmann [449] 

RColorBrewer v. 1.1.2   Neuwirth [450] 

stats v. 4.0.2     R Core Team [441] 

tibble v. 3.0.3    Müller [451] 

RNAhybrid v. 2.1.2     Rehmsmeier et al. [452] 

RNAviz v. 2.0.3     De Rijk et al. [453] 

SAMtools v. 1.10     Li et al. [454] 

SnapGene v. 5.3     GSL Biotech LLC [455] 

ViennaRNA v. 2.4.14     Lorenz et al. [401] 

ViennaRNA packages used: 

 RNAalifold v. 2.4.14    Lorenz et al. [401] 

RNAduplex v. 2.4.14    Lorenz et al. [401] 

 RNAfold v. 2.4.14    Lorenz et al. [401] 

Viral Recall v. 2.0     Aylward and Moniruzzaman [456] 

WebLogo v. 3.7     Crooks et al. [457] 
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Cell culture techniques 

Cultivation of D. discoideum 

The D. discoideum strains used in this thesis were cultivated in G0 medium at 22°C in shaking 

suspension or adherent in a petri dish. Shaking cultures were cultivated at 140 rpm. Exchange 

of medium and splitting was performed at 70-100% confluence. 
 

Generation of spores from Dictyostelium 

For the preparation of spores of D. discoideum for long-term storage, 2 x 108 cells were pelleted 

for 3 min at 300 x g and washed twice with 25 mL Sørensen buffer. Subsequently, the pellet 

was resuspended in 1 mL Sørensen buffer and transferred on Sørensen agar plates. After three 

to four days, spores were harvested by banging the plates lid facing down. The spores were 

collected in 1 mL Sørensen buffer and stored at -80°C. 

 

Filter development of D. discoideum 

Filter development was performed using 5 × 108 of axenically grown D. discoideum cells 

pelleted for 5 min at 500 x g and washed three times with Sørensen buffer (2 mM Na2HPO4, 

15 mM KH2PO4, (pH 6.7)). The pellet was resuspended in Sørensen buffer and transferred in a 

6-cm dish containing two layers of Whatman® paper topped off with a nitrocellulose 

membrane. After 16 h, the slugs were harvested by washing the nitrocellulose membrane with 

Sørensen buffer and spun down by centrifugation at 500 x g for 5 min. RNA was isolated from 

the resulting pellet. 

 

Cultivation of A. polyphaga 

The natural host of many giant viruses, A. polyphaga, was cultivated in PYG medium 

supplemented with 7% fetal calf serum, 50 µg/mL ampicillin, 250 ng/µL amphotericin B, and 

500 u/mL penicillin/streptomycin at 32°C. Cell culture was split every second day. The strain 

was kindly provided by Didier Raoult (Aix-Marseille Université). 

 

Generation of giant viruses using A. polyphaga 

For the generation of viral particles, A. polyphaga was infected at multiplicity of infection 

(MOI) 1 and kept at 32°C until amoebal lysis occurred. Depending on the virus the time until 



Materials & Methods 
 

58 

complete lysis varied between 24 h and three to four days. However, purification for all viruses 

were performed as described here. 

Upon complete amoebal lysis, cellular debris was removed by centrifugation for 5 min at 

500 x g and all remaining particles were pelleted for 30 min at 4,000 x g. The supernatant was 

discarded and the pellet containing the viral particles resuspended in 500 µL Sørensen buffer. 

For the removal of remaining amoebal genomes, 60 µL 10X DNaseI reaction buffer (+MgCl2) 

and 25 µL DNase I (1 u/µL; Thermo Fisher Scientific Inc., USA) was added and the reaction 

incubated for 60 min at 37°C. The DNase I was inactivated by addition of 25 µL 500 mM 

EDTA and incubation for 10 min at 65°C. Subsequently, 9.8 mL 1 M NaCl was added, and the 

mixture incubated for 60 min at 4°C. The solution containing the viral particles was layered 

upon a 50% sucrose cushion and centrifuged for 60 min at 4,000 x g without brake. Viral 

particles found in the pellet were resuspended in 2 mL Sørensen and frozen at -80°C in 250 µL 

aliquots. 

 

Cultivation of E. coli 

Cultivation of E. coli was performed either on LB-agar plates or in liquid LB medium at 

200 rpm and 37°C in an incubator. Depending on the selectable markers, antibiotics were added 

to the medium. Glycerol stocks were created by mixing 1 mL of an exponentially growing 

culture with 250 µL 86% glycerol (sterile), incubating for 20 min at room temperature, and 

subsequent freezing at -80°C. 

 

Generation of chemically competent E. coli cells using the CaCl2 method 

For the preparation of chemically competent cells, 5 mL LB medium was inoculated with 

E. coli XL-10 Gold and incubated overnight at 37°C and 200 rpm. Subsequently, 50 mL LB 

medium was inoculated with 2 mL of the overnight culture and grown to an OD600nm = 0.3-0.4 

at 37°C and 200 rpm. Upon reaching the desired OD, the cells were pelleted by centrifugation 

for 10 min at 3,200 x g, resuspended in 50 mL 50 mM CaCl2 (sterile), and incubated for 30 min 

on ice. The cells were pelleted again for 10 min at 3,200 x g and resuspended in 20 mL 50 mM 

CaCl2 containing 15% (v/v) glycerol (sterile). The suspension was frozen in 200 µL aliquots in 

liquid nitrogen and stored at -80°C. 
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Techniques used in infection of D. discoideum 

Infection of Dictyostelium with giant viruses 

For the infection of Dictyostelium with giant viruses, 2 x 107 AX2 cells were infected at MOI 1 

at a temperature of 22°C, if not stated differently. Each infection was performed in independent, 

biological triplicates. At first, the appropriate number of viruses was spread in a 10-cm dish and 

the AX2 cells were spun down onto the viruses at 300 x g for 3 min to synchronize the infection. 

The time allowed for infection to take was place was dependent on the experiment and was 

indicated accordingly. Cells and viruses for qPCR were harvested after the infection by 

centrifugation for 20 min at 3,000 x g. Samples for immunofluorescence were harvested by 

centrifugation for 5 min at 500 x g onto poly-L-lysine coated coverslips and fixed using 4% 

paraformaldehyde (PFA). After 30 min of fixation, the remaining PFA was quenched using 

quenching solution and the coverslips were stored in Sørensen buffer at 4°C. 

 

External manipulation of phagosomal conditions and acid treatment of APMV 

The acid treatment of giant viruses was performed by centrifugation of the viral particle 

suspension in Sørensen buffer at 16,000 x g for 5 min and resuspension in 1 mL phosphate 

buffer at pH 2.0. After 60 min of incubation at room temperature, the viruses were pelleted by 

centrifugation at 16,000 x g for 5 min and washed three times in Sørensen buffer. Subsequently, 

the acid-treated viral particles were resuspended in Sørensen buffer and immediately used for 

infection. The external manipulation of phagosomal conditions were performed by 

supplementing the G0 medium used in infection with either 20 mM NH4Cl or 0.1X protease 

inhibitor. The addition of NH4Cl results in the increase of phagosomal pH by ~2. The protease 

inhibitor was added to inhibit lysosomal proteases. G0 medium without any additives was used 

as negative control. Infections were performed with either acid-treated or untreated virus at 

MOI 1 as described above. 

 

Immunofluorescence of infected Dictyostelium cells 

Immunostaining of infected AX2 cells was performed mostly according to Hagedorn et al. 

[458]. As a first step, permeabilization was carried out in permeabilization solution for 5 min. 

Subsequently, the coverslips were incubated in a 1X PBS solution containing the primary 

antibodies for at least 60 min. After the incubation time, the coverslips were dipped three times 

in 1X PBS for washing and incubated again for 5 min in permeabilization solution. The 

coverslips were incubated with the secondary antibodies in 1X PBS for at least 60 min in the 
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dark. DNA was stained in the same step by addition of DRAQ5™ in a 1:1,000 and RNase A in 

a 1:100 dilution. The actin cortex of the AX2 cells was stained using Alexa-conjugated 

phalloidin at a dilution of 1:700. Followingly, the coverslips were washed three times in 

1X PBS and embedded in embedding medium. The coverslips were examined using the 

LSM 510 and the images were processed using Fiji [429]. 

 

SYBR Green I staining of viral particles 

Giant virus particles were stained for flow cytometry using SYBR Green I. For this purpose, 

viral particles were pelleted briefly at 16,000 x g for 5 min and resuspended in Sørensen buffer 

contained 0.1X, 1X, or 10X SYBR Green I. This mixture was incubated for 48 hours on a 

rolling incubator at 4°C in the dark. To remove excess SYBR Green I dye, the viral particles 

were washed three times with Sørensen buffer and spun down at 16,000 x g for 5 min between 

each washing step. After the last wash, the fluorescent giant viruses were resuspended in 

Sørensen buffer and stored at -80°C until further use. 

 

Flow cytometry of giant viruses 

Flow cytometry was performed with SYBR Green I-stained Cedratvirus (CeV) particles and 

AX2 cells. An amount of 2 x 106 particles/live cells were used in each experiment, if not 

otherwise indicated. In general, cells and viral particles were fixed in 4% PFA and quenched 

with quenching solution before flow cytometry. Before injection, cells and/or viruses were 

mixed in 1 mL Sørensen buffer. The injection speed was set to 1 µl per second and, due to the 

mixture of particles, the measurement was automatically stopped after 60 µL. Subsequent data 

analysis was performed using FlowJo v. 10 [430].  

For the establishment of the staining conditions, CeV was stained with 0.1X, 1X, and 10X 

SYBR Green I. Fluorescent beads were used as a positive control. The supplement of the 

staining solution with 1% (v/v) Triton X-100 was tested with a 10X SYBR Green I 

concentrations during staining. Unstained virus served as the negative control. 

Monitoring of phagocytosis was performed by mixing AX2 and CeV particles. The mixture 

was either fixed and quenched immediately or incubated for 15 min to allow for phagocytosis. 

Unstained AX2 cells and stained CeV were used as negative controls and the samples 

immediately fixed served as negative phagocytosis control.  

Quenching of the extracellular fluorescence was done by addition of a trypan blue-containing 

quenching solution before the measurement. Quenched and unquenched viral particles and AX2 
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cells served as negative control for this experiment. The monitoring of phagocytosis was 

repeated with and without the addition of quenching solution. 

To reduce the surface binding of CeV particles, viral particles were pre-incubated with sugar 

solutions. Based on the study by Rodrigues et al. [69], the monosaccharides galactose and 

glucose were used at a concentration of 100 µg/mL. CeV particles were incubated in either a 

galactose or glucose solution on a rolling incubator for 60 min at 4°C. The virus was washed 

three times with Sørensen buffer to remove excess sugar molecules. CeV particles, AX2 cells, 

and untreated virus mixed with AX2 were used as negative controls. 

 

Molecular biological techniques 

Phenol/chloroform extraction of nucleic acids 

Undesired proteins were removed from aqueous solutions containing nucleic acids by 

phenol/chloroform/isoamyl alcohol (PCI; 125:24:1) extractions. Equal volumes of sample (at 

least 200 µL) and PCI were mixed and separated by centrifugation at 16,000 x g for 2 min. The 

resulting aqueous phase was subjected to ethanol precipitation. 

 

Ethanol precipitation of nucleic acids 

Dissolved nucleic acids were precipitated in the presence 3 vol. (v/v) ethanol and 0.1 vol. (v/v) 

3 M sodium acetate (pH 4.7). Nucleic acids were allowed to precipitate at -20°C for at least 

30 min. Subsequently, nucleic acids were collected by centrifugation at 16,000 x g for 20 min 

and washed twice with 70% ethanol (DNA) or 75% ethanol (RNA) to remove residual salts. 

The air-dried nucleic acids were dissolved in nuclease-free ddH2O. 

 

Agarose gel electrophoresis 

Quality and size were determined using agarose gel electrophoresis. Furthermore, desired 

nucleic acid fragments could be isolated from a mixture of heterologous-sized fragments 

≥ 100 nt. The concentration of the agarose was chosen according to Table 1 adapted from 

Green & Sambrook (2012). Gels were prepared by boiling high-melting-temperature agarose 

in 1X TBE. Upon cooling to at least 65°C, the mixture was supplemented with 0.5 µg/mL (w/v) 

ethidium bromide, which intercalates in double-stranded DNA and allows visualization after 

excitation by UV light. Since intercalated ethidium bromide retards DNA migration, gels to 

determine accurate DNA or RNA sizes were run without ethidium bromide and stained for 

20 min in 1X TBE supplemented with 0.5 µg/mL ethidium bromide. For gel loading, 6X DNA 
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loading dye was mixed with the sample to a 1X concentration. The analysis of RNA quality 

and size was performed as described for DNA. However, 10 mM guanidinium thiocyanate 

(GTC) was added to the agarose after cooling and RNA samples were denatured for 2-3 min at 

95°C before loading. Instead of DNA loading dye, 2X RNA loading dye was mixed with the 

sample to achieve a 1X concentration. Nucleic acids were separated at 6 V/cm electrode 

distance for DNA and 2 V/cm electrode distance for RNA. 

 

Table 1. Resolution of linear DNA fragments depending on agarose concentration. Adapted 
from Green and Sambrook [459]. 
Agarose concentration [%] Range of separation [bp] 
0.5 700 - 25,000 

0.8 500 - 15,000 

1.0 250 - 12,000 

1.2 150 - 6,000 

1.5 80 - 4,000 

2.0 50 - 2,000 

 

Polyacrylamide gel electrophoresis of nucleic acids 

Small RNAs (< 1000 nt) were separated in polyacrylamide gels containing either 7 M Urea for 

denaturing or no additives for native polyacrylamide gels. Stock solutions including between 

6 and 12% polyacrylamide were stored in the dark until use. For polymerization, 0.5% (v/v) 

APS and 0.1% (v/v) TEMED were added and immediately poured between two glass plates 

separated by 2 mm spacers. Gel loading occurred after denaturing at 95°C or immediately for 

native conditions and electrophoresis was conducted at a constant current of 25 mA. 

 

Re-isolation of nucleic acids from agarose or polyacrylamide gels 

Desired nucleic acid fragments were recovered from agarose gels using the GeneJET Gel 

Extraction Kit. Extraction of RNA from polyacrylamide gels was performed by addition of 

300 µL PA gel elution buffer and incubation overnight while shaking. Nucleic acids were 

concentrated using PCI extraction and ethanol precipitation. 

 

Polymerase chain reaction (PCR) 

Desired DNA fragments were exponentially amplified by polymerase chain reaction (PCR) 

using a thermostable DNA polymerase and specific oligonucleotides for the DNA region of 

interest [460].  
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Generally, the Taq polymerase was used for analytic purposes. It can also be utilized for the 

generation of inserts used in TA cloning, as it adds a non-templated A at the 3´-end. The Taq 

polymerase, however, lacks a 3´-5´ proofreading activity, reducing its replication fidelity. 

Therefore, the more accurate Phusion polymerase, carrying a 3´-5´ exonuclease activity, was 

used in the generation of DNA inserts for molecular cloning. PCRs were performed as described 

in Table 2 for Taq polymerase and Table 3 for Phusion polymerase using the general PCR 

program indicated in Table 4. To accommodate for the AT-rich genome of D. discoideum, the 

elongation temperature was decreased to 68°C, effectively doubling the time of elongation. 

 

Table 2. PCR setup for the Taq polymerase.  
Component Final concentration/amount Volume 
Template 100-250 ng depends on template conc.  

dNTP’s (5 mM each nt) 250 µM each nt 2.5 µL 
MgCl2 (25 mM) 0.5-2.5 mM 1-5 µL 

Forward primer (3 µM) 300 nM 5 µL 

Reverse primer (3 µM) 300 nM 5 µL 

Taq polymerase  1 µL 

H2O  ad 50 µL 

 

Table 3. PCR setup for the Phusion polymerase.  
Component Final concentration/amount Volume 
Template 100-250 ng depends on template conc.  

dNTP’s (5 mM each nt) 250 µM each nt 2.5 µL 

MgCl2 (50 mM) 2.5 mM 2.5 µL 

Forward primer (3 µM) 300 nM 5 µL 

Reverse primer (3 µM) 300 nM 5 µL 

Phusion polymerase  0.5 µL 

H2O  ad 50 µL 

 

Table 4. General PCR program utilized.  
Step Temperature Duration Number of cycles 
Initial denaturation 95°C 2 min  1 

Denaturation 95°C 20 sec  

Annealing 50-65°C 20 sec 30-40 

Elongation 68°C 2 min/kb  

Final Elongation 68°C 2-10 min 1 
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Restriction digest of plasmids 

Restriction enzymes were utilized to linearize, analyze plasmids, or facilitate directional 

insertion of the desired fragment into the plasmid of choice. Type II restriction enzymes usually 

cleave within a 6 nt-long, palindromic recognition site either generating ‘sticky’ ends with 3 nt-

long overhangs on the 5’ end or ‘blunt’ ends without any overhangs. The set-up of an analytical 

restriction digest is shown in Table 5, while the mix for preparative reactions used for 

linearization and cloning is shown in Table 6. Generally, the restriction digest was run for at 

least 2 h to a maximum of 16 h at 37°C. Double digests were prepared according to 

DoubleDigest Calculator (ThermoFisher Scientific Inc., Waltham).  

 

Table 5. Set-up of analytical restriction digest. 
Component Volume/amount 
Plasmid DNA 2 to 4 µg 

Restriction enzyme (10 u/µL) 0.5 µL 

10X reaction buffer 1 µL 

Nuclease-free ddH2O ad 10 µL 

 

Table 6. Set-up of preparative restriction digest. 
Component Volume/amount 
Plasmid DNA 2 to 25 µg 

Restriction enzyme (10 u/µL) 2 µL 

10X reaction buffer 5 µL 

Nuclease-free ddH2O ad 50 µL 

 

Dephosphorylation of nucleic acids using alkaline phosphatase 

Nucleic acids were dephosphorylated 1U FastAP per 1 µg nucleic acids in the supplied 1X 

FastAP buffer at 37°C for at least 30 min and PCI-extracted and precipitated in ethanol. 

 

Ligation of DNA fragments  

Cloning of PCR fragments into pJET1/blunt was performed according to the manufacturer’s 

instructions.  

 

Transformation of chemically competent E. coli XL-10 Gold cells 

Transformation of chemically competent cells was performed with 10 ng plasmid for re-

transformation and 50-100 ng plasmid for fresh ligations. Competent cells were thawed on ice. 
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Subsequently, the desired plasmid was added, and the tube was mixed with a few careful flicks. 

The mixture was incubated for 30 min on ice. Cells were transformed by a heat-shock for 

exactly 90 sec. Afterwards, the cells were stored for 5 min on ice. For plasmids carrying an 

ampicillin selectable marker, cells were immediately plated on LB-agar plates containing 

50 µg/mL ampicillin. Cells carrying plasmids with different antibiotics were incubated with 

900 µL LB medium (without antibiotic) for at least 1 h at 37°C. After incubations, cells were 

pelleted for 10 min at 1,700 x g, resuspended in 100 µL LB medium, and plated on a LB-agar 

plates containing the respective antibiotic. 

 

Plasmid minipreparation 

Plasmids were isolated from overnight culture of the desired E. coli grown at 200 rpm and 

37°C. First, 2 mL culture were pelleted for 2 min at 16,000 x g and the step was repeated to 

increase yield. The pellet was resuspended in 200 µL solution I and mixed with 250 µL 

solution II by inverting the tube at least 10 times. After 5 min of incubation, 300 µL solution III 

was added and the sample carefully mixed by inverting. Subsequently, the cellular debris was 

pelleted by centrifugation for 15 min at 16,000 x g. The supernatant (approx. 750 µL) was 

transferred into a fresh tube containing 750 µL isopropanol and left at room temperature for at 

least 20 min. Precipitated plasmids were pelleted by centrifugation for 10 min at 16,000 x g. 

The pellet was washed twice with 70% ethanol and after drying dissolved in 50 µL nuclease-

free ddH2O. 

 

In vitro transcription 

RNA molecules used in nuclear run-on transcription were generated using in vitro transcription. 

PCR products with an added T7 promoter ligated into pJET1/blunt were used as template after 

linearization with XhoI (10 u/µL). The reaction was prepared as shown in Table 7  and 

incubated for 2 h at 37°C. Subsequently, 100 µL TE buffer (pH 7.0; RNase-free) was added 

and mixed with an equal volume phenol:chloroform:isoamyl alcohol (125:24:1; pH 4.3). Phases 

were separated by centrifugation for 2 min at 16,000 x g and 4°C. The aqueous phase was 

precipitated with ethanol and the pellet was resuspended in 30 µL nuclease-free ddH2O or RNA 

loading dye. 
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Table 7. Set-up of in vitro transcription. 
Component Volume/amount 
Linearized plasmid 1300 ng 

20X transcription buffer 5 µL 

NTPs (5 mM each) 16 µL 

MgCl2 (100 mM) 5 µL 

RiboLock (40 u/µL) 2 µL 

Inorganic pyrophosphatase (0.1 u/µL) 5 µL 

T7 Polymerase (20 u/µL) 10 µL 

Nuclease-free ddH2O ad 100 µL 

 

Nuclear run-on transcription 

Nuclear run-on transcription was used to chart the rate of transcription of the 37S primary rRNA 

transcript throughout D. discoideum development. For this purpose, cells were harvested at time 

points 0, 8, 16, and 24 h of development and their nuclei were isolated by gentle lysis of the 

cells in NRO lysis buffer. The isolated nuclei resumed transcription when provided with a 

reaction buffer containing ATP, CTP, GTP, and α-P32-UTP, which upon hybridization with 

complementary probes, allowed for the quantification of transcription of the 37S primary rRNA 

transcript. 

Upon harvest by centrifugation for 5 min at 500 x g, the cells washed with 20 mL ice-cold 

Sørensen buffer and re-centrifuged. The resulting pellet was resuspended in 16 mL NRO lysis 

buffer and 2 mL Percoll and 2 mL 10% NP40 was added. Cell lysis occurred during 15 min 

incubation on a rolling incubator at 4°C and the nuclei were pelleted for 15 min at 3,200 x g 

and 4°C. The pelleted nuclei were resuspended in 20 µL NRO reaction buffer (5X) and stored 

at -80°C until use. For nuclear run-on transcription, the reaction was prepared as shown in 

Table 8.  

 

Table 8. Set-up of reaction for nuclear run-on transcription. 
Component Volume [µL] 

Nuclei (in NRO reaction buffer) 20 

NTPs (ATP/CTP/GTP; 5 mM each) 5 

RiboLock (40 u/µL) 1 

α-P32-UTP (0.37 MBq/µL) 10 

ddH2O 74 

 

Before the start of the reaction, the nitrocellulose membrane carrying the in vitro-transcribed 

probes complementary to the 5´ ETS and the housekeeping gene gpdA was pre-hybridized for 
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60 min with Church buffer in a hybridization chamber. The reaction was mixed carefully by 

pipetting and incubated for 20 min at room temperature. For the isolation of the nucleic acids, 

the volume of the reaction mix was increased to 200 µL with 1X TE, mixed 1:1 with 

phenol/chloroform, and the aqueous phase was run through a Sephadex G-50 column. The 

eluted fraction was denatured for 5 min at 95°C and added after pre-hybridization in fresh 

Church buffer to the membrane. Hybridization was carried out over night at 42°C. The 

following day, the membrane was washed two times for 10 min with 2X SSC and two times 

for 10 min with 0.5X SSC. For detection, a screen exposed to the membrane for three to four 

days was read with the phosphoimager. The signals of the 5´ ETS was normalized to the gpdA 

signal and plotted over time. 

 

Radiolabeling of nucleic acids 

DNA oligonucleotides were purchased from Merck and are listed in Table S2. For primer 

extension and northern blot analysis, 10 pmol oligonucleotide was 5´-end-labeled by incubation 

with 10 u T4 polynucleotide kinase for 30 min at 37°C in 50 mM Tris-HCl (pH 7.6), 10 mM 

MgCl2, 5 mM DTT, 100 µM spermidine, and 0.37 MBq [γ-32P]-ATP. The reaction was 

stopped at 80°C for 5 min, the radiolabeled oligonucleotides were phenol/chloroform-extracted 

and purified using a Sephadex G50 (GE Healthcare) column. Commercial ladders were labelled 

after 5´-end dephosphorylation.  
 

RNA extraction from D. discoideum 

RNA was isolated from 2 × 107 axenically grown D. discoideum cells washed with pre-cooled 

Sørensen buffer. Cells were pelleted and resuspended in TRIzol reagent (Invitrogen) containing 

10 mM EDTA (pH 8.0). RNA was extracted according to the manufacturer’s instructions. RNA 

concentration was determined spectrophotometrically. 
 

Primer extension 

For primer extension, a box C/D snoRNA-specific 5´-radiolabeled oligonucleotide was 

annealed to 4 µg RNA at 65°C for 5 min and cooled for at least 1 min on ice. Upon annealing, 

1X SuperScript IV buffer, 1 mM dNTP mix, 5 µM DTT, 40 u RiboLock RNase Inhibitor, 50 u 

SuperScript IV Reverse Transcriptase. The reaction was incubated at 55°C for 30 min and 

stopped at 85°C for 5 min. Products were phenol/chloroform-extracted, recovered by ethanol 
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precipitation and separated on a polyacrylamide gel (12% PAA, 20 mM MOPS, pH 7.0, 7 M 

Urea) for 3 h at 25 mA. 

 

Extraction of genomic DNA of infected Dictyostelium cells 

Genomic DNA of infection Dictyostelium cells was isolated using TRIzol and TNES-7U buffer. 

For that purpose, infected cells and extracellular viral particles were harvested by centrifugation 

for 10 min at 3,500 x g and resuspended in 1 mL TRIzol™ Reagent (ThermoFisher Scientific 

Inc., USA). Upon homogenization, the sample was incubated for 5 min at room temperature 

and, subsequently, 200 µL chloroform was added and the sample was mixed by vortexing. After 

3 min of incubation at room temperature, the phases were separated by centrifugation for 

20 min at 16,000 x g and 4°C. The resulting aqueous phase was discarded or was used for RNA 

isolation (according to the manufacturer’s instructions). For the separation of the DNA and 

nucleoproteins contained in the interphase, 300 µL TNES-7U buffer was added, mixed properly 

by inverting, and incubated for 10 min at room temperature. Once more, the phases were 

separated by centrifugation for 20 min at 16,000 x g and 4°C The aqueous phase containing the 

genomic DNA was transferred into a fresh tube, while the remaining organic and interphase 

contains the proteins which could be isolated according to the manufacturer’s instructions. The 

DNA was precipitated using ethanol at -20°C at least for 2 h and pelleted by centrifugation for 

30 min at 16,000 x g and 4°C. Subsequently, the pellet was washed thrice with 70% ethanol, 

air-dried, and resuspend in nuclease-free ddH2O. The yield of each DNA isolation was 

calculated with the spectrophotometrically measured DNA concentrations. 

 

Determination of primer efficiency in quantitative PCR 

To determine the quality of the designed oligonucleotides, the primer efficiency of all 

oligonucleotide pairs was performed on genomic DNA (gDNA) isolated from D. discoideum 

and each giant virus. Quantitative PCR was performed using the PowerUp™ SYBR™ Green 

Mastermix (2X; ThermoFisher Scientific Inc., USA). Oligonucleotides targeting the genes of 

the putative viral amine oxidase R656 for APMV, the MCP for TPV and gpdA for 

D. discoideum were used. The primer efficiencies were determined by preparation of a ten-fold 

dilution series of viral and amoebal genomes, respectively. For each 10 µL reaction, 1 µL gene-

specific primer (3 µM each; forward and reverse primers were pre-mixed), 5 µL PowerUp™ 

Mastermix, and 3 µL nuclease-free H2O were added to 1 µL of each dilution. Each reaction 

was performed in triplicates and a negative control containing nuclease-free H2O instead of 

template was included. The reactions were run with the settings shown in Table 9. The acquired 
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CT values were plotted over the dilution factor and the slope was determined by a semi-

logarithmic regression in GraphPad Prism 9 [431]. A doubling of the amplificate each cycle, 

i.e., 100% primer efficiency, corresponds to a shift of the CT value by 3.323. Consequently, 

primer efficiency can be calculated with the following formula: 

 

𝑃𝑟𝑖𝑚𝑒𝑟	𝑒𝑓𝑓𝑖𝑒𝑛𝑐𝑦	[%] =
𝑆𝑙𝑜𝑝𝑒	𝑜𝑓	𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑠𝑒𝑟𝑖𝑒𝑠

3.323  

 

Table 9. Settings for quantitative PCR. Steps 3 and 4 were cycled 40 times and detection of 
SYBR Green I fluorescence was performed at the end of step 4. The melt curve was performed 
during steps 5 to 7 with an incremental increase in temperature by 0.01°C/sec with 
consecutive readings of the SYBR Green I fluorescence. 
Step Temperature [°C] Time [sec]  
2 95 120 Initial denaturation 

3 95 15  Denaturation 

4 60 60 Annealing/Elongation 
5 95 15  

6 60 60 Melt curve 

7 95 15  

 

Quantitative PCR  

After determination of the primer efficiency of the used oligonucleotides, qPCR was performed 

on genomic DNA isolated from infected Dictyostelium cells. For this purpose, 10 µL reactions 

were prepared containing 1 µL gene-specific primer (3 µM each; forward and reverse primers 

were pre-mixed), 5 µL PowerUp™ Mastermix, and 10 ng DNA. The reactions were run with 

the settings described above. The copy number normalized to the culture volume was calculated 

for the acquired data. For this purpose, the mean PCR efficiency for each oligonucleotide was 

calculated based on individual PCR reaction efficiencies using LinRegPCR v. 11.0 [432, 433]. 

This reduced between-reaction variation based on minor handling errors or other influences. 

The number of DNA molecules of each genome in the reaction was calculated: 

 

𝐶𝑜𝑝𝑦	𝑛𝑢𝑚𝑏𝑒𝑟 = 	10(
"!	#$%&#$'&($)*$+(

%&'() ) 

 

To normalize to the culture volume, the total yield of isolated DNA (representing 10 mL culture 

volume) was divided by the DNA amount in the reaction. The resulting dilution factor was 

multiplied by the copy number in the reaction, yielding the number of DNA molecules in 10 mL 
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culture volume. A division by ten resulted in the normalized viral genomes per mL. This 

calculation was performed for each biological replicate. Errors are displayed as standard error 

of the mean (SEM). Results were visualized using GraphPad Prism 9 [431]. 
 

Sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed as described by Laemmli [461]. SDS was used for the denaturation 

of secondary and non-disulfide-bridged tertiary protein structures. The molecule possesses a 

polar sulfate group which results in a protein charge in proportion to their mass [461]. 

Therefore, proteins are separated exclusively by their electrophoretic mobility which depends 

on the molecular weight. The SDS-PAGE gel composition is shown in Table 10. 

 

Table 10. Polyacrylamide gel composition. 
Gel Component Volume [mL] 
Separating gel  
(12% polyacrylamide) 

1.5 M Tris/HCl, 0.4% (w/v) SDS, pH 8.8 2.5 
37.5% (v/v) acrylamide/1% (v/v) bisacrylamide 3 
Millipore H2O 4.4 
TEMED 0.004 
10% (w/v) APS 0.05 

Resolving gel  
(4% polyacrylamide) 

0.5 M Tris/HCl, 0.4% (w/v) SDS, pH 6.8 1 
37.5% (v/v) acrylamide/1% (v/v) bisacrylamide 0.5 
Millipore H2O 2.42 
TEMED 0.005 
10% (w/v) APS 0.02 

 

Samples were denatured in 2X Laemmli buffer at 60°C or 70°C for 10 min in thermoblock. The 

polyacrylamide gel (1.0 mm) was loaded with 6 µL PageRuler Prestained protein ladder (10 to 

170 kDa) and up to 30 µL of the desired samples (~1 x 106 D. discoideum cells). Gel 

electrophoresis was conducted at a constant current of 25 mA and a maximum of 200 V in 1X 

SDS-running buffer. A western blot was immediately performed after the electrophoresis.  

 

Western blot 

For the detection of the dyskerin-ortholog nola4, proteins separated by SDS-PAGE were 

transferred to a nitrocellulose membrane by semi-dry electroblotting in Towbin transfer buffer 

at a constant current of 75 mA for 90 min. Transfer efficiency was controlled by Ponceau S 

staining for 5 min. After destaining with ddH2O, the blotted membrane was shaken in the 

blocking solution for at least 30 min before the blotted membrane was incubated with the 
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primary antibody α-DKC1 at a 1:2,000 dilution overnight at 4°C on a rolling incubator. On the 

next day, three washing steps with blocking solution were performed for 10 min each. A 

secondary alkaline phosphatase-conjugated antibody was subsequently added in a 1:10,000 

dilution and allowed to bind for at least 60 min. After washing again with blocking solution 

three times 10 min each, the membrane was washed once in AP staining solution. Staining was 

performed in 40 mL AP staining solution containing 50 µg/mL NBT and 25 µg/mL BCIP for 

15 to 30 min in the dark. As soon as the protein bands were visible, the reaction was stopped 

by rinsing the membrane with ddH2O. 

 

Bioinformatics 

Resources for RNA-seq datasets 

RNA-seq datasets of AX2 and ∆drnB in axenic growth and slug stage of development were 

acquired from the sequence read archive (https://www.ncbi.nlm.nih.gov/sra) and used for 

RNA-seq validation of box C/D snoRNA candidates and expression analysis. Accession 

numbers of the utilized data sets can be found in Table 11. Sample preparation and sequencing 

was described in Liao et al. [462]. 

 

Table 11. RNA-seq data sets retrieved from SRAa [462]. 
Strain Stage Replicate Accession 
AX2 axenic 1 SRX3776204 
AX2 axenic 2 SRX3776205 
AX2 slug 1 SRX3776206 
AX2 slug 2 SRX3776207 
∆drnB axenic 1 SRX3776208 
∆drnB axenic 2 SRX3776209 
∆drnB slug 1 SRX3776210 
∆drnB slug 2 SRX3776211 
ahttps://www.ncbi.nlm.nih.gov/sra 
 

In silico identification and validation of box C/D snoRNA candidates 

The genomic sequences were retrieved from dictyBase (www.dictybase.org) and the sequences 

of the 17S rRNA and 26S rRNA [15] were retrieved from GenBank 

(www.ncbi.nlm.nih.gov/genbank/). The identification of box C/D snoRNA candidates in 

D. discoideum was performed using snoScan v. 0.9.1 [400] with threshold settings (-C 0 -D 

0 -X 0) disabled. Candidates with a combined box C and box D score higher than 9 and a box 
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C-D distance between 50 and 100 nt were selected for RNA-seq validation. Sequencing reads 

from the axenic AX2 dataset were aligned to the genomic coordinates +/- 150 bp using 

bowtie v. 1.2.3 [463] allowing for one mismatch. Box C/D snoRNAs were considered 

validated, if reads specifically matched the predicted loci and read coverage calculated with 

BEDTools coverage v. 2.29.2 [420] indicated a distinct 5´ end, yielding an expression score 

of 15. Box C/D snoRNA candidates lacking expression or a distinct 5´ end received a penalty 

of -15. All scores were combined into a classifier score containing C/D box scores, terminal 

stem score, Box C-D distance score, and the expression score (Figure 10). If a total classifier 

score of 29 or higher was achieved, the candidate was considered to be an expressed bona fide 

box C/D snoRNA and kept for further analyses and assignment to the predicted ribosomal 

2’-O-Me pattern. 

 

 
Figure 10. Selection criteria for box C/D snoRNAs in D. discoideum. Classification as box C/D 
snoRNAs based on snoScan scores for box C and box D, Box C-D distance and terminal stem 
score, augmented by score or penalty for RNA expression.. 
 

RNA-seq analysis of box C/D snoRNAs and U3 snoRNA in development 

Reads were aligned using bowtie v. 1.2.3 [463] allowing for one mismatch and counted with 

featureCounts v. 2.0.0 [428]. Between-sample normalization was done by DEseq2 v. 1.29.6 

[445]. P-values were adjusted using the false discovery rate (FDR) method. Principal 

component analysis was performed on DESeq2-normalized reads using the R-stats v. 4.1.0 

package and visualized with R-ggplot2 v. 3.3.2. The heatmap of log2 fold-change of box C/D 

snoRNAs was generated using ComplexHeatmap v. 2.5.3 [443]. 

 

RiboMeth-seq 

The RiboMeth-seq analysis was performed in triplicates with barcoded adapters according to 

previously described protocols [250, 464]. In brief, 10 µg RNA from each sample was degraded 
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by alkaline for 6 minutes at 90°C and the 20–40 nt fraction was excised and purified from a 

10% urea polyacrylamide gel. A modified Arabidopsis tRNA ligase was used to ligate adaptors 

to the library fragments, and sequencing was carried out on the Ion Proton sequencing platform. 

The reads were mapped to 17S and 26S from D. discoideum (GenBank: 17S: FR733593.1; 26S: 

FR733594.1) using bowtie2 [423] and scored for read-end counts. RMS scores representing 

“fraction methylated” were calculated as described previously (“score C”) in [250] and barcode 

correction was applied when necessary [255]. The commercial RNA oligonucleotides used as 

3´adaptors were found to be slightly heterogeneous in length, which can cause a fractional shift 

in the 3´-read-end count, if the 3´-library fragment nucleotide is identical to the expected 5´-

end of the oligonucleotide. As the experiments were made in triplicate with barcodes carrying 

different 5´-ends, such errors were easily detected, and a manual correction was made at a few 

sites to counter the effect by excluding the 3´-read-end counts from the analysis. The 

experiments were performed in cooperation with Ulf Birkedal and Henrik Nielsen (University 

of Copenhagen, Denmark). 

 

HydraPsiSeq 

The HydraPsiSeq analysis was performed in independent triplicates according to the published 

protocol [399]. In brief, 50 ng total RNA was treated with 50% (w/v) hydrazine for 60 min on 

ice. After precipitation, the resuspended RNA was incubated for 15 min in 1 M aniline (pH 4.5) 

at 60°C in the dark. The library was constructed after 3´-end dephosphorylation using the 

NEBNext Small RNA Library kit and sequencing was carried out using an Illumina HiSeq 1000 

with 50 bp single-end reads. The reads were mapped to the rRNA sequences of D. discoideum 

(Genbank: 5S = FR733597.1; 5.8S = FR733595.1, 17S: FR733593.1; 26S: FR733594.1) 

bowtie2 in end-to-end mode. Normalization of 5´-end read counts was performed in a 10 nt 

rolling window and the U cleavage profiles were determined. The values for scoreA, scoreB 

and scoreC (Ψ score) were calculated based on these profiles [399, 465]. ScoreA is based on 

the average and standard deviation of positions neighboring methylated positions, while scoreB 

weighted average of these positions used for manual inspection of the data [250]. Normalization 

of scoreB yields scoreC and represents the fraction of Ψ at a given position [250]. The 

experiments were performed in cooperation with Virginie Marchand and Yuri Motorin 

(Université de Lorraine, France). 
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Prediction of rRNA secondary structure 

To locate the predicted 2´-O-Me sites in the mature rRNA, we predicted the secondary structure 

and the nucleotides in the A, P, and E sites by comparative analysis with the LSU and SSU 

rRNAs of A. thaliana, C. elegans, H. sapiens, and D. melanogaster. For that purpose, we 

retrieved the corresponding SSU and LSU rRNA sequences for these organisms from GenBank 

(Table 12). We aligned the sequences to the 17S and 26S rRNA of D. discoideum using 

MUSCLE v. 3.8.31 [439] in the ClustalW output format and inferred the secondary structure by 

homology manually. The resulting secondary structure diagrams were drawn using RNAviz 

v. 2.0.3 [453]. 

 

Table 12. Accession numbers of rRNA sequences used in this study.  
Species Subunit Accession length [nt] 
A. thaliana 18S X16077.1 1809 
A. thaliana 25S X52320.1 3539 
C. elegans 18S NR_000054.1 1754 
C. elegans 26S NR_000055 3509 
D. discoideum 17S FR733593.1 1871 
D. discoideum 26S FR733594.1 3741 
D. melanogaster 18S NR_133559.1 1995 
D. melanogaster 28S NR_133562.1 3970 
H. sapiens 18S NR_146146.1 1869 
H. sapiens 28S NR_003287.4 5070 

 

Mapping of predicted snoRNA candidates to the rRNA 2´-O-Me pattern 

Mapping of box C/D snoRNAs to the predicted 2´-O-Me sites was performed using RNAhybrid 

v. 2.1.2 [452]. 10 nt upstream and downstream of the 2´-O-Me sites were used as target sites 

against the full-length sequences of the box C/D snoRNAs. Selection of the likely correct 

duplex was achieved using the following criteria: (I) 2´-O-Me site is located at the 5th base 

paired nucleotide upstream of a D or D´ box and (II) a box C/D snoRNA/rRNA duplex length 

of minimum 7 bp with (III) a maximum of 1 mismatch. Conservation of box C and box D motifs 

was visualized using WebLogo v. 3.7 [457]. Calculation of the predicted duplex’ minimum free 

energy (MFE) in kcal/mol was performed using RNAduplex v. 2.4.14 [401]. Box C/D snoRNAs 

that were not mapped to any predicted 2´-O-Me sites but were validated by RNA-seq, were 

classified as orphans. 
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Annotation of genomic copies and promoter analysis of the U3 snoRNA 

The identification of the genomic copies of the U3 snoRNA was performed using the cmsearch 

function part of Infernal v. 1.1.1 [434] on the genomes of representatives of the major groups 

of the Dictyostelia (Table 13). The covariance model (CM) of the U3 snoRNA family 

(www.rfam.xfam.org; Rfam ID: RF00012) deposited in the Rfam database [466] was used for 

this purpose. Since the U3 snoRNA is structurally conserved, Infernal hits with a score higher 

than 25 were considered bona fide U3 snoRNA loci. 

 

Table 13. Utilized genomes of representatives of all major groups of the Dictyostelia. 
Name Group GenBank accession Assembly level 
Dictyostelium discoideum 4 www.dictybase.org chromosome 
Dictyostelium purpureum 4 www.dictybase.org scaffold 
Dictyostelium lacteum 3 GCA_001606155.1 contig 
Polysphondylium pallidum 2A GCA_000004825.1 scaffold 
Acytostelium subglobosum 2B GCA_000787575.2  scaffold 
Dictyostelium fasciculatum 1 GCA_000203815.1 scaffold 

 

In order to identify upstream sequence elements occurring in the potential promoter regions of 

the U3 snoRNA, 150 bp upstream were analyzed using MEME v. 5.0.2 [436]. The TATA-like 

motifs were manually curated, due to the AT richness of many dictyostelid genomes. Logos of 

identified upstream sequence elements were created using WebLogo v. 3.7 [457]. Heterogeneity 

in the U3 snoRNA sequences in Dictyostelia with two or more U3 snoRNA genes was 

determined by alignment using MAFFT v. 7.475 [435].  

 

Prediction of the (consensus) secondary structure of the U3 snoRNA 

The secondary structure of the U3 snoRNA in D. discoideum was predicted using the RNAfold 

function part of the ViennaRNA package v. 2.4.14 [401] at 22°C (-T 22) and the diagrams were 

drawn using RNAviz v. 2.0.3 [453]. Annotations are based on the generalized U3 snoRNA 

model by Marz and Stadler [467]. The consensus secondary structure was generated by 

alignment of all dictyostelid U3 snoRNA sequences using MAFFT v. 7.475 [435], secondary 

structure prediction by RNAalifold v. 2.4.14 [401], and subsequent drawing using R2R v. 1.0.6 

[440].  

 

Viral Recall analysis of the genome of D. discoideum 
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The genome of D. discoideum was analyzed with the tool Viral Recall v. 2.0 [456]. The 

program predicts the proteins encoded in the genomes and analyzes the protein sequences in a 

rolling window of 13-16 ORFs for homology with NCLDV proteins. Positive scores indicate 

regions with NCLDV signatures. To identify the viruses corresponding to the predicted 

NCLDV regions, the resulting sequences were aligned against the NCLDV database at NCBI 

using BLAST+ v. 2.12.0 [422]. Ten viruses with the highest number of homologous protein 

sequences were listed. 
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Results 
Detection and quantification of giant viruses in D. discoideum 

Establishment of qPCR-based giant virus quantification 

Assessment of primer efficiency and viral genome quantification 

As the first step of this project, a qPCR-based technique of detecting and quantifying giant 

viruses was established. This approach did not only allow for the detection of small amounts of 

viruses but also the exact quantification of viral genomes. For this purpose, oligonucleotides 

specific to the virus of interest were utilized. In case of APMV, oligonucleotides were chosen 

that were specific for the viral amine oxidase R656. For the TPV and CeV, oligonucleotides 

were designed which bind to the coding region of the MCP gene of the individual viruses. 

Oligonucleotides targeting gpdA have been widely established and genome counting of 

D. discoideum yielded an indication of amoebal growth [468-470]. 

As the next step, primer pairs for APMV (Figure 11A) and TPV (Figure 11B) were tested on 

defined amounts of viral gDNA. This experiment served to first demonstrate the primer 

 
Figure 11. Test of oligonucleotides and determination of their primer efficiencies. The 
threshold cycle (CT) values indicate the number of cycles required for the signal to cross the 
fluorescence background signal. (A) Test of oligonucleotides for R656 in APMV (n = 3). (B) 
Test of oligonucleotides for MCP in TPV (n = 3). 
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efficiencies of the oligonucleotide used in qPCR and, secondly, whether the DNA copy 

numbers (i.e., number of viral genomes) calculated in silico and measured by qPCR correlate. 

The latter calculations determined that 10 ng APMV gDNA correlated to ~7.84 x 106 molecules 

and 10 ng TPV gDNA correlated to ~6.11 x 106 molecules. For APMV and the primer pair 

targeting R656, the primer efficiency was ~98%, with the number of viral genomes almost 

exactly matching the in silico calculation (Figure 11A). The MCP oligonucleotides for TPV 

exhibited a similar primer efficiency at ~97%, however, the abundance of viral genomes did 

not completely correlate with the calculated number (Figure 11B). For detecting and 

quantifying viral replication in D. discoideum, properties of the primers were considered 

sufficient. Next, it was tested whether the detection works equally well in a mixture of amoebal 

and viral gDNAs. For this purpose, dilutions of APMV gDNA with 100 ng AX2 gDNA were 

mixed and qPCR performed. Comparison of the results showed no differences between samples 

with or without AX2 gDNA (Figure 12). 

 

 
Figure 12. qPCR quantification of APMV genomes in mixture with AX2 genomes. The 
experiment was performed in triplicate. Quantification of isolated APMV gDNA (blue), and 
upon addition of 100 ng AX2 gDNA (yellow) to a dilution series of APMV gDNA. 
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whether the proper amount of virus was detected. For this purpose, either 2 x 106 (i.e., MOI 
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correct number of viral particles per cell. The number of cells was determined by qPCR 

targeting gpdA and displayed similar values as the number of cells used for this experiment. 

 
Figure 13. Test of quantifying different MOIs in gDNA isolated from an infection at 0 hpi. 
This experiment was performed for (A) APMV and (B) TPV in independent triplicates (n = 3). 
Number of cells was determined via qPCR targeting gpdA. 
 

The herewith established method for the quantification of giant virus in Dictyostelium cultures 

allowed for the detection of changes of the viral genome abundance over time, i.e., in a time 

course during infection. Besides the molecular biological detection of giant viruses, a system 

for the fluorescent staining of giant viruses and their detection by flow cytometry is already 

established and in use as described by Khalil et al. [52]. Flow cytometry allows for the high-

throughput quantification of (fluorescent) particles and the next step was the establishment of 

this technique for giant viruses and D. discoideum. 
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Establishment of flow cytometry for the detection of giant viruses 

Staining of Cedratvirus (CeV) using SYBR Green I 

To investigate the number of cells that internalized a viral particle, a flow cytometry-based 

method for their detection in samples containing Dictyostelium cells should be established. 

Earlier work provided the protocols for the staining of giant viruses with fluorescent DNA dyes 

like SYBR Green I and sorting using fluorescence-assisted cell sorting (FACS) [52]. For this 

purpose, the CeV was selected, however, DNA staining with other giant viruses worked equally 

well.  

As a first step, various concentrations of SYBR Green I were tested, with fluorescent beads 

(Fluoresbrite YG 4.5 µm) being used as an internal control. SYBR Green I is a sensitive DNA 

dye, which works by binding DNA and the resulting DNA-dye-complex absorbs at 497 nm and 

emits at 520 nm. In flow cytometry, a low but detectable fluorescence of SYBR Green I-stained 

CeV was detected (Figure 14A). The observed non-linearity between the SYBR Green I 

concentration and the mean fluorescence might be explained by a saturation of viral DNA even 

at low dye concentrations. The staining of the virus with SYBR Green I was confirmed by 

fluorescence microscopy (Figure 14B). As it resulted in the strongest signal, a concentration of 

10X SYBR Green I was used for the subsequent experiments.  

In common immunofluorescence and staining protocols, cells are permeabilized by Triton 

X-100 or a similar non-ionic detergent. This treatment allows for an increased accessibility for 

antibodies and dyes and thus improve staining. Therefore, it was investigated whether detection 

of CeV particles could be enhanced by the addition of 1% Triton X-100. This treatment, 

however, did not result in a significant increase in the number of stained particles or the mean 

fluorescence of the CeV population (Figure 15). Thus, it was decided to continue staining of 

CeV particles without the addition of any detergent. 

 

Monitoring endocytosis of stained CeV using flow cytometry 

Upon establishment of the staining conditions and the high-throughput quantification of the 

viral particles, the question was posed whether the stained CeV particles were detectable when 

mixed with Dictyostelium cells. For this purpose, 2 x 106 cells were mixed with the same 

number of viral particles. Half of the samples was fixed immediately in 4% PFA, while the 

other half was allowed to endocytose CeV for 15 min before fixing. In the samples not allowed 

to internalize the virus, a shift of the AX2 population in fluorescence was observed, suggesting 

that CeV immediately attached to its cell surface (Figure 16). The AX2 population, however, 
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split into two subpopulations with a different mean fluorescence, which did not correspond to 

the AX2 control. This might be the result of varying amounts of stained CeV particles attaching 

to the cells. The incubation time of 15 min did not increase this effect (Figure 16), however, 

attached, or internalized CeV could not be discerned. Fluorescence microscopy of an aliquot of 

these samples revealed that a large fraction of CeV particles was stuck to the cell surface at 

0 and 15 min. Phagocytosis was observed after 15 min of incubation, however, at low level 

(data not shown).  

 
Figure 14. SYBR Green I staining of CeV particles. (A) Flow cytometric detection of 
fluorescent CeV. The FSC channel indicates particle size, the SSC channel particle 
granularity, and the FL1 channel represents SYBR Green I upon DNA binding. Fluorescent 
beads were used as a positive control and unstained CeV particles as negative control. CeV 
was stained with 0.1X, 1X, and 10X concentrated SYBR Green I. Number of particles is 
indicated for each gate. (B) Fluorescence microscopy of SYBR Green I-stained CeV. (C) 
Quantification of particle counts and mean fluorescence. 

10 µm

A

B

Unstained CeV Unstained CeVBeads only Beads only

48875

0.1X SYBR Green I 0.1X SYBR Green I 1X SYBR Green I 1X SYBR Green I

10X SYBR Green I 10X SYBR Green I

FSC/SSC FSC/SSCFL1/SSC FL1/SSC

0.0

0.1

0.2

M
ea

n 
flu

or
es

ce
nc

e

Fluo
re

sc
en

t b
ea

ds

Uns
tai

ne
d C

eV

0.1
X S

YBR G
re

en
 I

1X
 S

YBR G
re

en
 I

10
X S

YBR G
re

en
 I

0

20

40

60

M
ea

n 
flu

or
es

ce
nc

e

C C
eV

Beads

53531 4044

81666 62675

60911 9482

324 197 520 507

382622540323

625 360

10 µm



Results 
 

82 

Differentiating extracellular and internalized viruses by quenching of fluorescence 

To distinguish between adhered and engulfed virus particles, protocols to quench the 

extracellular fluorescence were tested. For this purpose, trypan blue, a fluorescent dye that 

shifts the green fluorescence from SYBR Green I into the red spectrum via resonance energy 

transfer, was utilized. Quenching is dependent on the proximity of both fluorophores, therefore, 

fluorescence of viral particles internalized by Dictyostelium would not expected to be quenched. 

Trypan blue treatment should lead to a shift in the FACS pattern with a population of AX2 cells 

similar to the negative control and a small population of AX2 with phagocytosed, fluorescent 

CeV particles. However, this was not observed, as trypan blue treatment had almost no effect 

on the mean fluorescence of the AX2+CeV population at 0 and 15 min (Figure 17). This 

suggested that trypan blue was not able to quench the fluorescence of extracellular CeV.  

 

 

 

 

 
Figure 15. Flow cytometry of stained CeV particles (un-)treated with Triton X-100. (A) 
Flow cytometric detection of fluorescent CeV. Channel legend as described in Figure 14. 
FSC/SSC plots are shown in the first column and FL1/SSC plots in the second. Fluorescent 
beads were used as a positive control and unstained CeV particles as negative control (first 
row). SYBR Green I staining at concentration of 10X was performed without (second row) 
and with (third row) 1% Triton X-100. Number of particles is indicated for each gate. (B) 
Quantification of particle counts and mean fluorescence. 
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Addition of glucose or galactose reduces extracellular attachment 

Instead of quenching of extracellular fluorescence of viral particles adhering to the cell surface, 

another approach employed was to reduce the attachment of CeV to the surface of AX2 cells. 

For APMV, the attachment to glycans presented on the cell surface is mediated by its fibrils 

 
Figure 16. Monitoring phagocytosis events of CeV particles using flow cytometry. Channel 
legend as described in Figure 14. FSC/SSC plots were displayed in the first and third column 
and FL1/SSC plots were shown in the second and fourth column. (A) Negative controls for 
the detection of uptake. Flow cytometry was performed with SYBR Green I-stained CeV 
particles (first row) and AX2 cells (second row). Number of particles is indicated for each 
gate. (B) Detection of endocytosis of fluorescent CeV particles. The viral particles and AX2 
cells were mixed at a ratio of 1:1 and were either immediately fixed (first row) or incubated 
for 15 min to allow for uptake (second row). (C) Quantification of particle counts and mean 
fluorescence. 
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[69]. In this study, a reduction of viral attachment after saturation of the fibrils with sugars has 

 
Figure 17. Quenching of the extracellular fluorescence of stained CeV. Channel legend as 
described in Figure 14. FSC/SSC plots were displayed in the first and third column and 
FL1/SSC plots were shown in the second and fourth column. (A) Negative controls for the 
detection of uptake and quenching. Flow cytometry was performed with SYBR Green I-
stained untreated CeV particles (first row), CeV particles treated with quenching solution, 
and AX2 cells (third row). Number of particles is indicated for each gate. (B) Detection of 
endocytosis of fluorescent CeV particles without and with quenching of extracellular 
fluorescence. As before, the viral particles and AX2 cells were mixed at a ratio of 1:1. The 
samples were either not quenched after 0 or 15 min of incubation (first and second row) 
or quenched with trypan blue (third and fourth row). (C) Quantification of particle counts 
and mean fluorescence. 
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been described. Consequently, it was attempted to saturate stained CeV particles with glucose 

and galactose, to reduce the extracellular attachment of the virus. Indeed, a shift in the 

population of AX2 and CeV upon saturation of the viral particles with either glucose or 

galactose was observed (Figure 18), suggesting that the number of attached viral particles did 

reduce.  

 

  

 
Figure 18. Effect of sugar saturation of CeV particles on cell surface attachment. Channel 
legend as described in Figure 14. FSC/SSC plots were displayed in the first and third column 
and FL1/SSC plots were shown in the second and fourth column. (A) Negative controls for 
the detection of uptake. Flow cytometry was performed with SYBR Green I-stained CeV 
particles (first row) and AX2 cells (second row). Number of particles was given for each 
gate. (B) Flow cytometry of untreated or sugar saturated CeV particles mixed with 
Dictyostelium cells. Untreated CeV particles were visualized in the first row. The treatment 
with glucose was displayed in the second row and galactose treatment was shown in the 
third row. (C) Quantification of particle counts and mean fluorescence. 
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Internalization of APMV particles and their cellular fate in the amoeba 

Optimization of the multiplicity of infection (MOI) 

In the next experiments, different MOIs were tested in the infection of AX2. In brief, the MOI 

is an indicator in infection experiments for the number of pathogens per cell. The MOIs 0.1, 1, 

and 5 were selected and these infections were performed in independent triplicates. To control 

the MOIs, the number of viruses normalized to the number of cells was analyzed (Figure 19A). 

The mean of the replicates at 0 hpi reflected the MOIs, suggesting that the correct amount of 

virus was added to each infection setup. However, abundance of the viral genome diminished 

at 24 hpi in all tested MOIs (Figure 19A), indicating that the number of genomes decreased. At 

this point, it could not be excluded that this is an effect of cell growth, as Dictyostelium divides 

every 8 to 12 h. This would result in the presence of more amoebal cells than viruses. To 

examine this possibility, the number of viruses was normalized to the volume of the culture 

medium, as it is unchanged throughout the whole experiment. Even though this approach 

reflects the number of viruses in infection better (Figure 19B), growth of D. discoideum (Figure 

19C) did not mask any significant virus replication. It is unclear, however, at which stage of 

the infection the replication or invasion is halted. 

 

 
Figure 19. MOI optimization of APMV infection of D. discoideum. The experiment was 
performed in independent triplicates and the SEM was calculated. The cells were infected at 
the MOIs 0.1, 1, and 5 and harvested at 24 hpi for DNA isolation and qPCR analysis (A) 
Calculation of the number of APMV genomes per cell and (B) number of APMV genomes 
per mL culture medium at 0 and 24 hpi. (C) Counting of AX2 genomes at 0 and 24 hpi.  
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APMV enters D. discoideum 

For the investigation the fate of APMV, uptake of the virus by Dictyostelium was examined. 

To ensure synchronous and efficient uptake, AMPV was spread evenly in a cell culture dish 

and AX2 cells were centrifuged onto the viral particles. Viral phagocytosis was examined using 

fluorescence microscopy of fixed cells at 30 mpi and it was observed that APMV is taken up 

by AX2 cells (Figure 20). The viral load per cell varied with some amoeba showing only a 

single virus and others with multiple viruses taken up (examples for both in Figure 20).  

 

 
Figure 20. Immunofluorescence of APMV uptake in D. discoideum 30 mpi. The APMV-
infected AX2 cells were fixed in 4% PFA. The brightfield (BF) images can be found in the left 
panel. APMV is visualized in green. DNA was stained blue using DRAQ5™ and phalloidin was 
used to stain F-actin in the cell cortex.  
 

In A. polyphaga, APMV stays in the phagosome until acidification, which triggers the opening 

of the stargate structure and the subsequent escape of the viral core into the cytosol [67, 471]. 

As a next step, it was investigated whether the observed internalized APMV particles in 

Dictyostelium is present in phagosomal structures. For this purpose, the phagosomal markers 

p80 and the V-ATPase subunit VatA were immunostained and observed by fluorescence 

microscopy. The V-ATPase subunit VatA is recruited within minutes to the early phagosome 

[135], while the putative copper transporter p80 is a late endosomal marker, commonly utilized 

in the identification of post-lysosomal compartments [419]. At 30 mpi, APMV was mainly 

observed in p80 or VatA-positive compartments (Figure 21A and B). Very few particles, 

however, seemed to be neither colocalized with p80 or VatA. This indicates that APMV still 

resided in the phagosome of Dictyostelium in the late stages of phagosomal maturation prior to 

exocytosis.  
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Figure 21. Surrounding of internalized APMV particles with phagosomal markers at 30 mpi. 
The APMV-infected AX2 cells (MOI 1) were fixed in 4% PFA. Colocalization of (A) p80 (green) 
and (B) VatA (green) with APMV (red). DNA was stained using DRAQ5™ (blue).  
 

Viral factories are not formed in the amoeba 

After the finding that APMV entered D. discoideum via the phagosomal pathway, the question 

was posed whether viral escape from the phagosome and the subsequent formation of a viral 

factory could be observed. Since the early viral factories start to emerge at 4 hpi in 

Acanthamoeba [76], the APMV-infected cells (MOI 1) at 1 hpi, 3 hpi, and 6 hpi were examined 

using fluorescence microscopy. In the first hour of the infection, a high number of extracellular 

APMV particles next to cells carrying one or multiple virus was observed (Figure 22). At 3 hpi 

almost all viruses have been internalized by the amoeba and, subsequently, at 6 hpi only a 

fraction of viral particles was still detectable using fluorescence microscopy (Figure 22). This 

is similar to the observations made by qPCR (Figure 19), with viral genome abundance 

diminishing between 0 hpi and 24 hpi. In addition, structures resembling a viral factory at the 

latter time point could not be observed (compared to 24 hpi of APMV-infected A. polyphaga 

cells in Figure S1). This suggested that no replication of APMV occurred. However, it cannot 

be excluded that replication still occurs in small fraction of Dictyostelium cells, due this 

approach being a single cell analysis method rather than a one averaging the whole population 

like qPCR.  
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Figure 22. Fluorescence microscopy of APMV-infected AX2 cells at early time points. AX2 
was infected with APMV at MOI 1 and fixed with 4% PFA. Viruses were detected with a 
polyclonal antibody and visualized in green. The F-actin in the cell cortex was stained using 
phalloidin-568 (red). DNA was stained using DRAQ5™ (blue). 
 

Cellular fate of APMV particles in AX2 

Since APMV particles were observed colocalized with the late phagosomal marker p80, it was 

investigated whether these compartments also acquire vacuolin, an endocytic marker recruited 

immediately before exocytosis [143]. In experiment with latex beads, colocalization of vacuolin 

and subsequent exocytosis occurs after 3 to 5 hours [472]. At 1 hpi no APMV-containing 

phagosomes staining positive for vacuolin were recognized (Figure 23A). However, at 6 hpi 

vacuolin was found localized to APMV-containing endosomes in a fraction of infected cells 

(Figure 23B), indicating that at least some viral particles are exocytosed after a 6-7 hpi.  

 

Concomitantly, a decrease of viral abundance at 6 hpi could be observed, which suggests that 

either APMV was not stable in the utilized medium or that D. discoideum gradually degrades 

the viral particles. To exclude the former possibility, the persistence of APMV in HL5 medium 

was tested by incubation for 24 h and quantification of viruses using qPCR. No significant 

difference between the control at 0 h and 24 h incubation in HL5 medium could be seen (Figure 

24). This suggests that D. discoideum phagocytosed and digested APMV particles during 

infection, leading to the observed decrease of viral abundance. 
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Figure 24. APMV persistence in HL5 medium. The experiment was performed in triplicate and 
the viral abundance was quantified by qPCR at 0 and 24 hpi. The initial viral load was 2 x 106 

viruses /mL culture medium.  
 

External manipulation of endosomal conditions 

The indications that APMV might be degraded by D. discoideum, raised the question whether 

the manipulation of phagosomal conditions might alter APMV persistence. After initial 

phagocytosis, several maturation steps turn the compartment into a highly degradative, acidic, 

and oxidative environment/conditions, facilitating the intracellular killing and digestion of food 

bacteria [109]. Therefore, as a next step, it was investigated whether manipulation of this 

environment might change the viral abundance after 24 h. For this purpose, the medium used 

in infection was supplemented with either NH4Cl to buffer phagosomal pH or protease inhibitor 
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Figure 23. Colocalization of vacuolins with APMV-containing endosomes. AX2 was 
infected with APMV at MOI 1 and fixed at (A) 1 hpi and (B) 6 hpi with 4% PFA. Viruses were 
detected with a polyclonal antibody and visualized in red. Vacuolins were detected by a 
specific antibody and are visualized in green. DNA was stained using DRAQ5™ (blue). 
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to lower the activity of the lysosomal enzymes. Compared to the unbuffered conditions after 

24 h, buffering of the phagosomal pH did not have a significant effect on the viral abundance 

after the same time (Figure 25A). The addition of protease inhibitor, however, seemed to 

diminish the APMV amount even further, suggesting that the lysosomal enzymes might be 

necessary for release of the viral core. This is supported by a study observing the release of the 

viral core into the cytosol after the delivery of the lysosomal enzymes to the APMV-containing 

phagosome [72].  

In a recent study, in vitro loosening of the stargate structure was achieved in ~60% of giant 

virus particles at an acidic pH 3.0 or lower [471]. It could not be excluded that the phagosomal 

pH of 3.5-4 in D. discoideum were not ideal for viral core release. To prime the viral particles 

for core release, the virus was incubated in a phosphate buffer at pH 2.0 before the infection. 

Subsequently, the infection was performed in medium supplemented with protease inhibitor or 

NH4Cl with the acid-treated virus. A significant difference in viral abundance after 24 h 

compared to untreated virus after the same time, nonetheless, was not observed in any of the 

treatments (Figure 25B). Therefore, it is tempting to speculate, that the proper release of the 

viral core might not only dependent on the phagosomal conditions but also on the timing of 

 
Figure 25. External manipulation of phagosomal conditions. Infection of AX2 was 
performed either with acid-treated or untreated viruses in medium supplemented with 
NH4Cl or protease inhibitor. Untreated virus and medium without supplement constituted 
the negative control. The experiments were performed in triplicates with (A) untreated 
APMV particles and (B) acid-treated viruses. Quantification of virus was performed via 
qPCR and the copy numbers normalized to the volume of the culture medium.  
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capsid opening. An early opening, as simulated with the pre-treatment, might result in the 

degradation of the virus before reaching the appropriate point of phagosomal maturation. 

 

Screening for APMV-permissive mutants of D. discoideum 

Infection of mutants affected in phagosomal maturation and autophagy 

Since no productive infection occurred, the question was posed what factors led to these 

observations and what might have conferred immunity to the amoeba. Fluorescence microscopy 

revealed that giant viruses can rarely be found outside of the phagosome, suggesting that the 

viral particles might degraded in the compartment. Therefore, a library of Dictyostelium mutant 

strains that show defects in phagosomal maturation was examined either by qPCR or 

fluorescence microscopy.  

 

Acidification of the phagosomal compartment is a hallmark of phagosomal maturation and 

delivery and recycling of the responsible V-ATPase complex is a highly orchestrated process 

[109, 135]. A key regulator in this process is the WASH protein complex, which facilitates the 

retrieval and recycling of phagosomal components like lysosomal enzymes, Rab GTPases, and 

the aforementioned V-ATPase, etc. [123, 140]. Knockout of WshA, an integral part of the 

WASH complex, leads to a reduction of proteolytic activity and exocytosis extending the 

residence time of particles and exposing the phagosomal contents to less degradative conditions 

[140]. Thus, it was expected that APMV would meet more favorable phagosomal conditions 

for infection. Indeed, while an ~11-fold reduction in viral genome abundance was detected for 

the AX2 strain after 24 h (Figure 26), the number of APMV genomes in ∆wshA did only 

decrease ~1.5-fold in the same time frame, staying within the margin of error (Figure 26). The 

observation that the number of APMV particles did not decrease significantly in the ∆wshA 

strain, might be explained by the reduced degradative capabilities of the endosomal 

environment rather than increased APMV replication.  
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The knockout of VacB was screened next. During the WASH-mediated recycling of 

phagosomal components, the phagosome acquires postlysosomal markers VacA and VacB, 

which share a domain structure and lipid raft-association similar to mammalian flotillins [109, 

142-144]. Both vacuolins are inhibitors of the fusion of the late endosomes [142, 473] and a 

study by Bosmani et al. [474] described that all vacuolins are necessary for efficient uptake of 

beads or bacteria and proper phagosome acidification and exocytosis [474]. Knockout of VacB 

leads to a reduction of phagocytic uptake of up to 90% [142, 474]. Thus, it was expected APMV 

would be degraded as in AX2 but to a lesser extent, due to the reduced uptake. This, 

nonetheless, did not manifest in the infection. The ~5.2-fold reduction of viral genome 

abundance in ∆vacB was comparable to APMV-infected AX2 cells (~7.2-fold) at 24 hpi 

(Figure 27). This might be explained by the fact that the intracellular killing of bacteria in 

vacuolin mutants is not reduced [474] and, therefore, arguing that the degradative conditions of 

the phagosomal compartment are comparable to the wildtype.  

 
Figure 26. APMV infection of the ∆wshA strain. The experiment was performed with AX2 
and ∆wash cells infected at MOI 1 in independent triplicates. DNA for the qPCR 
quantification of viral abundance at was isolated at 0 and 24 hpi. The copy number was 
normalized to the volume of the culture medium. The asterisks indicate significant 
differences as determined by two-way ANOVA (n = 3; ** = p < 0.005; ns = no significance).  
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The next strain, ∆racH, is a knockout of a Rho GTPase involved in the actin-based vesicle 

trafficking [411]. Due to the defects in vesicle trafficking, ∆racH also exhibits defects in 

exocytosis and early phagosome acidification, which results in less harsh phagosomal 

conditions and longer residence time of the phagosomal cargo in the compartment [411]. 

Furthermore, RacH has been implied in the resistance to M. marinum [22] and L. pneumophila 

[475] infection, as a RacH knockout leads to increased growth of these pathogens in 

Dictyostelium. Therefore, ∆racH was infected with APMV. The ~2.3-fold reduction of viral 

abundance at 24 hpi was less compared to AX2’s ~21-fold reduction (Figure 28A). At 24 hpi, 

viral factories and a high number of APMV particles can usually be observed in its natural host 

A. polyphaga (Figure S1). This was not seen in fluorescence microscopy of ∆racH cells at 

24 hpi, suggesting that in summary APMV was more persistent but not necessarily productive 

in its infection (Figure 28B). This effect might rather be explained by the less degradative 

conditions in the ∆racH phagosomes compared to wildtype ones. 

 

 
Figure 27. APMV infection of the ∆vacB strain. The experiment was performed with AX2 
and ∆vacB cells infected at MOI 1 in independent triplicates. DNA for the qPCR 
quantification of viral abundance at was isolated at 0 and 24 hpi. The copy number was 
normalized to the volume of the culture medium. The asterisks indicate significant 
differences as determined by two-way ANOVA (n = 3; ** = p < 0.005; ns = no significance). 
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Eight additional phagolysosomal and autophagy mutants were screened for a productive 

infection with APMV. However, no viral replication or any visible hallmarks of the infection 

up until 24 hpi were observed (Figure 29 and Figure 30) except for ∆vsk1 and ∆vsk2. Both 

mutant strains exhibited an increased signal intensity upon immunodetection with an APMV-

specific antibody. However, extracellular viral particles were not observed for ∆vsk1 and ∆vsk2 

at 24 hpi, as seen with APMV-infected A. polyphaga cells. An overview over all tested 

phagolysosomal mutant strains, their phenotypes, and their experimental outcome in APMV 

infection was compiled in Table 14. 

 

  

 
Figure 28. APMV infection of the ∆racH strain. The experiment was performed with AX2 
and ∆racH cells infected at MOI 1 in independent triplicates. (A) DNA for the qPCR 
quantification of viral abundance at was isolated at 0 and 24 hpi. The copy number was 
normalized to the volume of the culture medium. The asterisks indicate significant 
differences as determined by two-way ANOVA (n = 3; * = p < 0.05; ns = no significance). (B) 
Fluorescence microscopy of APMV-infected ∆racH cells at 24 hpi. 
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Figure 29. Screening of mutants defective in the phagolysosomal pathway at 24 hpi. APMV 
was stained with a specific antibody (red) and DNA was stained with DRAQ5™ (blue). No 
mutant exhibited any observable virus replication.   
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Figure 30. APMV infection of the ∆atg1 strain. The experiment was performed with AX2 and 
∆atg1 cells infected at MOI 1 in independent triplicates. DNA for the qPCR quantification of 
viral abundance at was isolated at 0 and 24 hpi. The copy number was normalized to the 
volume of the culture medium. The asterisks indicate significant differences as determined by 
two-way ANOVA (n = 3; * = p < 0.05; ** = p < 0.005). 
 

Table 14. Overview of (auto-)phagosomal mutant screening. All tested mutants with their 
experimental outcome by qPCR (Q) or microscopy (M) were listed with their respective 
phenotypes. Strains indicated with an asterisk were kindly provided by Tian Jin, USA. 

Mutant Viral 
Persistence Mutant phenotype Reference 

ΔwshA Yes (Q/M) Defects in reneutralization, digestion, VatA recycling [123, 140] 
Δnramp1 No (M) Defects in metal ion transport, less resistent to pathogens [23, 25] 
ΔnrampB No (M) Defects in metal ion transport, less resistent to pathogens [25, 410, 476] 
Δkil1 No (M) Defects in intracellular killing of bacteria [412] 
ΔracH Yes (Q/M) Defects in endosomal pathway, less resistant to pathogens [22, 411, 475] 
Δvsk1 Possibly (M) No phenotype described * 

Δvsk2 Possibly (M) No phenotype described * 

Δvsk3 No (M) Reduced phagocytosis and fusion with lysosome [415] 
Δ5P4 No (M) Reduced phagocytosis, less resistant to pathogens [414, 477] 
ΔvacB No (Q) Impaired particle recognition, more resistant to pathogens [22, 474] 
ΔalyA No (M) Reduced lysozyme activity, increased phagocytosis [413] 
∆atg1 No (Q) Aberrant macroautophagy [478] 
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Infection mutants with defects in RNA interference (RNAi) 

A common and widely described antiviral mechanism is constituted by the components of the 

RNAi machinery. It is already known that this pathway is able to facilitate a defense against a 

wide variety of viruses with diverse genomic organizations (reviewed in [178]). The RNAi 

machinery and the mechanisms are conserved in D. discoideum [108, 407, 479]. Even though, 

it was observed that the genome abundance for APMV was decreasing after 24 h of infection 

of Dictyostelium, it could not be excluded that a minute fraction of the viruses was able to 

escape the phagosome, but replication was stopped by downstream defense mechanisms like 

RNAi. Thus, mutants missing RNAi components were infected with APMV.  

For this purpose, strains with knockouts of RdRPs and argonaute proteins were selected: ∆rrpA, 

∆rrpB, ∆rrpC, ∆agnA, and ∆agnB. The selected mutants were infected with APMV, and the 

viral genome abundance was quantified at 0 and 24 hpi. While the APMV-infected AX2 cells 

exhibited an ~7.3-9.5-fold reduction in the number of viral genomes, the infected RdRP mutants 

showed a ~1.7-3.8-fold decrease and the Agn mutants revealed a ~21.1-30.0-fold decrease in 

viral genome abundance (31A and B). Especially in ∆rrpB (~1.7-fold reduction), the number 

of viral genomes at 24 hpi seemed to suggest viral persistence. In contrast, the Agn mutants 

exhibited an approximately three times stronger decrease in the viral genome abundance at 

24 h. Even though the RNAi mutant strains did not exhibit a productive infection, the absence 

of RNAi factors seems to influence viral genome abundance in some unknown manner and 

could be of interest once more factors involved in Dictyostelium anti-viral defenses are known.  

 
Figure 31. Infection of RNAi mutants with APMV. The experiment was performed with 
AX2, the RdRP mutant (A) and the Agn mutant (B) strains infected at MOI 1 in independent 
triplicates. DNA for the qPCR quantification of viral abundance at was isolated at 
0 and 24 hpi. The copy number was normalized to the volume of the culture medium. The 
asterisks indicate significant differences as determined by two-way ANOVA (n = 3; 
ns = no significance; * = p < 0.05; ** = p < 0.005). 
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Tupanvirus - a similar fate as APMV 

To investigate the optimal MOI for TPV, infection of the AX2 strain with TPV were performed 

at the MOIs 0.1, 1, and 5 in independent triplicates. As with APMV, a decrease in viral genome 

abundance was observed for all MOIs between 0 hpi and 24 hpi. The reductions at MOIs 1 and 

5, however, were not as strong compared to APMV, arguing that TPV was persisting to some 

degree (Figure 32A). Normalization of viral abundance to the volume of culture medium 

reduced this apparent persistence (Figure 32B), suggesting that cell division was affected. 

Indeed, the number of cells was slightly reduced at 24 hpi for MOI 1 and unchanged for MOIs 

0.1 and 5 (Figure 32C). It cannot be ascertained by this method, however, if this increased 

 
Figure 32. MOI optimization of TPV infection of D. discoideum. (A) Calculation of the 
number of TPV genomes per cell and (B) number of TPV genomes per mL culture medium 
at 0 and 24 hpi. (C) Cell growth was quantified using oligonucleotides specifically targeting 
GpdA. (D) Fluorescence microscopy of TPV-infected cells at 3 and 24 hpi did not confirm 
the observation from qPCR. To increase the visibility of the DNA staining, the color was 
converted to white. 
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persistence and the effect of cell growth can be attributed to viral replication or higher resistance 

to degradation of the viral particles. To investigate this possibility, fluorescence microscopy 

was employed on AX2 cells infected with TPV at MOI 5. Since no specific antibodies against 

TPV exist, DRAQ5TM staining was used to stain the nucleic acids of the virus. This approach 

revealed that, like it was observed to be the case for APMV, after 24 h extracellular viral 

abundance seemed to be drastically reduced (exemplified in Figure 32D).  
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Chemical modifications in rRNA & ribosomal biogenesis 

Parts of this chapter concerned with 2´-O-methylation are included in the manuscript entitled 

“Ribosome heterogeneity in Amoebozoa: fractional 2´-O-Methylation in the ribosomal RNA 

of Dictyostelium discoideum”, which is published in Scientific Reports.  

 

2’-O-Me and associated box C/D snoRNAs in D. discoideum 

Identification and validation of 30 novel box C/D snoRNAs in the genome of D. discoideum 

The number of 17 box C/D snoRNAs identified in D. discoideum prior to this study  is relatively 

small for normally-sized rRNA sequences [15] compared to orthologous RNAs found in other 

species [343]. Therefore, we set out here to search for additional box C/D snoRNAs in the 

amoeba. To this end, we employed an in silico-approach for the identification of novel box C/D 

snoRNAs by using the probabilistic model-dependent search tool snoScan [400], which we 

combined with RNA-seq analyses. The sizes of previously described box C/D snoRNAs of 

D. discoideum range between 66 and 113 nt, with box C-D distances between 50 and 97 nt 

[346]. We searched accordingly first with snoScan in the genome of D. discoideum (available 

at www.dictybase.org) for sequences containing box C and box D motifs with a box C-D 

distance between 50 to 100 nt. Since inverted repeats at the 5´ and 3´ ends were not observed 

before [346], we did not pre-require the presence of a terminal stem structure for a classification 

as a bona fide box C/D snoRNA. Using these settings, we identified 577 box C/D snoRNA 

candidates in the genome of D. discoideum (data not shown), including the set described before 

[346].  In order to refine our search, we next addressed the expression of these candidates in 

publicly available RNA-seq data of the axenic AX2 wild type strain, deposited in duplicate 

[462] at the sequence read archive (https://www.ncbi.nlm.nih.gov/sra). Specifically, we 

mapped reads to the genomic loci of the candidates and selected only those sequences that 

exceeded a read count of 100 and were not part of a longer transcript, as indicated by a distinct 

5´ end. Both, the lack of specific RNA-seq reads or a distinct 5´ end, were penalized 

(‘expression score’, Figure 10). Sequences scoring 29 or higher in the classifier score (Table 15) 

were classified as bona fide box C/D snoRNAs. This routine allowed us to identify 47 box C/D 

snoRNAs in D. discoideum, of which 30 are novel [346]. In addition, we carried out primer 

extension experiments on RNA isolated from axenically grown or developed AX2 and ∆drnB 

cells. This resulted for the majority of the snoRNAs in a single signal at the predicted size 

(Figure 33), indicating that they have homogeneous 5´-ends. Their genomic locations are listed 

in Table S3, allowing to characterize the properties of box C/D snoRNA genes in the amoeba.   
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Table 15. Parameters for snoScan and Classifier Scores.  

 
 

Parameters and values from Scan  
Parameters and values additionally 

used for Classifier Score (CS) 

RNAa C box C score D box D score TSb length 
(bp) 

TSb likely 
formed 

TSb  
score  Scan 

Scorec  RNAseq 
expression 

C-D gap  
(nt) 

Gap 
score 

 
CSd 

CD1 AUGAUGA 12.73 CUGA 8.05 6 Yes 0.27  21.05  15 50 5 41.05 
CD2 AUGAUGA 12.73 CUGA 8.05 2 No -1.65  19.13  15 68 5 39.13 
CD3 AUGAUGA 12.73 CUGA 8.05 1 No -1.90  18.88  15 68 5 38.88 
CD4 GUGAUGA 10.76 CUGA 8.05 4 No -0.93  17.88  15 90 5 37.88 
CD5 AUGAUGA 12.73 CUGA 8.05 4 No -0.93  19.85  15 65 5 39.85 
CD6 AUGAUGA 12.73 CUGA 8.05 5 Yes 2.88  23.66  15 70 5 43.66 
CD7 AUGAUGA 12.73 CUGA 8.05 6 Yes 2.61  23.39  15 81 5 43.39 
CD8 GUGAUGA 10.76 CUGA 8.05 4 No -0.91  17.90  15 73 5 37.90 
CD9 AUGAUGA 12.73 CUGA 8.05 2 No -0.95  19.83  15 65 5 39.83 

CD10 AUGAUGA 12.73 CUGA 8.05 6 Yes 2.42  23.20  15 65 5 43.20 
CD11b AUGAUGU 7.48 CUGA 8.05 7 Yes 3.88  19.41  15 60 5 39.41 
CD11a AUGAUGU 7.48 CUGA 8.05 2 No -1.65  13.88  15 60 5 33.88 
CD12 GUGAUGA 10.76 CUGA 8.05 5 Yes 2.36  21.17  15 59 5 41.17 
CD13 AUGAUGA 12.73 CUGA 8.05 3 Yes 0.52  21.30  15 66 5 41.30 
CD14 AUGAUGA 12.73 CUGA 8.05 5 Yes 3.93  24.71  15 71 5 44.71 
CD15 CUGAUGA 8.44 CUGA 8.05 1 No -1.90  14.59  15 97 5 34.59 
CD16 AUGAUGA 12.73 CUGA 8.05 3 Yes 0.14  20.92  15 62 5 40.92 
CD17 AUGAUGA 12.73 CUGA 8.05 2 No -0.62  20.16  15 54 5 40.16 
CD18 AUGAUGA 12.73 CUGA 8.05 8 Yes 3.94  24.72  15 54 5 44.72 
CD19 GUGAUGA 10.76 CUGA 8.05 5 No -1.48  17.33  15 57 5 37.33 
CD20 GUGAUGA 10.76 AUGA 3.77 1 No -2.41  12.12  15 65 5 32.12 
CD21 GUGAUGA 10.76 CUGA 8.05 5 Yes 0.77  19.58  15 59 5 39.58 
CD22 GUGAUGA 10.76 CUGA 8.05 5 No -1.56  17.25  15 61 5 37.25 
CD23 AUGAUGA 12.73 CUGA 8.05 4 Yes 0.90  21.68  15 61 5 41.68 
CD24 AUGAUGA 12.73 CUGA 8.05 4 No -0.93  19.85  15 59 5 39.85 
CD25 AUGAUGA 12.73 CUGA 8.05 7 Yes 1.98  22.76  15 62 5 42.76 
CD26 AUGAUGA 12.73 CUGA 8.05 5 Yes 1.14  21.92  15 62 5 41.92 
CD27 AUGAUGA 12.73 AUGA 8.05 6 Yes 0.18  20.96  15 63 5 40.96 
CD28 AUGAUGU 7.48 CUGA 8.05 7 Yes 4.08  19.61  15 65 5 39.61 
CD29 AUGAUUG 3.27 CUGA 8.05 7 Yes 1.78  13.10  15 66 5 33.10 
CD30 AUGAUUA 7.81 AUGA 3.77 2 No -0.62  10.96  15 74 5 30.96 
CD31 AUGAUGA 12.73 CUGA 8.05 2 No -0.62  20.16  15 61 5 40.16 
CD32 AUGAUGA 12.73 CUGA 8.05 7 Yes 0.93  21.71  15 55 5 41.71 
CD33 AUGAUUA 7.81 AUGA 3.77 2 No -0.62  10.96  15 74 5 30.96 
CD34 AUGAUUA 7.81 AUGA 3.77 3 No -1.69  9.89  15 61 5 29.89 
CD35 AUGAUGA 12.73 CUGA 8.05 4 No -0.32  20.46  15 75 5 40.46 
CD36 AUGAUGA 12.73 CUGA 8.05 4 Yes 0.08  20.86  15 74 5 40.86 
CD37 AUGAUUA 7.81 AUGA 3.77 3 Yes 0.33  21.05  15 66 5 31.91 
CD38 AUGAUGA 12.73 CUGA 8.05 4 Yes 0.81  17.55  15 74 5 41.59 
OR1 AUGAUGA 12.73 CUGA 8.05 1 No -1.90  21.09  15 71 5 38.88 
OR2 GUGAUGA 10.76 CUGA 8.05 6 Yes 2.28  18.88  15 61 5 41.09 
OR3 AUGAUGA 12.73 CUGA 8.05 1 No -1.90  18.88  15 71 5 38.88 
OR4 AUGAUGA 12.73 CUGA 8.05 1 No -1.90  13.30  15 72 5 38.88 
OR5 AUGCUGA 8.15 CUGA 8.05 2 No -1.66  11.91  15 71 5 34.54 
OR6 AUGAUUA 7.81 AUGA 3.77 6 Yes 1.72  21.59  15 70 5 33.30 
OR7 AUGAAGA 7.52 CUGA 8.05 4 Yes 1.98  16.56  15 53 5 37.55 
OR8 AUGAGGA 8.23 CUGA 8.05 5 Yes 0.28  15.30  15 60 5 36.56 
OR9 CUGAUGA 8.44 CUGA 8.05 1 No -1.19  14.54  15 83 5 35.30 

a Sequences with predicted methylation sites in rRNA are named CDx. and those without ORx for ORphan (x: natural number) 
b TS: terminal stem 
c snoScan Score = C score + D score + TS score 
d Classifier Score (CS) = snoScan Score + RNAseq expression + Gap score 
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Figure 33. Size estimation of box C/D snoRNAs in D. discoideum using primer extension. 
Shown are the primer extension products for the indicated box C/D snoRNAs in the Ax2 and 
∆drnB strains in axenic growth and in the slug stage of development. Inferred RNA sizes are 
shown to the right.  
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The box C/D snoRNA genes in D. discoideum 

Usually, box C/D snoRNAs are encoded in intergenic regions or as part of introns in protein-

coding genes, and in either set-up, they can be generated as mono- or poly-cistronic 

transcriptional units [343]. Aspegren et al. [346] predicted four bi-cistronic transcriptional units 

of snoRNAs in D. discoideum and confirmed expression for several of them using RT-PCR. 

An analysis of the genomic location of the genes for our set of 47 box C/D snoRNAs revealed 

five additional clusters containing two box C/D snoRNAs and two clusters comprised of three 

box C/D snoRNAs (Figure 34). The genes for these box C/D snoRNAs appear equally spaced 

in the clusters. All box C/D snoRNA genes, in clusters or not, were found in intergenic regions, 

except CD38, which is encoded in an intron (Table S3). The CD RNAs are encoded on all 

chromosomes without a noticeable pattern, but we observed that the majority of OR RNAs are 

encoded on chromosome 4. The biological significance of this, if any, remains to be elucidated, 

and we cannot exclude that it is a random localization. Next, we set out next to investigate the 

2´-O-Me patterns in D. discoideum’s rRNAs, that would be guided by the encoded box C/D 

snoRNAs. 

 
Figure 34. Novel genomic clusters of box C/D snoRNAs in D. discoideum. A scale is 
indicated on the upper right. 
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D. discoideum 17S and 26S rRNAs have 49 high-confidence 2´-O-Me sites 

To address 2´-O-Me in the 17S and 26S rRNA of D. discoideum, we employed RMS, a method 

introduced on yeast rRNA [250], and subsequently used in a several other organisms [251, 252, 

480]. In brief, RMS is a next-gen sequencing-based method that relies on the cleavage-

resistance of 2´-O-methylated nucleotides under alkaline conditions, resulting in an 

underrepresentation of read ends in fragmented RNA. The results are expressed as RMS scores, 

which represent the fraction of modified molecules at a given position. The method yields 

methylation stoichiometry comparable to RP-HPLC [481]. We generally considered sites with 

an RMS score >0.75 as high-confidence 2´-O-Me sites. 

To investigate the global 2´-O-Me landscape in wild type Dictyostelium, we initially determined 

the RMS scores of rRNA isolated from axenic AX2 cells. During these experiments, we 

realized that one nucleotide (C784) was missing in the 17S reference sequence [15], and its 

presence was independently confirmed by sequencing of a PCR product on total DNA. Using 

the criteria outlined above, we determined in total 17 and 32 positions with a 2´-O-Me moiety 

on the 17S rRNA and the 26S rRNA, respectively (Figure 35A). Of these high-confidence sites, 

 
Figure 35. RiboMeth-seq analysis of the 17S and 26S in D. discoideum. RMS scores at 2´-
O-Me sites on the 17S and 26S rRNA in axenic growth and development of AX2 (A) and 
∆drnB (B) cells (n=3). 

B
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the majority appeared to be fully methylated. In axenically-grown AX2 cells, we identified 2 

hypomethylated positions each in the 17S and 26S rRNAs. This indicates, to our knowledge 

for the first time, heterogeneity of the ribosome population in D. discoideum. Heterogeneity in 

rRNA modifications had been, however, reported previously for mouse, human, thale cress, 

and zebrafish [251, 252, 261, 480, 482, 483]. In these studies, differences in the ribosome 2´-

O-Me patterns between cultured cells and differentiated tissues, or during development have 

been described. Since D. discoideum undergoes development upon starvation, we set out next 

to elucidate any changes of the 2´-O-Me pattern in rRNAs of the slug stage of development in 

the AX2 wild type. The fractionally methylated positions in axenically-grown wild type cells 

were also substoichiometrically methylated during development, while the RMS score of most 

2´-O-Me sites remained unchanged (Figure 35A). 

For Dictyostelium, box C/D snoRNA gene clusters have been described [346]. Primary 

transcripts of such clusters are often processed by an RNase III before exonucleolytic 

processing can occur [352, 353, 358]. We therefore included the knock-out strain of the 

nucleolar RNase III DrnB [405, 484, 485] in our experiments, reasoning that box C/D snoRNA 

availability might be altered in that strain. At large, the 2´-O-Me pattern of the AX2 strain, 

however, was also observed for axenic growth and development of the ∆drnB strain (Figure 

35B and Figure36). Only one position, 26S-Am1463, exhibited a noticeable difference between 

 
Figure 36. Comparison of RMS scores in axenic growth and the development of AX2 and 
∆drnB. Heatmap of RMS scores at all methylated positions on the 17S (A) and 26S rRNA (B). 
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the axenically-grown AX2 and ∆drnB strains (Figure 36C). This indicates that any effect that 

DrnB might have on the processing of box C/D snoRNA precursors does not manifest 

Table 16. Sites of 2´-O-Me in rRNA with guiding box C/D snoRNAs in D. discoideum and 
further species.  
D. discoideuma  S. cerevisiaeb  H. sapiensc  A. thalianad 
Position guided by   Position guided by   Position guided by   Position guided by 

SSUe 

Am28 CD18  Am28 snR74  Am27 U27  Am28 AtU27 
Cm38 CD35  -   -   -  
Am432 CD8  Am436 snR87  Am484 U16  Am438 AtU16 
Am466 CD8  -   -   -  
Um571 CD21  Um578 snR77  Um627 HBII-135  Um580 AtsnoR77Y 
Am612 CD25  Am619 snR47  Am668 U36A/B  Am621 AtU36 
Am796 CD19  -   -   -  
Cm991 CD7  -   -   -  
Am1133 CD10  -   -   -  
Um1255 CD20  -   -   -  
Um1264 CD29  Um1269 snR55  Um1326 U33  Um1270 AtsnoR34 
Gm1266 CD37  Gm1271 snR40  Gm1328 U232A  Gm1272 AtsnoR21 
Um1456 CD1  -   Um1442 U61  Um1281 AtU61 
Am1469   -   -   -  
Gm1506 CD1  Gm1428 snR56  Gm1490 U25  Gm1431 AtsnoR19 
Gm1588 CD16  -   -   -  
Cm1715 CD28   Cm1639 snR70   Cm1703 U43   Cm1641 AtU43 

LSUe 

Gm711 CD7  -   -   -  
Am841 CD12  -   -   -  
Am844 CD24  Am649 U18  Am1313 U18A/B/C  Am647 AtU18 
Am1370 CD9/13  Am1133 snR61  Am1858 U38A/B  Am1140 AtU38 
Am1463 CD9/13  -   -   -  
Cm1673 CD19  Cm1437 Um24  Cm2338 U24  Cm1439 AtU24 
Am1685 CD19  Am1449 Um24  Am2350 U76  Am1451 AtU24 
Gm1686 CD16  Gm1450 Um24  Gm2351 U24  Gm1452  
Am1689 CD33  -   -   -  
Gm2132 CD1  -   -   -  
Am2159 CD27  -   -   -  
Um2164 CD31  -   -   -  
Um2170 CD17/32  Um1888 snR62  Um2824 U34  Um1882 AtU34 
Am2522 CD4  Am2256 snR63  Am3739 U46  -  
Am2547   Am2281 snR13  Am3764 U15A/B  Am2271 AtU15 
Gm2554 CD14  Gm2288 snR75  -   Gm2278 AtU15 
Um2580 CD12/34  -   -   -  
Am2592 CD34  -   -   -  
Cm2603 CD26  Cm2337 snR64  Cm3820 U74  -  
Gm2661 CD2/3  -   -   -  
Um2683 CD30  Um2417 snR66  -   -  
Um2687 CD22  Um2421 snR78  Um3904 U52  Um2411 AtsnoR37 
Gm2952 CD13  Gm2619 snR67  Gm4166 U31  Gm2610 AtsnoR35 
Gm2984 CD5  -   -   -  
Gm3124 CD36  -   -   -  
Gm3148 CD6  Gm2815 snR38  Gm4362 snR38A/B/C  Gm2805 AtsnoR38Y 
Cm3212 CD38  -   -   -  
Um3254 CD25  Um2921 snR52  Um4468   -  
Gm3255   Gm2922 Spb1  Gm4469   -  
Am3279 CD11  Am2946 snR71  Am4493 U29  Am2936 AtU29 
Cm3281 CD15  Cm2948 snR69  -   -  
Cm3292 CD23  Cm2959 snR73  Cm4506 U35A/B  Cm2949 AtU35 
a This study  
b https://people.biochem.umass.edu/fournierlab/snornadb/mastertable.php 
c  https://www-snorna.biotoul.fr/human_yeast/ 
d  https://ics.hutton.ac.uk/cgi-bin/plant_snorna/home 
e SSU: small subunit; LSU: large subunit. 
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substantially in altered 2´-O-Me patterns. Similarly, position 26S-Am1463 displayed different 

RMS scores were observed between axenic growth and the slug stage in both, the AX2 and 

∆drnB strains (Figure 35C, Figure 36). The four 2´-O-methylated residues that we found either 

fractionally modified or changed in development had no orthologous modified sites in 

S. cerevisiae, H. sapiens, and A. thaliana (Table 16, and see below). 

 

Secondary structure models for the small and large ribosomal subunits in Amoebae 

As methylated rRNA positions are required for folding and structural stabilization of rRNAs, 

thereby contributing to ribosome function [247], it was of interest to localize the 2´-O-

methylated positions in the context of the rRNA structure of D. discoideum. A partial structure 

of the large ribosomal subunit of D. discoideum has been published recently [486], but no high-

resolution structural data is available for complete ribosomes from any species of the 

Amoebozoa. To obtain a model for the rRNA secondary structures, we therefore employed 

homology modelling using sequences of species from the evolutionary supergroups of 

Opisthokonta and Archaeplastida [2]. In brief, we aligned the rRNAs from the amoeba with the 

corresponding small and large subunits’ (SSU and LSU, respectively) rRNA sequences from 

A. thaliana, Caenorhabditis elegans, Drosophila melanogaster, and H. sapiens (Table 16). The 

inferred secondary structure models of the 17S and 26S (with the 5.8S) rRNAs of D. discoideum 

are shown in Figure 37 and Figure 38, respectively, and include the 2´-O-methylated positions. 

Central parts of ribosomes from different species are structurally highly conserved and variation 

appears restricted to peripheral regions and the so-called expansion segments (ES) [487], which 

often harbor species-specific sequences. This is exactly what the models for the amoebal rRNA 

structures display (Figure 37 and Figure 38). This holds particularly true for the conserved 

regions involved in the formation of A, P and E sites. Not surprisingly, the ES of D. discoideum, 

which are not covered in the aforementioned structure [486], exhibited significant differences 

as compared to the ES in other species (exemplified for H. sapiens; Table 17).  

About half of the 2´-O methylated positions were found in the vicinity of nucleotides residing 

in the A, P and E sites, and the other half in other regions of the rRNAs (Figure 37 and 

Figure 38). These latter positions localized frequently to formally single stranded regions, or to 

nucleotides at the very beginning of helical stems. When comparing the 2´-O-Me patterns in 

wild type D. discoideum to those in S. cerevisiae, H. sapiens, and A. thaliana, we found 28 of 

the 2´-O-Me sites conserved in at least one of these organisms, and therefore, the other 21 sites 

are specific to D. discoideum (Table 16). Only one of these positions, Gm711 in the 26S rRNA, 

was found in an ES (Figure 38), indicating that 2´-O-Me is largely restricted to the core of the 
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ribosome in D. discoideum. Noteworthy, five of the 13 specific 2´-O-Me sites on the 26S rRNA 

were locating in domain 0, which has been shown in other species to coordinate folding of all 

other domains of the LSU rRNA, including the PTC [488]. 

  

Table 17. Main differences of ribosomal expansion segments in D. discoideum compared 
to H. sapiens.  

Subunit Expansion  
segment 

Difference 

SSU h9ES3 h9ES3a completely missing; h9ES3b conserved in structure; 
h9ES3c prolonged  

 h21ES6 h21ES6a conserved. contains the D. discoideum-specific methylation site 
Am796; h21ES6b extended; h21ES6c missing; 
h21ES6d conserved  

 h26ES completely missing 
 h39ES9 almost 70 nt longer 
LSU H9ES3 constituted by the loop of H9. 6 nt smaller 
 H25ES7 H25ES7a: ca. 200 nt shorter; H25ES7b: ca. 160 nt shorter; H25ES7c: 6 bp 

shorter; H25ES7d: completely missing; H25ES7e: ca. 40 nt shorter; 
H25ES7f: ca. 70 nt shorter; H25ES7g: completely missing; 
H25ES7h: similar length. different structure; three additional helices 
(now called H25ES7i-k) 

 H28ES8 stem loop 3 nt shorter 
 H30ES9 similar length. different structure 
 H31ES9 stem loop. 4 nt longer 
 H38ES10 completely absent 
 H38ES12 H38ES12a corresponds to H38ES12 in human LSU. H38ES12a 2 bp 

shorter with additional bulge near helix terminus; Additional helix (now 
called H38ES12b). 

 H45ES15 completely absent 
 H52ES19 H52ES19a corresponds to H52ES19 in human LSU. H52ES19a is similar 

length. different structure; Additional helix (now called H52ES19b). 
 H54ES20 H54ES20a 5 bp shorter in Dicty; H54ES20b completely missing 
 H63ES27 Overall almost 570 nt shorter: H63ES27a is 280 nt shorter. H63ES27b is 

almost completely missing. 
 H78ES30 completely absent. 
 H79ES31 Size is similar. but less structured with H79ES31a being structurally 

conserved and H79ES31b not formed 
 H98ES39 Overall 110 nt shorter and less structured with H98ES39a being 95 nt 

shorter and H98ES39b being 15 nt shorter 
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Figure 37. Secondary structure of the 17S rRNA of D. discoideum with 2´-O-Me sites. The 
secondary structure of the 17S rRNA was inferred by homology and drawn using RNAviz (v. 
2.0.3). The 2´-O-methylated nucleotides as identified by RiboMeth-seq are marked with an 
arrow and ‘m’ (red). Nucleotides located in the A, P, and E sites of the ribosome are indicated 
in pink. Helices (hx) are named to convention and expansion segments (ESx) are labeled with 
x: natural number. 
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Figure 38. Secondary structure of the 26S rRNA of D. discoideum with 2´-O-Me sites. The 
secondary structure of the 26S rRNA was inferred by homology and drawn using RNAviz (v. 
2.0.3). The 2´-O-methylated nucleotides as identified by RiboMeth-seq are marked with an 
arrow and ‘m’ (red). Nucleotides located in the A, P, and E sites of the ribosome are indicated 
in pink. Due to the size of the 26S rRNA, the figure is split into the 5´ half (this) and 3´ half (next 
page). The predicted interaction with the 5.8S rRNA (previous page) is shown at the 5´end. 
Helices (Hx) are named to convention and expansion segments (ESx) are labeled. 
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Figure 38. Secondary structure of the 26S rRNA of D. discoideum with 2´-O-Me sites. ctd. 
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The majority of 2´-O-Me sites in D. discoideum can be associated to box C/D snoRNAs 

To identify snoRNA guides for the 2´-O-methylated sites, we employed next RNAhybrid, since 

snoScan alone was not able to predict all targets for our set of box C/D snoRNAs. This resulted 

in the prediction of 46/49 2´-O-Me sites with at least one, occasionally two box C/D snoRNA 

guides (Table 16). The snoRNAs guiding 2´-O methylation at these rRNA sites were named 

CDx (x = natural numbers; Table S3). For the remaining 9 box C/D snoRNAs, we could not 

assign a 2’-O-Me site in either rRNA, and therefore we classified these sequences as orphans, 

and named them accordingly ORx (Table S3). Seven of the CD RNAs can make use of both 

their D and D´ boxes to guide 2´-O-Me in one or both rRNAs (Table 16 and Table 18). For 

most positions targeted by these CD RNAs, no alternative guides were found. Rather, CD1 and 

CD19 have two targets each for their D´ boxes, additional to the targets of their D boxes 

(Table 18). The majority of CD RNAs, however, is predicted to employ either its D or D´ box. 

Figure 41A displays examples for single and double usage of D boxes, shown exemplarily for 

one case each in the 17S and 26S rRNA. The predicted bimolecular interactions of the CD 

RNAs with their rRNA targets are shown in Figure 39 and Figure 40 for D and D´ box guides, 

respectively.  

 

Table 18. Targets of CD RNAs which utilize box D and box D´. 

CD RNA box D target Domain box D´ target Domain Distance [nt] 

CD1 17S-U1456 3´ major 17S-G1506 3´ major 50 

CD1 17S-U1456 3´ major 26S-A2132 III - 

CD7 26S-G711 I 17S-C991 C - 

CD8 17S-A466 5´ 17S-A432 5´ 34 

CD13 26S-A1370 II 26S-G2952 V 1581 

CD15 26S-C3292 V 26S-C3281 V 11 

CD19 26S-C1673 II 26S-C1685 II 12 

CD19 26S-C1673 II 17S-A796 C - 

CD25 17S-A612 5´ 26S-U3254 V - 
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Figure 39. Predicted base pairing between rRNA and CD RNAs utilizing the D box motif. 
Shown are part of the rRNA (beige) with the methylated residue (red), and base pairs with 
relevant sequences of the guiding snoRNAs (grey) and their predicted C and D boxes (bold). 
Watson-Crick (|) and wobble base pairing (*) between rRNA and snoRNA are indicated. The 
predicted k-turns formed via non-Watson-Crick base pairing between C/D boxes are 
designated by (•). Except for the CD29 - 17S-U1264 pair, all k-turns follow the consensus. Pairs 
are sorted by decreasing stability of the duplex.  

CD27 - 26S-A2159:

5’ UUGAUGAUGA-------------U … 3'
|    •••|              |

3’ AC---AGUCUCAGUUUACAUAAUA … 5'
|||||||||||||

5’ GCCUCUGGUCAAAUGUAUUAA 3’

CD20 - 17S-U1255:

5’ UUUGUGAUGAAAU-----GUAUU … 3'
|    •••|             |

3’ AC---AGUCUAAGAUAUUCAC-A … 5'
|||||||||||

5‘ UUCAUGAUUCUAUAAGUGGUG 3‘

CD25 - 17S-A612:

5' UUAAUGAUGAUUGU------AUAUG … 3'
||   •••|                

3' AA---AGUCAUAAUUUUUCGAGCAA … 5'
*|||||||||||||

5' UGUUGCAGUUAAAAAGCUCGU 3'

CD8 - 17S-A466:

5'  CAGUGAUGAACGUAAUUUGC … 3'
| •••| 

3' UG---AGUCUCUGUUAUUUAC … 5'
||||||||||  

5' GUAGUGACAAUAAAUAUCA 3'

CD19 - 26S-C1673:

5‘ UUGGUGAUGAAAAAAAUUUGCUACU … 3‘
|    •••|               |

3‘ AC---AGUCUCUAGAACUACAUUUA … 5‘
||||||||||    

5‘ UAGUGCAGAUCUUGAUGGUAG 3‘

CD4 - 26S-A2522:

5’  UAAGUGAUGAUAACCCAAUAGA … 3'
|   •••|            

3’ UUU---AGUCUCAUUGAUACU- … 5'
||||||||||    

5’ GGCGGGAGUAACUAUGACUCU 3’

CD9 - 26S-A1370:

5’ UGAAUGAUGA-------------- … 3'
||   •••|               

3’ AC---AGUCUUCGUUUUGACCGCA … 5'
||||*||||||||

5’ UUUGGUAAGCAGAACUGGCGA 3’

CD13 - 26S-A1370:

5’   GGAAUGAUGA------------UU … 3'
||   •••|              |

3’ UACC---AGUCUUCGUUUUGACCGCA … 5'
||||*||||||||

5’ UUUGGUAAGCAGAACUGGCGA 3’

CD1 - 17S-U1456:

5’ UGAAUGAUGAAACAAACAGA … 3'
|   •••|           

3’ UC---AGUCUUGAAGAAUCA … 5'
|||||||||

5’ AAUUAAAACUUCUUAGAGGGA 3’

CD30 - 26S-U2683:

5’ AAAAUGAUUAAAACGAUUUUGAUC … 3'
||   •••|               

3’ UU---AGUAACGAACUGAUGAUCU … 5'
||||||||   

5’ CUGUUGAGCUUGACUCUAGUC 3’

CD23 - 26S-C3292:

5' A-AUAUGAUGAA-G-UAAUU-----C … 3'
|     •••|                

3’ UAC---AGUCUUCUGACAGCACUCU- … 5'
|||| |||||||||

5' UGGGUUUAGACCGUCGUGAGA 3'

CD9 - 26S-A1463:

5’ UGAAUGAUGA-------------- … 3'
||   •••|               

3’ AC---AGUCUUCGUUUUGACCGCA … 5'
||||**||    

5’ UUAAGACAGCAGGACGGUGGC 3’
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Figure 39. Predicted base pairing between rRNA and CD RNAs utilizing the D box motif. ctd. 

CD13 - 26S-A1463:

5’   GGAAUGAUGA------------UU … 3'
||   •••|              |

3’ UACC---AGUCUUCGUUUUGACCGCA … 5'
||||**||  

5’ UUAAGACAGCAGGACGGUGGC 3’

CD7 - 26S-G711:

5' UGAAUGAUGAUUGG-----------U … 3'
|   •••|                 

3' CC---AGUCUAAACACGCUUGUGCCU … 5'
|||| |*|*   

5' UUUUGUUUGCGUGGCUUGGCC 3'

CD29 - 17S-U1264:

5‘ CAAAUGAUUGAAAACCAAUA-UUUAUA … 3'
|   •••                   

3’ CU---AGUCUACCACAACGUACCAUUU … 5'
||||| ||||||||

5’ AUAAGUGGUGGUGCAUGGUC 3’
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Figure 40. Predicted base pairing between rRNA and CD RNAs utilizing the D´ box motif. 
Shown are part of the rRNA (beige) with the methylated residue (red), and base pairs with 
relevant sequences of the guiding snoRNAs (grey) and their predicted D box (bold). 
Watson-Crick (|) and wobble base pairing (*) between rRNA and snoRNA are indicated. As 
the k-loop is less well conserved, the sequences of the C´ boxes are not shown. Pairs are 
sorted by decreasing stability of the duplex 

CD35 - 17S-C38:

3' GAAUUAGAAACUCUG 5'
|||||||||||||

5' UUUAAUCUUUGAGAACUAA 3'

CD7 - 17S-C991:

3' CAUAGACUAGCAGAA 5'
|||||||||||||

5' UUAUCUGAUCGUCUGUUGA 3'

CD31 - 26S-U2164:

3’ GAUGUAAUUAUGUAA 5’
|||||||||||||

5' AUACAUUAAUACAUUCUUA 3'

CD32 - 26S-U2170:

3’ GAAUAGAUGUAAUU 5’
||||||||||||

5' AUUAUCUACAUUAGCUGA 3'

CD10 - 17S-A1133:

3' GGCAGUUAAGGAAAUUC 5'
*||||||||||||||

5' AUGUCAAUUCCUUUAACAUGA 3'

CD18 - 17S-A28:

3' CUGUUCGUAUACU 5'
|||||||||||

5' UACAAGCAUAUGUCUGA 3'

CD17 - 26S-U2170:

3’ AAUAGAUGUAAUU 5’
|||||||||||

5' AUAUCUACAUUAGCUGA 3'

CD14 - 26S-G2554:

3’ AAUCUACUGCUCC 5’
|||||||||||

5' CUAGAUGACGAGUCAUA 3'

CD38 - 26S-C3213:

3' AUUCUUCUCGGCU 5'
|||||||||||

5' AAAGAAGAGCCGUAUUA 3'

CD36 - 26S-G3124:

3' AAGACUGUGGAGAUCC 5'
||||||||*|||||

5' UUCUGACACUUCUAGAGUGA 3'

CD8 - 17S-A432:

3' UCAUUAAACGCG 5'
|||||||||| 

5' CGUAAUUUGCGUAUGA 3'

CD19 - 26S-A1685:

3’ AUAAACGAUGAU 5’
||||||||||

5' AAUUUGCUACUGCUGC 3'

CD34 - 26S-G2592:

3’ CACCCUUAGAGU 5’
||||||||||

5' AUGGGAAUCUCUCUUA 3'

CD26 - 26S-C2603:

3’ UCAAUCCCUGUC 5’
||||||||||

5' UGUUAGGGACAUCUUA 3'

CD1 - 17S-G1506:

3' GUGUCUGGACAA 5'
|||||||||

5' AACAGACCUGAUCUGA 3'

CD33 - 26S-A1689:

3’ CUUAUAAACGA 5’
|||||||||

5' CAAUAUUUGCCCUGA 3'
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Figure 40. Predicted base pairing between rRNA and CD RNAs utilizing the D´ box motif. ctd. 
  

CD13 - 26S-G2952:

3' CGGCGGGGUCG 5'
|||||||||

5' ACCGCCCCAGUCUGC 3'

CD6 - 26S-G3148:

3’ CAAUAGGGACA 5’
|||||||||

5' UUUAUCCCUGUCUUA 3'

CD24 - 26S-A844:

3’ GAACUAGGCACAAA 5’
|||||*|||||| 

5' UUUGAUUCGUGUUUCUGA 3'

CD2 - 26S-G2661:

3’ AGAAGAAAGGGGCG 5’
*|||||||||||

5' AUUUCUUUCCCCGUCCGA 3'

CD3 - 26S-G2661:

3’ AGAAGAAAGGGGCG 5’
*|||||||||||

5' AUUUCUUUCCCCGUCCGA 3'

CD16 - 17S-G1589:

3' UUACUAAUGGGUUA 5'
*|||||||*|||

5' UGUGAUUACUCAAUUUGA 3'

CD21 - 17S-U571:

3’ CUUAAUGGCG 5’
||||||||

5' UAAUUACCGUCCGA 3'

CD37 - 17S-G1266:

3’ UACGUGGUGG 5’
||||||||

5' UUGCACCACUCUGC 3'

CD1 - 26S-G2132:

3’ CUCUGGACUA 5’
||||||||

5' CAGACCUGAUCUGA 3'

CD16 - 26S-G1686:

3’ UUAUAAACGAUGA 5’
||||||||||*

5' UAUAUUUGCUAUUCUUA 3'

CD22 - 26S-U2687:

3’ GUCUGAUCUCAGU 5’
||||||||||*

5' AAGACUAGAGUUUCUGU 3'

CD15 - 26S-C3281:

3’ AUUUGGGUCGAGU 5’
||||*||||||

5' CAAACUCAGCUCUAUGA 3'

CD19 - 17S-A796:

3' UACGACGUU 5'
|||||||

5' CUGCUGCAUUUAA 3'

CD5 - 26S-G2984:

3’ ACCUGUGAA 5’
|||||||

5' CGGACACUUUUGA 3'

CD25 - 26S-U3254:

3' CCACUUGUUAGG 5'
||||||||||

5' UGUGAACAAUCUCUGA 3'

CD11 - 26S-A3279:

3' UGGGUCGAGUGC 5'
|*||||||||

5' CCUCAGCUCACACCGA 3'
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Figure 40. Predicted base pairing between rRNA and CD RNAs utilizing the D´ box motif. ctd. 
 

Features of box C/D snoRNAs and their interactions with rRNA 

The box C/D snoRNAs in Dictyostelium are between 66 nt and 113 nt in length, with an average 

GC content of 32.2% and box C-D distances between 50 nt and 97 nt (Table 16). The terminal 

stem often found in box C/D snoRNAs in other species (Figure 7), is predicted by snoScan only 

in 25 of the 47 box C/D snoRNAs of D. discoideum (indicated with a positive TS score in 

Table 16). In contrast, the box C and box D sequences forming the k-turn motif are highly 

conserved (Figure 41B); in particular, the GA dinucleotides forming trans hoogsteen/sugar-

edge A•G base pairs are present in all CD RNAs selected by the described criteria (but not in 

all OR RNAs, see Table 16). Furthermore, we found that almost all CD RNAs abide to the 

box D consensus sequence CUGA, with a small fraction of snoRNAs featuring an AUGA 

instead (Figure 41B and Table 16). Compared to these motifs, the box C´ and box D´ sequences 

show considerably more variation in Dictyostelium (Figure 41B). Despite this, the majority of 

methylated positions is predicted to be guided by the D´ boxes of individual CD RNAs (Figure 

41C), similar to observations made for the human box C/D snoRNAs [251]. The lengths of the 

CD RNA/rRNA duplexes distributed around 11 bp within a range of 7 - 15 bp, with average 

minimal free energies (MFE) of -13.9 kcal/mol (Figure 41D, E). In these predicted CD 

RNA/rRNA interactions, we observe the frequent occurrence of G*U base pairs [489], 

occasionally A/C base pairs [321], and a single G/A mismatch (Figure 39 and Figure 40). Only 

for the CD16/17S-G1589 duplex, we noticed that the +6 position is methylated, rather than the 

consensus +5 position, as had also been observed before in other species, e.g. D. rerio [252]. 

CD28 - 17S-C1715:

3’ CGCUGCCCGCCA 5’
*|||| ||||

5' UUGACGAGCGGACUGA 3'

CD12 - 26S-A841:

3’ GGCACAAAGUU 5’
*||||||||

5' AUGUGUUUCAGAUGA 3'

CD12 - 26S-U2580:

3' ACUAGGUAAGU 5'
|||**|||*

5' AGAUUUAUUUCAUGU 3'
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Figure 41. Features of CD RNAs in D. discoideum. (A) Examples of CD RNAs guiding 2´-O-Me 
at one or two rRNA positions. Single (top) and double (bottom) usage of D boxes of selected 
CD RNAs guiding positions in the 17S (left) and the 26S rRNA (right). Shown are CD RNA 
sequences (grey) with nucleotides involved in the formation of the k-turn (black). The guided 
part of the rRNA is shown in orange with the methylated residue highlighted in red. Intra- and 
intermolecular interactions are denoted for Watson-Crick (|) and G/U base pairing (*), as are 
the A/G and U/U base pairs (•) involved in the formation of the k-turn. (B) Conservation of C, 
C´, D and D´ box sequences shown with WebLogo [457]. (C) Distribution of CD RNAs using box 
D, D´ or both.  Duplex lengths (in bp; D) and minimal free energies ΔG (in kcal/mol; E) of the 
interaction between CD RNA and the guided rRNA position. 
 

Box C/D snoRNAs accumulate differentially during development of D. discoideum 

Our primer extension experiments (Figure 33) indicated no 5´-end size heterogeneity of box 

C/D snoRNAs in D. discoideum. In absence of an internal control, a correlation between band 

intensity and expression levels is difficult. Furthermore, we could not obtain a product for 

several snoRNAs, despite the use of several distinct primers in these experiments. Therefore, 

to obtain a more complete view on box C/D snoRNA accumulation, we retrieved RNA-seq 

Box C Box C’ Box D Box D’
B

C D E

5’ UGAAUGAUGA--------------UAUAUCACCGCCCCAGUCAUAAUU
•••|                                         

3’ AC---AGUCUUCGUUUUGACCGCACAAGACAUUUAGGCUUAGUCGUGU
||||*||||||||

5’ UUUGGUAAGCAGAACUGGCGA 3’

CD9

26S-Am1370

3’ UCAUUAAACGCGCGGA 5’
||||||||||

5’ CAGUGAUGAACGUAAUUUGCGUAUGA---ACUAGCAGACAUCAUUU
•••| •••                    G

3’ UG---AGUCUCUGUUAUUUACUGCUAGUUC-GAUC-UCUGCUCUUGU
||||||||||

5’ GUAGUGACAAUAAAUAUCA 3’ 

CD8
17S-Am432

17S-Am466

5’ UUAAUGAUGAUUGU------AUAUGUGAACAAUCUCUGAAAAC
•••|

3’ AA---AGUCAUAAUUUUUCGAGCAACAAAAAAACAAGGGUGUU
*|||||||||||||

5’ UGUUGCAGUUAAAAAGCUCGU 3’        

17S-Am612

CD18
A

3´ UACACGGCGGGGUCGGUUUGA 5’
|||||||||

5’   GGAAUGAUGA------------UUGAC-A-ACCGCCCCAGUCUGC---AA
•••|                                |•••    

3’ UACC---AGUCUUCGUUUUGACCGCACAGACAUUUAAGGCUUAGUAGUAAUU
||||*||||||||

5’ UUUGGUAAGCAGAACUGGCGA 3’

26S-Am-1370

26S-Gm-2952
CD13
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datasets for AX2 and ∆drnB in axenic growth and in the slug stage of development from NCBI, 

which were originally deposited by Liao et al. [462]. As a first step, we performed a principal 

component analysis (PCA) of box C/D snoRNA expression on two biological replicates for 

each time point per strain. The analysis revealed global changes of box C/D snoRNA abundance 

in the development of the AX2 and ∆drnB strains (Figure 42A), however, not between AX2 

and ∆drnB. This is corroborated by comparative 2D plots of DESeq2-normalized reads of 

individual box C/D snoRNAs in the two strains and under the two growth conditions (Figure 

43A). In a subsequent analysis of individual box C/D snoRNAs, we considered changes 

significant if an adjusted p-value < 0.05 and an at least 0.5-log2fold-change in RNA quantity 

was observed. Using these criteria, 22 box C/D snoRNAs were significantly up- or 

downregulated in the slug stage of development of AX2 (Figure 42B, C and Figure 43B). In 

contrast to this and as seen before (Figure 42A), we did not observe significant differences in 

the box C/D snoRNA between AX2 and ∆drnB except for OR9 and CD37, which were 

upregulated in the slug stage in ∆drnB, but not in AX2 (Figure 42B, C and Figure 43B). We 

wondered whether the changes that we observe in the 2´-O-Me patterns (Figure 35) can be 

explained by differences in the accumulation of the guiding CD RNAs. This is clearly not the 

case, as a 2D plot of the DESeq2-normalized reads of CD RNAs against the RMS scores at all 

 
Figure 42. Analysis of box C/D snoRNA accumulation in axenic growth and development 
of the AX2 and ∆drnB strains. (A) Principal component analysis (PCA) of data from RNA-
seq on the indicated strains and conditions. Volcano plots of box C/D snoRNA abundance 
changes in the slug stage of AX2 (C) and ∆drnB (C). Significantly up- or downregulated 
box C/D snoRNAs are labelled and colored green. 
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methylated sites revealed no correlation in axenic growth; rather, full and fractional methylation 

is observed independent of the CD RNAs abundance (Figure 43C). Furthermore, the log2 fold-

change of the RMS score and the CD RNA accumulation in the slug stage (Figure 43D) showed 

no differences. Thus, changes in the 2´-O-Me patterns can in general not be attributed to altered 

CD RNA amounts in the development of D. discoideum.   

 
Figure 43. Analysis of box C/D snoRNA accumulation in axenic growth and development 
of the AX2 and ∆drnB strains, and the relationship to 2´-O-Me in rRNA. (A) 2D plots of 
DESeq2-normalized reads in AX2 and ∆drnB in axenic growth vs. slug stage (top) and in 
axenic growth or the slug stage of development of AX2 vs. ∆drnB (bottom). (B) Hea™ap of 
log2 fold-change of box C/D snoRNA levels in the slug stage of development in the indicated 
strains. (C) 2D plot of log2 fold-change of box C/D snoRNA abundance per target in 
development and log2 fold-change of the RMS score at all predicted methylation sites. (D) 
2D plot of DESeq2-normalized counts of box C/D snoRNAs and RMS scores. 

C.

D

C

A B
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Pseudouridylation in the rRNAs of D. discoideum 

D. discoideum’s rRNAs have 66 predicted Ψ sites 

After the description of the 2´-O-Me landscape in D. discoideum, the global ribosomal Ψ 

pattern in the amoeba should be elucidated. For this purpose, the recently established method 

HPS was used [399]. Beforehand, mapping of Ψ usually involved its derivatization using 

soluble carbodiimide [490], yielding noisy results due to harsh conditions during the 

preparation of RNA for deep sequencing [399]. In brief, HPS is based on the resistance of Ψ 

(and A, C, G) to treatment with hydrazine and aniline, which results in cleavage at all 

unmodified U residues [399]. Since sequencing reads start from the n + 1 position relative to 

an unmodified U, counting of the 5´-ends of the fragments therefore yields an 

underrepresentation of pseudouridylated sites. As RMS, Ψ scores immediately reflect the 

fraction of modified nucleotides at a given site [399]. For the analysis of the Ψ landscape in 

D. discoideum, nucleotides were considered pseudouridylated when the ScoreMEAN was 

higher than 0.92 and ScoreA was higher than 0.5. Besides AX2 in axenic growth, developing 

cells after 8, 16, and 24 h were included in the experiment. 

At first, the pseudouridylated sites for axenically-growing amoebae were established. Using 

medium stringency as outlined above, 20 and 45 positions with an isomerized U were predicted 

on the 17S and 26S rRNA, respectively (Figure 44). One sample was excluded due to technical 

errors in sample preparation. In addition, a putative Ψ was identified at position 70 of the 5S 

rRNA (Figure 44). Most of these modified sites appeared fully modified, nonetheless, 

substoichiometric Ψ levels (Ψ score > 0.85) were observed in 5 positions on the 17S and 26S 

rRNA each. The Ψ score at position 26S-U2048, however, exhibits a high standard deviation 

and therefore might be fully pseudouridylated rather than fractionally modified (Figure 44). In 

 
Figure 44. HydraPsiSeq analysis of the rRNAs in D. discoideum. Ψ scores at the predicted 
Ψ sites on the 5S, 17S, and 26S rRNA in axenic growth of the amoeba (n = 2). 
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addition to fractional 2´-O-Me, fractional pseudouridylation consolidates the presence of 

ribosome heterogeneity in D. discoideum.  

 

Localization of Ψ sites in the secondary structure of D. discoideum’s rRNA 

As a next step and to identify Ψ in the functional sites of the ribosome, the predicted Ψ sites 

were located in the secondary structure established previously. Almost two thirds (40/66) of 

pseudouridylated nucleotides reside in the vicinity of functionally important helices, with some 

of these modifications directly at the or immediately adjacent to the nucleotide in regions like 

the tRNA binding sites and the PTC (Figure 45 and Figure 46). Many of these positions are 

conserved between D. discoideum, S. cerevisiae, H. sapiens, and A. thaliana and are 

predominantly found in the 3´-major domain on the 17S rRNA and domains IV and V on the 

26S rRNA (Table 19 and Table 20). Of the positions linked to important regions in the amoeba, 

18 Ψ are part of the helices forming important structural elements like the exit tunnels, with the 

helices H65, H67, and H69 in domain IV of the 26S rRNA being heavily pseudouridylated. 

These helices form an integral part of the subunit interface [492], thus, the Ψ in these helices 

might serve a stabilizing function of the LSU-SSU interaction by rigidifying the RNA 

Table 19. Ψ sites in the 17S rRNA of D. discoideum and orthologous sites in other organisms 
with their guiding snoRNAs. 

Domain 
D. discoideum S. cerevisiaeB H. sapiensC A. thalianaDE 
Position Position snoRNA Position snoRNA Position snoRNA 

5' 

Ψ21 - - - - - - 
Ψ56 - - - - - - 
Ψ302 - - - - - - 
Ψ443 - - - - - - 
Ψ530 - - - - - - 

C 

Ψ651 - - - - - - 
Ψ785 - - - - - - 
Ψ922 - - - - - - 
Ψ994 Ψ999 snR31 Ψ1056 ACA8 Ψ1000 snoR72 
Ψ1039 - - - - - - 

3' major 

Ψ1176 Ψ1181 snR85 Ψ1238 ACA5 - - 
Ψ1182 Ψ1187 snR36 Ψ1244 ACA36 - - 
Ψ1191 - - - - - - 
Ψ1271 - - - - - - 
Ψ1285 Ψ1290 snR83 Ψ1347 ACA4 - - 
Ψ1468 - - - - - - 
Ψ1491 - - - - - - 
Ψ1515 - - - - - - 
Ψ1704 - - Ψ1692 U70 Ψ1634 snoR134 

3' minor Ψ1758 - - - - - - 
A This study 
B https://people.biochem.umass.edu/fournierlab/snornadb/mastertable.php 
C https://www-snorna.biotoul.fr/human_yeast/ 
D https://ics.hutton.ac.uk/cgi-bin/plant_snorna/home  
E [53, 491] 
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phosphate-sugar backbone. Three Ψs are found on uridines directly located in the A, P, and E 

sites: 17S-Ψ994 on h24 residing in the E site, 26S-Ψ2532 on H69 residing in the P site, and 

26S-Ψ3256 being part of the A loop in H92. Since the isomerization of uridine results in 

conformational change in the nucleotide, these modifications might be essential for tRNA 

binding in addition of their stabilizing function. For example, a loss of modifications on H69 

Table 20. Ψ sites in the 5S and 26S rRNA of D. discoideum and orthologous sites in other 
organisms with their guiding snoRNAs. 

Domain 
D. discoideum S. cerevisiaeB H. sapiensC A. thalianaDE 
Position Position snoRNA Position snoRNA Position snoRNA 

I 

Ψ76 - - - - - - 
Ψ299 - - - - - - 
Ψ626 - - - - - - 
Ψ643 - - - - - - 
Ψ746 - - - - - - 
Ψ815 - - - - - - 

0 Ψ838 - - - - - - 

II 

Ψ1039 - - - - - - 
Ψ1174 Ψ960 snR8 Ψ1664 ACA56 Ψ967 - 
Ψ1184 - - - - - - 
Ψ1246 - - - - - - 
Ψ1359 Ψ1124 snR5 Ψ1847 ACA32 Ψ1130 snoR80 
Ψ1574 - - - - - - 

III 

Ψ1732 - - - - - - 
Ψ1733 - - - - - - 
Ψ1982 - - - - - - 
Ψ1985 - - - - - - 
Ψ2001 - - - - - - 
Ψ2013 - - - - - - 
Ψ2048 - - - - - - 

IV 

Ψ2166 - - - - - - 
Ψ2400 Ψ2133 snR3 Ψ3616 ACA6 Ψ2124 - 
Ψ2402 - - Ψ3618 ACA19 Ψ2126 snoR87 
Ψ2457 Ψ2191 snR32 Ψ3674 - Ψ2181 - 
Ψ2520 - - Ψ3737 ACA23 Ψ2244 snoR92 
Ψ2530 Ψ2264 snR3 Ψ3747 - Ψ2248 snoR79 
Ψ2532 Ψ2266 snR84 Ψ3749 - Ψ2250 - 
Ψ2580 Ψ2314 snR86 Ψ3797 ACA48 Ψ2304 - 
Ψ2584 - - Ψ3801 ACA54 - - 
Ψ2606 Ψ2340 snR9 Ψ3823 ACA58 - - 
Ψ2615 Ψ2349 snR82 Ψ3832 ACA8 Ψ2339 snoR83 

V 

Ψ2682 Ψ2416 snR11 Ψ3899 ACA3 Ψ2406 - 
Ψ2962 - - - - Ψ2620 snoR78 
Ψ3075 - - - - - - 
Ψ3105 - - - - - - 
Ψ3159 Ψ2826 snR34 Ψ4373 U65 Ψ2816 U65 
Ψ3179 - - Ψ4393 U68 - - 
Ψ3198 Ψ2865 snR46 Ψ4412 ACA16 Ψ2855 - 
Ψ3206 - - - - - - 
Ψ3213 Ψ2880 snR34 Ψ4427 U65 Ψ2870 U65 
Ψ3256 Ψ2923 snR10 Ψ4470 ACA21 Ψ2913 snoR74 
Ψ3277 Ψ2944 snR37 Ψ4491 ACA10 - - 
Ψ3288 - - - - Ψ2945 - 

VI 
Ψ3698 - - - - - - 
Ψ3708 - - - - - - 

5S rRNA Ψ70 - - - - - - 
ABCDE as in Table 19 
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of the 25S rRNA in yeast decreases translational fidelity drastically [248] and loss of 25S-

Ψ2923 (orthologous to 26S-Ψ3256 in D. discoideum) increased the misreading of near- and 

non-cognate codons [493]. Even though we found five 2´-O-Me in domain 0, only Ψ838 was 

predicted in that region.  

Overall, pseudouridylated nucleotides cannot be found in the ES of the amoeba, except for 4 Ψ 

located to ES7 on H25 of the 26S rRNA. This might be of functional importance as will be 

discussed later.  

 
Figure 45. Ψ sites in the 17S rRNA of D. discoideum as identified by HydraPsiSeq. The 
secondary structure of the 17S rRNA was inferred by homology and drawn using RNAviz 
(v. 2.0.3). Ψ sites are marked in blue. Helices (hx) are named to convention and expansion 
segments (ESx) are labeled with x: natural number.  
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Figure 46. Ψ sites in the 26S rRNA and 5S rRNA of D. discoideum as identified by 
HydraPsiSeq. The secondary structure of the 26S rRNA and 5S rRNA was inferred by homology 
and drawn using RNAviz (v. 2.0.3). The 5S rRNA is displayed in the inset of the 5’ half of the 
26S rRNA. Ψ sites are marked in blue. The predicted interaction with the 5.8S rRNA (previous 
page) is shown at the 5’end. Helices (Hx) are named to convention and expansion segments 
(ESx) are labeled with x: natural number. 
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Figure 46. Ψ sites in the 26S rRNA and 5S rRNA of D. discoideum as identified by 
HydraPsiSeq. ctd. 
 

Pseudouridylation in the development of D. discoideum 

Upon establishment of the Ψ landscape in the amoeba, the impact of development of 

pseudouridylation levels was investigated. For this purpose, HPS was performed in triplicate 

for three developmental time points: 8 h, 16 h, and 24 h. Only potential changes the Ψ sites 

were considered, as the application of medium stringency filters (as outlined above) yielded no 

additional Ψ candidate sites (data not shown). 
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As a first step, exploratory data analysis was performed on the Ψ scores of the triplicates of 

each developmental time point including axenic growth using PCA. As with the axenic cells, 

one sample from the 16 h development was excluded due to technical errors in sample 

preparation. The analysis revealed that Ψ scores generally differed most between 8 h of 

development versus axenic growth, 16 h and 24 h of development (Figure 47A). In general, Ψ 

levels were significantly decreased after 8 h of development (Figure 47B), as confirmed by a 

one-way ANOVA. At 16 h of development, pseudouridylation levels recovered to the levels 

observed in axenic growth and were not further affected by development, except for some 

individual sites. In the context of Dictyostelium’s development, at 4 to 6 h of development the 

amoeba commits to development and starts aggregating after 8 h [494]. This also might 

influence pseudouridylation of rRNAs downstream.  

 

 
Figure 47. HydraPsiSeq analysis of the ribosomal RNA in D. discoideum. (A) Principal 
component analysis of Ψ scores in axenic growth (n = 2) and development (8 h (n = 3), 16 h 
(n = 2), and 24 h(n = 3)) of AX2. (B) Comparison of total ribosomal Ψ levels in axenic growth 
against development of AX2. The asterisks indicate significant differences (** ≙ p < 0.005) 
from axenic growth determined by one-way ANOVA and the notch indicates the 95% 
confidence interval. 
 

At the level of the individual Ψ sites, Ψ levels were considered changed, if the Ψ score deviated 

more than 0.05 from axenic growth (Yuri Motorin, personal communication). Using this 

approach, 27 positions were found hypomodified and 4 positions hypermodified after 8 h 

development, 3 hypomodified and 1 hypermodified after 16 h development, and 3 

A B 
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hypomodified and 4 hypermodified after 24 h development. Since the most significant changes 

occur at 8 h of development, focus shifted to the changes in Ψ score observed after 8 h 

development compared to axenic growth in the following paragraphs.  

The highest change in Ψ score was found at position U1174 in the loop of H37 in the 26S rRNA 

(Figure 46) which changed from fully modified in axenic growth to being modified in 

approximately 50% of the ribosomal population in 8 h development (Figure 48A). Even though 

a clear function has not been assigned to H37, there are indications that its loop section partakes 

in tRNA binding at the A site [495] as well as in the interaction with the mRNA located in the 

mRNA channel of the ribosome [496, 497]. The altered loop geometry induced by the 

introduction of a Ψ might be necessary in these interactions, as substantiated by the strong 

 
Figure 48. Heatmap of Ψ scores during development on the 5S, 17S, and 26S rRNAs in 
D. discoideum. (A) Visualized are the mean Ψ scores (n = 3) in the development of AX2 at 
each individual modified position at the indicated timepoints. (B) Pseudouridylation in the 
development of AX2 on H69 of the 26S rRNA. The nucleotides residing in the A (pink) and 
P (yellow) sites are indicated and the 2´-O-methylated A in the loop of H69 is shown in red. 
Ψ sites are shown in blue and the change of Ψ scores during development is displayed. 

A B
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conservation across different evolutionary supergroups (Table 20). The position U1191, located 

at the base of the loop of h31 in the 17S rRNA (Figure 45), exhibited a Ψ score decrease from 

~0.91 to ~0.71, again possibly altering the loop conformation in development. Close by at 

position U1186 in the loop of h31, the hypermodified 1-methyl-3-(3-amino-3-carboxypropyl)-

Ψ (m1acp3Ψ) was found to be essential for rRNA biogenesis [498] and tRNA binding in the P 

site [499]. Thus, a conformational change of the h31 loop might modulate the tRNA interaction 

with the mRNA. Three of the strongest reductions in pseudouridylation levels clustered in the 

stem of H69 of the 26S rRNA (Figure 48B), with the decreases ranging from 0.11 to 0.17 at 8 h 

of development. As mentioned above, the set of modifications on H69 are essential for 

translational fidelity [248], suggesting substoichiometric modifications might constitute a fine-

tuning mechanism for tRNA binding. It might also alter long-range interactions in the ribsome, 

as H69 is part of the intersubunit bridges [492]. Without structural data, however, this remains 

speculation. Overall, differential pseudouridylation in development appeared to occur mainly 

in the domains IV and V of the 26S rRNA (Figure 46 and Figure 48A) in the amoeba, which 

indicated that these changes might fulfill a functional role and are not random side effects of 

the developmental process.  

 

  



Results 
 

131 

Identification of small RNAs involved in rRNA processing of Dictyostelia 

Prediction of U3 snoRNA loci in the genome of D. discoideum 

In the RNAseq analysis, differential accumulation of a high number of box C/D snoRNAs was 

observed during the development of D. discoideum. The levels of 2´-O-Me, however, were not 

affected by the change in box C/D snoRNA abundance, indicating distinct roles for these 

molecules in the development of the amoeba. In several other (eukaryotic) organisms, snoRNAs 

are implied in the processing and folding of rRNA during ribosomal biogenesis besides guiding 

chemical modifications (reviewed in Ojha et al. [372]). Searching the genome of D. discoideum 

for the U14, U17, U22 snoRNA and snR10 using Infernal during this work did not yield any 

results, however, a previous study by Wise and Weiner [500] described five genomic loci of 

the U3 snoRNA in the D. discoideum AX3 strain. The search of the genomic copies of the U3 

snoRNA in AX2 was performed using Infernal [434] and seven distinct loci in the genome 

of the amoeba were identified (Table 21). The discrepancy to the data by Wise and Weiner 

[500] might be attributed to strain-specific differences as AX3 was derived directly from the 

wildtype NC-4 [501], while AX2 was isolated from a subculture of AX1 which originated as 

well from NC-4 [4, 502]. Four of the seven U3 loci are located on chromosome 4 in relative 

proximity between positions 2,904,295 and 2,931,856 (Table 21). Similarly, the two copies on 

chromosome 6 are encoded in vicinity of each other (Table 21).  

The sequences of all U3 snoRNA copies were 209 nt long and 96.2% identical to each other, 

however, they exhibit some minor sequence heterogeneity, of which two (C/U heterogeneity at 

pos. 91 and G/A heterogeneity at pos. 190) were already described by Wise and Weiner [500]. 

In addition to those positions, six variable positions in the sequence of the U3 snoRNA genes 

were identified (Table 21). Based on the pattern of variable nucleotides, the copies on 

chromosome 6 diverge in 7/8 positions (Table 21) and suggest that the duplication events might 

not have occurred recently in the evolution of the amoeba.  

 

Table 21. Locations of the U3 snoRNA genes and positions with sequence heterogeneity. 

Name Chr. Start End Strand Positions with sequence heterogeneity 

91 102A 128 137 144 145 153 190A 

U3-1 3 3806685 3806893 + U C G A U U C G 
U3-2 4 2904295 2904503 + U C G A C U C G 
U3-3 4 2927177 2927385 + C C G A C U C G 
U3-4 4 2931648 2931856 + C C G A C U U G 
U3-5 4 2936427 2936635 + U C G A C U U G 
U3-6 6 2268599 2268807 + C U A G U G C A 
U3-7 6 2270802 2271010 + C U A A U G C A 

A Positions already described in Wise and Weiner [500] 
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As the sequence heterogeneities described above could potentially influence the base pairing in 

the structure of the U3 snoRNA, the secondary structure of the RNA was predicted in the 

amoeba using RNAfold. The inferred secondary structure is shown Figure 49A and is similar to 

U3 snoRNA homologs in other eukaryotes like the clawed frog [503] and yeast [504]. In order 

to increase comparability across species, the helix numbering scheme suggested by Marz and 

Stadler [467] was adopted. This publication also features a generalized model for the U3 

snoRNA secondary structure in eukaryotes ranging from Kinetoplastids to Metazoans, which 

was used for comparison [467]. Helices M1, M2, M3, and M4 were found structurally 

conserved in D. discoideum (Figure 49). The loop between helices M6 and M8 seemed to be 

degenerated to one (U3F and U3G) or two (U3A to U3E) nucleotides (Figure 49). It is possible, 

however, that M6 and M8 rather fused into one helix during the evolution of the amoeba. Since 

helix M7 is only present in fungi [467], it is not surprising that this helix was found absent in 

D. discoideum. 

Next, the outlined set of variable positions found across all U3 snoRNA genes were mapped in 

the secondary structure of the RNA (Figure 49A and B). As mentioned above, Wise and Weiner 

[500] described the sequence variation at positions 102 and 190 before. Both nucleotides base 

pair at position 8 of the central helix M4 and variation at one position inadvertently leads to a 

compensatory change at the base paired nucleotide. A similar phenomenon was observed for 

the base pair of the variable positions 128 and 144 in helix M8. Next to the divergent base pair 

128-144, position 145 exhibited a U/G heterogeneity with U3 isoforms on chromosome 3 and 4 

 
Figure 49. Secondary structure of the U3 snoRNA of D. discoideum. (A) Secondary structure 
of the U3 snoRNA. The structure was predicted using RNAfold (based on U3-7) and drawn 
using RNAviz (v. 2.0.3). Annotations are based on the generalized U3 snoRNA model by Marz 
and Stadler [467]. (B) Heterogeneric base pairs in the hairpins and stems of the U3 snoRNA. 

C-G G-U CU A UU3-1

C-G G-C CU A UU3-2

C-G G-C CC A UU3-3

C-G G-C UC A UU3-4

C-G G-C UU A UU3-5

U-A A-U CC G GU3-6

U-A A-U CC A GU3-7

A B
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(U3-1-U3-5) featuring a U and isoforms encoded on chromosome 6 (U3-6 and U3-7) featuring 

a G. Thus, the U/U bulge positioned between helices M6 and M8 was found extended by one 

nucleotide in U3-1-U3-5.  

 

rDNA transcription and U3 snoRNA abundance in development of the amoeba 

Previous work in the group established that rRNA precursors are less abundant after 8 and 16 h 

of development compared to axenic growth, with an approximate two-fold accumulation at 24 h 

(Christian Hammann, personal communication). To investigate whether this reduction at 

8 and 16 h of development is caused by an increase in rRNA processing or by a decrease in 

rDNA transcription, nuclear run-on transcription was employed. In these experiments, isolated 

nuclei are allowed to transcribe and incorporate radioactively labelled UTP into the nascent 

transcripts. Specific detection of the precursor rRNAs is achieved by hybridization to a 5´-ETS 

in vitro transcript immobilized to a membrane. This approach allowed for the quantification of 

the transcription of specific genes by normalization to a housekeeping gene with stable 

expression pattern (gpdA in this case). By applying this technique to nuclei isolated from axenic 

cells and different developmental time points, no change of transcription of the rDNA genes in 

the amoeba was observed (Figure 50A). This suggests that the reduced abundance of rRNA 

precursor at 8 and 16 h of development was likely caused by an acceleration of the rRNA 

processing. Rather surprisingly, the rDNA transcription was not altered during development, 

even though approximately a third of the cells mainly localized to the stalk die in the process 

and transcription of ribosomal genes is repressed [505]. However, due to the chosen approach, 

it cannot be excluded that the observed transcription mainly occurs in the spores. The 

accumulation of the rRNA precursors at 24 h of development was most likely caused by a 

decreased rRNA processing speed and independent of rDNA transcription.  

Despite the absence of the A0 site in the 37S primary transcript in the amoeba [15], A1 and A2 

(D. discoideum: c4 and c2) sites are still present and processing at these sites is usually 

facilitated by base pairing with the U3 snoRNA [373]. To investigate the possibility that the 

increased rRNA processing is (partly) a result of differential U3 snoRNA accumulation in 

development, the abundance of the U3 snoRNA was determined using RNAseq data. Axenic 

cells and the 16 h time point of development of the AX2 and ∆drnB strains were included in 

the analysis, as the data was already deposited and readily available. In doing so, an 

accumulation of the U3 snoRNA at the 16 h time point by 1.5-2-fold was observed dependent 

of the analyzed strain (Figure 50B). There was, however, no significant difference between 

AX2 and ∆drnB (Figure 50A).  



Results 
 

134 

Together with the results from the nuclear run-on transcription, the increased abundance of the 

U3 snoRNA in developed D. discoideum cells strongly suggested that rRNA processing is 

enhanced in development. Considering the emerging theme of ribosome heterogeneity in 

dependence of developmental and/or environmental cues, it is tempting to speculate that the 

enhanced rRNA processing is due to the need of specialized ribosomes during Dictyostelium’s 

development.  

 

 
Figure 50. The rDNA transcription rate and abundance of the U3 snoRNA in the development 
of D. discoideum. (A) Nuclear run-on transcription of rDNA in the nuclei of developing AX2 
cells (n = 3). (B) U3 snoRNA levels in the development of AX2 and ∆drnB as determined by 
RNAseq (n = 2, data from Liao et al. [462]). 
 

Identification of U3 snoRNA loci in all major groups of Dictyostelia 

Since D. discoideum’s genome codes for an unusual high number of genomic copies of the U3 

snoRNA for a basal eukaryote [467], the question was posed whether this is a common theme 

in all major groups of dictyostelids. For this purpose, the complete and well-annotated genomes 

of five representatives of each group of the Dictyostelia besides D. discoideum (group 4) were 

used, i.e., Dictyostelium purpureum (group 4) [506], Dictyostelium lacteum (group 3) [507], 

Polysphondylium pallidum (group 2A) [508], Acytostelium subglosum (group 2B) [509], and 

Dictyostelium fasciculatum (group 1) [508]. As before with D. discoideum, a CM of the U3 

snoRNA to search the dictyostelid genomes was utilized with the program Infernal [434]. 

Due to the high conservation in structure and/or sequence, hits scoring 25 or higher in Infernal 

were assumed to be bona fide U3 snoRNA loci. This approach indicated the presence of at least 

A B
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one U3 snoRNA locus in each of the representative dictyostelids (Table 22). Besides the one 

predicted copy in D. fasciculatum (Table 22), another sequence that resembles a U3 snoRNA 

was found. That putative RNA molecule, however, seems to be truncated at the 3´-end, missing 

the terminal stem (helix M3) and box D. Both of these are a likely prerequisites for a functional 

RNA molecule, as they are present in every eukaryotic U3 snoRNA locus [467]. Therefore, this 

sequence was not considered as a bona fide U3 snoRNA. With the exclusion of that truncated 

version in D. fasciculatum, the representatives of group 1 and group 2A/B only code for one 

U3 snoRNA gene each, while the genomes of the group 3 and group 4 representatives feature 

multiple copies. D. lacteum, a group 3 member, possesses three distinct U3 snoRNA loci, while 

both group 4 dictyostelids, D. purpureum and D. discoideum, code for six and seven copies, 

respectively. This indicated that at least in the subset of investigated dictyostelids, U3 snoRNA 

gene duplication is restricted to the group 3 and group 4 Dictyostelia. 

 

Table 22. Genomic locations and conserved box motifs of dictyostelid U3 snoRNAs. 
Nucleotides that are conserved in all tested dictyostelids are marked in red. 

Species Name Sequence Start End  Conserved motifs 

GAC Box A´ Box A Box C´ Box B Box C Box D 

D. discoideum 

U3-1 DDB0232430 3806685 3806893 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 
U3-2 DDB0232431 2904295 2904503 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 
U3-3 DDB0232431 2927177 2927385 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 
U3-4 DDB0232431 2931648 2931856 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 
U3-5 DDB0232431 2936427 2936635 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 
U3-6 DDB0232433 2268599 2268807 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 
U3-7 DDB0232433 2270802 2271010 + GAC AACTC GGATCATTTCTA GATGATGA AAGCGTGAA TGATGACCG TTCGTA 

D. purpureum 

U3-1 scaffold_688 3987 4195 - GAC TACTC GGATCATTTCTA GATGAAGA AAGCGGGAA TGATGATCG TTCTTA 
U3-2 scaffold_140 37498 37706 - GAC TACTC GGATCATTTCTA GATGAAGA AAGCGGGAA TGATGATCG TTCTTA 
U3-3 scaffold_73 89977 90185 + GAC TACTC GGATCATTTCTA GATGAAGA AAGCGGGAA TGATGATCG TTCTTA 
U3-4 scaffold_101 57185 57393 - GAC TACTC GGATCATTTCTA GATGAAGA AAGCGGGAA TGATGATCG TTCTTA 
U3-5 scaffold_202 34893 35101 + GAC TACTC GGATCATTTCTA GATGAAGA AAGCGGGAA TGATGATCG TTCTTA 
U3-6 scaffold_688 3598 3806 - GAC TACTC GGATCATTTCTA GATGAAGA AAGCGGGAA TGATGATCG TTCTTA 

D. lacteum 

U3-1 LODT01000037.1 192486 192702 - GAC AACTC GGATTCATTTCA GATGTTGA TAGCGGGAA TGATGATCG TTCTGA 
U3-2 LODT01000037.1 423377 423592 + GAC AACTC GGATTCATTTCA GATGTTGA TAGCGGGAA TGATGATCG TTCTGA 
U3-3 LODT01000035.1 825082 825298 - GAC AACTC GGATTCATTTCA GATGTTGA TAGCGGGAA TGATGATCG TTCTGA 

P. pallidum U3 GL290983.1 372856 373065 - GAC TATTC GGATCATTTCTT GATGAAGA GAGCGCGAT AGATGACCG CTCTAA 
A. subglosum U3 DF837589.1 656447 656660 - GAC TATTC GGATCATTTCTA GATGATGA GAGCGTGAT AGATGACCG GTCGAA 
D. fasciculatum U3 GL883010.1 1346903 1347114 - GAC TACTC GGATCTCTTAAC GATGATGA GAGCGTGAA TGATGATCG GGCAAA 
 

In terms of the characteristic sequence motifs, the dictyostelid U3 snoRNAs mostly adhered to 

the consensus. Box A´ with the consensus 5´-TACTY-3´ was highly conserved in the group 1, 

3, and 4 Dictyostelia, while the representatives of groups 2A and B displayed a C/T exchange 

at position 3 of the motif. The same pattern of conservation can be observed in the core of box 

A with the consensus 5´-GYATCW-3’. As in other box C/D snoRNAs, the core of the box C 

and box C´ motifs mostly adhered to the 5´-RTGATGA-3´ consensus, with box C´ showing 
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more variation between species. In contrast, the dictyostelid box B, corresponding to box D´, 

featured 5´-CGBGA-3´, exchanging the first A compared to the usual 5´-AGYGA-3´ 

consensus. Surprisingly, the box D appeared degenerated in most dictyostelids. Only the U3 

snoRNA of D. lacteum featured a box D according to the 5´-CTGA-3´ consensus. A graphical 

overview of the motif conservation in the dictyostelids can be found in Figure 51.  

 

 
Figure 51. Conserved sequence elements in the U3 snoRNAs of the Dictyostelia. The logos 
were generated with WebLogo [457] and represent the box A, A´, B, GAC, C, C´, and D motifs. 
Most sequence motifs of the dictyostelid adhere to the consensus, with the exception of the 
box D motif. 

Box GAC

Box A´

Box A

Box C´

Box B

Box D

Box C
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As in D. discoideum, minor sequence heterogeneities can be observed in all Dictyostelia 

possessing more than one U3 snoRNA gene (Figure 52A). Even though D. purpureum features 

a similar number of U3 loci, the number of variable positions was found to be lower compared 

to D. discoideum. This might be explained by more recent duplication events in the former 

species. In the Dictyostelia investigated here, there seems to be no distinct pattern to the variable 

nucleotides in the U3 snoRNA sequences, suggesting that these variations occurred after their 

evolutionary split. 

Since no data for the U3 snoRNA of the Dictyostelia was available, the sequnces were 

compared (Figure 52A) and the consensus secondary structure encompassing all representatives 

of the major dictyostelid groups was predicted. The alignment of the dictyostelid U3 snoRNAs 

yielded a phylogenetic tree that matched the multi-gene phylogeny by Schilde et al. [510]. The 

lengths the U3 snoRNA varied between 209 nt and 217 nt. For the prediction of the secondary 

structure, sequence alignments of all dictyostelid U3 snoRNAs were produced and utilized in 

R2R [440] to draw the consensus secondary structure diagram (Figure 52B). Like seen for 

 
Figure 52. Number and characteristics of U3 snoRNA genes and the consensus secondary 
structure of the U3 snoRNA in representatives of all major groups of the Dictyostelia. (A) 
Shown are the number of predicted U3 snoRNA genes, their length, and the number of 
variable positions. Each major dictyostelid group is represented by at least one member 
(boxed legend). The phylogenetic tree is based on an alignment of the U3 snoRNA genes. 
(B) Consensus secondary structure of the U3 snoRNA of the Dictyostelia. 
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D. discoideum, helices M1, M2, M3, and M4 were structurally conserved, while the fungi-

specific helix M7 was absent. The loop between helices M6 and M8 seemed to be degenerated 

with the possibility that M6 and M8 fused into one helix. Besides their conserved secondary 

structure, most helices are also conserved in sequence in the dictyostelids, with covariation 

mainly occurring in helix M3 and the lower part of helix M4 (Figure 52B).  

 

Analysis of upstream sequence elements of the dictyostelid U3 snoRNA genes 

Even though the U3 snoRNA carries a m2,2,7G cap, a hallmark of Pol II transcription, U3 

snoRNA genes across the eukaryotes have no uniform mode of transcription, as Pol II [385, 

386] and Pol III [387, 388] products have been described. To gather indications about the 

responsible RNA polymerase in the Dictyostelia, the immediate upstream sequence elements 

of all U3 snoRNA genes was analyzed using MEME [436]. Using this approach, the highly 

conserved D. discoideum Upstream Sequence Element (DUSE; Figure 53) was found 55 to 

57 nt upstream of the predicted transcription start site (TSS). The DUSE motif was discovered 

earlier in the promoter regions of many (predicted) ncRNAs of D. discoideum [346, 511, 512]. 

The recent bioinformatic classification of Class I RNAs revealed that DUSE is a conserved 

upstream sequence element across all major group of dictyostelids with the consensus sequence 

5´-WMCCAYAA-3´ [513]. The DUSE located to the likely promoter region of the dictyostelid 

 
Figure 53. Upstream sequence element found in the dictyostelid U3 snoRNA loci. The 
phylogenetic tree was generated based on an alignment of the U3 snoRNAs of the different 
Dictyostelia. Indicated are the consensus sequences of the DUSE and TATA box found in 
these loci, as well as their position upstream from the start of the gene. 
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U3 snoRNA genes adhered to this consensus (Dictyostelia: 5´-WHCCATAA-3´). The presence 

of the DUSE alone, however, did not allow for prediction of the RNA polymerase involved, as 

it was found in front of D. discoideum genes known for Pol II-dependent and Pol III-dependent 

transcription [514]. Thus, the identification of further upstream sequence elements would be 

needed for the determination of the RNA polymerase, however, MEME did not uncover any 

additional common motif. As additional motifs (e.g., TATA boxes) might have been hard to 

find in the AT-rich intergenic space of the dictyostelids, manual inspection of the 150 nt 

upstream of the predicted TSS was performed. By this approach, TATA-like sequences were 

found exclusively in both group 4 dictyostelids, D. discoideum and D. purpureum, in 5/7 and 

5/6 loci, respectively. This sequence was observed at a fixed position independent of the 

analyzed putative promoter sequence of -30 for D. discoideum and -21 for D. purpureum 

(Figure 53 and Figure 54). With these observations, it can be speculated that group 4 

dictyostelids rather use Pol II transcription for the U3 snoRNA genes, while other dictyostelids 

might utilize Pol III transcription. However, all U3 snoRNA loci in this analysis featured a 

poly(T) stretch ≥ 4 downstream of their presumed end of transcription, which is a common Pol 

III terminator [515].  

 

 
Figure 54. Comparison of upstream sequence elements of dictyostelids possessing more 
than one U3 snoRNA gene. Shown are the predicted DUSE promoter element, a TATA box-
like sequence (if applicable), and ten nucleotides before the start of the U3 snoRNA gene 
(generated using WebLogo). The dashed line indicates the start of the U3 snoRNA genes. 
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Discussion 
What confers immunity to the amoeba D. discoideum? 

APMV is degraded in the phagolysosomal pathway 

In this study, the question was posed, if D. discoideum is infected with amoebal viruses. For 

this purpose, a protocol for infection was established. To monitor the infection and viral load 

over time, both, qualitative and quantitative approaches were set up. For the quantitative 

techniques, a qPCR-based detection system for APMV and TPV was established. Qualitative 

surveillance of infection was achieved by the optimization of immunostaining of virus-infected 

Dictyostelium cells. Subsequently, the question was posed whether mutant strain could be 

identified, which are permissive for viral replication or persistence. For this purpose, APMV 

was selected for initial experiments, and it was observed that the overall number of viral 

genomes did not increase over time in the AX2 strain (Figure 19). The lack overall genome 

replication could be explained by a successful defense strategy by the amoeba or, since 

D. discoideum is not the natural host of the virus, some factor essential for the infection was 

missing. The microscopic investigation APMV uptake into the Dictyostelium cells revealed that 

the virus was surrounded by phagolysosomal markers most of the time (Figure 21). In 

consequence, viral particles were rarely observed not associated with these markers, suggesting 

that only few viruses were able to escape into the cytosol. Based on these observations, it was 

assumed that APMV was likely not able to escape the phagosomal compartment. The decrease 

in the abundance of viral genomes after 24 h, additionally suggested that the viral particles 

might be degraded in the phagolysosomal pathway. The phagolysosomal pathway in APMV’s 

natural host A. polyphaga is not well described but the same mechanisms of internalization, 

acidification, and exocytosis of undigested materials seem to be conserved [516, 517]. 

However, due to the lack of details on A. polyphaga’s phagolysosomal pathway like 

phagosomal pH, the composition of the cocktail of lysosomal enzymes, etc., factors that might 

be leading to the putative degradation could not be inferred. 

 

External manipulation of phagosomal degradative conditions 

Phagocytosis not only provides a feeding mecanism but also represents the first line of defense 

against pathogens [6, 109, 112]. Also, (amoebal) phagocytosis represents an entry portal for 

many known bacterial pathogens and many phagosomal proteins have been implied in the 

defense against these invaders (as reviewed in Dunn et al. [109]). To potentially improve the 
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chances of APMV escaping into the cytosol, the phagolysosomal pathway of D. discoideum 

was manipulated by additives (Figure 25). A recent study described in vitro opening of the 

stargate structure [471], thus, viral particles were primed for core release incubation at pH 2.0 

before the experiment. During the former experiment, the pre-treatment of the virus, buffering 

of the phagosomal pH, or the inhibition of lysosomal proteases were observed to rather enhance 

the decrease of viral genomes. This might be an indication that the “activation” of the virus and 

phagosomal escape might be highly orchestrated processes dependent on the order of 

phagosomal maturation [518]. However, no pH for the acidification of A. polyphaga’s 

phagosome is reported and, thus, this argument remains speculation. It is also conceivable that 

by enforcing the opening of the stargate, the core is made more accessible for the degradative 

components of the phagolysosomal pathway. In addition, Schrad et al. [471] described that the 

acid treatment alone did not suffice to completely open the viral capsid. In their in vitro 

approach they found that only the combination of high temperatures and a low pH triggers the 

full opening of the stargate [471]. Another observation was that the decrease in the number of 

viral genomes observed upon the addition of protease inhibitors independent of the pre-

treatment was higher compared to the untreated samples. This suggested that lysosomal 

proteases might be somehow involved in the process of virus activation. Concrete experimental 

evidence and elucidation of the underlying molecular mechanisms, however, is lacking. This 

could potentially be addressed by screening a mutant library of lysosomal enzymes, yielding 

the answer to two questions: 1. Which lysosomal enzyme might be involved in virus activation 

and 2. Which lysosomal enzyme(s) are potentially degrading the virus. 

 

Factors involved in bacterial infections have no effect on the APMV infection 

As a model organism for a vast array of cellular processes and host-pathogen interactions, a 

high number of methods and a complete and annotated genome have been established for 

D. discoideum. This contrasts with any Acanthamoeba species, which lack most convenient 

research techniques, e.g., easy genetic manipulation. In addition to the user-submitted mutant 

strains at dictyBase (www.dictybase.org), an AX4 mutant library has been made available 

through dictyBase recently (www.remi-seq.org; [519]). This library was generated by 

restriction enzyme-mediated integration (REMI) insertions and contains almost every viable 

knockout mutant possible [519]. In case of the known bacterial pathogen-host interactions, 

many phagolysosomal factors are involved in the amoebal defense [109] and mutants for these 

are also readily available. For example, PIPs are important for phagosomal maturation and are 

shown to be used by bacterial invaders to manipulate this process. The pathogen 
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L. pneumophila secretes effector proteins that manipulate the identity of the compartment by 

acquiring PI(4)P, which is usually a marker for membranes of the ER and the trans-Golgi 

apparatus [520]. Proteins involved in the altering of the PIP dynamics like the inositol 

5-phosphatase Dd5P4 have been shown to restrict L. pneumophila growth [477]. This effect 

can be alleviated, however, if Dd5P4 was knocked out [477]. The loss of Dd5P4, however, had 

no impact on the infection of Dictyostelium with APMV (Figure 29), suggesting that PIP 

dynamics might play only a minor role if any.  

Metal poisoning or deprivation of essential metal ions is another mechanism in the defense 

against bacterial pathogens [109]. Divalent metal ions are pumped out of the phagosomal 

compartment by Nramp1, starving the bacteria in the compartment of essential metals [23]. 

This process is manipulated by some pathogenic bacteria [109]. For example, the divalent metal 

transporter Nramp1 is retained at the phagosomal membrane in the absence of the 

F. noatunensis virulence factor IglC [25]. Knockout or displacement of Nramp1 results in 

steady iron levels in the phagosome, allowing for efficient F. noatunensis replication [25]. The 

second Nramp isoform in D. discoideum is NrampB  and it is located at the contractile vacuole, 

an osmoregulatory organelle of the amoeba, and plays a role in the cellular iron homeostasis 

[410]. Furthermore, loss of NrampB renders Dictyostelium more susceptible to Francisella 

infection, however, the underlying mechanisms are not known, yet [25]. In case of APMV 

infections, no increased persistence or amplification of virus particles was observed 

(Figure 29). This suggests that either the ions transported by the Nramp transporters did not 

play a role in APMV infection or that different ions and, therefore, the knockout other ion 

transporters might increase viral persistence or replication. This includes zinc transporters like 

zplA-G and zntA-D and copper transporters like p80 and three putative copper-translocating P-

type ATPases [109]. In addition to expand the chances of viral persistence or replication, 

knockouts of metal ion transporters could be combined with external buffering of phagosomal 

pH with NH4Cl. Also, PIP signaling mutants could be combined with divalent metal chelators 

and the NH4Cl buffering. 

In general, the family of receptor tyrosine kinases (RTKs) are involved in signal transduction 

and regulation in eukaryotic cells [521]. In mammalian phagocytes, phosphorylation of 

tyrosines is involved in the signaling in the early and later steps of phagocytic uptake [522-

524]. RTKs in D. discoideum have only been speculated to be connected to the phagosomal 

manipulation occurring during bacterial infection [415]. At least three RTKs have been 

identified in the amoeba, however, only vesicle-associated kinase 3 (Vsk3) has been 

characterized on a molecular level. This protein was found to be located on the phagosomal 



Discussion 
 

143 

membrane with a N-terminal immunoglobulin-like fold domain extending into the lumen of the 

phagosome [415]. Strains lacking Vsk3 exhibited disturbed fusion of the early phagosome with 

the lysosome and a reduced phagocytosis rate but phagosomal acidification remained 

unaffected, suggesting a regulatory role in phagosome maturation [415]. Even though 

experimental data is absent, Fang et al. [415] speculated that Vsk3 or one of the other RTKs 

might be involved in the process of phagosomal manipulation during bacterial infections. At 

least for the APMV infection, however, the knockout of the Vsk3 did not have any noticeable 

effect (Figure 29). A signal in ∆vsk1 and ∆vsk2 cells, however, was detectable with an APMV-

specific antibody at 24 hpi, while extracellular viruses could not be observed. This could 

potentially be explained by a delay in the infection cycle. To address whether the viral genome 

was replicated in the infection, the next step for the ∆vsk1 and ∆vsk2 strains would be the 

quantification of APMV genomes at 0 and 24 hpi using the established qPCR system. 

 

APMV is likely degraded by lysosomal enzymes in Dictyostelium wildtype cells 

An increase in the persistence of viral genome abundance in the Dictyostelium mutants for 

WshA (Figure 26) and RacH (Figure 28) was observed. Both strains feature strong phenotypes 

with a vast array of defects [123, 411]. For example, while ∆wshA exhibits prolonged 

phagosomal acidification [123], reneutralization in ∆racH occurs faster [411]. These 

observations suggest that exposure time to acidic conditions did not seem to be the sole factor 

promoting APMV inactivation. The common defect between both mutants, however, is the 

strong reduction of proper delivery of the lysosome to and lysosomal fusion with the early 

phagosome. Dictyostelium, as a bacterial predator, possesses a set of highly diverse lysosomal 

enzymes might also play a role in the inactivation of APMV [525, 526]. Since the amoeba needs 

to digest its bacterial prey, this cocktail of lysosomal enzymes is also able to break down 

peptidoglycans [525], which is usually an integral part of the cell wall of Gram-positive 

bacteria. These peptidoglycans are heteropolymers of alternating β-1,4-linked 

N-acetylglucosamine (NAG) and N-acetyl muramic acid (NAM) crosslinked by small peptides 

[527]. Strikingly, the surface layer fibrils of APMV consist of four distinct proteins protected 

by a layer of peptidoglycans likely making it Gram-positive [31, 34, 67], also explaining the 

early misconception of this virus as a bacterium. The fibril structure of APMV suggests that the 

amoeba is equipped to degrade the fibrils and, subsequently, the virus. This might explain the 

observations made for the ∆wshA and ∆racH strains. Additionally, it can be speculated that the 

surface fibrils somehow play a role in phagosomal escape and the productive infection of the 

host cell. Interestingly, the APMV particles lose their fibers completely and reduce the size of 
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their genomes by ~16% upon 150 consecutive passages in A. polyphaga [528]. This might 

suggest that the surface fibers are a necessity for the infection of a broad host range and 

therefore maybe for D. discoideum. However, experimental data supporting this notion is 

lacking. Interestingly, the knockout of AlyA, a lysozyme involved in this process [413, 525], 

did not have an impact on the reduced number of APMV genomes (Figure 29). This might be 

explained, however, by the high redundancy of aly proteins in D. discoideum [525]. Besides 

AlyA, the amoeba encodes three other glycosidases involved in the breakdown of 

peptidoglycans: AlyB, AlyC, and AlyD [525]. Either the knockout of AlyA alone is not 

sufficient to increase viral persistence or another aly family enzyme is the factor involved in 

the defense against APMV. This could be addressed in future experiments by multiple 

knockouts of the Aly family proteins and subsequent infection with APMV. The effect of each 

mutant strains of the phagolysosomal pathway on APMV abundance is shown in Figure 55. 

 
Figure 55. Mutants of the phagolysosomal pathway and their impact on APMV genome 
abundance. Shown is the phagosomal compartment during phagosome maturation in a model 
of a D. discoideum cell. The phagosomal maturation pathway is indicated by black arrows and 
recycling of phagosomal components by the WASH retromer is shown with cyan arrows. 
Acidification of the phagosomal compartment is displayed in brown. Mutants were annotated 
at the site of their described defect. The nucleus was labelled and shown in dark grey. The 
direction of the blue arrows indicates viral degradation (↓) or persistence (→). Figure was 
derived and modified from Dunn et al. [109].  
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Viral infections and defenses of Dictyostelium: an outlook 

The screening and exploration of the interactions between D. discoideum and APMV gave 

indications, which mechanisms might play a role in the amoebal protection against viral 

infections. However, the possibility remains that Dictyostelium might be susceptible to other 

viruses. The next paragraphs will be concerned with an outlook on experiments that might 

elucidate which factors might confer immunity to APMV infection and what steps can be taken 

to possibly identify a virus that productively infects Dictyostelium. 

 

Chasing APMV immunity: investigation of Dictyostelium’s defense mechanisms 

This work established detection systems to investigate the amoebal resistance against APMV 

in much more details. The observations made for ∆wshA and ∆racH indicated that lysosomal 

enzymes might be a key player involved in the defense against the virus. To investigate which 

of the lysosomal enzymes might play a part in defense against APMV, the next step would be 

the screening of the knockouts of the lysosomal enzymes. For the mutant strain for AlyA, an 

increase the APMV genome abundance during infection was not observed, suggesting that it 

either might not act alone or that another Aly family enzyme might be involved. It is 

conceivable, however, that other lysosomal enzymes might play a role in the observed decrease 

in viral genome abundance, as Dictyostelium possesses 22 potential genes for lysosomal 

enzymes [525]. That question would then be addressed with by screening of their mutants 

available through the REMI-seq database on dictyBase. In parallel, combinations of external 

manipulation of phagosomal conditions with mutants of the phagolysosomal pathway could be 

performed to investigate whether the viral genome persistence is increased. 

 

On a different note, it would also be of interest to establish a high-throughput screening of the 

APMV infection of Dictyostelium mutants, which are available through the REMI-seq database 

at dictyBase. Since the protocol for the screening infections D. discoideum in flat-bottomed 96-

well plates was already established by Koller et al. [529] and the parameters for APMV 

infection of the amoeba were optimized in this work, the method could be adapted for the 

amoebal infection with APMV. Since a viral genome persistence is expected rather than 

observing cytopathic effects on a large scale like in APMV-infected Acanthamoeba, live-dead 

staining with trypan blue followed by flow cytometry might not be suitable for detection of 

permissive mutants. This system would require the introduction of a convenient method for 

DNA isolation from many wells simultaneously to allow for a qPCR-based detection of the 
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viral genome numbers. The establishment of such a high-throughput platform for detection of 

viral persistence or replication would help to elucidate the key factors involved in the viral 

resistance of D. discoideum. 

 

Searching genomic sequencing data from environmental samples for NCLDV signatures 

Most giant viruses were isolated in waterborne environments, including APMV, TPV, and CeV 

[31, 58, 416, 417]. Nonetheless, D. discoideum is a soil-dwelling eukaryote and might therefore 

be infected by different giant viruses isolated from the same environment. Indications for this 

possibility can be inferred by bioinformatic approaches using mainly the program Viral Recall 

v. 2.0, which constitutes an efficient tool to identify signatures of NCLDV in any kind of -omic 

data [456]. In brief, Viral Recall identifies NCLDV signatures in four steps: 1.) Prediction of 

proteins in the given sequence, 2.) Comparison of these predicted proteins to the Pfam and giant 

virus orthologous group (GVOG) databases based on an HMM search, 3.) Normalization of 

discrete final scores for each protein, and 4.) Generation of average scores for rolling windows 

of 15 ORFs [456]. The resulting regions are further analyzed using alignment tools. The two 

following paragraphs will briefly discuss two possible approaches to identify giant viruses that 

might infect Dictyostelium in its natural environment. 

With the rise of modern techniques, sequencing was adopted as a common technique to assess 

the composition of environmental samples. This common practice includes the publication of 

the whole raw sequencing data on databases like the Sequence Read Archive, allowing for easy 

access of large amounts of environmental data sets. For D. discoideum, such data sets stem 

mainly from studies of cooperation and competition of the amoeba like Ostrowski et al. [530]. 

These sequence reads, however, also contain an average of 25% reads that do not account for 

any known sequence [530]. While these reads might be erroneous or part of genomes of not yet 

identified species, they possibly also contain NCLDV signatures, which might be detectable by 

analysis with Viral Recall. The presence of such signatures would then allow for more detailed 

analyses or even the isolation of one or more novel giant viruses from the original samples with 

potentially D. discoideum as their natural host. 

 

Investigating the amoebal genome for NCLDV signatures 

One of the key features of giant viruses are their large genomes with a high abundance of ORFs 

that are likely acquired by horizontal gene transfer [61, 62, 64, 531]. Due to this process, the 

acquired ORFs could potentially traced back to their origin, as already demonstrated APMV 

and protists like Heterolobosea and Kinetoplastida [62], the phycodnavirus EhV-86 and its 
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microalgal host Emiliania huxleyi [532] and other ORFs of giant viruses. Therefore, it is 

possible that due to this horizontal gene transfer from host to virus, a search with Viral Recall 

v. 2.0 might identify regions that at least resemble ORFs transferred from the searched 

organism to any NCLDV. Even though this does not represent evidence that the transfer 

occurred in this specific organism or even that an infection took place, but it provides some 

indication what kind of virus might infect it. Application of this approach to the genome of 

D. discoideum yielded hits to 37 distinct virus and the top ten hits are shown in Table 23. 

Interestingly, 5/10 viruses (marked in bold in Table 23) were found in metagenomic analyses 

of environmental forest soil samples [533]. In the same study, the authors found 16 giant viruses 

in these samples, however, they also indicated already that the bulk metagenomic data 

contained signatures of many more MCPs, suggesting that a high diversity of giant viruses is 

yet to discovered [533]. However, all the viruses identified in this study are not associated to a 

specific host organism and, therefore, cultivation in a lab setting is not possible, yet. 

Nonetheless, since D. discoideum was originally found in the forest soil [3], it still is a 

possibility that a giant virus infects the amoeba.  

 

Table 23. Analysis of the genome of D. discoideum using Viral Recall. Viruses that were found 
in metagenomic analysis of soil environmental samples are marked in bold. The GenBank 
accession number for the genomes of the viruses were indicated. The number of homologous 
protein sequences between the viruses and Dictyostelium is shown. 
Virus GenBank Accession No. of homologous proteins 

Klosneuvirus KY684108.1 12 

Catovirus KY684084.1 10 

Terrestrivirus MK071981.1 9 

Homavirus MK072333.1 9 

Tupanvirus Deep Ocean MF405918.2 9 

Tupanvirus Soda Lake KY523104.2 9 

Hokovirus KY684105.1 8 

Hyperionvirus MK072384.1 7 

Edafosvirus MK072073.1 7 

Harvfovirus MK072249.1 7 

 

The intriguing possibility of viral immunity of D. discoideum 

The amoeba D. discoideum is used as a model organism in the lab setting for more than five 

decades with the first description of an axenic strain dating back to Sussman and Sussman [502] 

in 1967. Despite frequent environmental probing by different labs, e.g., the Queller/Strassmann 
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lab in St. Louis, USA (collecting 1,422 distinct clones from environmental samples), not a 

single virus has been described to infect the amoeba in the literature in all this time. Even though 

the discovery of APMV led to the subsequent explosion in the number of detected giant viruses 

infecting amoeba (reviewed in Diesend et al. [58]), still none of the giant virus infecting its 

distant cousins has been shown to productively infect Dictyostelium. This could potentially be 

explained by the fact that most giant viruses were isolated from a waterborne environment. 

However, recent studies as Schulz et al. [533] suggested that forest soils harbor a diverse array 

of giant viruses yet to be discovered and characterized, making it unlikely that D. discoideum 

never met a virus. This was substantiated by the Viral Recall analysis performed for 

Dictyostelium’s genome above, nonetheless, this data is implying a productive infection of 

these viruses of the amoeba. More intriguing is the possibility that Dictyostelium might be able 

to defend itself against this high diversity of giant viruses with potent cell autonomous defense 

mechanisms. The work performed during this thesis seems to support that notion at least for 

APMV and the other viruses screened, opening up new possibilities for future experiments 

dedicated to identifying key players that confer viral immunity in the amoeba. 

  



Discussion 
 

149 

Ribosome heterogeneity - a common theme among eukaryotes? 

Parts of this chapter concerned with 2´-O-methylation are included in the manuscript entitled 

“Ribosome heterogeneity in Amoebozoa: fractional 2´-O-Methylation in the ribosomal RNA 

of Dictyostelium discoideum”, which is published in Scientific Reports.  

 

Ribosome heterogeneity in Amoebozoa 

In this study, it was investigated the 2´-O-Me and Ψ landscape of D. discoideum’s rRNAs and 

associated box C/D snoRNAs. To our knowledge, this is the first comprehensive report on this 

topic for any species from the Amoebozoa, one of five eukaryotic evolutionary supergroups 

[2]. Using RMS [250], 45 positions that are fully methylated were identified in the rRNAs of 

the amoeba, and additionally 4 positions that exhibit a sub-stoichiometric 2´-O-Me (Figure 35 

and Figure 36). For pseudouridylation, 10 substoichiometrical Ψ sites and 56 fully modified 

were found using HPS [399]. This indicates that ribosome heterogeneity exists in Amoebozoa. 

Such variations have been reported for the 2´-O-methylation of nucleic acids making up the 

translation apparatus in organisms from other evolutionary supergroups, in particular 

Opisthokonta [250-252, 254, 480], but also in Archaeplastida [483]. Such data is missing for Ψ 

due to the only recent rise of HPS and the strong limitations of previous techniques in accurately 

quantifying this modification [534]. Based on the data for 2´-O-Me from a third evolutionary 

supergroup, the Amoebozoa, and the first reliable data set showing variation in ribosomal Ψ, it 

can be suggested that ribosome heterogeneity represents a trait common to all eukaryotes.  

 

Ribose methylation and pseudouridylation is thought to occur largely co-transcriptionally [250, 

535]. Thus, variation in the levels of this modification could be related to the rDNA 

organization. In D. discoideum, rRNAs are transcribed [15] from extrachromosomal, 

palindromic elements [12, 13], which is rare but has been described also for, e.g., D. rerio [253]. 

In the amoeba, clusters of the rDNA palindromes can condense into chromosome-like bodies 

[14] and in these, chemical modifications might be affected by limited accessibility of the 

nascent transcript to the snoRNPs. Therefore, it is worth noting that the 2´-O-Me and Ψ 

modification can be introduced equally well on rRNAs transcribed from extrachromosomal 

rDNA. 

 

A single 2´-O-methylated positions, 26S-A1463, displayed altered RMS scores in the 

development of the amoeba and between the investigated strains (Figure 35 and Figure 36). 
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Such changes were also observed in the development of mouse [480] and zebrafish [252]. 

Further, fractionally methylated sites in rRNA residues in cultured human cells became (close 

to) fully modified in differentiated tissues [482]. All the aforementioned studies also used RMS, 

as the preferred high-throughput analysis method of 2´-O-Me patterns, allowing for single 

nucleotide analysis in a quantitative manner, unlike alternative approaches. This was concluded 

from a comparative study on rRNA from Trypanosoma brucei that further revealed 2´-O-Me 

patterns, which depended on the living conditions of the parasite [536]. Similar methodological 

advantages to RMS are also realized by the recently introduced and validated RiboMethSeq 

tool [465, 537] and the methylated positions reported here for the AX2 strain were at large 

confirmed independently using this method (Virginie Marchard and Yuri Motorin, personal 

communication). 

 

For ribosomal Ψ, the modification levels changed more drastically during development of 

D. discoideum than 2´-O-Me patterns do, with the strongest effects seen at 8 h into development 

(Figure 48). At this time point, 31 of the 66 predicted Ψ sites were differentially modified 

compared to axenic growth, with most of them showing reduced Ψ levels. Besides the clear 

notion of a dedicated specialization of ribosomes in development, other possibilities are 

conceivable and need to be addressed. For example, the expression of ribosomal genes is 

silenced in the first few hours of development of D. discoideum [501]. It is conceivable, that 

this creates a “lagging” effect of ribosomal modifications, i.e., the sudden need for new 

ribosomes enhances rRNA processing and the modification machinery cannot keep up. Indeed, 

previous northern blot analysis of rRNA precursors (data by Sandeep Ojha), the nuclear run-on 

transcriptions, and U3 snoRNA expression (Figure 50) suggested that rRNA processing might 

be increased at the 8 and 16 h time points of development compared to axenic cells. As 

described above for 2´-O-Me, however, a dedicated specialization of ribosome for the 

developmental cycle is more likely.  

Expansion segments in D. discoideum had no predicted Ψ sites, with the exception of ES7 in 

the 26S rRNA (Figure 46). In S. cerevisiae, ES7 is involved in rRNA processing [538] and 

constitutes a binding hub for different classes of proteins, like ribosomal biogenesis factors and 

aminoacyl tRNA synthetases [539]. Whereas recently, it was observed for human expansion 

segments, including ES7, to feature complementary sequences to and interactions with mRNAs, 

a phenomenon usually observed in the positioning of an IRES by the 18S rRNA and the SSU 

proteins [540]. Since we found a single 2´-O-Me in the same expansion segment (see above), 

it is tempting to speculate that ES7 fulfills similar functions in the amoeba and that these 
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modifications stabilize the RNA structure necessary for protein binding. A clear indication for 

that scenario, however, is missing. 

Even though a comparable and reliable quantification of the ribosomal Ψ landscape in other 

organisms in the context of development and/or environmental factors is still missing, 

functional assays already described a connection between low pseudouridylation levels and 

defects and translational fidelity [277, 541-543]. In addition, changes in the Ψ levels of 

individual positions have been characterized in the past. For example in S. cerevisiae, a diauxic 

shift causes an approximately 2-fold change in levels of 25S-Ψ2314 [544] and the U2 snRNA 

is inducibly pseudouridylated at positions 56 and 93 upon nutrient deprivation [545]. The recent 

advent of HPS as a reliable next-generation sequencing approach, will most likely reveal more 

about (substoichiometric) Ψ and its role in ribosome heterogeneity. 

 

An additional source of ribosome heterogeneity might be the rapid generation of new ribosomes 

in the first hours of development before aggregation starts. As discussed above, the experiments 

determining the rDNA transcription, the rRNA precursor accumulation, and the U3 snoRNA 

expression point towards an increase in rRNA processing between 8 and 16 h (Figure 50). This 

data is supported by the observation that approximately 75% of the ribosome population is 

replaced during development [546]. As the expression of ribosomal genes is repressed in the 

early hours of development [505], it can be speculated that the transcripts for the needed 

ribosomal proteins are accumulating before their transcription stops. Indeed, previous data 

showed that at least the five tested ribosomal protein transcripts are accumulated at 8 h (data by 

Sandeep Ojha), making their translation for the biogenesis of novel ribosomes at least feasible. 

The new ribosome generation could potentially feature an altered protein composition or - as 

we observed in RMS and HPS - a different degree and/or set of chemical modifications. In 

summary, the available data suggests that a specialization of ribosomes occurs in the first few 

hours of the development of D. discoideum. 

 

The snoRNAs of D. discoideum 

Identification of box C/D and box H/ACA snoRNAs: a cautionary tale 

For the majority of 2´-O-methylated rRNA positions, suitable CD RNAs were bioinformatically 

identified (Figure 29 and Table 16). A subset of 17 such molecules had been reported earlier 

[346], and here additional 21 novel box C/D snoRNAs with a target in rRNAs were added, plus 

nine without. Previously, small non-coding RNAs in the amoeba were all called DdR-x (x = 
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natural number), for Dictyostelium discoideum RNA [346]. 

With a functional association, the box C/D snoRNAs with 

an rRNA target were renamed to CDx (x = natural number), 

and those without to ORx RNA (for orphan).  

Unlike for the 2´-O-methylations, no novel box H/ACA 

snoRNAs besides the single one characterized in an earlier 

study by Aspegren et al. [346] (annotated as sno18) was 

identified. In cooperation with Christine Gaspin (INRAE 

institute, Occitanie-Toulouse) the bioinformatic tool 

snoGPS was employed in tandem with RNAseq analysis, an 

approach similar to the one which successfully identified the 

box C/D snoRNAs. However, all these approaches either 

yielded no candidates or the candidates were not found to be 

expressed in the RNAseq datasets: 

 

§ Searching for canonical box H/ACA snoRNAs based on 

the predicted targets. 

§ Searching for individual stems with less stringent 

conservation of box ACA. 

§ Searching for less canonical box H/ACA snoRNAs based 

on the archaeal model. 

§ Searching for sequences similar to box H/ACA snoRNAs 

with an AT-rich bias. 

§ Searching in the RNAseq data for expressed canonical 

box H/ACA snoRNAs. 

 

It can be excluded that the selected RNAseq datasets are not 

suitable for this analysis, since sno18 was consistently 

found with this method. However, it is unclear why all of 

these approaches failed, since sno18 is a canonical box 

H/ACA snoRNA [346]. As a next step and to identify the RNAs associated with the snoRNP 

complex, UV-crosslinked snoRNPs will be isolated, followed by deep sequencing of the 

contained RNA molecules. Initial experiments with a monoclonal antibody raised against 

human dyskerin was able to specifically detect the dyskerin-ortholog of the amoeba nola4 

 
Figure 56. Western blot of 
(non-)crosslinked AX2 nuclei. 
Total protein of AX2 was 
isolated and separated on a 
12% PA gel after either UV-
crosslinking or no treatment. 
Marker was the PageRuler 
Prestained Plus.  Detection 
was performed with α-DKC1 
and a secondary AP-
conjugated antibody. Nola4 
has an expected size of ca. 
66 kDa. The size observed 
was higher, however, this 
might be due to Nola4 
carrying an RNA. 

250 kDa

130 kDa

100 kDa

70 kDa

55 kDa

35 kDa

25 kDa

10 kDa

no
n-
cro

ss
lin
ke
d

cro
ss
lin
ke
d



Discussion 
 

153 

(Figure 56). This approach should be able to identify the illusive box H/ACA snoRNAs in 

D. discoideum. 

 

A secondary structure model for the ribosomal RNA in D. discoideum 

For the localization of the 2´-O-methylated positions a complete model for the secondary 

structure of the large rRNAs in the amoeba was proposed (Figure 37 and Figure 38), 

additionally to the partial Cryo-EM structure of the nascent ribosome [486]. This model is based 

on a homology alignment of rRNA sequences from organisms of two evolutionary supergroups, 

the Opisthokonta and Archaeplastida [2]. In the rRNA models for the Amoebozoan D. 

discoideum, about half of the 2´-O-methylated nucleotides are found close to the A, P and E 

sites of the ribosome. The remainder localize either in formally single stranded regions or at the 

very beginning of helical stems where they presumably fulfil a stabilizing function or support 

rRNA folding. Our models of the D. discoideum rRNAs are greatly supported by the previously 

introduced Cryo-EM structure of the nascent 60S subunit of Dictyostelium [486], that features 

parts of the proposed structural elements of the 26S rRNA (Figure 38), while the ESs are not 

covered in this structure.  

In D. discoideum, the 2´-O-methylated positions U3254 and G3255 on the 26S rRNA are 

orthologous to the methylated sites U2921 and G2922 in S. cerevisiae (Table 16). In yeast, 

Gm2922 is highly important for the docking of transfer RNAs (tRNA) in the A-site via base 

pairing with C75 in their CCA-tail [259]. This suggests that Gm3255 might fulfill the same 

function in Dictyostelium. U3254 is likely modified by the CD25 RNP (see also below), 

however, a guide for Gm3255 is missing (Table 16). Intriguingly, position G2922 in 

S. cerevisiae is modified by the SAM-dependent methyltransferase Spb1, independent of a 

box C/D snoRNA guide [259]. Dictyostelium’s genome encodes the homologous fsjC gene 

(http://dictybase.org/gene/DDB_G0284945), and by analogy we hypothesize that its gene 

product might fulfil the same function as Spb1 in yeast.  
 

The box C/D snoRNA genes 

Box C/D snoRNAs in D. discoideum are encoded in intergenic regions or as part of introns of 

protein-coding genes, and in either set-up, they can be generated from mono- or poly-cistronic 

transcriptional units [343]. The selected set of 38 CD RNAs and their encoding genes display 

overall features similar to those seen in the original 17 sequences [346]. We found all box C/D 

snoRNAs in intergenic regions except for CD38, which is encoded in an intron of 

DDB_G0283293 (Table S3).  
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Aspegren et al. [346] had reported three bi-cistronic transcriptional units of snoRNAs being 

expressed in D. discoideum. We identified seven additional clusters with two or three box C/D 

snoRNA genes (Figure 34). One of the tri-cistronic clusters (on chromosome 5; Figure 34), had 

been reported to contain CD16 and CD5, but the central CD23 gene had not been noticed at the 

time [346]. A primary transcript of that cluster was not observed, but for the other three 

originally reported bi-cistrons, primary transcripts had been shown [346]. The former 

observation might be explicable if the CD16-CD23-CD5 tri-cistron consists of independent 

mono- or bicistronic transcription units. In summary, box C/D snoRNAs in D. discoideum 

appear predominantly encoded in intergenic regions, half each as mono- and poly-cistrons. 

 

Not only in D. discoideum, but also in other species with three-digit intron sizes, like 

A. thaliana, S. cerevisiae or Schizosaccharomyces pombe are box C/D snoRNAs largely 

encoded by independent genes (Table 24). In contrast, in eukaryotes with larger introns such as 

D. melanogaster or H. sapiens, snoRNAs are more frequently encoded in the intervening 

sequences of protein-coding genes [354]. Neither the global abundance of introns in protein-

coding genes, nor their frequency/gene appear to be correlated with an “intronization” of the 

box C/D snoRNA genes (Table 24). Instead, their number appears increased in the analyzed 

multicellular organisms compared to those that can exist as unicellular species. In the 

evolutionary tree, the Amoebozoa with D. discoideum branched off after the split of the 

Archaeplastida (A. thaliana) and before the separation of the Opisthokonta encompassing as 

diverse organisms as D. melanogaster, H. sapiens, S. cerevisiae, or S. pombe [2]. This current 

observation might be explained by snoRNA numbers and their intronization having evolved 

after the split of the individual supergroups to meet the needs of the individual organism. 

 

Table 24. Intronization of box C/D snoRNAs in selected eukaryotic organisms. 

Organism 
Fraction of genes 
with introns 

Average 
intron size 

Introns 
per gene 

Number of C/D 
snoRNA genes 

D. discoideum 65.2% a 129 bp a 1.85 a 47 b  

S. pombe 43.0% [547] 107 bp [548] 0.9 [549] 32 [343] 

S. cerevisiae 5.0% [550] 256 bp [548] 0.05 [549] 46 [343] 

D. melanogaster 80.0% [551] 1639 bp [552] 4.67 [553] 111 [343] 

H. sapiens 97.0% [554] 3365 bp [555] 7.8 [556] 275 [343] 

A. thaliana 79.1% [557] 168 bp [558] 4.8 [559] 185 [343] 
a www.dictybase.org 

b this study 
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The non-canonical box C/D snoRNA U3 of D. discoideum are encoded in seven distinct copies 

carrying several variable positions (Table 21 and Figure 49). Multiple genomic copies of the 

U3 snoRNA are usually only observed in higher eukaryotes [467]. Group 3 and group 4 (but 

not group 1 and group 2A/B) dictyostelids, however, were observed to code for multiple copies 

of that RNA. The consensus secondary structure of the dictyostelid U3 snoRNA appears largely 

in line with eukaryotic U3 snoRNA, however, with some degenerated helices. This observation 

represented the first description of a consensus secondary structure of the evolutionary 

supergroup of Amoebozoa. 

In the analysis of the promoter and terminator regions of all U3 snoRNA loci, the presence of 

TATA-like sequences in the promoters of the group 4 dictyostelids (Figure 53) was observed 

but poly(T) stretches were also found in all terminators of the Dictyostelia. The poly(T) 

termination is a hallmark of eukaryotic Pol III transcription [515], suggesting that Pol III instead 

of Pol II is utilized in the transcription of the dictyostelid U3 snoRNAs. Adding to this notion, 

TATA-like boxes were implied in type 3 Pol III transcription [560, 561] and the core of the 

SphI postoctamer homology (SPH) element (consensus: 5´-ATTACCCATAATGCATYGCG-

3´; [562]) resembles the DUSE consensus 5´-WCCCAYAA-3´. The SPH element is commonly 

found in the distal sequence elements of Pol III promoters [561], however, it has salso been 

found closer to the TSS [562]. Altogether, it seems very likely that Pol III transcribes the U3 

snoRNAs in the chosen representative of the Dictyostelia, however, experimental verification 

is still lacking. Nevertheless, the data presented here indicates that an ancestor of the U3 

snoRNA gene was present already in the last common ancestor of the dictyostelids. 

 

Interactions of CD RNAs with rRNAs in D. discoideum 

A productive interaction between a box C/D snoRNA and its target has been suggested to 

require 7-20 base pairs, thereby allowing for G-U pairs and a few mismatches but excluding 

bulges [563]. However, only 10 base pairs fit in the substrate binding channel, as observed for 

an archaeal box C/D sRNP [320]. Overall, the interactions that we are proposing for the CD 

RNA/rRNA pairs adhere to these rules (Figure 39 and Figure 40). The minimum free energy 

for the formation of the duplexes (Figure 41) is, however, considerably higher compared to 

H. sapiens [251]. At the same time, the lengths of the interactions do not differ as much. This 

discrepancy can be attributed to the frequent occurrence of G*U base pairs, the occasional 

presence of A/C base pairs, and a single G/A mismatch (see below) that are predicted in 

individual interaction pairs. G*U base pairs have been observed also in analogous pairs of other 

species [251, 252], and they can be isosteric to Watson-Crick base pairs [489]. However, their 
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occurrence appears more frequent in the amoeba, and in the extreme case of the CD12/26S-

U2580 interaction (Figure 40), 3/9 base pairs are G*U. Also unusual is the G*U interaction 

exactly at the 2´-O-Me site seen for CD16/17S-G1588 (Figure 40). In three predicted duplexes, 

we noted an A/C base pair that appeared to be confined to the 6th position upstream of the D 

box (CD7/26S-G711 and CD23/16S-C3292; Figure 39) or D´ box (CD28/17S-C1715; Figure 

40). An A/C interaction can also substitute for a canonical Watson-Crick base pair, if the 

adenosine is protonated, i.e. A(+)/C [321]. Distinct from these is the single G/A mismatch seen 

in the CD29/U1264 pair (Figure 39) that is likely to cause structural perturbations in the 

interaction, which possibly is counteracted by the overall 13 base pairs surrounding the 

mismatch. As had been observed before [252], the methylated position 17S-G1589 appears to 

be guided by the +6 position of CD16 (Figure 40). We noted that non-Watson-Crick interactions 

occur in all predicted pairs that result in a fractional methylation (Table 16, Figure 39 and Figure 

40). However, the overall strength (or weakness) of the CD RNA/rRNA interaction in 

D. discoideum does not appear to correlate with the RMS score (Figure 56), similar to 

observations made in human cells [251]. The lower free energies observed for the resulting 

duplexes (Figure 41E) might rather be explained by the lower optimal growth temperature of 

21°C of D. discoideum [5], compared to yeast or humans. At this temperature, the inferred 

stabilities apparently warrant appropriate 2´-O-Me levels in the rRNAs in the amoeba 

(Figure 35).  

 

 
Figure 57. 2D plot of RMS score against MFE. Shown is the minimal free energy (∆G in 
kcal/mol) and the RMS score of each CD RNA/rRNA interaction in D. discoideum. 
 

Features of the box C/D snoRNAs  

The mature box C/D snoRNAs in D. discoideum exhibit generally established characteristics 

of this class of ncRNAs (Figure 29). A stable terminal stem, however, is absent in about half of 

the mature box C/D snoRNAs (Table 16). Such stems are considered important for the 

recognition by the box C/D snoRNA processing machinery [303, 304, 358, 564, 565]. In 
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H. sapiens or Xenopus laevis, a lack of the terminal stem in mature snoRNAs appears to be 

compensated by self-complementary sequences in their precursors [566, 567]. This allows for 

productive interactions with the processing machinery, upon which these sequences are thought 

to be removed [303, 304, 564]. Also in D. discoideum, complementary stretches can be found 

up- and downstream of some box C/D snoRNAs without a terminal stem (data not shown). 

Therefore, we speculate that these sequences might be present in presumed precursor 

molecules.  

D. discoideum CD RNAs are predicted to use the antisense elements associated with the weakly 

conserved D´ box sequences more frequently than those with the highly conserved D boxes 

(Figure 41B, C). The latter form, together with the in D. discoideum equally conserved C boxes, 

the terminal k-turn structure (Figure 29), which is essential for maturation and assembly of the 

box C/D snoRNP complexes [310, 568]. To some extent similar, a preferred usage of the D´ 

boxes in guiding 2´-O-Me to rRNA targets has also been reported for H. sapiens and D. rerio 

[251, 252]. These studies revealed that in humans, the box C´ and D´ sequences displayed a 

considerably stronger conservation than seen for the amoeba, while in zebrafish box D´ was 

also less conserved and box C´ appeared degenerated.  

Seven CD RNAs of D. discoideum are predicted to utilize both antisense elements (Table 18), 

with no paralogs or other box C/D snoRNAs known to be able to target the associated rRNA 

positions. At present, it is unknown, whether an interaction of both antisense elements with the 

target RNA(s) takes place simultaneously or sequentially. For S. cerevisiae, a simultaneous 

usage of both the antisense elements upstream the D and D´ boxes has been proposed, which 

might bring distant parts of the rRNA structure into proximity, thereby facilitating ribosomal 

maturation [569, 570]. We wondered whether a similar situation might exist for “dual-use” CD 

RNAs in the amoeba. Since only a partial structure is available for the nascent 60S ribosomal 

subunit of Dictyostelium [486], we inferred positions not included in that structure by homology 

to the human ribosome (PDB accession: 4UG0) [571]. Positions targeted by CD1, CD7 and 

CD19 (Table 18) were not considered, as no orthologous methylated sites were found in other 

species (Table 18). CD25 of D. discoideum targets 17S-A612 and 26S-U3254 and the 

orthologous positions 18S-A668 and 28S-U4468 in the H. sapiens ribosome are around 100 Å 

apart, indicating sequential modification. Despite being distant in sequence, A1370 in helix 

H39 and G2952 in helix H80, which are both predicted targets of CD13 (Figure 58A), lie only 

16.7 Å apart in the available structure [486] of the D. discoideum 60S subunit (Figure 58B, C). 

That structure describes the large subunit at a late stage of maturation. It contains already helices 

H39 and H80, suggesting that the 2´-O-Me (not featured in the structure) must have taken place, 
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as it requires the accessibility of the target sequences. We also cannot exclude that CD13 binds 

its targets after they reach proximity (Figure 57). It is tempting to speculate, however, that the 

CD RNA actually might first spatially orient the target positions, then trigger their methylation, 

before the helices finally form. This would be supported by similar reports from S. cerevisiae 

[569, 570]. Notably, in other species [242], the orthologous nucleotides are part of the PTC, 

with G2952 being directly involved in the interaction with the CCA-tail of the tRNA residing 

 

 
Figure 58. A model on the function of CD13 in guiding 2´-O-Me at two positions in the 26S 
rRNA. (A) Binary secondary structure of CD13 bound to positions A1370 and G2952 in the 26S 
rRNA of D. discoideum. (B) Scheme of relevant structure parts of the nascent 60S ribosomal 
subunit of D. discoideum (PDB accession: 5AN9) determined at 3.3 Å resolution via cryo-EM 
[486]. Domain II is displayed in orange and domain V in green (cf. Figure 4). (C) Close vicinity 
(16.7 Å) of nucleotide A1370 in helix H39 and nucleotide G2952 in helix H80 (both positions 
colored in blue). 
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in the ribosomal P site. The two predicted 26S rRNA targets of CD15 and CD19 (Table 18) are 

so close that a simultaneous occupation of both positions would appear sterically challenging, 

if not impossible. On the other hand, it seems feasible that CD1 and CD8 might interact with 

their respective two predicted 17S positions (Table 18) given their spacing. Thus, a 

simultaneous interaction with the two target sites appears unlikely for some of the “dual use” 

CD RNAs, but conceivable for others (CD1, CD8 or CD13).  

 

Alternative functions of D. discoideum box C/D snoRNAs? 

We noted that a substantial set of 22 box C/D snoRNAs are differentially accumulated in the 

development of the amoeba compared to axenic growth, however, without manifesting in 

altered 2´-O-Me levels at the targeted positions (Figure 42). This indicates that the amounts of 

CD RNAs are under either condition sufficient to warrant the appropriate 2´-O-Me levels 

(Figure 43C). Changes in the level of individual CD RNAs during development of the amoeba 

had already been observed in northern blots, e.g. for CD9, CD13 or CD15 [346]. This is similar 

to data from D. melanogaster [572] and D. rerio [252]. In the absence of an influence on 2´-O-

Me levels in the amoeba (Figure 43D), developmental changes of many box C/D snoRNAs 

might instead point towards other physiological roles. Established is an alternative function as 

small Cajal Body RNAs (scaRNAs), which are structurally similar to box C/D snoRNAs, 

carrying an additional CAB box motif, but guide the sequence-specific methylation of small 

nuclear RNAs (reviewed for example in [299, 573]). Also, some box C/D snoRNAs are 

involved in the processing of precursor rRNA molecules in a variety of organisms (summarized 

in [568]). While 2´-O-Me in tRNA is usually introduced by specialized stand-alone 

methyltransferases, e.g. [574], certain positions are also guided by specific box C/D snoRNAs 

(reviewed in [299]), either alone or together with a dedicated box C/D scaRNA, like in the case 

of the wobble cytidine 34 of human tRNAMet [575]. Further functions that are conceivable also 

for D. discoideum box C/D snoRNAs encompass rRNA acetylation [569, 576], regulation of 3´ 

pre-mRNA processing [577, 578] or even the generation of small, sno-derived RNAs that might 

have regulatory functions, as described for other organisms [579-581]. Future work will show 

whether these possible functions are realized in D. discoideum by any of the OR RNAs or those 

CD RNAs, in which one antisense sequence lacks an identified rRNA target.  
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Table S1. Oligonucleotides used in the detection of giant viruses. 
Oligonucleotide Sequence (5´ -> 3´) 
R656 for TTATTGGTCCCAATGCTACTC 

R656 rev TAATTACCATACGCAATTCCTG 
MCP for ATCGTGCTCATGCAACAAAA 
MCP rev TGCGAATCCATGCAGTTTTA 

GpdA for GGTTGTCCCAATTGGTATTAATGG 

GpdA rev CCGTGGGTTGAATCATATTTGAAC 
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Figure S1. Fluorescence microscopy of APMV-infected A. polyphaga cells at 24 hpi. The cells 
were infected at MOI 1 and fixed at 24 hpi using 4% PFA. F-actin in the cell cortex was stained 
using phalloidin-488 (green) and DNA was stained using DRAQ5™ (blue). The virus factory was 
labelled in the brightfield (BF) image on the upper left. The white arrows point to novel capsids 
inside the virus factory.  
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Table S2. Oligonucleotides used in ‘Chemical modifications in the rRNAs of D. discoideum. 
Oligonucleotide Sequence (5´ -> 3´) 
CD1 AACTTCTTAGTTTTGGTCAAC 
CD2 AGTTTTTGGCTTAATTAAAAATTAAA 
CD3 AGTTTTTGGCTTAATAAAATATTAAA 
CD4 AGTAACTATGAATATAGAATCAC 
CD5 AGGAAAATTTAGATAACGCAAA 
CD6 GTTAAAGACCTTACCACAG 
CD7 ATTTGTGCGAACACGGA 
CD8 AGACAATAAATGATCGATCAAA 
CD9 GTCAGAAGCAAAACTGG 
CD10 TTAAATGGAAAATCGTTATAATCA 
CD11a/b AGACAATAAAAATAAGGAACAAA 
CD12 TCAATTTTCGTCATAGGTTATA 
CD13 AAGCAAAACTGGCGTGT 
CD14 GGCTAAAGATCATCAACAG 
CD15 AAGACTGTCGTGAGAAATC 
CD16 AAATTTCCATTCAGCATGATT 
CD17 TTGTAATTTTTAAGAATCGTCTAT 
CD18 ACGTGTTAAAAAAGATGTCC 
CD19 AGATCTTGATGTAAATTGGAAA 
CD20 ATTCTATAAGTGTAAAATTAAATGAT 
CD21 TGTTTTAAAAAAACAGCCAAAG 
CD22 GAAAGAATAATGCATAGTCTC 
CD23 AAGACTGTCGTGAGAAATC 
CD25 TATTAAAAAGCTCGTTGTTTTTTT 
CD26 ATGTTATAGAAGAAGTAATGTTTT 
CD27 AGTCAAATGTATTATGTAGAATT 
CD28 ACAAAAATTTTGTACACGTAATG 
CD29 ATGGTGTTGCATGGTAAATA 
CD30 TGCTTGACTACTAGATAGG 
CD31 AGTTATTATAATTTGAATCAGCAA 
CD32 GTCATCTATCATAAGTTTCAGC 
CD33 TCGATTCGGTATCAATGAAGCT 
CD34 ATTTCCGCATGACGATTCTCA 
CD35 TCAACATGGCTTAATAGAATG 
CD36 AGGGAGGCCGTTCTTATCAAT 
CD37 GACAGTCATGACAAAGGTGCT 
OR6 GATCGATCCCTCCCTGCCAGT 
17S seq for ACACAATTGGAGGGCAAGTC 
17S seq rev AATTTCACCTCTCGCCCACCs 
NRO_ETS for ATTTAGGTGACACTATAGGATATCACAAGAAGAGTGAGCAAGCAGATGC 
NRO_ETS rev GAAATTAATACGACTCACTATAGGGAGCATGTAGATAACACGTATCATGATATTAATCAC 
NRO_GpdA for ATTTAGGTGACACTATAGGATATCGGTTGTCCCAATTGGTATTAATGG 
NRO_GpdA rev GAAATTAATACGACTCACTATAGGGCCGTGGGTTGAATCATATTTGAAC 
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Figure S2. Plasmid maps for the vectors generated for in vitro transcription. 
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Table S3. Genomic location of C/D box snoRNAs with predicted rRNA methylation sites for 
CD RNAsa. 
RNA  Chrom.b  Start nt  End nt  Strand   Length [nt]  GC%   Predicted methylation site(s) 
CD1  3  4409414  4409479  +   66  36.36   26S-Gm2132; 17S-Um1456; 17S-Gm1506 
CD2  5  2599916  2599999  -   84  34.52   26S-Gm2661 
CD3  1  3858016  3858099  -   84  33.33   26S-Gm2661 
CD4  3  1341617  1341723  +   107  32.71   26S-Am2522 
CD5  5  2585362  2585443  -   82  31.71   26S-Gm2984 
CD6  2  7681951  7682036  -   86  34.88   26S-Gm3148 
CD7  5  2249625  2249721  -   97  44.33   26S-Am711; 17S-Cm991 
CD8  4  4444847  4444936  -   90  38.89   17S-Am432; 17S-Am466 
CD9  3  4409131  4409211  +   81  40.74   26S-Am1370; 26S-Am1463 
CD10  2  5045624  5045704  +   81  24.69   17S-Am1133 
CD11a  2  7539516  7539591  -   76  38.16   26S-Am3279 
CD11b  2  7539236  7539311  -   76  36.84   26S-Am3279 
CD12  5  1152274  1152354  -   81  28.40   26S-Am841; 26S-Um2580 
CD13  5  2600248  2600331  -   84  44.05   26S-Am1370; 26S-Am1463; 26S-Gm2952 
CD14  3  3885476  3885562  +   87  31.03   26S-Gm2554 
CD15  4  59280  59392  +   113  36.28   26S-Cm3281 
CD16  5  2586030  2586108  -   79  32.91   26S-Gm1686; 17S-1588 
CD17  2  2854096  2854165  -   70  27.14   26S-Um2170 
CD18  4  5364580  5364650  -   71  29.58   17S-Am28 
CD19  4  1888032  1888103  +   73  32.88   26S-Cm1673; 26S-Cm1685; 17S-Am796 
CD20  6  2022190  2022263  +   74  27.03   17S-Um1255 
CD21  5  3090313  3090388  +   77  31.17   17S-Um571 
CD22  5  3090012  3090090  +   79  32.91   26S-Um2687 
CD23  5  2585693  2585770  -   78  33.33   26S-Cm3292 
CD24  3  2159499  2159574  +   76  34.21   26S-Am844 
CD25  2  5722386  5722463  -   78  28.21   26S-Um3254; 17S-Am612 
CD26  4  5364890  5364967  -   78  28.21   26S-Cm2603 
CD27  1  4758315  4758393  +   79  22.78   26S-Am2159 
CD28  4  5364289  5364369  -   81  35.80   17S-Cm1715 
CD29  5  3859231  3859312  +   82  31.71   17S-Um1264 
CD30  3  2037101  2037191  -   91  35.16   26S-Um2683 
CD31  3  5036106  5036180  -   75  18.67   26S-Um2164 
CD32  2  3177912  3177988  +   71  28.17   26S-Um2170 
CD33  5  479167  479234  +   68  29.41   26S-Am1689 
CD34  5  4272206  4272283  -   78  21.79   26S-Am2592 
CD35  5  2434788  2434879  +   92  32.61   17S-Cm38 
CD36  2  5722103  5722190  -   91  32.97   26S-Gm3124 
CD37  1  3858279  3858361  -   83  39.76   17S-Gm1266 
CD38  4  474437  474527  +   91  25.27   26S-Cm3212 
OR1  2  4524799  4524900  +   102  37.25   - 
OR2  4  4445171  4445247  -   77  36.36   - 
OR3  4  5385832  5385918  -   87  33.33   - 
OR4  4  5384392  5384479  -   88  31.82   - 
OR5  2  6880357  6880444  +   88  38.64   - 
OR6  4  1682178  1682262  -   85  30.59   - 
OR7  4  1496745  1496814  -   70  37.14   - 
OR8  3  5321597  5321673  -   77  22.08   - 
OR9  4  1663005  1663104  -   100  35.00   - 
aAll box C/D snoRNAs are encoded intergenically, except for CD38, which is encoded in an intron of 
DDB_G0283293. Sequences with predicted methylation sites in rRNA are named CDx, and those without ORx 
for ORphan (x: natural number). 
bChromsomal accessions at dictybase.org are DDB0232428 (chr. 1), DDB0232429 (chr. 2), DDB0232430 (chr. 3), 
DDB0232431 (chr. 4), DDB0232432 (chr. 5), and DDB0232433 (chr. 6). 
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Figure S3. Sequence alignment of the U3 snoRNA genes of D. discoideum. 

  

DdiU3-1         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat
DdiU3-2         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat
DdiU3-3         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat
DdiU3-4         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat
DdiU3-5         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat
DdiU3-6         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat
DdiU3-7         atgaccaaactcttaggatcatttctagagtatcgtctattaaaattattcatcaataat

************************************************************

DdiU3-1         ttttcctctttcacagctaggatgatgatatacactcactacacgaaagcgtgaaaccgt
DdiU3-2         ttttcctctttcacagctaggatgatgatatacactcactacacgaaagcgtgaaaccgt
DdiU3-3         ttttcctctttcacagctaggatgatgatatacactcactacacgaaagcgtgaaaccgt
DdiU3-4         ttttcctctttcacagctaggatgatgatacacactcactacacgaaagcgtgaaaccgt
DdiU3-5         ttttcctctttcacagctaggatgatgatacacactcactacacgaaagcgtgaaaccgt
DdiU3-6         ttttcctctttcacagctaggatgatgatacacactcactatacgaaagcgtgaaaccgt
DdiU3-7         ttttcctctttcacagctaggatgatgatacacactcactatacgaaagcgtgaaaccgt

******************************.**********.******************

DdiU3-1         tattatcgaatgattcatttattttttattaacattgatgaccgtctaattcagggatga
DdiU3-2         tattatcgaatgattcatttattctttattaacattgatgaccgtctaattcagggatga
DdiU3-3         tattatcgaatgattcatttattctttattaatattgatgaccgtctaattcagggatga
DdiU3-4         tattatcgaatgattcatttattctttattaatattgatgaccgtctaattcagggatga
DdiU3-5         tattatcgaatgattcatttattctttattaacattgatgaccgtctaattcagggatga
DdiU3-6         tattatcaaatgattcgtttatttgttattaacattgatgaccgtctaattcagggatga
DdiU3-7         tattatcaaatgattcatttatttgttattaacattgatgaccgtctaattcagggatga

*******.********.******. *******.***************************

DdiU3-1         attggttgtgtggtgggattcgtactggc
DdiU3-2         attggttgtgtggtgggattcgtactggc
DdiU3-3         attggttgtgtggtgggattcgtactggc
DdiU3-4         attggttgtgtggtgggattcgtactggc
DdiU3-5         attggttgtgtggtgggattcgtactggc
DdiU3-6         attggttgtatggtgggattcgtactggc
DdiU3-7         attggttgtatggtgggattcgtactggc

*********.*******************
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Figure S4. Sequence alignment of the U3 snoRNA genes of D. purpureum. 
 

  

DpuU3-1         tagaccttactctttggatcatttctattagtatcgtctattaaaattattcatcaataa
DpuU3-2         cagaccttactctttggatcatttctattagtatcgtctattaaaattattcatcaataa
DpuU3-3         cagaccttactctttggatcatttctattagtatcgtctattaaaattattcatcaataa
DpuU3-4         cagaccttactctttggatcatttctattagtatcgtctattaaaattattcatcaataa
DpuU3-5         cagaccttactctttggatcatttctattagtatcgtctattaaaattattcatcaataa
DpuU3-6         cagaccttactctttggatcatttctattagtatcgtctattaaaattattcatcaataa

.***********************************************************

DpuU3-1         tttttctcaaaaaccccacggatgaagatgcacattcactttacataagcgggaagccgt
DpuU3-2         tttttctcaaaaaccccacggatgaagatgcacattcactttacataagcgggaagccga
DpuU3-3         tttttctcaaaaaccccacggatgaagatgcacattcactttacataagcgggaagccgt
DpuU3-4         tttttctcaaaaaccccacggatgaagatgcacattcactttacataagcgggaagccgt
DpuU3-5         tttttctcaaaaaccccacggatgaagatgcacattcactttacataagcgggaagccgt
DpuU3-6         tttttctcaaaaaccccacggatgaagatgcacattcactttacataagcgggaagccgt

*********************************************************** 

DpuU3-1         gtaatagttttgattctatcatttctattatacattgatgatcgtctatctcagggatga
DpuU3-2         gtaatagttttgattctatcatttctattattcattgatgatcgtctatctcagggatga
DpuU3-3         gtaatagttttgattctatcatttctattatacattgatgatcgtctatctcagggatga
DpuU3-4         gtaatagttttgattctatcatttctattatacattgatgatcgtctatctcagggatga
DpuU3-5         gtaatagttttgattctatcatttctattatacattgatgatcgtctatctcagggatga
DpuU3-6         gtaatagttttgattctatcatttctattatacattgatgatcgtctatttcagggatga

******************************* *****************.**********

DpuU3-1         gatggttgtaaggtgaaattcttacgtgg
DpuU3-2         gatggttgtaaggtgaaattcttacgtgg
DpuU3-3         gatggttgtaaggtgaaattcttacgtgg
DpuU3-4         gatggttgtaaggtgaaattcttacgtgg
DpuU3-5         gatggttgtaaggtgaaattcttacgtgg
DpuU3-6         gatggttgtaaggtgaaattcttacgtgg

*****************************
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Figure S5. Sequence alignment of the U3 snoRNA genes of D. lacteum. 
 

 
Figure S6. Sequence alignment of the U3 snoRNA genes of D. fasciculatum. 
 

  

DlaU3-1         atgaccaaactcttaggattcatttcaagaggaacgtcaaagtattttttattctgaaaa
DlaU3-2         atgaccaaactcttaggattcatttcaagaggaacgtcaaagtattttttattctgaaaa
DlaU3-3         atgaccaaactcttaggattcatttcaagaggaacgtcaaagtattttttattctgaaaa

************************************************************

DlaU3-1         tactcaaaatctcagcaaggatgttgatccacactttcacagctttagcgggaagccgac
DlaU3-2         tactcaaaatctcagcaaggatgttgatccatactttcacagctttagcgggaagccgac
DlaU3-3         tactcaaaatctcagcaaggatgttgatccacactttcacagctttagcgggaagccgac

*******************************.****************************

DlaU3-1         tttgattattgatttctatcaacagtcactgtcattgatgatcgtctttatagaaagtag
DlaU3-2         tttgattattgatttctatcaacagtcactgtcattgatgatcgtctttataggaagtag
DlaU3-3         tttgattattgatttctatcaacagtcactgtcattgatgatcgtctttataggaagtag

*****************************************************.******

DlaU3-1         gatttctatatagttgttgtgaaagtttctgacttgc
DlaU3-2         gatttctatttagttgttgtgaaagtttctgacttgc
DlaU3-3         gatttctatttagttgttgtgaaagtttctgacttgc

********* ***************************

DfaU3-1         tagaccatactttaaggatctcttaacagtgtgcgacaaactatcaagtcgaaaacttga
DfaU3-2         tagaccatactttaaggatctcttaacagtgtgcgacaaactatcaagtcgaaaacttga

************************************************************

DfaU3-1         atcatatttaagtaaggatgatgaattgaaatcgcttgacctgagcgtgaaacggttagt
DfaU3-2         atcatatttaagtaaggatgatgaattgaaatcgcttgacctgagcgtgaaacggttagt

************************************************************

DfaU3-1         atgacagatgttcaatcttcatagctaacgatgatgatcgccaggaaatgagtagggctc
DfaU3-2         atgacagatgttcaatcttcatagctaacgatgatgatcgccaggaaatgagtagggctc

************************************************************

DfaU3-1         acttccaccggtcatgcgataggcaaacttac
DfaU3-2         acttccaccggtcatgcgata-----------

********************* 
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Table S4. Genomic locations and upstream sequence elements of the U3 snoRNA in 
representatives of all major groups of Dictyostelia. 

 

Species Name Sequence Start End Strand [nt]
Upstream motifs

DUSE Motif TATA-like Motif

D. discoideum

U3-1 DDB0232430 3806685 3806893 + 209 ✓ TCCCATAA ✓ TATAAATA

U3-2 DDB0232431 2904295 2904503 + 209 ✓ TCCCATAA ✓ TTAAAATA
U3-3 DDB0232431 2927177 2927385 + 209 ✓ TCCCATAA

U3-4 DDB0232431 2931648 2931856 + 209 ✓ TCCCATAA ✓ TATAAATA

U3-5 DDB0232431 2936427 2936635 + 209 ✓ TCCCATAA ✓ TATAAATA

U3-6 DDB0232433 2268599 2268807 + 209 ✓ TCCCATAA

U3-7 DDB0232433 2270802 2271010 + 209 ✓ TCCCATAA

D. purpureum

U3-1 scaffold_688 3987 4195 - 209 ✓ ACCCATAA ✓ TATATTCA
U3-2 scaffold_140 37498 37706 - 209 ✓ ACCCATAA

U3-3 scaffold_73 89977 90185 + 209 ✓ ACCCATAA ✓ TATAATCA

U3-4 scaffold_101 57185 57393 - 209 ✓ ACCCATAA ✓ TATAAACA

U3-5 scaffold_202 34893 35101 + 209 ✓ TCCCATAA ✓ TATAAACA

U3-6 scaffold_688 3598 3806 - 209 ✓ ACCCATAA ✓ TATAAACA

D. lacteum
U3-1 LODT01000037.1 192486 192702 - 217 ✓ TTCCATAA
U3-2 LODT01000037.1 423377 423592 + 216 ✓ TTCCATAA

U3-3 LODT01000035.1 825082 825298 - 217 ✓ AACCATAA
P. pallidum U3-1 GL290983.1 372856 373065 - 210 ✓ TCCCATAA
A. subglosum U3-1 DF837589.1 656447 656660 - 214 ✓ TACCATAA

D. fasciculatum U3-1 GL883010.1 1346903 1347114 - 212 ✓ ACCCATAA

U3-2 GL883010.1 1325083 1325283 + 201 ✓ ACCCATAA


